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v

 Osteonecrosis usually affects adults younger than 50 years and frequently leads to collapse and 
subsequent osteoarthritis. It is becoming more prevalent because of increasing use of steroids 
in the management of organ transplantation and adjuvant therapy for leukemia and other 
myelogenous diseases. In    the United States, 10,000–20,000 people are affected with osteone-
crosis of the femoral head annually, which accounts for up to 10 % of total hip arthroplasties 
performed each year. In nationwide surveys from Japan and Korea, the annual prevalence was 
more than 10,000. In Taiwan, about half of the total hip arthroplasties were done due to femo-
ral head osteonecrosis. Thus, osteonecrosis leads to increasing socioeconomic burden 
worldwide. 

 However, the pathogeneses by the various etiologic factors are still unclear and the recom-
mendations for treatment remain controversial. 

 Since the fi rst meeting in 1973, Association Research Circulation Osseous (ARCO) has 
been the only international society to continuously bring together basic scientists and clini-
cians to discuss bone circulation and osteonecrosis. The ARCO histological criteria for diag-
nosis and staging system of osteonecrosis are used worldwide. In 1998, a textbook 
 Osteonecrosis: Etiology, Diagnosis and Treatment  was published, which was virtually the fi rst 
textbook on this subject. 

 During the last 15 years, there has been enormous amount of investigations on osteonecro-
sis. We update new knowledge on the basic science, epidemiology, etiology, pathophysiology, 
diagnosis, imaging, and treatment. 

 We    hope the information in this book will help scientists and physicians in their research on 
osteonecrosis and in their clinical practice. 

 We thank ARCO members and other internationally acknowledged authorities who partici-
pated in the creation of this book. We also thank Mrs. Ute Heilmann and Mrs. Lauren Kim for 
their excellent support in publishing this book. 

 Seongnam, South Korea Kyung-Hoi Koo, MD, PhD 
 Baltimore, MD  Michael A. Mont, MD 
 Baltimore, MD  Lynne C. Jones, PhD, MS  
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1.1            Introduction 

    Osteonecrosis, also known as avascular necrosis, ischemic 
necrosis, and aseptic necrosis, is not a specifi c disease entity. 
It is rather a condition in which a circumscribed area of bone 
becomes necrotic as a result of the loss of its blood supply. 
The most common cause is trauma, a displaced fracture or 
dislocation which results in a mechanical injury to the local 
vessels. However, many etiologic factors unrelated to trauma 
have also been identifi ed. The femoral head is the region 
most often affected, but the proximal humerus, femoral con-
dyles, and small bones of the hands and feet may also be 
involved. Despite considerable progress in the study of this 
condition, there is still much to be learned about its etiology, 
pathogenesis, and treatment. 

 This chapter will attempt to provide an historical per-
spective on osteonecrosis, starting with the earliest case 
reports and extending to the present. It will focus on spe-
cifi c developments in regard to etiology and pathogenesis, 
diagnosis, classifi cation, and management. It will end with 
some  suggested goals for the future. Discussion will essen-
tially be limited to nontraumatic osteonecrosis in the adult 
and will emphasize the hip, since this joint is the region most 

 frequently affected and the one which has been studied most 
extensively. The material contained herein was derived from 
many sources but much additional information exists which 
was not available for review. We thereby apologize for any 
signifi cant oversights or omissions. 

1.1.1     Early Case Reports 

 Osteonecrosis was fi rst described in 1738 by Alexander 
Munro [ 1 ]. In 1794, James Russell, Professor of Clinical 
Surgery in Edinburgh, published his classic essay on necro-
sis of bone, which was one of the fi rst detailed pathologic 
descriptions of this condition. A clear distinction between 
septic and aseptic necrosis was not made at this time and the 
majority of his cases may have been septic [ 2 ]. Between 
1829 and 1842, Jean Cruveilhier, the noted French anato-
mist, described gross deformity of the femoral head as a late 
complication of trauma, presumably due to vascular injury 
[ 3 ,  4 ]. Kraglund in 1886 and Konig in 1888 described the 
condition in more depth [ 5 ]. However, Freund in 1936 pro-
vided the fi rst detailed description of bilateral aseptic necro-
sis of the femoral heads [ 6 ]. Between 1934 and 1949, 
Phemister and his associates wrote a series of classical arti-
cles on the etiology and pathogenesis of aseptic necrosis 
[ 7 – 9 ]. Chandler identifi ed the vascular etiology of osteone-
crosis in his 1948 article entitled “Coronary Disease of the 
Hip” [ 10 ]. In 1951, deMarneffe published results of his 
detailed studies on the circulation in long bones [ 11 ], and in 
1953, Trueta and Harrison described the vascular anatomy of 
the adult hip which furthered our understanding of the patho-
genesis of ON [ 12 ].  

1.1.2     Increasing Prevalence 

 In 1962, Mankin and Brower reported fi ve new cases of 
bilateral idiopathic avascular necrosis of the hip and stated 
that only 22 additional cases could be found in the English 
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literature [ 13 ]. However, over the next several years an 
increasing number of cases were reported, probably related 
both to an increased awareness and diagnosis of this condi-
tion and to an actual increase in the incidence of ON due in 
large part to increased use of corticosteroids [ 1 ,  3 ,  14 – 18 ]. 
Although we do not have accurate data on the current inci-
dence of osteonecrosis, it has been estimated that over 20,000 
new cases are diagnosed annually and that approximately 
10 % of all primary total hip replacements are performed for 
ON in the United States alone. The incidence is considerably 
higher in other parts of the world. In Korea and Taiwan, for 
example, approximately one half of all primary total hip 
replacements are done for osteonecrosis. The reason for this 
is not entirely clear, but it may be related to a number of 
genetic factors which have recently been identifi ed [ 19 – 22 ].  

1.1.3     Conferences, Symposia, 
and Publications 

 The importance of osteonecrosis and the many unanswered 
questions surrounding this condition have led to several con-
ferences and symposia on this topic during the past 50 years. 
In 1964, a conference on aseptic necrosis of the femoral head 
was held in St. Louis, Missouri, under the auspices of the 
Surgery Study Sections, National Institutes of Health, United 
States Public Health Service [ 23 ]. A number of distinguished 
scientists and clinicians participated in a comprehensive 
2-day symposium which focused on the etiology and patho-
genesis of avascular necrosis. Several diverse topics were 
covered including the anatomy of the hip, circulation, patho-
physiology, and biochemistry. Experimental techniques were 
described including the use of various isotopes to study 
blood fl ow and bone viability. As a result of this conference, 
the American Orthopaedic Association organized a commit-
tee on aseptic necrosis of the femoral head to promote fur-
ther study of this condition, with the goal of fi nding means of 
prevention and cure. 

 The fi rst international symposium on bone circulation 
was organized by Professors Paul Ficat and Jacques Arlet 
and was held in Toulouse, France, in 1973. A number of sur-
geons and researchers involved in the study of bone circula-
tion took part. The symposium was quite successful and was 
followed by a second symposium in 1977, a third in 1982, 
and a fourth in 1987.  

1.1.4     Formation of ARCO  

 A small group of those who had participated in the Toulouse 
symposia met in London in December of 1989 to found the 
Association Internationale de Recherche sur la Circulation 
Osseous (ARCO). Thereafter, international symposia on 

bone circulation, organized by members of ARCO, were 
held on a regular basis in various locations in Europe, Asia, 
Australia, and the United States. The most recent sympo-
sium at the time of this publication was held in March of 
2013 in Chicago, USA. Papers presented at certain ARCO 
symposia were compiled and published in 1982 [ 24 ], 1987 
[ 25 ], 1992 [ 26 ], 1994, and 2005 [ 27 ]. The headquarters of 
ARCO remained in Toulouse, France, from which its activi-
ties were guided by Professors Arlet, Ficat, and Mazieres, 
who served as Secretary General and Treasurer. In 2000, 
ARCO moved its headquarters to Baltimore, Maryland. Drs.    
Hungerford, Mont, and Jones assumed responsibility for the 
administration and scientifi c activities and served in various 
capacities including President, Program Chairman, Executive 
Director, and Secretary-Treasurer.  

1.1.5     National Organizations 

 In 1996, the American Orthopaedic Association sponsored 
an international symposium entitled “Osteonecrosis: 
Etiology, Diagnosis and Management,” held at Duke 
University, Durham, North Carolina, under the direction of 
James R. Urbaniak. The proceedings were published in 1997 
[ 28 ]. 

 In addition to ARCO, national organizations concerned 
with osteonecrosis were also formed. In Japan, under the 
auspices of the Ministry of Health and Welfare, the Japanese 
Investigation Committee for Intractable Disease established 
a section on avascular necrosis of the femoral head [ 29 ]. In 
the United States, the National Osteonecrosis Foundation 
was founded in Baltimore by David S. Hungerford in 1996. 
It included patients, physicians, and others interested in fi nd-
ing a cure for osteonecrosis. Its primary mission was to pro-
vide support for research and education. Dr. Hungerford 
served as its fi rst President and Dr. Lynne Jones as 
Secretary-Treasurer.   

1.2     Etiology  and Pathogenesis 

 By the 1960s, several specifi c etiologic factors were recog-
nized and others were being added steadily. In some cases, 
the mechanisms by which they led to ON were not entirely 
clear and they were often referred to as factors “associated 
with” ON rather than as causes of ON. The role of trauma as 
the fi rst to be identifi ed was mentioned earlier [ 30 – 37 ]. 

 As early as 1911 [ 38 ] and 1913 [ 39 ], osteonecrotic lesions 
were found in divers and tunnel works. This entity 
became known as “Caisson disease ” and later as dysbaric 
osteonecrosis. Axhausen, in 1928, fi rst suggested thrombo-
embolism as a possible cause of osteonecrosis [ 40 ]. 
Bone changes in patients with sickle cell disease and related 
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hemoglobinopathies were well recognized by the 1930s [ 41 ]. 
The fi rst case of ON reported in association with prolonged 
corticosteroid administration was published in 1957 by 
Pietrogrande and Mastromarino [ 42 ]. By 1962, it was clear 
that there was an increased incidence of ON in patients who 
consumed excessive amount of alcohol, and it soon became 
apparent that the majority of cases of nontraumatic osteone-
crosis were related to either steroid administration or alcohol 
consumption [ 4 ,  17 ,  43 – 45 ]. 

 By 1965, Jones had noted the relationship between fat 
embolism and osteonecrosis. He concluded that intravascu-
lar coagulation could be initiated by a variety of factors, 
including fat embolism, and suggested that this was perhaps 
the most frequent pathway leading to osteonecrosis. He and 
others published several studies in this area [ 4 ,  46 – 48 ]. 

 In the 1990s, Glueck and his colleagues published a series 
of papers establishing a relationship between certain coagu-
lation abnormalities, specifi cally thrombophilia and hypofi -
brinolysis, and osteonecrosis. In many instances, a familial 
incidence could be identifi ed. These were later found to be 
due to specifi c gene mutations. They concluded that subtle 
coagulopathies could be found in up to 70 % of patients with 
ON if the appropriate tests were performed [ 49 ,  50 ]. 

 A number of clinical conditions have been identifi ed in 
association with osteonecrosis. The pathologic mechanisms  
involved have not been clear. In many instances, prolonged 
treatment with corticosteroid was involved, and this may 
play a greater role in the development of ON than the under-
lying condition for which it was prescribed. Examples are 
ON following organ transplantation, lupus erythematosus 
and other collagen-vascular disorders, severe acute respira-
tory syndrome (SARS), various allergic states, and HIV 
infection [ 4 ,  51 ]. Increased intraosseous pressure is often 
present in the femoral head and neck of hips with ON. It was 
initially felt that this was an etiologic factor causing vascu-
lar compromise [ 43 ]; however, it is also present in hips with 
other disorders, such as osteoarthritis. It is now felt by some 
to be the result of the osteonecrosis rather than the cause, 
although it may contribute to the pathogenesis. It is probable 
that multiple factors often act in concert in causing ON, 
leading to the concept that this is a multifactorial condition 
[ 52 ,  53 ]. 

 During the past several years, there has been a signifi cant 
increase in the number of studies on etiologic factors related 
to osteonecrosis. With improvements in technology and 
developments in molecular biology, biochemistry, and genet-
ics, investigations have begun to shift away from the classi-
cal studies of anatomy and histology. It has been recognized 
that the prevalence of osteonecrosis in populations in China, 
Korea, and Taiwan has been considerably higher than in 
other areas of the world. The explanation was not initially 
apparent. However, recent studies have identifi ed a number 
of genetic abnormalities in patients with ON which might in 

large part account for this [ 19 – 22 ]. Some of these directly 
affect coagulation mechanisms and result in a tendency 
towards hypercoagulation, particularly in the presence of 
other initiating factors, such as corticosteroids, alcohol, and 
increased circulating lipids. Vascular endothelial growth fac-
tor polymorphism has also been identifi ed in patients with 
steroid induced osteonecrosis. The resulting decrease in 
VEGF activity increases the risk for osteonecrosis [ 20 ]. 
Another genetic abnormality associated with osteonecrosis 
involves endothelial nitric oxide synthase (eNOS). Decreased 
production of nitric oxide could affect angiogenesis, throm-
bus formation, and bone turnover [ 19 ]. Other etiologic fac-
tors identifi ed recently include cryofi brinogen, P-glycoprotein 
[ 22 ], and certain metabolic effects of adipocytes, osteoblasts, 
and osteoclasts.  

1.3     Diagnosis 

 Although we do not yet have an entirely satisfactory treat-
ment for osteonecrosis of the femoral head, the best results 
are obtained when the condition is treated early, ideally 
before collapse of the femoral head has occurred. Early treat-
ment requires early diagnosis. During the 1960s, there was a 
growing awareness of the condition, and there was a steady 
increase in the number of cases reported. The diagnosis 
depended initially on the history since it was recognized that 
predisposing factors and conditions could be identifi ed in a 
majority of cases. A number of cases were considered to be 
“idiopathic”; however as we learned more about the etiologic 
factors involved, the numbers assigned to this category 
diminished steadily. Excessive alcohol consumption and 
prolonged steroid administration continue to be the most fre-
quently identifi ed predisposing factors and are present in 
approximately 80 % of cases. The numbers of cases associ-
ated with steroid has continued to increase as the administra-
tion of steroids for a variety of conditions, such as organ 
transplantation, increases. The association with sickle cell 
disorders and dysbarism was also identifi ed early, whereas 
the role of hyperlipidemias and various coagulation abnor-
malities was determined somewhat later. 

1.3.1     Functional Investigation of Bone  

 Plain radiographs initially were and continue to be the main-
stay in the diagnosis of this condition. Changes are often 
pathognomonic. However, it was recognized in the 1960s 
that plain fi lms may initially appear normal. As early as 
1964, Arlet and Ficat studied the early stages of ON by 
means of “functional investigation of bone.” This involved a 
surgical procedure performed either under general or spinal 
anesthesia. The hemodynamics of bone were investigated by 
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taking pressure measurements and performing intraosseous 
venography. A core biopsy of bone, and occasionally 
 articular cartilage, was removed and examined histologi-
cally. This enabled the authors to diagnose the presence of 
osteonecrosis prior to its appearance on radiographs. 
Although this procedure was initially used for the study and 
diagnosis of osteonecrosis, they found that patients were 
often relieved of pain and felt that the clinical course in many 
cases was improved. It was presumed that this was in large 
part due to a release of the increased intraosseous pressure 
which was usually present. Thereafter, this procedure was 
frequently employed in the treatment of osteonecrosis and 
became known as “core decompression .” 

 The functional evaluation also included the use of various 
radio isotopes. These were employed to study both the bone 
circulation and the metabolic status of the necrotic region. 
These bone-seeking isotopes often identifi ed bone lesions of 
vascular origin. Initially, 45 and 47 calcium and 42 phospho-
rus were used. Later, 18 fl uoride and 85 and 87 strontium 
were employed, and more recently 99M technetium diphos-
phonate. Although these agents often did identify areas of 
necrosis not seen on plain fi lms, they were neither sensitive 
nor specifi c. Theoretically, the necrotic region of bone would 
not take up the isotope and would therefore appear “cold” on 
the scan. However, the viable areas of bone surrounding the 
region of necrosis were engaged in attempts at repair and 
often showed increased uptake, frequently masking the lack 
of uptake in the center of the lesion. However, prior to the 
introduction of MRI, “bone scans” or scintigraphy was an 
important technique for the early diagnosis of ON, before 
radiographic changes appeared. These studies were employed 
by Ficat and Arlet in developing their radiologic classifi ca-
tion of ischemic necrosis [ 15 ,  54 ,  55 ]. 

 Arteriography was used to a limited extent, basically as 
an investigational tool, and not for clinical diagnosis.  

1.3.2     Magnetic Resonance Imaging (MRI)  

 During the very late 1970s and early 1980s, a new imaging 
technique was developed using magnetic signals rather than 
X-rays. This was initially referred to as nuclear magnetic 
resonance or NMR. Largely because of the concern created 
by the use of the term “nuclear,” it was shortly thereafter 
referred to as “magnetic resonance imaging” or MRI. It was 
soon found to be extremely useful in the diagnosis of a vari-
ety of pathologic conditions and particularly in the early 
diagnosis of osteonecrosis. A number of studies confi rmed 
that it was perhaps the most valuable technique for the early 
diagnosis of osteonecrosis, being both sensitive and spe-
cifi c [ 56 – 58 ]. It can usually detect the presence of necrosis 
within a few weeks after the insult, well before any changes 
appear on either X-ray or computerized tomography. Over 

the years, a number of improvements have been made in the 
technology, use, and interpretation of MRI. Fortunately, no 
deleterious effects of MRI have been identifi ed. Its use is 
now widespread and allows early diagnosis of the condition, 
thus improving the effi cacy of treatment. 

 Since the development of MRI, CT has played a limited 
role and scintigraphy is seldom used except perhaps as a tool 
for whole-body screening. The role of other imaging tech-
niques for the diagnosis of osteonecrosis has not been estab-
lished. These include positron emission tomography (PET), 
single-photon emission computerized tomography (SPECT), 
gadolinium-enhanced MRI, and perfusion MRI. Almost cer-
tainly with the passage of time newer and improved tech-
niques will be developed which will allow earlier diagnosis 
and better evaluation of patients with osteonecrosis.  

1.3.3     Differential Diagnosis 

 As with any new technique, it took a while for the value of 
MRI in the early diagnosis of osteonecrosis to be recognized. 
Initially it was used infrequently. However, within a short 
time its value became widely recognized and it was then used 
perhaps too frequently. In addition, many other conditions 
affecting the hip also show MRI abnormalities. Unfortunately, 
these were often confused with osteonecrosis and misdiag-
nosed. These include transient osteoporosis of the hip (TOH) 
or bone marrow edema syndrome (BMES), femoral head 
cysts, subchondral insuffi ciency fracture, and rapidly progres-
sive osteoarthritis. Other conditions to be differentiated from 
osteonecrosis include spontaneous osteonecrosis of the knee, 
which is most likely an insuffi ciency fracture, and osteone-
crosis of the jaw, which may actually be osteomyelitis.   

1.4     Classifi cation Systems  

 For quite some time, the importance of an effective and 
 uniformly used classifi cation system has been recognized. 
This would help establish a prognosis, follow improvement 
or progression of the condition, compare the effectiveness of 
different methods of treatment, and determine the best 
method of management for patients with different stages of 
osteonecrosis. This system should also help to eliminate 
much of the current confusion about both the natural history 
and the treatment of ON. 

1.4.1     Ficat and Arlet  

 The fi rst system for classifi cation of osteonecrosis was 
described in the early 1960s by Arlet and Ficat [ 59 ] and 
included three specifi c stages. In the 1970s, a fourth stage 
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was added, and this is the version most widely used today, 
although later Stage 0    and a transitional stage were added 
[ 14 ,  15 ]. Symptoms and physical fi ndings were in part cor-
related with radiographic changes and functional evaluation 
of bone was used to diagnose the early stages. These included 
bone scans or scintigraphy, but MRI was not included. The 
Ficat and Arlet classifi cation continues to be popular; how-
ever, it has been modifi ed by some to include MRI, and bone 
biopsies and functional evaluation are no longer used. A 
major disadvantage of this system is that it does not indicate 
the size of the necrotic lesion and the extent of joint involve-
ment. Thus, it cannot differentiate between small and large 
lesions, nor can it indicate with any degree of accuracy 
whether progression has taken place.  

1.4.2     Marcus, Enneking, and Massam  

 In 1973, Marcus, Enneking, and Massam [ 60 ] described six 
radiographic stages of osteonecrosis. These were correlated 
with both the gross and histologic fi ndings as well as the 
patient’s symptoms and physical examination. No pre- 
radiographic stages were included and MRI was not available 
at this time. This classifi cation did not attempt to quantitate 
the extent of involvement. However, it was subsequently 
modifi ed by Urbaniak et al. and Enneking to include MRI 
and later to include quantitative measurements [ 60 – 63 ].  

1.4.3     Sugioka 

 In 1976, Sugioka [ 64 ] outlined a simple radiographic rating 
for hips with osteonecrosis that placed hips into four separate 
categories. Although this classifi cation did not indicate 
lesion size, he did describe a method for measuring the extent 
of the lesion as seen on lateral radiographs, as this measure-
ment was an important predictor of outcome in hips being 
considered for his rotational osteotomy [ 65 ]. The location of 
the lesion was used to determine whether an anterior or a 
posterior rotational osteotomy should be performed, depend-
ing on which would better shift an intact articular surface 
into the region of major weight bearing.  

1.4.4     The University of Pennsylvania  

 The University of Pennsylvania classifi cation was developed 
in the early 1980s and identifi ed seven clearly defi ned radio-
graphic stages. Initially, it incorporated technetium bone 
scans, but these were supplemented and replaced soon there-
after by magnetic resonance imaging. An indication of the 
size of the necrotic lesion and the extent of joint involvement 
were integral parts of this classifi cation and subdivided each 

of the stages into a mild, moderate, and severe category. The 
patient’s symptoms and physical fi ndings were not included 
as part of the classifi cation, but they were considered impor-
tant in determining management. The two most important 
features of this classifi cation are that it was the fi rst to include 
measurement of lesion size and joint involvement as an inte-
gral part of the system and the fi rst to employ MRI as a spe-
cifi c modality for determining stage [ 66 ,  67 ].  

1.4.5     The Japanese Investigation 
Committee for Avascular Necrosis  

 In 1987, the Japanese Investigation Committee for Avascular 
Necrosis described a new classifi cation [ 68 ,  69 ]. Hips were 
initially evaluated using the four-part Ficat and Arlet classi-
fi cation. Hips in Stages II and III were further divided by the 
type, location, and extent of the lesion. It did not specifi cally 
evaluate Stages I or IV nor the amount of femoral head col-
lapse or joint involvement. It has been used primarily in 
Japan.  

1.4.6     The Association Research 
Circulation Osseous (ARCO)  

 The Committee on Nomenclature and Staging of the 
Association Research Circulation Osseous (ARCO) met in 
1991 to establish uniform terminology, a set of diagnos-
tic criteria, and a classifi cation of osteonecrosis. The 
Committee endorsed the University of Pennsylvania 
Staging System [ 70 ]. In 1992, the location of the lesion, as 
described by the Japanese Investigating Committee, was 
added [ 71 ,  72 ]. However, this addition was found to have 
made the system too complex, and in 1993, Stages III and 
IV and Stages V and VI were combined to provide fi ve 
rather than seven stages [ 73 ]. Subsequently, there was con-
cern that the system no longer provided a separate category 
for the hip with a crescent sign without femoral head fl at-
tening and that it remained unnecessarily complicated by 
adding a separate category for localization in addition to 
lesion size.  

1.4.7     Other Methods of Evaluation 

 In addition to the classifi cation systems described, a number 
of investigators have used specifi c methods of indicating 
lesion size which are not part of a classifi cation system. In 
1974, Kerboul et al. [ 74 ] noted that the outcome of proximal 
femoral osteotomies for osteonecrosis was related to loca-
tion and extent of necrosis. This was determined by 
 measuring the arc of the articular surface overlying the 
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lesion on both AP and lateral radiographs, referred to as the 
“combined necrotic angle ” [ 75 ]. The authors found a rough 
correlation between the size and location and the results 
 following a fl exion-adduction osteotomy. Wagner and Zeiler 
[ 76 ] reported similar observations. In 1995, Koo and Kim 
[ 77 ] also used angular measurements made on MRIs rather 
than radiographs to predict outcome. This measurement was 
referred to as the “index of necrotic extent” or “index of 
necrosis .” It was correlated with the percentage of the artic-
ular surface involved. These measurements were used to 
classify hips as having small, medium, or large lesions. In 
2003, Cherian et al. modifi ed this technique slightly by 
using MRI images which showed the maximum lesion size 
rather than using midsagittal images. They referred to this as 
the “modifi ed index of necrotic extent” [ 78 ]. In 2006, Ha 
et al. reported on the use of a modifi ed Kerboul method of 
measurements using MRI images rather than radiographs. 
The sums of the arcs measured on midcoronal and midsagit-
tal sections were added together and placed the hip into four 
separate grades [ 79 ]. 

 These and other methods of using angular measurements 
as a rough approximation of lesion size were relatively sim-
ple to use and demonstrated at least some degree of correla-
tion with prognosis and outcome in hips treated either 
nonoperatively or by core decompression [ 80 ].  

1.4.8     Ongoing Evaluation 

 In March of 2013 in conjunction with its international 
symposium on osteonecrosis, ARCO held a workshop on 
classifi cation. It was agreed that much could be gained in 
the evaluation and treatment of patients with osteonecrosis 
if there were uniform use by the international community 
of an effective system of classifi cation. It suggested that 
further study and development were required, and a num-
ber of individuals expressed interest in resolving this 
problem. 

 A recent review of articles on the treatment of osteonecro-
sis, published during the past 25 years, showed that although 
nonquantitative classifi cations are still frequently used and 
the four-part classifi cation of Ficat and Arlet is the most 
often cited, there has been a steady trend towards the use of 
more comprehensive, quantitative systems of staging includ-
ing the classifi cations of ARCO and the University of 
Pennsylvania [ 81 ,  82 ].   

1.5     Management 

 Although small areas of necrosis may remain asymptomatic 
and resolve spontaneously, up to 80 % of clinically diag-
nosed cases involving the hip progress without treatment to 

collapse and eventual arthroplasty. Our goal therefore is to 
prevent femoral head collapse and to preserve rather than to 
replace the joint. 

1.5.1     Prevention 

 A number of risk factors have been identifi ed, and these 
should be eliminated or minimized to the extent possible. 
This applies to steroid administration, alcohol ingestion, 
smoking, and exposure to hyperbaric conditions. The proto-
col for treating organ transplant patients has changed consid-
erably over the years, and accordingly, the incidence of 
osteonecrosis in these patients has diminished dramatically. 
Guidelines for divers and others working under hyperbaric 
conditions have been established, and when followed, they 
diminish the incidence of osteonecrosis in this population. 
The recognition of a variety of genetic factors in the past 
several years has identifi ed a group of patients at risk for 
developing osteonecrosis. In this particular population, 
efforts should be redoubled to minimize factors which could 
lead to this clinical syndrome. This includes patients with 
underlying coagulation abnormalities and those with a ten-
dency towards hyperlipidemia.  

1.5.2     Nonoperative Management 

 Initially, many patients with osteonecrosis were treated with 
non-weight bearing or limited weight bearing in the hope 
that spontaneous healing would take place. Unfortunately, 
the results with this approach were usually poor, and there 
was no conclusive evidence that progression could be 
retarded by eliminating weight bearing. However, as men-
tioned, small necrotic lesions, especially those located in 
areas of minimal weight bearing, have a good prognosis and 
can be treated with close observation alone. Limited weight 
bearing can be employed for the symptomatic management 
of patients who are waiting for prophylactic surgery, those 
not yet ready for arthroplasty, and as part of the postoperative 
management following procedures designed to preserve the 
femoral head. 

 Various physical modalities of treatment have been 
employed for the treatment of ON, including different types 
of electrical stimulation and ultrasound. These have been 
used either alone or as adjuncts to operative procedures, such 
as core decompression. Although the initial results were 
promising, at the present time these modalities are used 
only infrequently and further evaluation and development 
may be indicated [ 83 ,  84 ]. Since hyperbaric oxygen therapy 
has been found useful in the treatment of certain conditions, 
such as infection and poorly healing skin grafts, there was 
some early enthusiasm about its role in the treatment of 
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osteonecrosis [ 85 ]. Unfortunately, there is little defi nitive 
evidence that it is effective and it is rarely used at the present 
time. 

 Medical management has included the use of anticoagu-
lants in patients with known coagulopathy and lipid- lowering 
agents in patients with hyperlipidemia. Although the use of 
anticoagulants has been recommended in patients with 
hypercoagulable states [ 50 ], it should be noted that this is not 
a benign form of treatment and should not be employed 
until there is further evidence of their effectiveness. 
Bisphosphonates have been administered to slow the process 
of bone resorption which is felt to be a deleterious compo-
nent in the pathogenesis of this disorder. A limited number of 
studies showed promising early results. It is uncertain 
whether these can be maintained over a longer period of time 
[ 86 ]. Other agents have been considered in the treatment of 
osteonecrosis, such as vasodilators and fullerol, but their 
clinical effectiveness has yet to be established.  

1.5.3     Preservation of the Femoral Head 

 If the condition is diagnosed early, before there is any evi-
dence of femoral head collapse, a number of operative proce-
dures have been advocated in an attempt to retard or halt 
progression and encourage healing. 

1.5.3.1     Core Decompression 
 During the early 1960s, Arlet and Ficat used core decom-
pression as a method to study the earliest changes in osteone-
crosis and to diagnose the condition prior to its appearance 
on X-rays [ 14 ,  15 ,  59 ]. Following this procedure, patients 
reported a marked decrease in hip pain which was felt to be 
due to a decrease in the abnormally elevated intraosseous 
marrow pressure. Subsequently, this technique was used 
quite widely as a method of treating early cases of osteone-
crosis. Classically, the channel created is left open to allow 
adequate decompression. However, the procedure has been 
modifi ed by the insertion of loosely fi tted cancellous bone 
grafts and the introduction of various agents to stimulate 
healing, such as bone morphogenetic protein (BMP) and 
demineralized bone matrix (DBM). It has also been supple-
mented by the addition of various forms of electrical stimu-
lation [ 84 ,  87 ]. Another modifi cation is to use a series of 
small holes drilled into the necrotic lesion rather than a sin-
gle large channel. Although core decompression remains one 
of the most popular procedures for the treatment of early 
osteonecrosis, there have been some differences of opinion 
as to its safety and effectiveness. Most studies report a very 
low incidence of complications if the procedure is per-
formed correctly and results signifi cantly better than with 
symptomatic management [ 88 – 91 ]. Although theoretically 
one would think that the addition of various growth 

 stimulating factors to the classical core decompression 
would improve the results, to date this has not been demon-
strated with most techniques. An exception to this is the 
introduction of mesenchymal stem cells into the core tract. 
This technique will be discussed later.  

1.5.3.2     Osteotomies  
 Various types of osteotomies have been described for the 
treatment of osteonecrosis of the femoral head during the 
past 40 years. The rationale for their effi cacy is the biome-
chanical effect of moving the necrotic segment from a region 
of major weight bearing to an area that bears less weight and 
replacing it with a relatively normal segment of the femoral 
head. These involve varus/valgus, fl exion/extension, and 
rotation. Varying degrees of success have been reported after 
short- and intermediate-term follow-up for varus or valgus 
osteotomies, occasionally combined with extension and sup-
plemented with curettage and bone grafting [ 92 ,  93 ]. In 
1974, Kerboul et al. reported the relationship between out-
come and the location and size of the lesion which they 
referred to as “the combined necrotic angle” [ 74 ]. The effec-
tiveness of varus or valgus osteotomies is necessarily limited 
by the amount that one can alter the normal neck-shaft angle. 

 To overcome this limitation transtrochanteric anterior 
rotational osteotomies were devised by Sugioka [ 64 ]. These 
were later modifi ed by Atsumi to include posterior rotation, 
which allows a greater degree of rotation and is therefore 
able to be used for especially large necrotic lesions [ 94 ,  95 ]. 
These procedures are technically demanding and careful 
attention must be paid to the indications for surgery, preop-
erative planning, and postoperative care. Good results have 
been reported by surgeons experienced in performing these 
procedures, and they have enjoyed a reasonable degree of 
popularity in Asia, though less in other regions.  

1.5.3.3     Bone Grafting 
 Various techniques have been described for the use of corti-
cal and cancellous bone grafts. Grafts can be inserted into a 
channel extending from the lateral femoral cortex to the 
necrotic region of the femoral head, through a window in the 
anterior aspect of the femoral neck, or directly through a trap 
door made in the articular cartilage of the femoral head. 
Cancellous bone can be combined with cortical grafts which 
may be harvested along with a muscle pedicle to provide 
some degree of vascularity. Osteochondral grafts have also 
been used to replace both necrotic bone as well as a depressed 
portion of the femoral head overlying the lesion. Long-term 
success with these techniques has generally not been 
observed and they are less often used today [ 96 – 100 ]. 

 As early as 1934, Phemister described a procedure in 
which a channel was created extending from the lateral fem-
oral cortex into the region of necrosis. Dead bone was 
removed and a cortical graft was inserted [ 7 ,  9 ]. This 
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 technique was later modifi ed by Bonfi glio and associates 
[ 100 ,  101 ] and served as a precursor to free vascularized 
fi bular grafting, which was introduced later [ 61 ,  102 – 105 ].  

1.5.3.4     Free Vascularized Fibular Grafting (FVFG)  
 With advances in surgical technique, it became possible to 
harvest a fi bular graft together with its vascular supply and to 
introduce this directly into the necrotic lesion of the femoral 
head via a channel through the lateral femoral cortex. A 
microvascular anastomosis is then performed to local ves-
sels. The goals of this procedure are to decompress the femo-
ral head, to remove a signifi cant portion of necrotic bone, to 
fi ll this defect with osteo-inductive cancellous bone, to sup-
port the subchondral bone with a cortical strut, and to 
enhance the revascularization process by means of the vascu-
lar anastomoses. This procedure was introduced simultane-
ously in the United States and in Italy by Brunelli and 
Brunelli and by Urbaniak in 1979, and by Gilbert et al. in 
France. Although experience with this technique is some-
what limited, those centers with suffi cient experience with 
its use have reported encouraging results. In a symposium on 
osteonecrosis which was sponsored by the American 
Academy of Orthopaedic Surgeons and the American 
Orthopaedic Association and held at Duke University in 
1997, a large portion of the proceedings was devoted to 
FVFG. Eight authors presented their experience with this 
technique [ 105 ]. However, FVFG is a technically diffi cult 
procedure which requires a well-trained staff who are expe-
rienced in microvascular surgery. In general, two teams oper-
ate simultaneously and there is a steep learning curve. The 
complication rate is not insignifi cant, and later conversion to 
total hip replacement may be more diffi cult. Rigid indica-
tions are to be followed. Because of these factors, there is 
less enthusiasm for performing this procedure today than 
there was perhaps 10–15 years ago. Some feel that the theo-
retical advantages of FVFG may not be warranted by the dis-
advantages [ 61 ,  102 – 105 ].  

1.5.3.5     Mesenchymal Stem Cell Introduction  
 The treatment of osteonecrosis with autologous bone marrow 
grafting was developed by Hernigou et al. at the Henri 
Mondur Hospital (Creteil, France) in 1990 [ 106 ]. Since then 
a limited number of publications regarding the various facets 
of this technique and the results have appeared. This method 
of treatment was also the topic of a number of presentations 
at the international symposia on bone circulation held by 
ARCO in 2012 and 2013. Promising results with this tech-
nique have been reported by Hernigou, Gangji, and others 
[ 107 ,  108 ]. Various techniques for obtaining, processing, and 
inserting the marrow into the femoral head were described. 
Experience with this technique now exceeds 20 years and 
several hundred patients have been treated to date. This is per-
haps the most promising of the newer techniques designed for 

the early treatment of osteonecrosis, and we will look forward 
to continued research and development and to additional 
experience with the use of stem cells in the treatment of ON.  

1.5.3.6     Miscellaneous Procedures 
 Other approaches to the early treatment of osteonecrosis 
have been reported. Hernigou et al. described the use of 
acrylic cement injection directly into the femoral head to 
retard collapse in patients with ON secondary to sickle cell 
disease [ 109 ]. This can be done either with or without curet-
tage of the necrotic segment and elevating a minimally col-
lapsed joint surface. In some reports the early results were 
promising, but intermediate results appeared to diminish 
with the passage of time. The use of this technique to date is 
limited, and further studies will be required to determine 
whether it can play a role in the treatment of ON. 

 Another procedure designed to retard or prevent femoral 
head collapse is the insertion of a porous tantalum rod. Early 
results were promising, but recent reports have indicated that 
less than 50 % of patients obtained acceptable results. It is 
therefore not considered a viable option at this time [ 110 ].   

1.5.4     Arthroplasty 

 Prior to the development of total hip replacement, there were 
a limited number of options for the treatment of patients with 
advanced stages of avascular necrosis of the femoral head. 
During the 1950s and 1960s, a number of these patients 
underwent cup arthroplasty. This often provided a reason-
able degree of pain relief and improved function but the 
results as compared to modern techniques were inconsistent 
and mediocre at best [ 111 ]. With the development of femoral 
endoprostheses, these devices began to replace cup arthro-
plasty. Results were variable. In some cases satisfactory out-
comes were obtained and survivorship of these devices could 
exceed 15 or more years. However, in many cases, the results 
were poor and were accompanied by degenerative changes 
on the acetabular side and protrusio acetabuli, as well as 
loosening of the femoral component. Results with bipolar 
femoral endoprostheses were only slightly better than with 
the original unipolar devices. 

 Other choices included hip fusion or resection arthro-
plasty. Fusion was of particular concern and limited use both 
because of the incidence of bilateral disease and the high 
failure rate of the procedure. Resection arthroplasty could 
produce pain relief but resulted in shortening, instability, and 
poor function. 

1.5.4.1     Total Hip Replacement 
 In the later 1960s in Europe and in the early 1970s in the 
United States total hip replacement became available. There 
was considerable reluctance to use these devices in patients 
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with osteonecrosis, particularly because of their young age. 
In fi ve reports published between 1981 and 1984 on total hip 
arthroplasty in younger patients, good to excellent results 
were obtained in approximately 81 % of patients with 5-year 
follow-up and the mean incidence of revision was 13 %. 
Salvati and Cornell [ 112 ] reported an overall failure rate of 
37 % at a mean follow-up of 8 years (range 5–10 years). 
Since that time considerable advancements in surgical tech-
nique, materials, and design, and manufacture of total hip 
replacements have taken place. These have led to consider-
able improvements in function and survivorship and to a sig-
nifi cant decrease in complications. Initially it was felt that 
the results in ON would be considerably inferior to those in 
patients with DJD, both because of the age differential and 
other factors. However, recent studies have found that the 
results in patients with ON are approaching those in patients 
with other conditions. Improvements in design have resulted 
in fi rm and durable component fi xation with both cementless 
and cemented components. The use of ceramic bearing sur-
faces and highly cross-linked polyethylene has led to a 
marked decrease in wear and in wear particles, thus in turn 
markedly diminishing osteolysis and prosthesis loosening. 
Improved surgical techniques have decreased infection and 
dislocation. It is therefore not unreasonable to anticipate 25 
or more years of survivorship even for young patients with 
osteonecrosis who undergo modern total hip replacement. 
However, it is important that we continue to follow these 
patients to be sure that these results will be as durable as 
anticipated [ 113 ,  114 ].  

1.5.4.2     Surface Replacement Arthroplasty (SRA)  
 In the 1970s the reluctance to performed standard total hip 
replacement on patients with osteonecrosis was in part 
responsible for the development of surface replacement 
arthroplasty. Initially it was felt that this was a much more 
conservative procedure, especially in the younger patient. 
However, within a relatively short period of time the failure 
rate with these early designs was excessive, and by 1982 it 
was recognized that their use should be severely limited. At 
that time a high percentage of failures were related to the 
necessity of using a very thin polyethylene acetabular com-
ponent anchored to bone by an equally thin layer of cement. 
Thus, the acetabular side was most often the reason for fail-
ure. However, failure was not limited here and continued 
necrosis of the femoral head under the metal cap as well as 
femoral neck fracture also occurred [ 115 ]. Research and 
development on surface replacement continued, and metal 
acetabular components were designed to replace the earlier 
polyethylene components. Initially these metal-on-metal 
surface replacements gave excellent results, and their popu-
larity increased, not only in patients with osteonecrosis but 
also in patients with other conditions [ 116 ]. Where the 
pathology was limited to the femoral head, the use of 

 hemi- surface replacement arthroplasty was introduced. Here 
the femoral head was resurfaced with a metal component 
which was then allowed to articulate with the native acetabu-
lum. Unfortunately the survivorship of these devices was 
limited as degeneration of acetabular cartilage often fol-
lowed within a few years. This was not entirely surprising as 
studies showed that in virtually all hips with symptoms 
severe enough to require replacement, there was already 
damage to the acetabular cartilage at the time of arthroplasty, 
despite normal appearing X-rays [ 117 ]. In addition, one 
would not expect even normal acetabular cartilage to with-
stand for long articulating with a metal prosthesis. Thus, 
hemiarthroplasty was considered to be only a temporizing 
procedure and its use diminished considerably [ 118 ]. 
However, the use of metal-on-metal surface replacements 
continued.  

1.5.4.3     Bearing Surfaces 
 By 2008 reports of problems began to appear concerning 
both standard and surface replacement arthroplasties with 
metal-on-metal bearing surfaces. Pseudotumors and various 
soft tissue reactions around some of these prostheses devel-
oped, resulting in pain, loosening, and the necessity for revi-
sion [ 119 ,  120 ]. This was particularly true in younger females 
and in small males. There was also increasing concern 
regarding the long term effects of metal ions. At one point 
nearly one third of all total hip replacements performed on 
younger patients in the United States employed metal-on- 
metal bearing surfaces, but within a short period of time this 
diminished to 10 % or less. It is uncertain how this will be 
resolved. At the present time, results with ceramic on ceramic 
and with metal or ceramic on highly cross-linked polyethyl-
ene have shown acetabular and femoral components to be 
well fi xed by bone ingrowth with little evidence of either 
osteolysis or component loosening at a follow-up of more 
than 11 years. Much longer follow-ups are required to 
 determine the ultimate survivorship of these components, 
but there is currently considerable optimism about the 
future role of modern total hip replacement for patients with 
osteonecrosis [ 121 ].    

1.6     Future Goals 

 A number of future goals can be identifi ed. We should con-
tinue to search for an appropriate experimental model of 
osteonecrosis which will facilitate the study of this disorder. 
We will increase our understanding of the etiology and 
pathogenesis of osteonecrosis and, in particular, will learn 
more about the genetic factors that are involved. With 
increased awareness of the existence of ON and with the 
development of improved imaging techniques, osteonecrosis 
is being diagnosed earlier than it had been and this trend will 
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continue. This is important since earlier diagnosis leads to 
earlier treatment and improved results. Nearly 30 years ago, 
we saw the introduction of more effective methods of evalu-
ation and classifi cation of osteonecrosis. These classifi cation 
systems are being used with increasing frequency by the 
orthopedic community, and this trend should continue. In 
addition, we are currently reaching out to our colleagues in 
musculoskeletal radiology to encourage them to follow a 
similar path. We must reevaluate the current classifi cation 
systems and strive for further improvements to increase their 
effectiveness and ease of use. We must also continue to 
examine and compare the various operative procedures cur-
rently being employed to preserve the femoral head so as to 
determine more accurately the results of and the indications 
for each of these. Newer and more effective methods of man-
agement must be developed. One of the promising new 
developments in this area is treatment with mesenchymal 
stem cells. We anticipate that with further research and 
development and more experience with this technique, it will 
prove its effectiveness and will enjoy wider use in the future. 
In addition, the role of growth factors, including bone mor-
phogenetic protein (BMP), transforming growth factor-beta 
(TGF-beta), and vascular endothelial growth factor (VegF), 
will be evaluated. It is particularly important for us to strive 
for the prevention of osteonecrosis whenever possible, rather 
than waiting for it to develop and then require treatment. The 
role of anticoagulants and other agents is still being evalu-
ated. As we learn more about the genetic predispositions in 
certain groups, it is quite possible that in the future gene 
therapy for those at high risk may become a reality. 

 And fi nally, for those patients in whom severe joint 
 damage cannot be prevented, developments in total joint 
replacement are extremely promising. Many of the initial 
problems which led to early component failure in the young, 
active patient with osteonecrosis seem to have been at least 
partially resolved. With continued improvement in technol-
ogy, materials, and component design and manufacture, this 
trend will undoubtedly continue. When we achieve a mean 
survivorship of 25 or more years for joint replacement in 
patients with osteonecrosis, we will have reached a very 
gratifying solution to a most diffi cult and challenging 
problem.     
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2.1            Introduction 

 The vascular anatomy of the femoral head has been already 
described in many textbooks and studies. 

 First descriptions of vascular anatomy came from the sev-
enteenth century, when Hunter described  circulus articuli 
vasculosus —the vascular ring at the base of the femoral neck 
[ 1 ]. Many other studies from the twentieth century have 
assessed the vascular anatomy of the femoral head in classi-
cal anatomical studies [ 2 – 5 ] and in angiographic studies 
[ 6 – 8 ]. 

 Several studies during the last 15 years have demonstrated 
new concepts in the vascularization of the femoral head. 
Recent studies have used different methods of visualization 
of the arteries: classical anatomical dissections preserved in 
formaldehyde [ 9 ], classical anatomical dissections of fresh 
cadavers after intra-arterial injections of colored silicone 
[ 10 – 12 ], and visualization using contrast-enhanced magnetic 
resonance imaging [ 13 ] or contrast-enhanced computed 
tomography (CT) [ 14 ].  

2.2     Nomenclature 

 While all authors use the same nomenclature to describe the 
medial femoral circumfl ex artery (MFCA), lateral femoral 
circumfl ex artery (LFCA), and superfi cial femoral and deep 
femoral arteries, the nomenclature of nutrient arteries is con-
troversial. Some authors name the vessels retinacular arteries 
because of the neighboring retinacular fi bers [ 6 ,  10 – 12 ,  15 ]. 
Other authors name the vessels according to the growth 
period, when the epiphysis and metaphysis are supported 
by different arteries and the epiphyseal plate constitutes a 

barrier to the circulation within the epiphysis and metaphysis 
[ 8 ]. Crock and Chung described the arteries of the proximal 
end of the femur as an extracapsular and intracapsular arte-
rial ring of the femoral neck  with ascending cervical branches  
(anterior, posterior, lateral, and medial) and arteries of the 
round ligament [ 3 ,  4 ]. Howe described the terminal branches 
as the posterior superior and posterior inferior capital arteries 
arising from the MFCA and the foveal artery [ 2 ]. Judet 
named these vessels as superior and inferior groups of arter-
ies supplying the femoral head [ 5 ]. 

 The anastomosis of the MFCA with the inferior gluteal 
artery  (IGA) was described in the early edition of Gray’s 
Anatomy [ 16 ] as the anastomotic and articular branches, 
Jedral described it as a terminal branch of the IGA [ 17 ], 
while Gautier and Grose characterized it as the piriformis 
branch of the IGA [ 10 ,  18 ]. 

 In our opinion, the most descriptive nomenclature names 
the vessels as nutrient arteries of the femoral head, which are 
delineated as posterior superior, posterior inferior, anterior, 
and the artery of ligamentum teres  [ 9 ,  14 ]. For the anastomo-
sis with the IGA we used the nomenclature by Gautier and 
Grose—the piriformis branch of the IGA [ 10 ,  18 ].  

2.3     Blood Supply to the Femoral 
Head During Growth Phase 

 The vascular anatomy of the femoral head  is very specifi c 
because the vascular patterns established during the growth 
phases do not change at maturity and persist throughout life 
[ 3 ,  4 ,  8 ]. The epiphysis and metaphysis have their own blood 
supply, and the arteries supporting them during the growth 
phase are called the epiphyseal arteries  and metaphyseal 
arteries , respectively. Based on their sites of entry into the 
bone, the epiphyseal arteries are referred to as lateral and 
medial, and the metaphyseal arteries are indicated as supe-
rior and inferior. Lateral epiphyseal and superior metaphy-
seal arteries enter the bone at the superior and 
posterior-superior aspect of the femoral neck, near the 
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 margin of the articular cartilage. The inferior metaphyseal 
arteries enter the bone close to the inferior margin of the 
articular cartilage. The lateral epiphyseal and both groups of 
the metaphyseal arteries arise from the MFCA. The medial 
epiphyseal artery is a continuation of the artery within the 
ligamentum teres, arising from the acetabular branch of the 
obturator artery. Injections to the femoral head proved that 
the lateral epiphyseal arteries predominate in the epiphysis 
and the inferior metaphyseal arteries in the metaphysis, and 
any contribution to vascularization by the artery of the liga-
mentum teres may be negligible or absent in some cases [ 8 ].  

2.4     Blood Supply to the Femoral Head 

 The femoral head is supplied by vessels arising mainly from 
the MFCA and IGA. Other vessels with lesser contribution 
arise from the LFCA, obturator artery, superior gluteal artery, 
and the fi rst perforating branch of the deep femoral artery. 

 Most authors agree that there are three main groups of 
arteries supplying the femoral head: the group of posterior 
superior nutrient arteries of the femoral head arising from the 
deep branch of the MFCA, a posterior inferior nutrient artery 
also arising from the main trunk of the MFCA, and the piri-
formis branch of the IGA [ 2 – 6 ,  9 ,  10 ,  14 ]. 

2.4.1     MFCA with Terminal Branches 

 The MFCA  arises either from the deep femoral artery (65–
81 %) (Fig.  2.1 ) or, less commonly, from the femoral artery 
(6,4   –34 %) [ 12 ,  19 – 22 ]. It can also arise as two branches, as 
noted in a single case example in one study [ 20 ], or there 
may be no main trunk of the MFCA present, as noted in a 
single case example in another study [ 14 ]. From this point, 
the MFCA travels through the space between the pectineus 
and iliopsoas muscles, changing course in direction to the 
lesser trochanter. During its course, it branches off superfi -
cially and these branches anastomose with the obturator 
artery in the space between the adductor longus and adductor 
brevis muscles [ 2 ,  9 ,  10 ]. A superfi cial branch, usually sin-
gle, is observed in 98 % of cases and its diameter is 1.4 mm 
(0.7–3.5 mm) [ 19 ]. When the main trunk of the MFCA is 
kinked or otherwise occluded, the superfi cial branch may 
play a crucial role in supplying blood to the deep branch of 
the MFCA [ 19 ]. Anterior to the lesser trochanter and distal to 
the distal margin of the obturator externus muscle, the main 
trunk of the MFCA gives rise to the posterior inferior nutri-
ent artery of the femoral head (Fig.  2.2 ). At approximately 
53 mm (31–87 mm) from the origin of its course, the main 
trunk of the MFCA bifurcates into a deep branch and a 

descending branch. This typical bifurcation of the main trunk 
of the MFCA is characteristic of 96 % of the cases [ 9 ,  14 ,  19 ] 
(Figs.  2.3 ,  2.4 , and  2.5 ).

       The main trunk bifurcates into the descending branch, 
usually single with a diameter of 1.7 mm (0.8–3.6 mm) that 
divided into two branches, which supply the muscles of the 
posterior compartment of the thigh. The deep branch, with a 
diameter of 1.6 mm (1.1–2.7 mm), follows a course directed 
to the femoral head [ 7 ,  9 ,  14 ,  19 ] (Figs.  2.3 ,  2.4 , and  2.5 ). 

2.4.1.1     Posterior Inferior Nutrient Artery 
 The posterior inferior nutrient artery of the femoral head is 
not present in all cases. Incidence of appearance depends on 
the method of visualization used by different authors; it is 
observed in 11 % of cases by angiographic CT examination 
[ 14 ] compared to 100 % of cases in a classical anatomical 
study with colored silicone injection [ 6 ,  11 – 13 ,  15 ]. Its diam-
eter has been estimated in a microangiographic study to be 
approximately 0.4 mm (0.1–0.6 mm) [ 6 ]. In its intra- articular 

  Fig. 2.1    Photograph during cadaver dissection showing the anterior 
view of the right inguinal region, with the main trunk of the medial 
femoral circumfl ex artery ( arrow ) originating from the deep femoral 
artery. (Reproduced with permission and copyright © of the  British 
Editorial Society of Bone and Joint Surgery  [ 9 ])       

 

M. Zlotorowicz and J. Czubak



21

course, it runs proximally on the medial aspect of the neck 
toward the femoral head on top of the mobile fold of tissue 
commonly referred to as the Weitbrecht ligament [ 12 ] 
(Figs.  2.2 ,  2.3 , and  2.5 ). During the growth phase, the poste-
rior inferior nutrient artery—under the name “inferior metaph-
yseal artery”—was found to supply approximately two-thirds 
of the metaphyseal tissue of the femoral head [ 8 ]. Almost 
18 % of the vascular foramina around the head are located in 
the posterior inferior aspect of the femoral head in comparison 
to approximately 80 % located in the posterior superior and 
anterior superior quadrants of the femoral head [ 23 ].  

2.4.1.2     The Deep Branch with Posterior 
Superior Nutrient Arteries 

 After bifurcation, the deep branch arises proximally, poste-
rior to the obturator externus muscle and anterior to the 
quadratus femoris muscle. It is easily identifi able in the 
adipose tissue between these two muscles and is usually 
closely associated with two veins [ 9 ]. In this area, the deep 

branch of the MFCA can rupture during traumatic hip 
 dislocation when the obturator externus tendon ruptures. 
The obturator externus muscle and its tendon protects the 
vessel [ 10 ,  24 ] (Fig.  2.6 ). In that area, the deep branch is 
also at risk of iatrogenic damage during posterior exposure 
of the hip. During the Kocher-Langenbeck approach, divi-
sion of the tendon of the obturator externus should be 
avoided. It is also unsafe to divide the distal part of the 
conjoined tendon comprised of the gemellus inferior and 
fi bers of the obturator internus muscle [ 10 ]. After bypass-
ing the obturator externus, the deep branch goes into the 
trochanteric fossa where it gives off trochanteric branches 
toward the greater trochanter [ 2 ,  10 ]. In this region, the 
deep branch of the MFCA anastomoses with the piriformis 
branch of the IGA. Moving in a cranial direction toward the 
femoral head, it lies anterior to the conjoined tendon of 
gemelli and obturator internus and enters the hip joint 

  Fig. 2.2    Photograph during cadaver dissection of the anterior view 
with the right femoral head partly exposed and the femoral neck show-
ing the posterior inferior femoral head nutrient artery ( white arrow ) 
(Reproduced with permission and copyright © of the  British Editorial 
Society of Bone and Joint Surgery  [ 9 ])       

  Fig. 2.3    Photograph during cadaver dissection of the posterior view of 
the left hip joint with the femoral head partly exposed, showing the 
main branches of the medial femoral circumfl ex artery (MFCA):  1  deep 
branch,  2  descending branch,  3  bifurcation of the MFCA,  4  posterior 
inferior femoral head nutrient artery, and  5  obturator externus muscle 
(Reproduced with permission and copyright © of the  British Editorial 
Society of Bone and Joint Surgery  [ 9 ])       
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through a femoral attachment of the  posterior capsule, 
superior to the insertion of gemellus superior and distal to 
the insertion of the piriformis [ 2 ,  9 – 11 ,  23 ]. On this course, 

it becomes intracapsular, obliquely through the capsule. To 
protect the deep branch of the  vessel, approximately 1.5 cm 
of the conjoined tendon and capsule should be left undi-
vided from the trochanteric crest during posterior exposure 
of the hip [ 10 ]. During its intracapsular and intra- articular 
courses, the deep branch is at risk of stretching and 
increased vessel resistance because of intra-articular 
 pressure [ 25 ].

   Intra-articularly, it travels subsynovially along the femo-
ral neck within the retinacular fi bers. 

 In its intra-articular course, it divides into 1–5 posterior 
superior nutrient arteries of the femoral head, continuing 
within the retinaculum toward the femoral head [ 9 ,  10 ,  12 ] 
(Fig.  2.7a, b ). Many authors agree that the deep branch 
divides into the terminal nutrient arteries in all cases [ 2 – 15 ]. 
Posterior superior nutrient arteries are the most important 
source of blood supply; they can completely perfuse the 
 femoral head without any other vascular input [ 15 ]. The 

  Fig. 2.5    Maximum intensity projection image of the angio-CT scans 
showing the posterior inferior nutrient artery ( 1 ), the deep branch of the 
medial femoral circumfl ex artery ( 2 ), and the anterior nutrient artery of 
the femoral neck ( 3 ) (Reproduced with permission and copyright © of 
the  British Editorial Society of Bone and Joint Surgery  [ 14 ])       

  Fig. 2.6    Photograph during cadaver dissection of the posterior view of 
the right hip joint, showing the topography of the deep branch of the 
medial femoral circumfl ex artery (MFCA):  1  conjoined tendon of the 
gemellus superior, gemellus inferior, and obturator internus muscles 
(after tenotomy near its femoral attachment),  2  deep branch of 
the MFCA,  3  bifurcation of the MFCA,  4  descending branches of the 
MFCA,  5  obturator externus muscle, and  6  quadratus femoris muscle 
(turned medially) (Reproduced with permission and copyright © of 
the  British Editorial Society of Bone and Joint Surgery  [ 9 ])       

  Fig. 2.4    Volume rendering image of the angio-CT scans showing the 
deep branch of the medial femoral circumfl ex artery ( arrow ) from its 
bifurcation to its division into the posterior superior nutrient arteries 
(Reproduced with permission and copyright © of the  British Editorial 
Society of Bone and Joint Surgery  [ 14 ])       
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 estimated size, via microangiographic studies, of a nutrient 
artery from the group of posterior superior nutrient arteries 
of the femoral head in adults is 0.8 mm (0.3–1.6 mm) [ 6 ]. 
Zlotorowicz found that the deep branch was absent in 1/55 
cases—the femoral head then being supplied by a well- 
defi ned piriformis branch of the IGA—using angiographic 
CT [ 14 ].

   Based on the examination of 150 dried cadaveric spec-
imens, Lavigne stated that 80 % of the vascular foramina 
on the bone were located in the posterior superior and 
anterior superior quadrants of the femoral head, where 
the posterior superior nutrient arteries enter the femoral 
head [ 23 ].   

2.4.2     Inferior Gluteal Artery 

 The IGA also plays a crucial role in blood supply to the 
 femoral head. Although all agree that the deep branch of 
the MFCA is a dominant vessel supplying the femoral 
head, the IGA was found to be a dominant vessel supplying 
the femoral head in >50 % of human fetuses aged 
16–29 weeks of intrauterine life [ 17 ]. Kalhor found the 
piriformis branch of the IGA to be the main vessel supply-
ing the femoral head in 6/35 specimens [ 12 ]. In another 
study, the piriformis branch of the IGA was also found to 
be the main vessel supplying the femoral head in the 
absence of the deep branch of the MFCA [ 14 ]. The most 
precise description of the anastomosis is given by Grose. 
In 7/8 specimens examined, constant anastomosis between 
the deep branch of the MFCA and the terminal branches of 

the IGA, called the piriformis branch, was observed. In this 
study, in all seven specimens observed, it was possible to 
inject the posterior superior nutrient arteries and posterior 
inferior nutrient artery via the IGA [ 18 ]. The piriformis 
branch of the IGA travels posteriorly across the piriformis 
and conjoined tendons, meeting the MFCA in the interval 
space between the inferior gemellus and the tendon of 
obturator externus (Figs.  2.8  and  2.9 ). The incidence of the 
piriformis branch varies depending on which method was 
used to visualize the vessel. Incidence varies from 49 % in 

a b

  Fig. 2.7    Photographs during cadaver dissection of ( a ) a posterior view 
of the right hip joint with the femoral head exposed, showing the termi-
nal branch of the medial femoral circumfl ex artery ( arrow ), which we 
consider to be the posterior superior femoral head nutrient artery, and 
( b ) a posterior view of the left hip joint showing the terminal branches 

of the medial femoral circumfl ex artery ( arrow ), which we consider to 
be the three posterior superior femoral head nutrient arteries 
(Reproduced with permission and copyright © of the  British Editorial 
Society of Bone and Joint Surgery  [ 9 ])       

  Fig. 2.8    Maximum intensity projection image of the angio-CT scans 
showing the piriformis branch ( arrow ) of the inferior gluteal artery 
(Reproduced with permission and copyright © of the  British Editorial 
Society of Bone and Joint Surgery  [ 14 ])       
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CT angiography, with the size 1.0 mm (0.5–1.8 mm), to 
100 % in an anatomical study involving injection of the 
arteries with colored silicone [ 14 ,  18 ].

2.4.3         Lateral Femoral Circumfl ex Artery 

 The LFCA  arises from the deep femoral artery or, less com-
monly, from the femoral artery. It contributes to the femoral 
head and neck blood supply by a single artery with mean 
diameter 0.25–1.1 mm [ 6 ,  19 ]. This artery was found in 
25–88 % of specimens [ 4 ,  6 ,  11 ,  12 ]. 

 The anterior nutrient artery of the femoral neck is the ves-
sel supplying the femoral neck rather than the femoral head. 
The vessel enters the bone at the anterior aspect of the femo-
ral neck and is located at many different levels. In 39 % of 
specimens, it enters the bone immediately after piercing the 
capsule, in the middle of the neck in another 42 %, and near 
the articular rim in only 18 % [ 2 ]. In another study, the ante-
rior nutrient artery enters the bone at a 22 mm distal to a 
24 mm proximal point from the top of the lesser trochanter 
(mean distance, 4.5 mm proximal) (Fig.  2.5 ) [ 19 ]. 

 The extracapsular and intracapsular arterial ring 
described by Chung, which is formed by the LFCA and 
MFCA, was not found by other authors [ 4 ,  7 ,  8 ,  10 – 12 ,  14 ]. 

 Microangiographic studies showed that the anterior 
 nutrient artery of the femoral neck does not supply the can-
cellous portion of the bone, but ends into the cortex forming 
a thicker peripheral meshwork [ 5 ,  15 ]. Some authors, in 
assessing the blood supply to the femoral head, do not 
describe the anterior nutrient artery as the vessel supplying 
the femoral head [ 2 ,  8 ].  

2.4.4     Obturator Artery with Terminal 
Artery of the Ligamentum Teres 

 The artery of the ligamentum teres arises either from the 
obturator or MFCA, or from both [ 6 ]. Although it functions 
during the growth phase as a medial epiphyseal artery, most 
authors agree that its contribution to the femoral head blood 
supply is minimal [ 2 ,  8 ,  10 – 12 ,  15 ]. On the other hand, stud-
ies show that the artery of the ligamentum teres anastomoses 
with the intraosseous arteries of the femoral head. The size 
of the anastomosis is estimated to be 0.33 mm (0.07–
0.62 mm) and the incidence is approximately 70 % [ 6 ]. 

 The passage of one or, less frequently, two small arteries 
through the ligamentum teres toward the femoral head is 
usually too small in diameter to permit demonstration of 
their passage to the femoral head in anatomical studies [ 2 ]. 
Experimental divisions of the ligamentum teres showed that 
cutting this ligament has no effect on the capital arterial pat-
tern including the subfoveal part of the head. 

 When the artery of the ligamentum teres was considered 
the only vessel supplying the femoral head, contrast medium 
was not taken up by the capital vessels in 35 % of specimens; 
another 35 % showed uptake in a small subfoveal area, and 
29 % in other capital arteries (one or two arteries from the 
posterior superior nutrient arteries). In one preparation, only 
6 % of normal area of the head was observed [ 15 ]. 

 Experimental studies, therefore, showed that the ligamen-
tum teres artery is unimportant as a supply vessel in most 
femoral heads, but can occasionally provide supporting 
blood supply to the femoral head in some individuals.  

2.4.5     Superior Gluteal Artery 

 A branch of the superior gluteal artery descending toward the 
top of the greater trochanter, alongside the gluteus medius 
and minimus muscles, could potentially be a vessel anasto-
mosing with the deep branch of the MFCA or with the piri-
formis branch of IGA. In 16 % of injected specimens, 
contrast penetrated to the top of the greater trochanter; 
 however, the anastomosis was not visualized [ 11 ,  14 ]. Most 
authors do not consider the superior gluteal artery a main 
source of blood supply.  

  Fig. 2.9    Volume rendering image of the angio-CT scans showing the 
piriformis branch ( arrow ) of the inferior gluteal artery with the terminal 
nutrient arteries supplying the femoral head in the absence of the deep 
branch of the medial femoral circumfl ex artery. The main trunk takes 
the direction of the descending branch (Reproduced with permission 
and copyright © of the  British Editorial Society of Bone and Joint 
Surgery  [ 14 ])       

 

M. Zlotorowicz and J. Czubak



25

2.4.6     Transcervical Arteries from 
the First Perforator Artery 

 Most authors agree that vessels inside the marrow cavity of the 
femoral shaft and more proximally in the femoral neck are of 
no importance in blood supply to the femoral head [ 2 ,  8 ,  15 ]. 
On the other hand, it was possible for some authors to inject 
the nutrient arteries of the femoral head via the nutrient artery 
of the femoral shaft and vice versa [ 6 ,  26 ]. It is estimated that 
the anastomosis between a nutrient artery of the femoral shaft 
and nutrient arteries of the femoral head is 0.1–0.25 mm in 
diameter [ 6 ]. It is not possible to quantify the frequency at 
which the anastomosis occurs because of the presence of red 
marrow and a dense cloud of capillaries, making visibility 
poor in some specimens [ 6 ].   

2.5     Summary 

 The femoral head receives blood supply mostly from the 
MFCA, with the deep branch of this artery being the most 
important. The deep branch of the MFCA terminates in the 
group of posterior superior nutrient arteries of the femoral 
head. The posterior superior nutrient arteries enter the fem-
oral head via the vascular foramina in the posterior superior 
and anterior superior quadrants of the femoral head and 
neck. In these quadrants, 80 % of all femoral head vascular 
foramina are localized. The deep branch of the MFCA 
along with the terminal posterior superior nutrient arteries 
of the femoral head can support all, or nearly all, of the 
blood supply to the femoral head. Another source of blood 
supply, also originating from the MFCA, is the posterior 
inferior nutrient artery. From the anastomoses that contrib-
ute to the blood supply of the femoral head, the most impor-
tant is the anastomosis with the IGA via the piriformis 
branch, which can also be a dominant vessel supplying the 
femoral head. The anterior nutrient artery of the femoral 
neck—originating from the lateral circumfl ex artery—and 
the obturator artery, via the artery of the ligamentum teres, 
constitute a minor component of the blood supply to the 
femoral head.     
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3.1            Introduction 

 Bone cells may be killed in a variety of ways, from radiation 
to poison. But the clinical phenomenon that has become 
most identifi ed with the term “osteonecrosis” is associated 
with ischemia. Ischemic osteonecrosis (ION) is the preferred 
term, although clinicians traditionally use AVN (avascular 
necrosis) in spite of the fact that the absence of vessels has 
never been histologically confi rmed (ischemic vessels are 
still vessels just as a dead body is still a body). It is generally 
agreed that ION results from two main causes of ischemia: 
(1) hypercoagulation that is associated with a wide range of 
diseases, leading to the name of this category as “idiopathic” 
ION, and (2) physical damage to bone blood vessels result-
ing from impact—high energy or compression—known as 
“traumatic” ION. This review is divided into three sections: 
(a) idiopathic ION, (b) traumatic ION and reperfusion, and 
(c) intravital microscopic investigation of both.  

3.2     Idiopathic ION 

 Since the early 1990s a consensus has been building that 
the ischemia associated with idiopathic ION is caused 
by hypercoagulation  [ 1 – 3 ]. Unfortunately, the number of 
 pathophysiological roads to hypercoagulation is so great that 
one can fi nd published data correlating a large fraction of 
them with clinical presentations [ 4 ]. 

 Since ION of the femoral head is by far the highest in 
incidence [ 5 ,  6 ], it is logical to ask if there is a circulatory 
basis for such a bias. Why does ION not occur as frequently 
in other joints? For that matter, why does it not frequently 
occur elsewhere in the femur? Of course it occurs in any bone 
if the conditions stated in the fi rst paragraph are met. But 

ION does not progress to bone collapse in other bones 
as often as it does in the hip. 

 Since pathology is a deviation from normal physiology, 
one cannot expect to understand circulatory pathophysiology 
without understanding normal circulatory physiology of the 
femur. The human femur is normally fed by two nutrient 
arteries from the femoral profunda that enter the upper 
diaphyseal cortex through foramina. They then branch just 
central to the endosteum into ascending and descending trib-
utaries. These in turn send centrifugal branches into adjacent 
cortical bone and centripetal branches toward sinusoids in 
the medullary canal as the tributaries continue toward the 
metaphysis. There is a net centrifugal pressure drop across 
the diaphyseal cortex and a net movement of its interstitial 
fl uid (bone fl uid fl ow) toward the periosteum [ 7 ]. However, 
pressure changes in the medullary canal are not well trans-
lated into pressure changes within the cortex, suggesting that 
septi—anatomical or functional—exist interrupting any con-
tinuous medullary canal-to-periosteum fl uid fl ow [ 7 ]. 

 In most limbs the ascending nutrient artery branch 
eventually reaches metaphyseal cancellous bone where it 
appears to form anastomoses with metaphyseal arteries. 
Metaphyseal arteries often anastomose with epiphyseal 
arteries. Epiphyseal and metaphyseal bones typically have 
a more direct supply. Separate perforating arteries enter 
the subcondylar region at two or more foramina and after 
branching may anastomose. 

 Metaphyseal-epiphyseal blood supply to the proximal 
femur is different. Vessels enter at the femoral neck, supe-
rior to the greater trochanter and inferior to the capsule of 
the hip joint. There are two tributaries from the femoral 
profunda that circle the bone, the medial (MFCA) and lat-
eral circumfl ex arteries. The lateral circumfl ex supplies the 
inferior bone at the level of the trochanter and the MFCA 
supplies the superior femoral head. There is variation 
between individuals. In some cases the inferior gluteal 
artery contribution dominates the MFCA [ 8 ,  9 ]. There is 
also evidence for anastomoses between the MFCA and 
inferior gluteal artery [ 10 ]. After penetrating the joint 
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 capsule, the MFCA runs along the posterosuperior aspect 
of the femoral neck sending subsynovial retinacular 
branches caudad [ 10 ]. One of the most interesting fi ndings 
of Crock is the presence of sinusoids at the tips of these 
retinacular branches [ 11 ]. Other investigators do not seem 
to have been able to get their injected media to penetrate to 
vessels small enough to confi rm or disprove this observa-
tion, although Figs 7 and 8 of Sevitt and Thompson’s report 
suggest a similar result [ 12 ]. 

 In adults some of the femoral head blood supply may 
come from the ligamentum teres artery [ 12 ,  13 ]. It enters the 
femoral head apex and its distal branches anastomose with 
the retinacular arteries [ 14 ]. 

 The diaphyseal periosteum of the femur is fed by peri-
osteal arteries that branch from arteries in tendons con-
nected to the cortex by Sharpey’s fi bers. These vessels 
supply not only the periosteum but up to 1/3 of the outer 
cortical bone under normal conditions [ 15 ]. When medul-
lary nutrient artery tributaries are damaged as occurs when 
the canal is reamed, periosteal circulation increases its sup-
ply to the cortex [ 16 ]. There do not appear to be any studies 
of contributions of femoral neck periosteal blood supply to 
the neck cortex, although this bone is well vascularized 
[ 17 ]. This circulation may be a factor in healing of the 
osteonecrotic head. 

 When blood reaches the end of its retinacular artery, it 
fl ows into increasingly smaller-diameter branches regressing 
from terminal branches (down to 60 μm) to arterioles (down 
to 20 μm) to capillaries (down to 8 μm). All of these vessels 
are lined with endothelial cells  (ECs). Precapillary vessels 
are surrounded with smooth muscle. As arterioles become 
capillaries, they are increasingly surrounded with pericytes 
that are not muscles but can change the vessel diameter by 
coiling actin of their intracellular matrix. Capillaries are one 
EC thick and surrounded with a laminin-plus-collagen IV 
basement membrane and an occasional pericyte. There are 
three general types of capillaries :
    1.    Continuous: with continuous basement membranes and 

ECs overlapping at junctions   
   2.    Fenestrated: with continuous basement membranes 

and ECs with pores up to 1,000 Å wide at junctions   
   3.    Discontinuous: with holes in basement membranes and 

clear fi ssures in EC junctions, sinusoids    
  In some tissues there are shunts called metarterioles from 

precapillary vessels to pre-venular capillaries. Should 
smaller capillaries become plugged, blood would divert 
across these shunts. 

 Systemic pathologies like disseminated intravascular 
coagulation (DIC) cannot by themselves explain a tendency 
for ischemia to occur in a femoral head [ 18 ]. Accordingly, 
one must determine if there is some basis for hypothesiz-
ing that head vasculature has an inherent tendency to be 

 thrombogenic. Blood vessel function is essentially EC 
 function, and if the microcirculation is to experience the 
 hypercoagulation required for ION [ 3 ], ECs must be, 
 logically, integral components of the thrombogenic 
process. 

 ECs are not the same in all tissues. Those lining capillar-
ies of different organs are arranged differently [ 19 ]. Consider 
those in brain with its blood–brain barrier vs. those in mar-
row sinusoids. The size of the vessel makes a difference 
(Kumar [ 20 ]). Endothelial cells from microcirculatory ves-
sels express more MHC I and II as well as adhesion mole-
cules than do those from larger vessels [ 21 ,  22 ]. In fact the 
surface proteins vary suffi ciently to allow immunological 
differentiation of ECs by organ [ 22 ]. Pathologies that refl ect 
this organ-to-organ variation are classifi ed as regional endo-
thelial dysfunctions  or RED [ 18 ]. Such heterogeneity is not 
unique to humans. It is at least chordate phylum wide [ 23 ]. 

 Is the heterogeneity that leads to RED refl ected in 
 thrombogenicity? Table  3.1  summarizes various EC compo-
nents that infl uence the clotting process. Each component 
can induce or inhibit thrombosis by secreting or activating 
various agents that control clotting. Tissue factor, PAI-1, 
vWF, and protease-activated receptors vary in circulatory 

   Table 3.1    Regulators of thrombosis and hemostasis in endothelium   

 EC Features  Antithrombotic  Prothrombotic 

 Coagulation 
protein 
binding sites 

 Glycosaminoglycans/
ATIII 

 Binding sites for fi brin, FIX, 
IXa, X, Xa, FXII, kallikrein 

 TFPI  Tissue factor 
 Thrombomodulin  Thrombin receptor 

 Receptor for protein 
 C/APC 

 Products 
produced 
and/or stored 
by platelets 

 PGI 2   vWF 
 NO  PAF 
 ADPase  Fibrinogen 

 FV 
 FXI 

 Fibrinolytic 
factors 

 t-PA production  PAI-1, PAI-2 
 u-PA expression  PAI-3 (protein C Inhibitor) 
 u-PAR  TAFI activation 
 Plasminogen binding 
sites 
 Annexin II 

 Vasomotor 
factors 

 NO  TxA 2  
 PGI 2   Endothelin-1 

  From Cines et al. [ 42 ] 
 EC agents, binding sites, receptors, and actions that control coagulation 
in blood vessels 
 Abbreviations:  ATIII  antithrombin III,  PGI   2   prostacyclin,  TFPI  tissue 
factor pathway inhibitor,  APC  activated protein C,  PAF  platelet activat-
ing factor,  t-PA  tissue plasminogen activator,  u-PA  urokinase plasmino-
gen activator,  u-PAR  urokinase plasminogen activator receptor,  PAI  
plasminogen activator inhibitor,  TAFI  thrombin-activatable fi brinolysis 
inhibitor,  TxA   2   thromboxane A 2   
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beds from organ to organ [ 24 ,  25 ]. Tissue factor expression 
is heterogeneous over the body [ 26 ]. Thrombomodulin and 
endothelial protein C receptors are expressed heteroge-
neously in different vascular beds [ 27 ]. There is circulatory 
heterogeneity as well. Venular valves are more frequent in 
bone than in skeletal muscle vessels [ 28 ]. It has been postu-
lated that individuals with poor circulation to femoral head 
retinaculars are at high risk for thrombi and EC apoptosis 
resulting from reduced fl uid shear in their microvasculature 
[ 1 ]. Signals that affect thrombogenesis are summarized in 
Table  3.2 .

    Does the heterogeneity in EC MHCII antigens contribute 
directly to RED and thrombogenicity? ECs present MHCII 
antigens to CD4 +  T cells—more in micro- than macrovascu-
lature [ 21 ,  22 ]—and some express CD40 (in dendritic cells 
this marker interacts with T cells), CD80, and CD86 (both T 
cell costimulatory) suggesting presentation to CD8 +  T cells 
as well [ 28 ]. There are confl icting data on the extent to which 
these interactions anergize the T cells [ 29 ,  30 ]. But there is 
support for the conclusion that CD8 +  T cells can activate and 
induce proinfl ammatory changes in ECs [ 31 ,  32 ]. 

 Dendritic cells  (DCs) may have a role in multifoci ION. 
Their role in DIC begins with systemic challenge to the 
innate immune system. In experiments with lipopolysaccha-
ride (LPS), the challenge begins with detection of the 
 immunogen by DC TLR4. In the lymph nodes LPS activates 
DC TLR4 that in turn upregulates its protease-activated 
receptor 1 (PAR1). Through an internal cascade, PAR1 acti-
vates sphingosine-phosphate 3 receptor (S1P3R) that initi-
ates secretion of TF and IL-1β. In lymph circulation this TF 
has little effect. But the continuous LPS signal eventually 

stimulates migration of DCs from the lymph nodes to 
lymph  vessels that carry them to ducts that drain into the 
blood  circulation. As the DCs circulate they secrete TF stim-
ulating receptive ECs to secrete thrombin and form local 
thrombi. Thrombin directly stimulates DC PAR1 to com-
plete the autocrine cycle, further amplifying DIC [ 33 ]. 

 Local thrombosis may be stimulated by LPS in vessels 
like the retinacular microcirculation as well. Endothelial 
cells have TLR4s [ 34 ], S1P3R [ 35 ], Waeber [ 36 ] and PAR1 
[ 37 ]. This effect has apparently been demonstrated by 
Okazaki et al. [ 38 ] who challenged mice with LPS and were 
able to produce femoral ION and cytokines associated with 
TLR4 stimulation.  

3.3     Traumatic ION 

 Thrombogenesis is not necessary for ION if vessels are 
 simply destroyed as is the case for traumatic ION. But bone 
not directly made ischemic via traumatic destruction of 
feeder vessels may become ischemic as the result of reperfu-
sion injury . Compartment syndrome would likely produce 
the necessary ischemia, as would a crush injury of limited 
force. 

 Endothelial cells normally control both upstream and 
downstream vessel diameters by converting L-arginine to 
NO that is delivered countercurrently or downstream to 
sphincters. They also normally oxidize their purines using 
xanthine oxidase to produce superoxide anions, which at 
physiologic pH dismutates (via superoxide dismutases) to 
H 2 O 2  and in the presence of ferrous ions and peroxidases to 
H 2 O and ferric ions. 

 During ischemia blood fl ow in microvasculature stops 
and neutrophils that have become trapped are no longer stim-
ulated by blood fl ow shear to remain in the vessel lumen. 
They upregulate their L-selectin and seek to extravasate 
through the nearest endothelium. Meanwhile, ECs, in the 
absence of fl ow and O 2 , are increasingly exposed to an anaer-
obic and decreasing pH environment. As a result NO produc-
tion and peroxidase activity stops, allowing accumulation of 
superoxide anion. Accumulation of these free radicals dam-
ages ECs, primarily by lipid peroxidation [ 39 ]. 

 As tissue adjacent to that made necrotic directly by the 
trauma proceeds through a wound healing infl ammatory 
phase, constricted vessels upstream begin to relax and blood 
is shunted to the patent ischemic vasculature. When the 
highly oxygenated reperfusing blood meets a lumen with 
neutrophils lining the walls and free radicals and infl amma-
tory cytokines (some from adjacent mast cells) in high con-
centration, incoming platelets are activated and, in the 
absence of NO, thrombosis and vessel constriction condemn 
the fl ow to stasis. 

   Table 3.2    Extracellular signals that regulate procoagulant or 
 anticoagulant mRNA expression in endothelial cells   

 Source of signal  Effect 

 TNFα  Decreases expression of thrombomodulin 
 Increases expression of plasminogen-activator 
inhibitor type 1 and tissue factor 

 IL-1  Decreases expression of thrombomodulin 
 TGF-β  Decreases expression of thrombomodulin 

 Increases expression of plasminogen-activator 
inhibitor type 1 

 VEGF  Increases expression of thrombomodulin, 
plasminogen-activator inhibitor type 1, and 
tissue-type plasminogen activator 

 PDGF  Increases expression of von Willebrand factor 
 Shear stress  Increases expression of thrombomodulin, 

tissue-type plasminogen activator, tissue 
factor, and nitric oxide synthase 

 Hypoxia  Increases expression of plasminogen-activator 
inhibitor type 1 
 Decreases expression of tissue-type 
plasminogen activator 

  From Rosenberg et al. [ 24 ]  
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 Selection of vessels that undergo reperfusion injury fi rst 
is probably not as important for the progress of ION as is the 
ischemia length of time. We have found signifi cant effects at 
2 h [ 40 ] as can be seen in Fig.  3.1 . These events probably 
occur at different points and times in the femoral head, 
depending on local conditions. Diffusion through the extra-
cellular matrix of cytokines and other agents—from mast 
cells in particular—will spread signals to adjoining tissue. 
Of particular interest is the source of macrophages, ECs, and 
fi broblasts that will form the repair tissue of early healing. 
Unlike idiopathic ION wherein the pathological agent often 
persists, the trauma source is usually gone when repair 
begins.

3.4        Intravital Microscopy for Assessing 
Bone Microcirculatory Pathology 

 If one wishes to directly view microcirculatory events in vivo 
and in situ in an intact animal, it is usually necessary to 
expose the organ and place it in a special microscope. The 
observing instrument is called an intravital microscope  
(IVM). P.I. Brånemark developed it for use in bone by add-
ing a window implant in 1964 [ 41 ]. In order to give direct 
visual access to bone cortex, medullary canal, and their 
 vasculature, Albrektsson modifi ed the window into a surgi-
cally implanted optical bone chamber. The images in Fig.  3.1  
were obtained with a horizontal modifi cation of the original 

  Fig. 3.1    Examples of reperfusion phase vascularity for three ischemia 
durations. Each circle has a diameter of about 2 mm (disregarding the 
outer ring of refl ected light). Visible vessels show circulating FITC-D70 
which normally leaks only through so-called large pores (according to 
the two- pore permeability model; few in number in tissue at equilib-
rium). Baseline vascularity is shown at far left. Reperfusion at zero 
hours (0 H) is photographed 10 min after cuff defl ation and shows a 

pattern suggesting an inverse relationship between duration and initial 
reperfusion. At 4 h vessels exhibit abnormal leakage which appears to 
increase with ischemia duration. At 14 per day, reperfusion has 
decreased from its 4-h value for all three treatments. Also, leakage at 
this time is less for the higher durations, probably because so little 
plasma is circulating (From Hsieh et al. [ 40 ] with permission)       
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vertical IVM. The horizontal IVM allows the animal being 
observed to be upright and free of clamping pressure on the 
bone being observed. 

 The bone chamber used for intravital microscopy is usu-
ally implanted in the tibial medial cortex immediately distal 
of the medial collateral ligament insertion. It is permanently 
exposed and is managed for infection prevention by daily 
peroxide lavage. It has been designed to perforate both corti-
ces so that transmitted light may pass into the lateral end and 
illuminate bone that is growing and has grown into a 100 μm 
deep × 2 mm wide discoid chamber. Vessels are illuminated 
by fl uorescence. Fluorescent objects may range from mole-
cules small enough to trace nutrient exchange through capil-
lary walls to microspheres large enough to observe as discrete 
points, but small enough to not signifi cantly alter vessel fl uid 
mechanics. 

 If transmitted light is not required, the chamber may be 
redesigned to extend no further than the nearest medullary 
canal. Such a short chamber may be implanted nearer the 
joint and possibly serve in a model for ION of the knee. 
Unless an endoscopic form of the chamber were developed, 
its implantation near the femoral head would be problematic 
because of musculature surrounding the femur. The chamber 
is designed for chronic studies (18 months has been 
achieved). Thus, it would be suitable for experiments testing 
hypotheses about the effects of long-term exposure to an 
agent on microcirculation. Fluorescent dyes for bone could 
be added to evaluate its growth and viability. 

 The reader is encouraged to “google” “intravital micros-
copy” to gain an appreciation of the current use of this tech-
nique in microcirculation research, particularly in the area of 
cancer.     

   References 

     1.    Kerachian MA, Harvey EJ, Cournoyer D, Chow TYK, Séguin C. 
Avascular necrosis of the femoral head: vascular hypothesis. 
Endothelium. 2006;13:237–44.  

   2.    Glueck CJ, Freiberg RA, Boppana S, Wang P. Thrombophilia, 
hypofi brinolysis, the eNOS T-786C polymorphism, and multifocal 
osteonecrosis. J Bone Joint Surg. 2008;90:2220–9.  

     3.    Lykissas MG, Gelalis ID, Kostas-Agnatis IP, Vozonelos G, 
Korompilas AV. The role of hypercoagulability in the development 
of osteonecrosis of the femoral head. Orthop Rev. 2012;4:73–7.  

    4.    Jones JP. Concepts of etiology and early pathogenesis of 
 osteonecrosis. In: Schafer M, editor. Instructional course lectures. 
Chicago: American Academy of Orthopaedic Surgeons; 1994. p. 
499–512.  

    5.    Bose VC, Baruah BD. Resurfacing arthroplasty of the hip for 
 avascular necrosis of the femoral head: a minimum follow-up of 
four years. J Bone Joint Surg. 2010;92B:922–8.  

    6.    Steffen RT, Athanasou NA, Gil HS, Murray DW. Avascular necrosis 
associated with fracture of the femoral neck after hip resurfacing: 
histological assessment of femoral bone from retrieval specimens. J 
Bone Joint Surg. 2010;92B:787–93.  

     7.    Winet H. Blood fl ow in bone. In: Cowin S, editor. Bone mechanics 
handbook. Boca Raton: CRC Press; 2001. p. 21.21–7.  

    8.    Kalhor M, Horowitz K, Gharehdaghi J, Beck M, Ganz R. Anatomic 
variations in femoral head circulation. Hip Int. 2012;22:307–12.  

    9.    Grose AW, Gardner MJ, Sussman PS, Helfet DL, Lorich DG. The 
surgical anatomy of the blood supply to the femoral head: descrip-
tion of the anastomosis between the median femoral circumfl ex and 
inferior gluteal arteries at the hip. J Bone Joint Surg. 2008;90B:
1298–303.  

     10.    Gautier E, Ganz K, Krügel N, Gill T, Gaz R. Anatomy of the medial 
femoral circumfl ex artery and its surgical implications. J Bone Joint 
Surg. 2000;82B:679–83.  

    11.    Crock HV. A revision of the anatomy of the arteries supplying the 
upper end of the human femur. J Anat. 1965;99:77–88.  

     12.    Sevitt S, Thompson RG. The distribution and anastomoses of 
 arteries supplying the head and neck of the femur. J Bone Joint 
Surg. 1965;47B:560–73.  

    13.    Trueta J. The normal vascular anatomy of the human femoral head 
during growth. J Bone Joint Surg. 1957;39B:358–94.  

    14.    Wertheimer LG, Lopes SL. Arterial supply of the femoral head. 
J Bone Joint Surg. 1971;53A:545–56.  

    15.    Rhinelander FW. The normal microcirculation of diaphyseal cortex 
and its response to fracture. J Bone Joint Surg. 1968;50A:
784–800.  

    16.    Grundnes O, Gjerdet NR, Utvåg SE, Reikerås O. Vascular and struc-
tural changes in rat femora following nailing and intramedullary 
occlusion. J Orthop Res. 1998;16:293–9.  

    17.    Shea JE, Hallows RK, Ricks S, Bloebaum RD. Microvascularization 
of the hypermineralized calcifi ed fi brocartilage and cortical bone in 
the sheep proximal femur. Anat Rec. 2002;268:365–70.  

     18.    Séguin C, Kassis J, Busque L, Bestawros A, Theodoropoulos J, 
Alonso M-L, Harvey EJ. Non-traumatic necrosis of bone 
 (osteonecrosis) is associated with endothelial cell activation but 
not thrombophilia. Rheumatology. 2008;47:1151–5.  

    19.    Craig LE, Spelman JP, Strandberg JD, Zink MC. Endothelial cells 
from diverse tissues exhibit differences in growth and morphology. 
Microvasc Res. 1998;55:65–76.  

    20.    Kumar S, West DC, Ager A. Heterogeneity in endothelial cells from 
large vessels and microvessels. Different. 1987;36:57–70.  

     21.    Beilke MA. Vascular endothelium in immunology and infectious 
disease. Rev Infect Dis. 1989;11:273–83.  

      22.    Page C, Rose M, Yacoub M, Pigott R. Antigenic heterogeneity 
of vascular endothelium. Am J Pathol. 1992;141:673–83.  

    23.    Yano K, Gale D, Massberg S, Cheruvu PK, Monohan-Early P, 
Morgan ES, Haig D, von Andrian H, Dvorak AM, Aird WC. 
Phenotypic heterogeneity is an evolutionary conserved feature of 
the endothelium. Blood. 2007;109:613–5.  

     24.    Rosenberg RD, Aird WC. Vascular bed-specifi c hemostasis and 
hypercoagulable states. N Engl J Med. 1999;340:1555–64.  

    25.    Aird WC. Phenotypic heterogeneity of the endothelium I. Structure, 
function and mechanisms. Circ Res. 2007;100:158–73.  

    26.    Edelberg JM, Christie PD, Rosenberg RD. Regulation of vascular 
bed-specifi c prothrombic potential. Circ Res. 2001;89:117–24.  

    27.    Franscini N, Bachli EB, Blau N, Leikauf M-S, Schaffner A, 
Schoedon G. Gene expression profi ling of infl amed human endo-
thelial cells and infl uence of activated protein C. Circulation. 2004;
110:2903–9.  

     28.    Aird WC. Phenotypic heterogeneity of the endothelium II. 
Representative vascular beds. Circ Res. 2007;100:174–90.  

    29.    Firner S, Onder L, Nindl V, Ludewig B. Tight control – decision- 
making during T cell-vascular endothelial cell interaction. Front 
Immunol. 2012;3:1–6.  

    30.    Rothermel AL, Wang Y, Schechner J, Mook-Kanamori B, Aird WC, 
Pober JS, Tellidides G, Johnson DR. Endothelial cells present anti-
gens  in vivo . BMC Immunol. 2004;5:1–15.  

    31.    Celik S, Shankar V, Rchter A, Hippe H-J, Akhavanpoor M, Bea F, 
Erbel C, Urban S, Blank N, Wambsgans N, et al. Proinfl ammatory 
and prothrombotic effects in human vascular endothelial cells of 
immune cell-derived LIGHT. Eur J Med Res. 2009;14:147–56.  

3 Ischemia and Reperfusion Injury in Bone



32

    32.    Kish DD, Volokh N, Baldwin WMI, Fairchhild RL. Hapten applica-
tion to the skin induces an infl ammatory program directing hapten- 
primed effector CD8 T cell interaction with hapten- presenting 
endothelial cells. J Immunol. 2011;186:2117–26.  

    33.    Niessen F, Schaffl er F, Furlan-Freguia C, Pawlinski R, Bhattacharjee 
G, Chun J, Derian CK, Andrade-Gordon P, Rosen H, Ruf W. 
Dendritic cell PAR1-S1P3 signalling couples coagulation and 
infl ammation. Nature. 2008;452:654–8.  

    34.    Dauphinee SM, Karsan A. Lipopolysaccharide signaling in endo-
thelial cells. Lab Invest. 2006;86:9–22.  

    35.    Swan DJ, Kirby JA, Ali S. Vascular biology: the role of sphingosine 
1-phosphate in both the resting state and infl ammation. J Cell Mol 
Med. 2001;14:2211–22.  

    36.   Waeber C, Blondeau N, Salamone S. Vascular sphingosine-1- 
phosphate S1P1 and S1P3 receptors. Drug News Persp. 2004;17:
365–82.  

    37.    Feistritzer C, Riewald M. Endothelial barrier protection by acti-
vated protein C through PAR1-dependent sphingosine 1-phosphate 
receptor-1 crossactivation. Blood. 2005;105:3178–84.  

    38.    Okazaki S, Nishitani Y, Nagoya S, Kaya M, Yamashita T, 
Matsumoto H. Femoral head osteonecrosis can be caused by 
 disruption of the systemic immune response via toll-like receptor 4 
signalling pathway. Rheumatology. 2009;48:227–32.  

    39.    Hunt BJ, Jurd K. Endothelial function in infl ammation, sepsis, 
reperfusion and vasculitides. In: Halliday A, Hund BJ, Poston L, 
Schachter M, editors. An introduction to vascular biology. 
Cambridge: Cambridge University Press; 1998. p. 225–47.  

     40.    Hsieh AS, Winet H, Bao JY, Glas H, Plenk H. Evidence for 
 reperfusion injury in cortical bone as a function of crush injury 
ischemia duration: a rabbit bone chamber study. Bone. 2001;28:
94–103.  

    41.    Winet H. A horizontal intravital microscope bone chamber system 
for observing microcirculation. Microvasc Res. 1989;37:105–14.  

    42.    Cines DB, Pollak ES, Buck CA, Loscalzo J, Zimmerman GA, 
McEver RP, Pober JS, Wick TM, Konkle BA, Schwartz BS, et al. 
Endothelial cells in physiology and in the pathophysiology of 
 vascular disorders. Blood. 1998;91:3527–61.    

H. Winet



   Part III 

   Epidemiology        



35K.-H. Koo et al. (eds.), Osteonecrosis,
DOI 10.1007/978-3-642-35767-1_4, © Springer-Verlag Berlin Heidelberg 2014

4.1            Introduction 

 Osteonecrosis is a major increasing health problem all over 
the world. Osteonecrosis is the fi nal stage of a number of 
conditions leading to bone death [ 1 ]. It has undergone sev-
eral name changes. Several used synonyms are avascular 
necrosis, idiopathic avascular necrosis, aseptic necrosis, and 
ischemic necrosis of bone. Aseptic necrosis was initially 
used to differentiate the condition of osteonecrosis from 
bone infections. Avascular or ischemic necrosis presumed a 
homogeneous etiology and pathogenesis. The term osteone-
crosis describes the main common aspect of bone death and 
is more neutral in its assumption of causation [ 2 ]. 

 Many studies have consistently observed that more 
patients with osteonecrosis are younger and have a longer 
life expectancy [ 3 ]. This is mainly due to the fact that osteo-
necrosis is associated with alcoholism, hyperlipemia, an 
increasing number of transplant recipients, corticosteroid 
usage, and long-term survival with a better quality of life of 
patients with chronic diseases [ 2 – 4 ]. These different condi-
tions are presumed causes of osteonecrosis, and it is diffi cult 
to assess the frequency and causative impact of each differ-
ent cause. Demographic data are reported differently in many 
health centers worldwide. The Osaka University of Japan 
reported that 23 % of the osteonecrosis of the femoral head 
cases has been associated with alcohol and 37 % with corti-
costeroids [ 2 ,  5 ]. The Johns Hopkins University in the United 
States reported approximately 10,000–20,000 new cases of 
osteonecrosis of the femoral head each year [ 5 – 7 ]. 

 Most of the studies reported rough estimates of the 
 frequency of osteonecrosis over the world. However, specifi c 
information concerning the frequency of osteonecrosis is 

indeed a very important subject. In some small countries 
with a centralized health service, such as the Netherlands, it 
might in fact be possible that the diagnosis of osteonecrosis 
is listed among the demographic records. This study is 
 performed to examine the magnitude of the problem of 
osteonecrosis in different parts of the world. What is the fre-
quency of osteonecrosis in Europe, the United States, and 
Japan? Is there anything known about the increasing morbid-
ity connected to this disorder for both men and women?  

4.2     Methods 

 First, more precise demographic data of osteonecrosis are 
obtained by a detailed literature search and a summary. 
Different terms and authors were used in PubMed database 
to fi nd scientifi c articles about the magnitude of the problem 
of osteonecrosis worldwide. In particular, the chapter on 
osteonecrosis in the US book, The Adult Hip (new version 
for 2006), is used to discuss diffi culties establishing preva-
lence numbers of ON worldwide. 

 Second, a research on the Internet is done to fi nd health 
organizations and to try to obtain the prevalence numbers of 
osteonecrosis in the Netherlands. Contacts were made by 
phone and/or email with different health organizations, CBS 
(Central Offi ce for Statistics), WHO (World Health 
Organization), VWS (Ministry of Public health and Sports), 
RIVM (Institute for Health and Environment), and NVZ 
(Association for Hospitals), fi nally leading to Prismant 
(Dutch Research Databank). 

 Finally, a research on the Internet is done to fi nd health 
organizations worldwide and to try to obtain more specifi c 
demographic information of osteonecrosis over the world. 
Contact by email with the WHO Europe/United States/
Southeast Asia has been made. Important orthopedic sur-
geons and researchers from different universities in the 
United States, Japan, Korea, and Europe were contacted by 
email to obtain answers to our questions.  

      The Prevalence of Osteonecrosis 
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4.3     Results 

4.3.1     The Netherlands  

 The Dutch population living in the Netherlands counts about 
15 million people. Prevalence numbers of osteonecrosis in 
the Netherlands have been reported by Prismant, a Dutch 
Research Databank. Demographic data of osteonecrosis in 
the Netherlands from the years 2003 and 2004 are given to 
Radboud Academic Hospital, Department of Orthopaedics, 
and used subsequently in this report. Two differentiations are 
made for registrations of the different stages of osteonecro-
sis, aseptic bone necrosis and chronic osteomyelitis (septic 
necrosis), both for men and women. Type of age was catego-
rized into 0–16, 17–35, and >35 years old. 

 Table  4.1  shows the demographic data of osteonecrosis in 
the Netherlands in 2003. In this sample, osteonecrosis was 
more often reported in men (53.4 %). Osteonecrosis was also 
more frequently found in adults aged above 35 years. The 
total number of 73 patients with osteonecrosis was reported 
in 2003. Patients with chronic osteomyelitis, septic necrosis, 
were more often found (65.8 %) than patients with aseptic 
bone necrosis (34.2 %).

   Table  4.2  shows the demographic data of osteonecrosis in 
the Netherlands in 2004. In this sample, 55.3 % of the diag-
nosis osteonecrosis was found in men. Again, osteonecrosis 
was more frequently reported in adults aged above 35 years. 
The total number of osteonecrosis in the year 2004 was 76 
patients. Chronic osteomyelitis, septic necrosis, was more 
often found (63.2 %) than aseptic bone necrosis (36.8 %). 
The number of patients with osteonecrosis has increased in 
2004 compared with 2003. The number of men with osteo-
necrosis has increased, while the number of women with 
osteonecrosis remains the same. In addition there has been a 
small increase in the number of patients in each age category 
in 2004 compared with 2003. The same data of osteonecrosis 
for 2005 will be available next year, probably in May 2006.

4.3.2        Europe  

 There are about 370 million people living in Europe. 
Information on demographic data of osteonecrosis is 
unknown for the rest of Europe. There is no centralized 
health service in Europe to collect and report these data on 
osteonecrosis. Some countries in Europe have more precise 
data but only data on their own country.  

4.3.3     The United States  

 There are approximately 295 million people living in the 
United States. Demographics of osteonecrosis in the United 
States are not collected with very much precision and not 
kept up to date. There is published information that would 
indicate that there is an estimate of approximately 20,000 
new cases of osteonecrosis of the hip in the United States 
every year [ 6 ]. The accumulated numbers of ON is between 
0.3 million and 0.6 million people. However, that informa-
tion is based upon several large series of total hip replace-
ments in which 10 % of the patients had a total hip 
replacement because of osteonecrosis. Not taken into account 
are all the new cases of osteonecrosis which do not have a 
hip replacement. This could probably add another 5 or 10 % 
to the mix. The estimate is calculated at approximately 
22,000 new cases of osteonecrosis of the hip in the United 
States every year [ 6 ]. These numbers are indeed very “soft” 
numbers. 

 In the United States the diagnosis of osteonecrosis is not 
listed among general demographic records and a research has 
to deal with rough estimates only. As mentioned before, it 
might only be possible in a small country with a centralized 
health service, such as the Netherlands and maybe Hong Kong 
and Japan, to get more precise demographic data.  

4.3.4     Asia  

 Several reports state that the numbers of osteonecrosis are 
increasing and the disorder becomes more and more serious 
in Asia and other continents. The total population living in 
China is approximately 1.3 billion people. About 127 mil-
lion people live in Japan and about 70 million people in 
Korea. In 1994, Japan had an appearance of 4,000 new 
cases of ON every year (Wang, G.). Recently, reports show 
a frequency of 1/10,000 patients as a low number. Recently, 
this estimate certainly has been doubled to 2/10,000 
(Prof. Atsumi, T. and Dr. Yamano, K.). This gives a low 
estimate of 12,000 and a high estimate of 24,000 patients 
per year. Based on the report of Hong Kong, the prevalence 
of osteonecrosis is much higher in Asia [ 5 ]. Chang J. et al. 
reported several years ago that osteonecrosis was the reason 
for total hip replacement in 50 % of the cases (Chang, J.). 

   Table 4.1    Demographic data of osteonecrosis in the Netherlands in 
2003   

 Gender  Type of age (years)  Total 

 Men  Women  0–16  17–35  >35 

 Aseptic bone necrosis  14  11  4  12  12  25 
 Chronic osteomyelitis  25  23  15  15  18  48 
 Total osteonecrosis  39  34  19  27  30   73  

   Table 4.2    Demographic data of osteonecrosis in the Netherlands in 
2004   

 Gender  Type of age (years)  Total 

 Men  Women  0–16  17–35  >35 

 Aseptic bone necrosis  14  14  3  10  12  28 
 Chronic osteomyelitis  28  20  14  14  20  48 
 Total osteonecrosis  42  34  17  24  32   76  
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In Hong Kong and China there is a high estimated preva-
lence and  asymptomatic presentation of osteonecrosis in 
adults. In China, the number of new appearance is about 
75,000–150,000 per year. The accumulated numbers of ON 
is between 1.5 and 3 million people (Wang, G.). No data on 
its prevalence are known in children [ 8 ].   

4.4     Discussion 

 This study tried to examine the magnitude of the problem of 
osteonecrosis in different parts of the world. The complexity 
of this disorder is enormous. The different stages of osteone-
crosis and the different root causes make it really diffi cult to 
give a good overall estimate rate of osteonecrosis. Early 
stages of osteonecrosis with still intact femoral heads and 
functionary hip joints are not reported at all. Many doctors 
do not recognize the disease, and if they do, they “wait and 
see” till the disease progresses into the fi nal stages. These 
late stages get secondary osteoarthritis and need a total hip 
replacement. However, the early stage can be treated suc-
cessfully and the femoral heads can be preserved for at least 
10 years [ 3 ,  9 ,  10 ]. In the Netherlands with a centralized 
health service, demographic reported data are differentiated 
into only two stages of osteonecrosis, chronic osteomyelitis 
and aseptic bone necrosis. This shows the great complexity 
of collecting and reporting overall data of osteonecrosis even 
for small countries. 

 No centralized health services exist to report reliable data 
for the different continents, Europe, the United States, Asia, 
and in more detail the large Asian countries, such as Japan 
and China. Only rough estimates on the rate of osteonecrosis 
are reported. Therefore no hard information on the magni-
tude of the problem all over the world can be obtained. Most 
information collected and reported worldwide is not scien-
tifi c provided evidence. No scientifi c articles are published 
with exact numbers of osteonecrosis in each country or con-
tinent. Rough estimates are made through detailed literature 
research and by contacts with orthopedic surgeons in this 
specifi c fi eld all over the world. 

 However, what is clear and hard evidence is the fact that 
osteonecrosis becomes more prevalent in a younger age 
group and it has more impact in the patient’s quality of 
daily life. More specifi c information about the frequency of 

osteonecrosis is needed to identify the real magnitude of this 
 disorder worldwide. It is important for patients, especially 
these younger patients with a longer life expectancy, that 
more precise data becomes available and the magnifi cence of 
the problem gets more attention to implement new treatment 
techniques to preserve the hip joint and to improve the 
 quality of life [ 3 ,  10 ,  11 ]. 

 In conclusion, this study shows a considerable lack of 
hard evidence and detailed knowledge of the prevalence of 
osteonecrosis worldwide. All continents need centralized 
health services to report several disorders, such as osteone-
crosis. Osteonecrosis becomes more and more important in 
daily life every year and in younger patients. We should look 
for long-term prevalence rates of osteonecrosis in each con-
tinent and report it to pinpoint the magnitude of the problem 
of osteonecrosis worldwide.     
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5.1            Introduction 

 Osteonecrosis (ON) is an uncommon disease. It is therefore 
important to know the populations at high risk for ON and 
the anatomic sites most frequently involved in order to 
improve diagnostic acumen. Knowledge of the risk factors 
and etiology of ON lends insight into management and 
potentially prevention. Furthermore, the differences in the 
distribution of ON internationally may help highlight impor-
tant topics for research and identify key areas of intervention 
to prevent the occurrence of disease.  

5.2     Types of Osteonecrosis 

5.2.1     Traumatic Osteonecrosis  

 The fractures most commonly associated with the subse-
quent development of ON are fractures of the femoral neck, 
scaphoid, and talus. The blood supply to these bones is 
unique in that one end portion of the bone is highly depen-
dent upon vascular fl ow through a single, more central por-
tion of the bone, and a fracture may disrupt this fl ow. 

 A major complication of femoral neck fractures is devel-
opment of ON. This leads to revision surgery or hip arthro-
plasty. The major determinants of whether or not ON occurs 
are fracture displacement and, to a lesser degree, age, exces-
sive valgus reduction, and timing of reduction of dislocation. 
The incidence of ON has been reported to be 50 % higher for 

displaced versus undisplaced fractures [ 1 ,  2 ]. In a series of 73 
femoral neck fractures in patients between the ages of 15 and 
50 years treated at a single institution, Haidukewych et al. 
found an overall frequency of osteonecrosis of 23 % [ 3 ] over 
a mean follow-up period of 6.6 years. Osteonecrosis devel-
oped in 27 % of displaced fractures and 14 % of  nondisplaced 
fractures. Initial fracture displacement and the quality of 
reduction were found to affect results. In younger patients 
(ages 15–50 years) with femoral neck fractures, the overall 
incidence of osteonecrosis is reported to be 20–36 % over a 
mean follow-up period of 3–7 years [ 4 ,  5 ]. In older patients 
(65 years or older) with displaced femoral neck fractures, 
osteonecrosis is reported to be 15–33 % [ 6 ]. When evaluating 
healed fractures only, the reported incidence of ON is 12 % 
in displaced fractures versus 7 % in undisplaced fractures 
over a mean follow-up of greater than 2 years [ 1 ,  7 ]. Excessive 
valgus reduction has been associated with ON [ 8 ]. Bunata [ 9 ] 
found that excessive valgus reduction was  associated with 
four times increased incidence of ON (42 %) as compared to 
those without excessive valgus. 

 The incidence of necrosis with nonunions has been 
reported to be four times greater than for united femoral neck 
fractures [ 10 ], while the incidence of ON was found to be 
about doubled for delayed unions [ 8 ]. Incidence of ON with 
nonunions is reported to be 60 % [ 11 ]. 

 The incidence of anterior dislocation is far below that of 
the posterior variety, and there is a similar contrast in the 
incidence of associated necrosis. The reported incidence of 
osteonecrosis with anterior dislocations has been 3–9 %, 
whereas that for posterior dislocation has been 13–26 % over 
a mean follow-up period of 5 years [ 12 ]. Certain fracture- 
dislocation patterns increase the likelihood of osteonecrosis. 
Epstein [ 12 ] reported 11 % necrosis with type 1 dislocations 
(with, or without, minor fracture) as opposed to 42 % with 
type 4 injuries (with acetabular rim or fl oor fractures). 

 The relationship between the timing of reduction and the 
incidence of osteonecrosis has been very well documented 
[ 13 ,  14 ]. Stewart et al. [ 14 ] found ON in 14 (15.5 %) out of 
the 90 patients treated by closed reduction and in 11 (40 %) 
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out of 28 patients in those treated surgically. The interval 
between the time of injury and close reduction averaged to 3 
days, whereas that between injury and surgery averaged to 
21 days. In a prospective study by McKee et al. [ 13 ] on 25 
patients with irreducible dislocations of hip, ON was found 
to be associated with delay in reduction. Brav [ 15 ] reported 
18 % ON for hips reduced within 12 h when compared to 
57 % for hips subjected to greater delay. 

 The scaphoid is second only bone to the femoral head in its 
overall incidence of posttraumatic osteonecrosis [ 16 – 18 ]. 
Osteonecrosis is thought to occur in 13–40 % of all scaphoid 
fractures. The reported incidence varies according to the frac-
ture location and amount of displacement. Fractures of the 
proximal third have the highest incidence of ON (14–100 % in 
different series) than the fractures of the middle third (30–50 % 
cases). Osteonecrosis develops in nearly all fractures of the 
proximal pole that involve the proximal one- fi fth of the bone. 
Fracture displacement more than 1 mm has been associated 
with ON which occur in up to 50 % of such cases [ 16 – 18 ]. 

 Osteonecrosis of the talus is a complication of talar neck 
fractures [ 19 ]. Nondisplaced talar neck fractures have an 
approximately 10 % chance of developing osteonecrosis, 
whereas displaced fractures have an associated disruption of 
the subtalar articulation, carrying an approximate 40 % risk 
of osteonecrosis. Displaced fractures with incongruity of 
both the ankle and subtalar joints have an approximate 90 % 
incidence of osteonecrosis [ 20 ]. Canale and Kelly [ 21 ] fur-
ther reported that extrusion of the talar body and subluxation 
of the talonavicular joint virtually guarantees osteonecrosis.  

5.2.2     Nontraumatic Osteonecrosis   

 The epidemiology of nontraumatic ON is completely 
 different than traumatic ON. As the etiology is unrelated to a 
precipitating traumatic fracture, the affected populations, 
risk factors, and demographic distribution are all different.   

5.3     Epidemiology of Nontraumatic 
Osteonecrosis in the USA  

 The risk factors associated with ON are slightly different 
comparing Asian to North American and Western European 
populations. In several studies, the proportion of patients with 
ethanol-related disease is higher in Asian populations [ 22 ,  23 ]. 

5.3.1     Incidence 

 The epidemiology of nontraumatic ON is variable according 
to the risk factors of the disease. It is diffi cult to describe the 
exact incidence of nontraumatic osteonecrosis in the USA 

because many early asymptomatic cases are not diagnosed 
or reported. However, there have been few studies that have 
attempted to study the occurrence of ON. Various described 
risk factors for osteonecrosis include corticosteroids, alcohol 
intake, systemic lupus erythematosus (SLE), organ trans-
plantation, chemotherapy and/or radiation, human immuno-
defi ciency virus (HIV) infection, hemoglobinopathies, 
pancreatitis, hyperuricemia or gout, and childhood history of 
slipped capital femoral epiphysis (SCFE). Other miscella-
neous causes include decompression sickness, autoimmune 
diseases causing vasculitis, coagulopathy such as thrombo-
philia or disseminated intravascular coagulation, Gaucher’s 
disease, hyperlipidemia, fat embolus syndrome, treatment of 
developmental hip dysplasia, and chronic liver disease. In 
one-fourth of the cases, no associated conditions or diseases 
can be found [ 24 ,  25 ].  

5.3.2     Steroids and Osteonecrosis 

 Steroids have been known to be a risk factor for ON since 
1957 [ 26 ]. The incidence of ON is thought to vary with the 
dose of steroids given; therefore, the prevalence varies from 
10 to 60 % of patients in multiple large demographic studies 
[ 24 ,  27 ]. This variance is likely due to the different popula-
tions of patients commonly receiving large doses of steroids 
either sporadically or on a long-term basis [ 28 ,  29 ]. 

5.3.2.1     Steroid Immunosuppression 
for Solid Organ Transplantation 

 The reported incidence of ON after renal transplantation is 
4–37 % [ 30 – 34 ]. The highest reported incidence was 37 % 
reported by Cruess et al. [ 30 ] who have since found a drastic 
reduction by changing from divided to single dose steroids. 
In a study carried by Martson et al. [ 35 ] on fi fty-two patients 
(103 hips) who had undergone a solid organ transplant, sur-
vivorship analysis revealed that, at 1 year after the transplant, 
89 % ± 7 % of the hips and 80 % ± 13 % of the patients were 
free of osteonecrosis of the femoral head. The prevalence of 
osteonecrosis 1 year after transplantation was 11 % or 20 %, 
respectively. Using an abbreviated screening MRI, Mulliken 
et al. [ 36 ] found a prevalence of ON of the femoral head of 
7.6 %. This prevalence of 7.6 % agrees closely with that 
reported recently by Tervonen et al. [ 37 ], who discovered 
6.0 % of asymptomatic renal transplants had ON using a 
similar abbreviated MRI. Both of these fi gures are lower than 
previous reports, possibly due to decreased steroid dosing or 
other factors. Kopecky et al. [ 38 ] studied MR fi ndings in 104 
patients up to 24 months after transplantation and found that 
MR lesions in seven hips (in fi ve asymptomatic patients) 
regressed in size; in six hips, the MR images returned to nor-
mal. They suggested that some patients with MR evidence of 
ON of the hip have spontaneous improvement.  
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5.3.2.2     Steroid Treatment for Acute 
Lymphoblastic Leukemia 

 The incidence of ON related to allogeneic bone marrow 
transplant or acute lymphoblastic leukemia (ALL) varies 
from about 1–72 % [ 39 – 41 ] based on study design, primary 
diagnosis, symptomatic versus asymptomatic cases, and 
osteonecrosis defi nition used. Reports based on symptomatic 
cases [ 39 – 41 ] and those using radiographic evaluation typi-
cally report a lower incidence of osteonecrosis than those 
prospectively monitoring its development with contempo-
rary MR techniques [ 40 ]. In the Childhood Cancer Survivor 
Study consisting of 9,261 patients and a random sample of 
2,872 siblings, 52 (0.56 %) survivors of childhood cancer 
self-reported osteonecrosis developing in 78 joints; 60 % 
reported multiple joint involvement [ 39 ]. The reported inci-
dence of symptomatic ON in ALL in a study by Mattano 
et al. [ 41 ] ranged from 1.8 % 5-year cumulative incidence to 
a 3-year life-table incidence of 9.3 %. Kawedia et al. [ 40 ] 
reported a cumulative incidence of osteonecrosis involve-
ment in hips or knees in 72 % of prospectively monitored 
patients with ALL while on therapy, irrespective of symp-
toms. ON appears to involve the periarticular knee sites more 
commonly than the femoral head.  

5.3.2.3     Steroid Immunosuppression 
After Bone Marrow Transplantation 

 Osteonecrosis is a potentially persistent and debilitating 
complication after allogeneic bone marrow transplantation 
(alloBMT) [ 42 ,  43 ]. The reported incidence of ON in 
alloBMT of any joint ranges from 3.9 to 44.2 % [ 44 – 46 ]. 
Recently, nearly 22 % of prospectively monitored pediat-
ric patients, irrespective of clinical symptoms, were found 
to have MR-documented osteonecrosis of the hips or 
knees. Nearly 50 % of those with osteonecrosis had at 
least one third of the epiphysis involved [ 46 ]. The proba-
ble risk factors, such as acute or chronic graft versus host 
disease (GvHD) requiring steroids, increasing age, and a 
primary diagnosis of aplastic anemia or acute leukemia, 
have been documented in post-BMT settings in mixed 
populations [ 42 ].  

5.3.2.4     Steroids in Other Medical Conditions 
 There is no defi nitive evidence to suggest that steroid inhal-
ers used for chronic obstructive pulmonary disease, occa-
sional Medrol Dosepak for rash or other infl ammatory 
conditions, and locally administered steroids (e.g., steroid 
injections) cause osteonecrosis. However, oral intake of ste-
roids above certain dose and duration is a risk factor for ON. 
Straightforward dose dependent association with steroid 
intake and ON has been demonstrated. Cumulative intrave-
nous methylprednisolone, at doses of >2 g for >3 months, 
signifi cantly increased the risk for ON [ 47 ]. More recently, a 
statistically signifi cant association was described between 

ON incidence and the total dose of steroids during the fi rst 2 
months after renal transplantation [ 48 ].   

5.3.3     Alcohol and Osteonecrosis 

 Ethanol abuse was described as a risk factor in osteonecrosis 
of the femoral head in 1922. In one study of 57 patients, the 
incidences of alcohol-associated osteonecrosis of the femo-
ral head and of idiopathic osteonecrosis were 29 and 12 %, 
respectively [ 49 ]. Orlic et al. [ 50 ] studied risk factors in a 
total of 172 patients for the development and progression of 
osteonecrosis after alcohol use and idiopathic osteonecrosis. 
They found that patients with alcohol-induced osteonecrosis 
were signifi cantly older than patients with idiopathic osteo-
necrosis (average age, 49 years versus 40 years), were men 
(97 %), and presented with collapsed femoral heads (90 %). 
In another study group, 164 patients with alcohol-induced 
osteonecrosis were analyzed for different factors [ 51 ]. The 
average duration of alcohol abuse was 9.5 years, 28 % of 
patients were younger than 40 years of age, and 76 % were 
younger than 50 years. Bilateral necrosis of femoral heads 
was present in 45 % of patients, and within 3 years of the 
diagnosis, multifocal osteonecrosis became evident in 23 
cases at distant sites (shoulders and knees). Elevated 
 cholesterol and triglyceride levels were found in 38 % of 
cases. Serum amylase was elevated in 33 (20 %) patients, 
liver dysfunction was present in 50 (30 %), hepatomegaly 
was found in 32 (20 %), and biopsy-confi rmed cirrhosis was 
present in 22 (13 %) cases.  

5.3.4     Systemic Lupus Erythematosus 
and Osteonecrosis 

 The incidence of ON in systemic lupus erythematosus (SLE) 
has been reported to occur in 40 % of patients if silent cases 
are included. Approximately 15 % of patients develop symp-
tomatic osteonecrosis [ 4 ,  52 ]. Weiner and Abeles [ 53 ] 
reported on 28 of 172 patients (16 %) with SLE who devel-
oped ON. Cozen and Wallace [ 54 ] reported on their experi-
ence over 47 years. ON was found in 26 of 488 (5 %) patients 
with SLE. In a review of the Hopkins Lupus Cohort, Petri 
[ 55 ] noted a prevalence of ON of 14.5 %. One possible 
explanation for the differences in these percentages may be 
the variability of severity of SLE, ranging from mild cases in 
a private practice setting to severe cases in tertiary referral 
centers. Glucocorticoid use is considered a risk factor for the 
occurrence of osteonecrosis in general, but particularly in 
patients with SLE [ 56 ]. Other factors may also be implicated 
in its development, as osteonecrosis has been described in 
SLE patients who have not received glucocorticoids [ 57 ]. 
Additional risk factors have been variably identifi ed by 
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 different investigators [ 54 ,  56 ,  58 ]; these include a 
Cushingoid body habitus, smoking, thrombophlebitis, 
 vasculitis, Raynaud’s phenomenon, arthritis, presence of 
 certain autoantibodies (antiphospholipid, anti-Ro plus anti-
RNP, or anti- topoisomerase I), or disease-related fi brinolytic 
abnormalities.  

5.3.5     Human Immunodefi ciency Virus 
Infection and Osteonecrosis 

 Recent retrospective case studies of human immunodefi -
ciency virus (HIV)-infected patients have reported inci-
dences ranging from 0.03 to 0.37 cases per 100 person-years 
[ 59 ,  60 ]. The true incidence of symptomatic osteonecrosis, 
however, has not been well defi ned. Morse et al. [ 61 ] found 
an incidence of ON in HIV to be 0.65 cases per 100 patient- 
years for asymptomatic patients and 0.26 cases per 100 
patient-years for symptomatic patients. This is 100-fold 
higher than the estimated incidence in the general population 
[ 62 ,  63 ]. They also found a rapid progression of disease in 
symptomatic patients (59 %) needing THR [ 61 ]. In a study 
by Assouline-Dayan et al. [ 57 ], the prevalence of osteone-
crosis in the initial cohort of 339 asymptomatic patients who 
were evaluated by MRI was found to be extraordinarily high 
at 5.6 %. In another study by Wallis et al. [ 64 ], osteonecrosis 
was identifi ed by MRI in 2 (18 %) of 11 asymptomatic 
patients, highlighting the potential risks in this population 
and further emphasizing how corticosteroids must be used 
cautiously in HIV-infected patients.  

5.3.6     Hematologic Conditions 
and Osteonecrosis 

 Osteonecrosis has been associated with several hemoglobin-
opathies (hemoglobin SS, hemoglobin SC, and sickle thalas-
semia) and coagulation disorders (thrombophilia and 
hypofi brinolysis). The reported prevalence of osteonecrosis 
in these populations has been 4–20 % [ 24 ,  65 ,  66 ]. At least 
one coagulation factor abnormality was found in 82 % of 
patients with osteonecrosis of the femoral head compared 
with 30 % of controls ( p  < .0001). Two or more abnormalities 
were identifi ed in 21 patients (47 %) compared with 2.5 % of 
controls ( p  < .0001) [ 65 ]. Glueck et al. [ 66 ] found a high 
prevalence of plasminogen activator inhibitor-1 coagulation 
abnormalities in patients with osteonecrosis. In a study [ 67 ] 
on multifocal ON, rate of coagulation disorders was found to 
be similar to rates reported in the literature. Eighty percent to 
90 % of patients tested with osteonecrosis had hypofi brinoly-
sis and thrombophilia or both. Patients with single joint 
involvement are just as likely to have a coagulation disorder 
as are patients with more joint involvement [ 67 ].  

5.3.7     Rare Disorders and Osteonecrosis 

 Additional rare disorders may be associated with ON. As 
these diseases occur infrequently, the exact incidence of ON 
among these populations is diffi cult to discern. Report indi-
cates that ON may be seen with hyperlipidemia (9 %), liver 
disease (4 %), Gaucher’s disease (2 %), and dysbarism (2 %) 
of all the ON cases [ 24 ].   

5.4     Age Distribution 

 The age range of patients is reported from 15 to 83 years, 
with the vast majority under 50 years for overall nontrau-
matic osteonecrosis. For alcohol-associated ON, age at 
the time of diagnosis is reported from 19 to 67 years with 
72 % less than 50 years of age [ 24 ,  49 ,  50 ]. For steroid-
related ON, age at diagnosis of ON is reported from 15 to 
63 years with 60 % below 50 years of age [ 24 ,  63 ,  68 ]. 
The mean age of patients with SLE fi rst diagnosed with 
ON generally ranges from 25 to 35 years [ 56 ,  69 ]. In a 
study [ 24 ] on US population, pancreatitis-associated ON 
was found in age group 36–61 years with 82 % less than 
50 years of age. For hyperuricemia- associated ON, age at 
the time of diagnosis of ON ranged from 19 to 81 years 
with 57 % less than 50 years of age. All patients with 
sickle cell ON were reported to be less than 50 years at the 
time of diagnosis [ 24 ]. Ages ranged from 31 to 62 years in 
ON associated with liver disease with the majority less 
than 50 years old. For hyperlipidemia, ages at the time of 
diagnosis of ON ranged from 32 to 67 years and 52 % 
were less than 50 years old. Sixty-seven percent of patients 
were under 50 years of age when ON was apparent for 
Gaucher’s disease. For multifocal osteonecrosis, a mean 
age at presentation of 36 years (range, 15–75 years) has 
been reported [ 24 ,  67 ].  

5.5     Gender Distribution 

 There has been male dominance with ratio of around 4:1 as 
compared to females for overall osteonecrosis [ 24 ,  57 ,  70 ]. 
In a study of 75 patients with steroid-associated ON, 31 % 
were found to be females [ 24 ]. In other series of 72 steroid- 
treated patients, Fisher and Bickel [ 68 ] observed a higher 
incidence of female involvement (44 %). 

 SLE-associated ON shows a female preponderance when 
compared with other risk factors [ 4 ,  58 ,  69 ,  71 ]. In the mul-
ticenter study on multifocal ON, there was a trend toward a 
greater proportion of women versus men in the systemic 
lupus erythematosus group (32 women, 6 men) as compared 
with the remaining study group (43 women, 20 men) 
( p     = 0.076) [ 67 ]. This is similar to numbers of women in 
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other studies, which are weighted toward patients with 
 systemic lupus erythematosus and other infl ammatory 
 disorder [ 58 ], but dissimilar to incidences reported in studies 
[ 51 ] where there is a preponderance of patients who use 
alcohol, in which more men are seen. Complete (100 %) 
male dominance was reported for pancreatitis- and sickle 
cell- associated ON [ 24 ]. For hyperuricemia, hyperlipidemia, 
and Gaucher’s disease, 83 % male dominance has been 
reported [ 24 ]. In case of liver disease-associated ON, 60 % 
patients were found to be males [ 24 ].  

5.6     Race Distribution 

 Overall, a white versus black predominance exceeding 3:1 
has been reported [ 24 ,  70 ,  72 ]. The reported distribution 
among patients with steroid-associated ON was 84 % whites 
in contrast to 64 % blacks for pancreatitis-associated ON. 
Race distribution also showed 77, 60, 87, and 100 % white 
dominance for hyperuricemia, liver disease, hyperlipidemia, 
and Gaucher’s disease, respectively [ 24 ].  

5.7     Anatomical Location 

5.7.1     Bilateral Osteonecrosis 

 Symptomatic osteonecrosis is often unilateral although 
when asymptomatic disease is considered, bilateral disease 
is common. The likelihood of bilateral disease, regardless of 
the presence of symptoms, has been studied in specifi c 
patient populations and in the femoral head, ranges from 34 
to 80 % [ 24 ,  68 ,  72 – 74 ]. In an abbreviated MRI screening 
study of renal transplant patients’ hips, lesions were bilat-
eral 50 % of the time [ 36 ]. In other disease cohorts, sym-
metrical bilateral disease developed in 90 % (SLE), 36 % 
(pancreatitis and hyperuricemia), 13 % (sickle cell disease), 
30 % (liver disease), 17 % (hyperlipidemia), and 17 % 
(Gaucher’s disease) [ 24 ].  

5.7.2     Multifocal Osteonecrosis 

 In contrast to bilateral involvement of a single joint, when a 
patient has diffuse, multifocal ON (i.e., three or more disease 
sites), the presence of bilateral disease is markedly increased. 
A multicenter study of multifocal ON revealed bilateral 
involvement in 98 % (femoral heads), 87 % (knees, distal 
femur, or proximal tibia), 83 % (proximal humerii), 61 % 
(distal tibia or talus), and 42 % (peri-elbow) [ 67 ]. The overall 
distribution of disease sites found in this multicenter study is 
shown in Table  5.1 . Common risk factors for the presence of 
multifocal disease are a history of SLE (20 %) [ 58 ], ALL 

(74 %) [ 41 ], or bone marrow transplantation (44 %) [ 45 ]. 
When ON affects knee, shoulder, and ankle joints, multifocal 
disease should be suspected [ 75 ].

5.8         Stage Distribution at Time 
of Presentation 

 In a study on multifocal osteonecrosis [ 67 ], plain radiogra-
phy or MRI revealed that most (69 %) joints presented in a 
precollapse stage. Eighty-fi ve of 200 (43 %) hips had col-
lapse (59 hips) or osteoarthritis (26 hips). Only 17 % of 
179 knees, 38 % of 146 shoulders, and 24 % of 71 ankles 
had collapse or arthritis. Approximately 30 % of the 
lesions were diagnosed solely by MRI. There was a higher 
incidence of these asymptomatic lesions in the knee 
(38 %), shoulder (30 %), and ankle (44 %) than in the hip 
(18 %). The incidence of negative radiographic fi ndings 
but positive MRI scans was highest in the ankle (44 %) and 
knee (38 %) and lower in the shoulder (30 %) and hip 
(18 %).  

5.9     Summary 

 In summarizing the epidemiology of osteonecrosis in the 
USA, it is evident that the prevalence and incidence vary 
according to the risk factor of disease and the population 
being studied. Traumatic osteonecrosis is associated with 
specifi c fractures, and the incidence depends upon many 
factors such as age, displacement, type of fracture, and 
method of treatment. Nontraumatic ONFH can be idio-
pathic but is usually associated with corticosteroid usage, 
ethanol abuse, systemic lupus erythematosus, barotrauma, 
or marrow packing disorders such as sickle cell disease 
and Gaucher’s disease. The proportion of patients with 
steroid-related ONFH is increasing as solid organ and 
bone marrow transplantation are becoming more 
commonplace.     

   Table 5.1    Distribution of multifocal osteonecrotic lesions [ 67 ]   

 Anatomical location  Frequency (%) 

 Hip  200 (99) 
 Knee  179 (87) 
 Shoulder  146 (72) 
 Ankle  71 (35) 
 Elbow  17 (8) 
 Wrist  8 (4) 
 Calcaneus  6 (3) 
 Tarsal navicular  2 (1) 
 Cuneiform  1 (0.5) 
 Cuboid  1 (0.5) 
 Metacarpal head  1 (0.1) 
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6.1            Introduction (Background of the 
Epidemiology of Osteonecrosis) 

 The incidence of a disease is an important parameter for 
 epidemiological research. For example, the incidence of 
rheumatoid arthritis is estimated to be 23.7 cases per 100,000 
person-years [ 1 ], while that of osteoarthritis in the hip joint 
to be 47.3–88 cases per 100,000 person-years in the United 
States [ 2 ,  3 ]. These data have been adopted to elucidate the 
burden, risks, and trends of the disease in a general popula-
tion [ 1 ,  4 ]. 

 Nontraumatic osteonecrosis (ON) of the femoral head is a 
pathologic process that often progresses to a subchondral 
collapse, following femoral head deformity and eventually 
resulting in hip joint destruction. Many studies have been 
performed to elucidate its etiology, such as the association 
with corticosteroid usage or alcohol abuse [ 5 ,  6 ]. However, 
regarding the incidence of nontraumatic ON in any general 
population, only a few detailed data are available.  

6.2     Incidence of Osteonecrosis 
in Japan  [ 7  ]  

 In Japan, nontraumatic ON is designated as an intractable 
disease by the Specifi ed Disease Treatment Research 
Program, which is a subsidy program under the Japanese 
Ministry of Health, Labour and Welfare (secondary ON 
associated with femoral neck fracture, capital femoral 

 epiphysis, irradiation, dysbarism, or Perthes’ disease is not 
included in this subsidy program). Based on the registration 
data of this program, the incidence of nontraumatic ON in 
Japan was calculated. 

 Nontraumatic ON patients who were newly identifi ed 
under the Specifi ed Disease Treatment Research Program in 
Fukuoka Prefecture between 1999 and 2008 were investi-
gated. Fukuoka Prefecture continuously had populations of 
almost fi ve million (5,004,276–5,050,216) in this 10-year 
period. The crude incidence rates were calculated as the 
number of nontraumatic ON patients divided by the total 
population of Fukuoka Prefecture. 

 A total of 1,244 nontraumatic ON patients were newly 
registered in Fukuoka Prefecture, during this 10-year period, 
including 758 men (61 %) and 486 women (39 %). The gen-
der ratio (men/women) was 1.6. The mean age was 48 (17–
85) years for men, and the peak age ranged in the 40s and 
50s. On the other hand, the mean age for women was 56 
(13–92) years, and a bimodal peak distribution was seen in 
their 50s and 70s. The crude incidence rate during the 10-year 
period was 2.58 cases per 100,000 person-years, with a range 
of 1.54–3.66 (Table  6.1 ). The age-adjusted incidence rates 
were 1.56–3.71 cases per 100,000 person-years, and the 
average of age-adjusted incidence rates was 2.51 cases. 
Based on the data from Fukuoka Prefecture, the number of 
newly registered patients with nontraumatic ON of the femo-
ral head in Japan (population, ~120 million) was estimated to 
be 3,200 cases per year [ 7 ].

6.3        Other Data on the Incidence 
of Osteonecrosis 

 The Research Committee on Idiopathic Avascular Necrosis 
of the Femoral Head was established in 1975. The commit-
tee has reported fi ve nationwide surveys on the prevalence 
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of ON in Japan, which showed an annual increase. 
The  prevalence was 6,700–8,200 (95 % confi dence interval) 
in 1994 [ 8 ] and 10,100–12,800 (95 % confi dence interval) 
in 2004 [ 9 ]. 

 Previously, the incidence of nontraumatic or steroid- 
associated ON has been reported in disease-limited popula-
tions, such as systemic lupus erythematosus (SLE), organ 
transplantation, and sickle cell disease. Those reported data 
are summarized in Table  6.2 . For example, in SLE patients, 
an MRI study showed the incidence of ONFH to be 31.1 % 
(14 of 45 patients) in 1 year [ 10 ], while in renal allograft 
recipients, osteonecrotic changes on MRI have been detected 
in 25.5 % of the patients (13 of 51 patients) [ 11 ].
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7.1            Introduction 

 Osteonecrosis of the femoral head (ONFH) is known to be 
related to decreased blood supply to the femoral head [ 1 – 3 ]. 
This may be  primary, or idiopathic, in which no clear etio-
logical factor can be established or secondary to several 
known causative factors [ 4 ,  5 ]. Underlying causes of ONFH 
can include  alcohol abuse, systemic steroid use, Caisson dis-
ease, Gaucher’s disease, and sickle cell anemia [ 4 ,  5 ]. 
Regardless of etiology, the histological picture includes death 
of osteocytes and structural changes in the femoral head, 
leading to osteoarthritis of the hip [ 6 ]. However, apart from 
these few facts, we still do not understand the exact epidemio-
logy, patho- mechanism, or natural history of the disease. 

 According to the various literature reports, ONFH 
accounts for up to 10 % of total hip arthroplasties (THAs) 
performed in the United States [ 7 – 9 ]. Although the exact 
number may differ, this pattern is similar in Japan [ 10 ,  11 ]. 
However, according to most reports from heavy burden hos-
pitals, it is estimated that ONFH is involved in 50–70 % of 
THAs performed in Korea [ 12 ,  13 ]. Other than this estimate, 
there are hardly any truly national epidemiological data in 
the English language literature. 

 To our knowledge, only two countries have reported 
nationwide surveys: Japan and Korea [ 14 ,  15 ]. In Japan, the 
Research Committee on Idiopathic Avascular Necrosis of the 
Femoral Head was established in 1975. Since then, they have 
made fi ve surveys. Because directly surveying all medical 
providers was not possible, they chose stratifi ed random 
sampling as a sampling method. In their fourth survey, in 
1994, they estimated the annual prevalence as 6,700–8,200 

(95 % confi dence intervals, CI) [ 14 ]. In the fi nal survey in 
2004, estimated cases increased to 10,100–12,800 (95 % CI) 
[ 16 ]. The Korean Hip Society constituted a research commit-
tee to investigate the national epidemiology of ONFH in 
Korea in 2006. The committee included six orthopedic sur-
geons, one senior researcher from the National Health 
Insurance Corporation, one medical statistician, and several 
researchers in public health matters. The main purposes of 
this committee were to (1) investigate the annual prevalence 
of ONFH, (2) examine the infl uence of causative factors, and 
(3) provide baseline data for the further establishment of a 
national registry.  

7.2     Study of Annual Prevalence in Korea 

 The Korean government has been operating a public health 
insurance system since 1989. The National Health Insurance 
(for people who have regular income) and the National 
Medical Aid System (for those who need fi nancial support) 
cover every medical issue for all people registered in Korea 
[ 17 ]. Reimbursement data from the National Health 
Insurance Corporation is kept and checked for its adequacy 
by the Health Insurance Review and Assessment Service. 
Because of these systems, we can obtain all legitimate diag-
nostic data for the entire country. The only possible problem 
involves the accuracy of the initial diagnosis. A false diagno-
sis can occur for various reasons other than a lack of medical 
or scientifi c knowledge on the part of the physicians. One 
known cause is the system for registering a diagnosis. 
Reimbursement under the Korean National Health Insurance 
scheme is based on the initial diagnosis. That is, once the 
initial diagnosis is ONFH, the diagnosis for reimbursement 
of all medical claims during a given period is ONFH unless 
the surgeon changes the diagnosis. Suppose the surgeon ten-
tatively enters the diagnosis as ONFH because it  is  the most 
common hip disease in Korea. If they later realize that the 
diagnosis was not correct after subsequent examinations, 
most of them would prefer to add a new diagnosis, or to do 
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nothing, rather than delete or correct the initial (incorrect) 
diagnosis. Because we were aware of this problem, we 
aimed to perform a direct investigation of medical records 
and radiographs to clarify diagnostic accuracy. Detailed 
methods for the entire survey were described in our previous 
report [ 15 ]. 

7.2.1     Gathering of Diagnostic Data 

 As a fi rst step, we reviewed medical claims and population 
data from the Health Insurance Review and Assessment 
Service from 2002 to 2006. We identifi ed cases that con-
tained ONFH for any reason as a principal diagnosis (M8705, 
M8715, M8725, M8735, M8785, M8795, M9035, M9045, 
and M9055 in the ICD-10 list). 

 The term “a medical claim” was defi ned as an individual 
(not a reimbursement issue) who was examined or treated 
under the diagnosis of ONFH in a given year. Thus, bilateral 
disease or more than one issue per each individual in a given 
year was counted as one medical claim. An individual who 
received services under the same diagnosis during different 
years was counted as a claim for each year. 

 Because we expected that there might be some inaccurate 
diagnoses, we established validation data by randomly sam-
pling the cases. For these samples, actual medical records 
were reviewed and a true diagnosis of ONFH was confi rmed. 
We used a simple random sampling scheme, instead of the 
stratifi ed or cluster sampling used in the Japanese survey. 
The sample was selected from all study years. Data included 
age, gender, region, type of institute, and number of requests. 
As a result, 382 patients were randomly selected from 25 
different cities or districts in Korea. The sample size was 
designed to estimate a population proportion with a 5 % 
margin of error at 95 % confi dence level under the most con-
servative assumption for a true population proportion of 
 p  = 0.50 [ 18 ].  

7.2.2     Investigating Diagnostic Accuracy 

 For the direct investigation, we divided Korea into fi ve areas 
by geography. At least one hip specialist on the committee 
took responsibility for reviewing the records and images 
issued in each area. They visited the corresponding hospitals 
and conducted direct reviews. A structured sheet with three 
major categories (in addition to the basic demographic data) 
of information was used for the review. In each category of 
the questionnaire, a multiple-choice form with check boxes 
was provided for recording each patient’s entire history. The 
fi rst part consisted of the diagnostic criteria or the defi nition 
of a true diagnosis (Table  7.1 ). At least one (except scintigra-
phy alone) of the given criteria was required to confi rm the 

diagnosis. If none of the criteria were satisfi ed, the dataset 
was classifi ed as incomplete and the diagnosis was consid-
ered to be false. The next category contained the past history 
of the patient. This included any history of exposure to 
known predisposing factors. The last one focused on the his-
tory of treatment. We tried to include every possible treat-
ment method in the time period. We categorized the 
modalities, including nonoperative treatments, decompres-
sion procedures, bone graft procedures, osteotomy, hemiar-
throplasty, THA, resurfacing arthroplasty, and cell therapy.

   The confi rmed status of diagnosis was used as a binary 
variable, and a multiple logistic regression was used to cal-
culate the probability of the diagnostic accuracy. Factors 
considered to affect the accuracy were gender, age, type of 
medical service (clinic, hospital, general hospital, university 
hospital), region (Seoul, metropolitan, others), and hospital-
ization. After correcting the diagnostic accuracy, the esti-
mated nationwide prevalence of ONFH is presented as total 
counts and per 100,000 persons for each year from 2002 to 
2006. The total number of benefi ciaries of the National 
Medical Aid and National Health Insurance programs in 
Korea was used as the annual population.  

7.2.3     Descriptive Epidemiology  

 The numbers of medical claims of ONFH from 2002 to 2006 
were 15,683, 20,746, 22,304, 27,204, and 31,432, 
 respectively. Among the 382 validation samples, 273 
(71.5 %) were men and 109 (28.5 %) were women. In total, 
209 (54.7 %) patients were hospitalized, while 173 (45.3 %) 
were treated as outpatients. The number of correct diagnoses 
among the medical claims was 274 (71.7 %). Signifi cantly 

   Table 7.1    The criteria to confi rm the diagnosis of ONFH in this study   

 Tools  Findings 

 Plain 
radiograph 

 (a) Ill-defi ned mottling/mixed sclerosis of the 
trabeculae 

 (b) Geographic and/or band-like sclerosis with or 
without (c, d, e) 

 (c) Crescent sign with (a) or (b) 
 (d) Microfracture with (a) or (b) 
 (e) Femoral head collapse with or without arthritis 

 MRI  (a) Geographic region of decreased marrow signal 
within normal fatty marrow 

 (b) Surrounding dense low-intensity line in all views 
 (c) White inner line (or double-line sign) in 

T2-weighted images 
 Scintigraphy a   Abnormal (cold spots and adjacent hot areas) uptake 

of the radioisotope 
 Pathology  Microscopically confi rmed pathology 

   a Any one of these fi ndings is required to diagnose as ONFH, except for 
the single (+) fi ndings in scintigraphy, which is considered as additive 
sign  
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lower diagnostic accuracies were found for female patients 
and nonhospitalized patients (Table  7.2 ). Overall, 60.3 % of 
the total claims during 5 years were predicted to be true after 
regression analysis. The estimated prevalences of true ONFH 
from 2002 to 2006 constantly increased as 9,870, 12,394, 
13,329, 16,230, and 18,691, respectively (Table  7.3 ). The 
prevalence per 100,000 population increased during this 
time period, from 20.53 to 37.96. The average annual preva-
lence was estimated at 14,103, corresponding to 28.91 per 
100,000 population (Table  7.3 ). The ratio differed from that 
reported in other studies [ 19 – 21 ]. A male predominance, 
with a ratio of 3.9:1, was found. Bilateral involvement was 
found to be relatively low (37.1 %) versus the generally 
accepted view (50–60 %).

7.2.4         Analysis of Risk factors and Treatment 

 The exact amount of alcohol or steroids needed to cause the 
disease has not been established. In our study, we defi ned 
“alcohol abuse” as the intake of more than 400 mL of pure 
alcohol per week for more than 10 years. “Steroid user” was 
defi ned as a daily dose of >30 mg/kg or a cumulative dose of 

>2,000 mg. These defi nitions were the same as those used in 
the Japanese survey [ 14 ]. 

 Because a detailed history is usually taken after hospital-
ization for treatment, the analysis was made only for con-
fi rmed and hospitalized patients in the validation sample set. 
Among the 185 samples who meet the criteria, the most fre-
quent risk factors were a history of alcohol abuse (32.4 %), a 
history of steroid use (14.6 %), and a history of hip fracture 
(1.6 %). Because we set the criteria conservatively, most of 
the prevalence of each causative factor was relatively low. 
However, the proportions themselves were comparable to 
those reported previously for Korea [ 22 ,  23 ]. Like the pro-
portion of the diagnosis of this disease leading to THA, the 
prevalence of causative factors was quite different from those 
reported in other countries [ 21 ,  24 ,  25 ]. In the Japanese data, 
the most common risk factor was steroid use (51 % of all 
cases) [ 16 ]. In France, steroid use is also the leading cause 
and accounts for 30 % of all ONFH cases [ 25 ]. 

 In terms of treatment methods, various modalities have 
been tried. Primary treatments for the 274 confi rmed patients 
were THA (63.9 %), decompression (11.3 %), nonsurgical 
treatment (10.2 %), bone-grafting procedures (6.6 %), hemi-
arthroplasty (3.3 %), osteotomy (2.6 %), and other proce-
dures (2.1 %). Other than THA, decompression was the most 
frequently chosen method in this population group. One 
interesting point is that nonsurgical treatment (just a regular 
follow-up) represented more than 10 % of cases. Another 
noticeable pattern was that of emerging new treatment 
modalities such as stem cell therapy and resurfacing 
arthroplasty.   

7.3     Summary 

 The average estimated prevalence was 14,103 cases in a 
year, corresponding to 28.91 per 100,000 population. The 
ratio of male predominance was 3.9:1. 

 The prevalence increased annually. However, great care 
should be taken in assessing this result. Because the numbers 
of medical institutions and medical claims for MRI have also 
been increasing, we cannot tell from this result alone that the 
prevalence is truly increasing. An absolute male dominance 

   Table 7.2    Factors affecting the diagnostic accuracy of ONFH   

 Variables 
 Odds ratio a  (95 % 
confi dence interval) 

 Gender  Male  1.00 
 Female  0.40 a  (0.23–0.68) 

 Age (years)  <39  1.00 
 40–59  1.36 (0.63–2.94) 
 60+  0.83 (0.40–1.75) 

 Type of medical 
service 

 Clinic  1.00 
 Hospital  1.04 (0.37–2.89) 
 General hospital  0.88 (0.38–2.04) 
 University hospital  0.77 (0.36–1.64) 

 Region  Seoul  1.00 
 Metropolitan  1.84 (0.91–3.71) 
 Others  0.78 (0.37–1.65) 

 Hospitalized  Outpatient  1.00 
 Inpatient  7.06 a  (3.99–12.52) 

   a Statistically signifi cant in 95 % confi dence interval  

    Table 7.3    Estimated nationwide prevalence of ONFH in Korea   

 Year 

 Men  Women  Total 

 Number  Per 100,000 men  Number  Per 100,000 women  Number  Per 100,000 population 

 2002  8.28 (8.11–8.46)  34.35 (33.61–35.10)  1.59 (1.51–1.67)  6.62 (6.30–6.95)  9.87 (9.68–10.07)  20.53 (20.13–20.94) 
 2003  9.88 (9.69–10.08)  40.49 (39.70–41.30)  2.52 (2.42–2.62)  10.41 (10.01–10.83)  12.39 (12.18–12.61)  25.52 (25.07–25.97) 
 2004  10.61 (10.41–10.82)  43.16 (42.34–43.99)  2.72 (2.62–2.82)  11.17 (10.75–11.60)  13.33 (13.10–13.56)  27.26 (26.80–27.73) 
 2005  12.83 (12.61–13.05)  51.92 (51.03–52.83)  3.40 (3.29–3.52)  13.91 (13.45–14.39)  16.23 (15.98–16.48)  33.02 (32.51–33.53) 
 2006  14.65 (14.41–14.89)  59.23 (58.27–60.20)  4.04 (3.92–4.17)  16.49 (15.99–17.01)  18.69 (18.43–18.96)  37.96 (37.42–38.51) 

  ( ): Limits in 95 % confi dence interval  
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was observed. In contrast to reports from other countries, 
alcohol abuse was the leading cause in Korea. 

 This study was initially planned to investigate the preva-
lence and demographics of ONFH in Korea. During its setup, 
we added analysis of causative factors and choices of pri-
mary treatment. Because we have entire “raw” data from the 
National Health Insurance Company, descriptive epidemiol-
ogy can be conducted reliably and readily with a suffi cient 
number of validated samples.     
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8.1            Background 

 Osteonecrosis of the femoral head (ONFH) is a disabling 
condition characterized by disruption of intravascular blood 
fl ow, direct cellular toxicity, and impaired mesenchymal cel-
lular differentiation with subsequent bone death [ 1 – 3 ]. 
Collapse of the normal spherical head contour with progres-
sion to secondary arthritis occurs along a continuum of dis-
ease progression. There are an estimated 20,000–30,000 
new cases of ONFH diagnosed annually in the USA, with 
the preponderance among young, active men between the 
ages of 20 and 50 years [ 4 ]. It is evident that ethnic differ-
ences in the index diagnosis for hip arthroplasty do exist. In 
a comparative study by Hoaglund, the incidence of ONFH 
as indication for THR in Japanese patients, an Asian popula-
tion, was four times that of American Caucasian patients [ 5 ]. 
Therefore, because the population size of China, for exam-
ple, is four and one-half times that of the USA, it is reason-
able to conclude that there may be 360,000–540,000 new 
cases diagnosed in China annually. Osteoarthritis is the main 
indication for THRs performed in Caucasian populations 
[ 6 ], but ONFH is the main indication for hip arthroplasty in 
Asian populations. For instance, in Hong Kong, 45.6 % of 
THRs were performed under the diagnosis of ONFH [ 7 ], 
while only 3 % of THRs in the UK [ 8 ] and 10 % of THRs in 
the USA [ 9 ] are performed for ONFH. In addition, patients 

with ONFH are usually young men of working age; 
 therefore, the socioeconomic impact of ONFH is great in 
Asian countries.  

8.2     Risk Factors and Associated 
Conditions 

 Though there are many etiologies of ONFH, the major patho-
genic parameters can be classifi ed into two categories: arte-
rial compromise and high intraosseous pressure. Arterial 
supply may be compromised by femoral neck fracture (FNF) 
or arterial thrombosis/embolism (e.g., HIV, lupus erythema-
tosus, and hemoglobinopathies such as sickle cell disease) 
[ 10 ]. High intraosseous pressure resulting from steroid and 
ethanol abuse also obstructs blood fl ow when pressure in the 
femoral head exceeds the capillary pressure subsequent to 
increased marrow fat cellularity [ 11 ,  12 ]. Additional genetic 
and ethnic predispositions have also been observed [ 13 ,  14 ], 
although trauma and steroid/ethanol abuse account for more 
than 90 % of ONFH cases [ 15 ]. 

 Lee et al. studied the natural history of ONFH in Taiwan  
by following precollapse lesions in the contralateral hip of 
100 patients in whom total hip arthroplasties were performed 
for the advanced collapse side. Follow-up ranged from 6 to 
202 months (mean, 31 months) [ 16 ]. The most common eti-
ology was alcohol-induced (58 %) followed by idiopathic 
(27 %), steroid-induced (13 %), and radiation osteonecrosis 
(1 %). Overall, 78 % of the hips collapsed within 2 years, 
i.e., 83 % alcohol related, 78.6 % steroid induced, 100 % 
radiation, and 68.8 % idiopathic. Genetic studies of ONFH 
are less reported in the Chinese population. Liu et al. reported 
higher association of vascular endothelial growth factor 
−634G/C polymorphism in a cohort of 220 patients in China 
[ 17 ]. Chen and associates reported type II collagen 
(COL2A1) mutation in two Taiwanese pedigrees as the can-
didate gene for the development of ONFH [ 18 ]. However, 
controversies on the results of COL2A1 polymorphisms 
were reported. COL2A1 mutation can be found in familial 
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cases in Japan and Canada [ 19 ,  20 ] but cannot be found in a 
larger cohort with defi nite diagnosis in other countries [ 21 ]. 

 In Taiwan and China, steroid may account for more than 
10 % of the causes in ONFH. Around 58–80 % of the patients 
will develop ONFH after 3 years of steroid initiation [ 22 ,  23 ]. 
It was observed in SARS patients that the dosage summation 
of corticosteroids and the length of therapy were closely 
related to the ONFH development [ 23 ,  24 ]. Other conditions 
such as sickle cell disease, coagulation abnormalities, storage 
disorders, and marrow infi ltrating diseases were less reported 
from Taiwan or China. However, liver cirrhotic patients in 
Taiwan had been reported to have higher risk for occurrence 
of ONFH than non-cirrhotic patients [ 25 ].  

8.3     Current Practice 

 Several nonoperative treatment modalities were reported 
from Taiwan and China. Oral alendronate 70 mg per week 
for 24 weeks had been reported to successfully prevent fem-
oral head collapse in 27 of the 29 hips with a minimal fol-
low- up of 2 years in a randomized clinical trial [ 26 ]. Although 
the short-term results are promising, its use in the treatment 
of ONFH is not approved and covered by the health insur-
ance policy. The use of alendronate in ONFH remains anec-
dote in clinical practice. Extracorporeal shock wave therapy 
was compared with alendronate or in combination with 
hyperbaric oxygen as a cocktail modality [ 27 – 29 ]. The 
authors found shock wave alone produced comparable 
results as compared with its combination of alendronate or 
hyperbaric oxygen in early ONFH. However, neither shock 
wave nor hyperbaric oxygen is approved or covered by insur-
ance for ONFH. 

 Surgical treatments include femoral head-sparing or 
arthroplasty procedures. From the NHI databank at the 
Taiwan National Health Research Institutes between January 
1997 and December 2004, a total of 25,337 cases of ONFH 
were identifi ed. Among them, 8,424 (33.25 %) cases were 
treated by hemiarthroplasty (HA), 14,393 (56.81 %) cases 
were treated by THR, 1,420 (5.6 %) cases were treated by 
core decompression (CD), and 1,100 (4.34 %) were treated 
by other head-preservation surgeries. Those patients who 
received THR, HA, or CD ( n  = 24,327) were further ana-
lyzed. The majority of ONFH patients were male ( n  = 19,596, 
80.85 %); accordingly, the gender ratio for this disease is 
about 4 to 1. More than half of the cases were between the 
fourth and fi fth decades of life ( n  = 12,760, 52.50 %), with 
the peak incidence in the fi fth decade (41–50 years of age, 
29.15 %). Among the surgeries, 42.64 % were performed in 
medical centers, 30.38 % in district hospitals, and 26.69 % in 
regional hospitals. ONFH accounts for 55 % of nontraumatic 
hip arthroplasty in Taiwan, and 90 % of ONFH cases were 
treated by hip arthroplasty. The median survival rates at 8 
years were 98.14 % (95 % confi dence interval (CI), 99.87, 

94.71) and 97.95 % (95 % CI, 99.88, 94.94) for THR and 
HA, respectively (Table  8.1 ). The median survival rate at 8 
years for the CD procedure was 70.77 % (95 % CI: 99.60, 
52.52). The practice pattern with large number of HA per-
formed for ONFH in Taiwan is very unique and different 
from the general consensus that HA is not recommended for 
ONFH. However, before 2004, THA was not allowed for 
early-collapse ONFH in the national health insurance reim-
bursement plan. Only HA could be performed in those early- 
collapse cases. The unique situation provides a chance to 
access the feasibility of using HA in early-collapse ONFH. 
Based on the NHI database and other reports, HA had non- 
inferior survival rate as compared with that of THA in a 3–9 
years follow-up [ 30 ,  31 ]. A longer term of follow-up should 
be needed to determine the usefulness of HA in early- 
collapse ONFH.

   Vascularized iliac grafting or vascularized fi bular grafting 
was less performed as compared with the CD. Vascularized 
iliac grafting was reported to have 80 % successful clinical 
results and 70 % successful radiologic results in precollapse 
cases [ 32 ]. It was decreased to 24 % in segmental collapse 
cases [ 33 ]. Alternatively, other salvage procedures such as 
osteotomy, multiple drilling, or implantation of wire coils 
were reported in some small case series from Taiwan or 
China [ 34 – 38 ].  

8.4     Summary 

 The true incidence of ONFH in Taiwan or China has not 
been reported in the literature. In Canada, ONFH has 
been reported to account for 11 % of the THR surgeries 

   Table 8.1    Kaplan-Meier survivorship and log-rank test for THR and/
or HA in ONFH with failure defi ned by NHI registry parameters   

 Parameter  Available N 
 Median survival rate 
(%; range: 1–8 years)   P  value 

 THR by gender 
  Male  9,814  96.80 (99.03–93.80)  0.2050 
  Female  2,641  97.36 (98.65–94.43) 
 THR by age 
  <30  519  95.18 (98.84–92.68)  0.2841 
  30–50  6,422  95.97 (98.99–94.18) 
  >50  5,525  96.05 (98.64–94.79) 
 HA by gender 
  Male  6,165  97.96 (99.69–94.29)  0.57 
  Female  1,266  97.64 (99.92–94.02) 
 HA by age 
  <30  474  96.20 (99.58–95.36)  0.1855 
  30–50  4,448  96.08 (98.83–94.72) 
  >50  2,495  95.43 (98.60–94.11) 
 THR vs. HA,  n  = 19,873 
  THR  12,466  98.14 (99.87–94.71)  0.071 
  HA  7,407  97.95 (99.88–94.94) 
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 performed [ 39 ]. Other authors have estimated that 10,000–
20,000 cases of ONHF are diagnosed in the USA each year 
and that this diagnosis accounts for between 5 and 18 % 
of the annual THR procedures [ 40 ]. In a smaller compara-
tive study, the incidence of ONFH as the index diagnosis of 
THR in Japanese population was 4 times higher than that 
of Caucasian population [ 5 ]. Although there are no data 
on the actual incidence of hip disease in Han Chinese, one 
study in Hong Kong involving 647 cases of THR revealed 
that ONFH constituted 45.6 % of all cases of hip replace-
ment procedures [ 7 ]. By using the NHI database in Taiwan , 
ONFH accounted for 55 % of nontraumatic hip arthro-
plasty procedures in Taiwan, which is close to that of Hong 
Kong. Genetic and ethnic predisposition to the development 
of ONFH may explain the disparity between Asian and 
Caucasian populations. Demographically, men account for 
80 % of ONFH cases, and the peak age incidence falls in the 
fi fth decade of life (41–50 years of age). With these demo-
graphic features, ONFH may cause great socioeconomic 
impact. 

 Based on the NHI database, the most commonly per-
formed procedures were THR, HA, and CD, with the propor-
tions 56.81, 33.25, and 5.6 %, respectively. Joint replacement 
other than femoral head salvage procedures was performed 
in more than 90 % of the cases. Some of the disparity may be 
the delay in diagnosis of early-stage ONFH or the overzeal-
ous use of HA in Taiwan. HA carries the risk of peripros-
thetic osteolysis by polyethylene wear and high incidence of 
groin pain [ 41 ]. HA is not recommended for ONFH as a gen-
eral consensus in most countries. However, the NHI database 
and some reports from Taiwan suggested HA had an 8-year 
survivorships of 94.94 % that was not inferior to 94.71 % for 
THR [ 30 ,  31 ]. 

 In conclusion, ONFH accounts for the majority of joint 
replacement cases in Taiwan and China. Although steroid 
and alcohol are commonly reported as the risk factors, genetic 
predilections might play an important role in the pathogene-
sis of ONFH. The awareness of ONFH and to encourage 
early diagnosis and treatment should be a task of the orthope-
dic surgeons and their affi liated medical professionals.     
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9.1            Introduction 

 Osteonecrosis of the femoral head (ONFH) is a complex, 
polygenic, or multifactorial disease which is caused by a 
number of genetic factors of relatively smaller effects and 
environmental factors. Diverse conditions have been impli-
cated in the development of ONFH. There are several well- 
accepted common associations: corticosteroids use [ 1 ], 
alcohol abuse [ 2 ], systemic lupus erythematosus [ 3 ], Legg-
Calvé-Perthes disease [ 4 ], sickle cell disease [ 5 ], radiation 
[ 6 ], cytotoxic agents [ 7 ], Gaucher disease [ 8 ], dysbarism [ 9 ], 
HIV [ 10 ], hyperlipidemia [ 11 ], pancreatitis [ 12 ], and gout 
[ 13 ]. Idiopathic    ONFH defi nes only when there are no iden-
tifi able factors identifi ed. 

 The etiology of ONFH involves (1) vascular insult by 
trauma such as femoral neck fracture or hip dislocation, (2) 
intravascular coagulation, and (3) fat emboli by alcohol or 
corticosteroids. The pathogenesis involves vascular interrup-
tion by trauma, thrombotic occlusion by intravascular coagu-
lation, and extravascular compression by fat emboli. Steroids 
enhance adipogenesis and hinder osteogenesis as well as 
angiogenesis by marrow stem cells [ 14 ]. Alcohol stimulates 
adipogenesis and inhibits osteogenesis by marrow stromal 
cells [ 15 ]. The pathophysiology involves decreased blood 
fl ow and ischemia    by the above pathogenesis.    Ischemia lead-
ing to death of osteocytes followed by repairing process, 

subsequent structural changes, and progressive  collapse of 
the femoral head followed by degenerative arthritis of the hip 
joint (Fig.  9.1 ). In this chapter, we are going to review the 
genetic studies performed by a few technology in literatures 
and introduce future genetic studies by recent developed 
techniques to identify more gene variants associated with 
ONFH. These fi ndings will help the early diagnosis and 
appropriate therapeutics of ONFH also.

9.2        Methods of Genetic Study 

 Various genetic studies had been developed and changed 
rapidly to identify disease-associated loci or to identify 
causal variation for specifi c disease. Single nucleotide poly-
morphisms (SNPs) are the most common form of DNA 
sequence variations. They can be very useful markers to map 
genes that modify the susceptibility of specifi c disease or 
those related drug responsiveness or side effect. Discovery of 
large numbers of SNPs is necessary to narrow down the 
genetic loci of specifi c disease susceptibility to small region 
of one gene by linkage disequilibrium mapping. Over the last 
few decades, genetic studies performing linkage analysis by 
positional cloning have identifi ed about 3,000 genes as being 
inherited causing diseases. Linkage    analysis which requires 
family pedigree is good for initial detection and, especially, 
is powerful for rare variants.    To the contrary, candidate gene 
approach for association analysis was done to identify less 
than 1,000 SNPs using genotyping technology between a 
few hundred disease cases and controls under the concept of 
common variants implicated as common diseases. It is good 
for fi ne mapping, but poor for initial detection, and powerful 
for common variants. 

 Human genome project (HGP) identifi ed 3,000,000,000 
base pair DNA sequence. The reference sequence of genome 
constructed by the HGP is very informative about the vast 
majority of bases that are invariant across individuals. 
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Subsequently, HapMap focusing on DNA sequence differ-
ences among individuals could inform substantial correla-
tions of SNPs with many of their neighbors by recombination 
of linkage disequilibrium and low haplotype diversity. After 
international HapMap projects (Phase 1), genome-wide 
association study  (GWAS) was used extensively through the 
world. GWAS enabled high-throughput genotyping more 
than 500,000 SNPs to identify disease-associated loci and 
rarely to identify causal variation of disease. It consisted of 
phenotyping (recruitment of thousands of cases and con-
trols), genotyping of SNPs of individuals, and mapping to 
determine linkage disequilibrium block by statistical analy-
sis. GWAS mapped a huge number of susceptibility genes 
for common diseases. However, because the proportion of 
heritability explained by GWAS was relatively low for com-
mon diseases, it had many false positives, and genetic mark-
ers applied in GWAS are common variants with minor allele 
frequency (MAF) greater than 5 % and odds ratio    of pheno-
type less than 1.5. Genome-wide association meta-analysis 
(GWA MA) imputed 1.5–3 million genotyped SNPs. Next- 
generation sequencing  (NGS) such as targeted resequencing 
for disease loci, whole-exome sequencing (WES) selective 
capturing and sequencing of all annotated protein-coding 
genes of whole exons, and whole-genome sequencing are 
expected to fi nd to identify low-frequency (0.5 % < MAF 
<5 %) or rare (MAF <0.5 %) variants and high odds ratio for 
phenotype of disease in the near future(Table  9.1 ).

Steroid Alcohol Others

Coagulation–related?

Adipogenesis or
Osteogenesis related?

Angiogenesis–related? Hypoxia–related gene?

Intraosseous pressure↑

Fat  Enlargment
Fat emboli

Hypertrophy and hyperplasia
Thrombi

Osteo–immunology
related?

OSTEONECROSIS

ISCHEMIA

CIRCULATORY OBSTRUCTION

  Fig. 9.1    Common pathway 
of developing osteonecrosis 
of the femoral head       

    Table 9.1    Development of method in genomic research   

 Year  Method  Technology  Main purpose 

 –  Linkage 
analysis 

 Positional 
cloning 

 Identifi cation of rare 
variation for disease 

 2005  Candidate 
gene 
approach for 
association 
analysis 

 Genotyping 
(1–1,000 
SNPs) 

 Identifi cation of disease-
associated loci 
 Identifi cation of causal 
variation for disease 

 2007  GWAS a   High-
throughput 
genotyping 
(>500 K 
SNPs) 

 Identifi cation of disease-
associated loci 

 2011  GWA MA b   Imputation/
meta-analysis 
(>1.5–3 M 
imputed/
genotyped 
SNPs) 

 Identifi cation of causal 
variation for 
disease(rarely) 

 2011  Targeted 
resequencing 
for disease 
loci 

 NGS d   Identifi cation of causal 
variation for disease 

 2012  Exome 
sequencing 

 Future  WGS c  

   a  GWAS  genome-wide association study 
  b  GWA MA  genome-wide association meta-analysis 
  c  WGS  whole-genome sequencing 
  d  NGS  next-generation sequencing  
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9.3        Genetic Studies in Osteonecrosis 
of the Femoral Head 

 The cause of ONFH is multifactorial. Both genetic predispo-
sition and exposure to certain environmental factors are asso-
ciated. The incidence or prevalence of idiopathic ONFH 
refl ects ethnic differences [ 16 ]. Some patients who have 
taken high dose of corticosteroids or excessive alcohol intake 
for long period develop ONFH, but rare cases of ONFH 
occur after short corticosteroid treatment indicating the pres-
ence of differences in susceptibility to risk factors as well as 
genetic predisposition to ONFH between individuals [ 17 , 
 18 ]. Particularly, idiopathic ONFH in identical twins or a 
clustering of cases in families implicates involvement of 
genetic factors [ 19 ,  20 ]. 

9.3.1     Hypercoagulopathy 
and Genetic Alteration  

 Increased intravascular coagulation, hypercoagulability, 
seems to be associated with the development of ON [ 11 ]. 
The role of sickle cell disease and other hemoglobinopathies 
in the development of ONFH had been documented as 
 undergoing the pathway of intravascular coagulation. 

 There were two studies using pedigrees linkage analysis 
followed by positional cloning on familial autosomal- 
dominant ONFH in Taiwanese. Chen et al. mapped the pres-
ence of mutations in the protein C, protein S, and PAI-1 
protein to the 2q14-q14, 3q11.1-q11.2, and 7q21.3-q22 chro-
mosomal segments, respectively. Liu et al. showed that the 
mutation in COL2A2 (mapped on chromosome 12q13) is 
associated with the genetic cause of ONFH. COL2A2 muta-
tion, a major structural protein in the extracellular matrix of 
cartilage, was identifi ed in three families with idiopathic 
ONFH showing autosomal-dominant inheritance [ 21 ]. 

 Thrombophilia due to protein C and protein S defi ciency 
was reported to have an association with ONFH. Pierre- 
Jacques et al. reported a familial heterozygous protein S defi -
ciency in a patient with multifocal ON [ 22 ]. 

 Factor V Leiden (G1691A, Arg506Gln) through genera-
tion of coagulation factor V results in a hypercogulable 
state. Homozygosity in the mutation is associated with 
much higher increase in the lifetime risk of venous throm-
bosis than heterozygosity in the mutation(100-fold versus 
7-8 fold) [ 23 ]. 

 Mutations in the factor V Leiden (FVL; G1691A) were 
signifi cantly more common in patients with idiopathic ON 
than in a healthy population. Glueck et al. compared the 
prevalence of heterozygote for the FVL mutation between 
244 ON patients (161 idiopathic and 83 secondary ON) and 
104 controls [ 24 ]. Twenty-three of 244 patients with ON 
(9.4 %) had heterozygote for FVL, whereas 2 of 104 (1.9 %) 

controls had heterozygote for it. Fifteen of 161 patients with 
idiopathic ON (9.3 %) and 8 of 83 (9.6 %) patients with sec-
ondary ON had heterozygote for FVL. In contrast with this 
study, our study comparing the incidence of heterozygote in 
Korean population (423 patients with ON versus 348 con-
trols), however, could not fi nd signifi cant difference (unpub-
lished data). Therefore, the prevalence of the FVL mutation 
seems to be different in ethnic groups. 

 The substitution of G for A at nucleotide position 20210 
in prothrombin gene (PTG) which results in increased 
plasma prothrombin levels has been reported to be associ-
ated with increased risk of thrombosis [ 25 ]. Almost all of 
studies reported negative association between G20210A and 
primary ON [ 26 – 30 ], only one reported the presence of 
G20210A associated with ON of knee with an OR of 3.6 
compared with control subjects [ 31 ]. 

 Plasminogen-activating inhibitor-1 (PAI-1) is a critical 
factor that regulates coagulation and fi brinolytic systems. 
Homozygosity or heterozygosity for 4G allele (4G/4G) has 
been reported to increase the levels of PAI-I levels, and this 
leads to reduced plasma fi brinolytic activity [ 29 ,  32 ]. PAI-1 
gene is reported to be polymorphic, especially in rs1799889 
(−675 4G/5G SNP) of the promoter region. Homozygosity 
for the 4G allele (4G/4G) has been reported to signifi cantly 
increase the plasma PAI-1.    Recently, Kim et al. reported 
prevalence of rs1799889 (−675; 4G/5G) and rs2227631 
(−844G/A) in the promoter, and +107009 C/T in the 3′UTR 
(rs11178) SNP of PAI-1was signifi cantly high in 206 patients 
with ONFH than that of 251 controls [ 33 ]. PAI-1 4G/5G 
polymorphism, particularly 4G allele, may be a risk factor 
for ON [ 29 ,  30 ,  33 ]. 

 The 5,10-methylenetetrahydrofolate reductase (MTHFR) 
is the metabolic enzyme involved in the conversion of homo-
cysteine to methionine via the remethylation pathway. 
Reduced levels of MTHFR activity lead to elevated plasma 
concentrations of homocysteine, a condition referred to as 
hyperhomocysteinemia. Hyperhomocysteinemia has also 
been identifi ed as an independent risk factor for thrombotic 
events and ON [ 30 ]. Several case-control studies have exam-
ined the association between the C677T polymorphism in 
MTHFR and ONFH. However, reports concerning the role 
of this polymorphism in the pathogenesis ONFH have been 
inconsistent [ 29 ,  34 ,  35 ]. The association between the 
MTHFR C677T gene polymorphism and the development of 
ON was reported in a small number of Caucasian people [ 29 , 
 34 ,  35 ]; we could not fi nd any association between the 
MTHFR C677T gene polymorphism and the development of 
ON in 443 Korean patients with ONFH and 273 controls 
[ 35 ]. Recent meta-analysis with eight study samples reported 
that there was an association between MTHFR C677T poly-
morphism and ONFH in non-Asian population, but not for 
Asian population, although study samples were not consid-
ered etiology [ 36 ]. 
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 Tissue factor pathway inhibitor (TFPI) is an important 
regulator of blood coagulation pathway, and mutations of 
TFPI genes can increase the risk of thrombin generation 
and venous thrombosis. The haplotypes of AAAT and 
GAAT of TFPI were associated with the risk of ONFH in 
474 Korean population with ONFH compared with 349 
normal controls [ 37 ].  

9.3.2     Genetic Risk Factors for Glucocorticoid- 
Induced Osteonecrosis  

 The high-dose corticosteroid use (~2 g of prednisone within 
2–3 months) is the most common risk factor accounting for 
almost 10–30 % of ON cases [ 1 ,  38 ,  39 ]. However, only 
8–10 % of patients exposed to corticosteroid therapy may 
develop ON [ 1 ]. Since not all patients who are treated with 
steroids develop ONFH, the presence of additional risk fac-
tors or individual variation of sensitivity for glucocorticoids 
has been suggested. However, no defi nite risk factor has been 
confi rmed to date [ 40 ]. Genetic studies in subgroups of 
patients with steroid-induced ON fi rst focused on coagula-
tion, fi brinolytic factors, and homocysteine metabolism. 
Some authors reported a positive association of PAI and 
MTHFR [ 30 ] or factor V Leiden [ 31 ] polymorphisms with 
steroid-induced ON, but these studies included a relatively 
small number of patients. Moreover, results in these studies 
were not replicated in other studies [ 27 ,  34 ]. 

 The 3435TT genotype and homozygosity in the mutant 
2677T/A variants in the multidrug resistance gene 1(ABCB1; 
MDR1) had a protective effect against the development of 
ONFH after renal transplantation. These two polymorphisms 
were found to be in linkage dis-equilibrium [ 41 ]. The ABCB1 
polymorphism was associated with ONFH in patients with 
SLE in Chinese people [ 42 ]. The 3435TT genotype individu-
als had increased pump activity of P-gp which might prevent 
the accumulation of steroids in bone cells. These results sug-
gested genes related to steroid metabolism might infl uence 
sensitivity for steroid in patients with ONFH. However, poly-
morphisms in the CYP3A4, CYP2D6, and CYP2C19 iso-
forms and the CYP3A4 promoter region of cytochrome 
P450, participating in the drug metabolism of steroid, had 
not been associated with the increased risk of ON [ 43 ]. 

 The development of ONFH increases in renal transplanted 
patients treated with glucocorticoids [ 43 ,  44 ]. Ferrari et al. 
reported a positive association of PAI 4G/4G genotype with 
ON [ 32 ]. However, other studies have not replicated this 
result [ 44 ,  45 ]. 

 Recent meta-analysis showed there was no evidence for 
signifi cant association between MTFHR C677T and ABCB1 
G2677/A polymorphisms and risk of steroid-induced ON. 
However, the PAI-1 4G/5G and ABCB1 C3435T may be risk 
factors for steroid-induced ON.  

9.3.3     Genetic Risk Factors for Alcohol- Induced 
Osteonecrosis  

 Liver alcohol dehydrogenase (ADH) and aldehyde dehydro-
genase (ALDH) converts ethanol to acetic acid. Acetaldehyde 
quickly forms free radicals which are highly toxic to the kid-
ney and liver. The liver ADH, ALDH, and cytochrome 
P4502E1 are polymorphic at the ADH2, ADH3, ALDH2 
loci, and the 5′-fl ank region of the P4502E1. Individuals 
with ADH2 2/2 genotypes were reported to have faster rates 
of alcohol metabolism. The ADH2*1 allele was lower in the 
ONFH patients than in the cirrhosis subgroup [ 46 ].  

9.3.4     Other Genetic Abnormalities 

 In recent years, we have focused on new candidate genes 
participating in hypoxia, angiogenesis, adipogenesis, and 
osteogenesis for genetic association with ONFH. 

 A vascular hypothesis is considered to be the most per-
suasive in explaining pathogenesis of ONFH. It assumes that 
if thrombosis occurs, it is followed by a sequential process of 
blood fl ow obstruction, increased venous pressure, impaired 
arterial fl ow, osseous hypoxia, and bone death [ 27 ,  31 ], 
which appear to be important in ONFH development; 
hypoxia-inducible factor 1 (HIF1) [ 47 ], vascular endothelial 
growth factor (VEGF) [ 40 ,  48 ], annexin 6 [ 49 ], and catalase 
(CAT) [ 50 ] showed signifi cant and meaningful association 
with risk of ONFH. 

 Hypoxia can induce both apoptosis as well as necrosis of 
cells and is associated with vascular disease. HIF1 is a master 
transcription regulator induced by hypoxia and critically acts 
in a wide range of cellular regulation processes including gly-
colysis, apoptosis, erythropoiesis, and angiogenesis [ 51 ]. We 
fi rstly examined association between polymorphisms of 
HIF1-α and ONFH using 384 ONFH patients and 237 normal 
controls. Our study suggested that genetic variations in HIF1 
alpha (−89A/T, −20T > C, +3033C/T, +14539A > T, +22348C 
> T, +244413T > C) were associated with the risk of ONFH 
in 443 Korean population with ONFH compared with 273 
normal controls [ 47 ]. 

 Oxidative stress is one of the factors inducing vascular 
injury and apoptosis. Alcohol promotes the generation of 
ROS resulting in oxidative stress. Steroid-induced ON in the 
rabbit demonstrated that administration of steroids promotes 
to the development of oxidative stress and oxidative injury in 
bone tissue soon thereafter [ 52 ]. A number of polymor-
phisms in the CAT have been described as being associated 
with several diseases, such as osteoporosis, hypertension, 
diabetes mellitus, Alzheimer’s disease, and vitiligo. Six 
polymorphisms (−89A/T, −20T > C, +3033C/T, +14539A > 
T, +22348C > T) of CAT gene were associated with the risk 
of ONFH in 443 Korean population with ONFH compared 
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with 273 normal controls [ 50 ]. These results suggest that 
oxidative stress may play an important role in the pathogen-
esis of ONFH. 

 Nitric oxide synthesized by eNOS has vasodilatory effects 
on vascular tone, inhibits platelet aggregation, and modu-
lates smooth muscle proliferation [ 53 ]. Many studies have 
been carried out to determine the associations between 
genetic polymorphisms in the eNOS gene and vascular dis-
eases, including coronary artery disease or myocardial 
infarction, hypertension, stroke, and renal diseases. A few 
studies have showed an association between eNOS polymor-
phisms and ONFH. Allele 4a of a VNTR polymorphism in 
intron 4 and T-786C polymorphism in the eNOS gene were 
associated with idiopathic ONFH [ 54 ,  55 ]. Furthermore, we 
also found that Asp258Asp (rs1549758) and Glu298Asp 
(rs1799983) polymorphisms of eNOS gene were signifi -
cantly associated with the risk of ONFH in Korean SLE 
patients [ 56 ]. 

  VEGF , a major inducer of angiogenesis, is important for 
bone formation processes, such as normal growth plate mor-
phogenesis, including blood vessel invasion and cartilage 
remodeling [ 57 ], and it has also been implicated in bone 
repair [ 58 ]. During hypoxia, HIF binds to the hypoxia- 
responsive elements and the expression of  VEGF  can be 
induced. This leads to the stimulation of angiogenesis [ 59 ]. 
The  VEGF  gene was reported to be polymorphic, especially 
in the promoter region (−2578, −1154, etc.), the 5′-UTR 
(−634, −7), and the 3′-UTR (+936). Several studies have 
shown that polymorphisms within the 5′-UTR have led to 
differences in  VEGF  expression and that they could infl u-
ence the etiology of a variety of pathological conditions such 
as diabetic retinopathy, prostate cancer, and breast cancer. 
Our study showed that the −634G > C polymorphism in the 
 VEGF  promoter was signifi cantly associated with an 
increased susceptibility of ONFH in 317 Korean patients 
with ONFH compared with 497 normal controls. Lee et al. 
also found that −1154A/G in promoter was associated with 
74 steroid-induced ONFH compared with 160 age- and 
gender- matched normal controls [ 40 ]. Additionally, Liu 
et al. reported the VEGF −634G/C polymorphism was asso-
ciated with ONFH in 220 Chinese patients with ONFH com-
pared with 220 normal controls [ 60 ]. Also, rs1485766 and 
rs3775203 SNPs of VEGF-C gene were associated with the 
risk of ONFH in 460 Korean patients with ONFH compared 
with 300 normal controls, especially in idiopathic and 
steroid- induced ON [ 61 ]. 

 Annexins have been implicated in inhibition of coagula-
tion and have been reported as major components of matrix 
vesicles. SNPs and haplotypes of annexin A2 were associ-
ated with sickle cell necrosis [ 5 ]. rs9324679, rs9324677, 
rs10037814, and rs11960458 SNPs of annexin A6 gene were 
associated with the risk of ONFH in 443 Korean population 
with ONFH compared with 273 normal controls [ 48 ]. 

 Recently, Hirata et al. examined the differences of gene 
polymorphism frequencies of apolipoprotein B (ApoB) and 
apolipoprotein A1 (ApoA1), which are important proteins 
for lipid transport, as well as of lipid parameters, between 
ONFH cases and referent patients among those who were 
subjected to renal transplantation [ 62 ]. The results showed 
that a higher frequency of 7623TT or CT of the ApoB gene 
was observed in ONFH cases than in referent patients. 
Regarding lipid parameters, a higher value of ApoB/ApoA1 
ratio was observed in cases. Miyanishi et al. also reported the 
relationship between ONFH and serum ApoB/ApoA1 ratio 
in a study of Japanese subjects [ 63 ]. 

 Peroxisome proliferator-activated receptor-gamma 
(PPAR-γ) is predominantly expressed in adipose tissue. It 
regulates the lipid homeostasis and angiogenesis   . −769 > G, 
+34C > G, and +82466c > T SNPs of PPAR-γ gene were 
associated with the risk of ONFH in 448 Korean population 
with ONFH compared with 336 normal controls [ 64 ]. 

 SREBP-2 plays central role in the maintenance of 
lipid homeostasis through stimulating expression of genes 
 associated with cholesterol biosynthetic pathway.    rs2267439, 
rs2269567, rs1052717, and rs2267443 SNPs of SREBP-2 
were signifi cantly associated with the risk of ONFH in 443 
Korean population with ONFH compared with 273 normal 
controls [ 65 ]. 

 SREBP-1, sterol regulatory element-binding protein, 
 activates genes regulating lipid biosynthesis. IVS7 + 117A > 
G SNPs of SREBP-1 genes were signifi cantly associated 
with the risk of ONFH in 423 Korean population with 
ONFH compared with 348 normal controls, especially in 
male [ 15 ]. 

 We investigate SNPs of other genes relating angiogenesis 
and hypoxia. rs1880669, rs2692695, and rs2718806 SNPs of 
transferring (TF) gene were signifi cantly associated with the 
risk of ONFH in 460 Korean population with ONFH com-
pared with 300 normal controls, especially in idiopathic ON. 
rs4309, rs4344, and rs4461142 SNPs of angiotensin-1- 
converting enzyme gene were associated with the risk of 
ONFH in 460 Korean population with ONFH compared with 
300 normal controls, especially in steroid-induced ON. The 
most signifi cant association with risk of ONFH was an SNP 
(rs2453839) of the insulin-like growth factor binding pro-
tein- 3, especially in idiopathic and alcohol-induced ON. Two 
SNPs (rs6837735 and rs1870377) of kinase insert domain 
receptor and three SNPs (rs12573218, rs12358370, 
rs2269091) of neutrophilin 1 were associated with the reduc-
tion of ONFH risk [ 61 ].    

 Immunologic factors involving interleukins and cytokines 
might infl uence the development of ONFH [ 66 ]. Also 
 autoimmune disorders including SLE, polymyalgia rheumat-
ica, rheumatoid arthritis, and ulcerative colitis are related to 
the development of osteonecrosis. Kim et al. reported that 
three SNPs (rs4655686, rs1569922, and rs7539625) of IL-23 
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receptor gene were signifi cantly associated with the risk of 
ONFH in 443 Korean population with ONFH compared with 
273 normal controls, especially idiopathic ON [ 67 ]. 

 Samara et al. reported the CT and GA genotypes of the 
IL-1A (−889   ) and TNF-a genes were higher and the G to C 
polymorphism in the homozygous state in TGF-b codon 25 
and GC genotype of IL-10 (−1082) gene were lower in 112 
ON patients than 438 healthy donors [ 68 ]. 

 In addition to mentioned above, many genetic association 
studies have been reported about ON in sickle cell disease 
patients, Legg-Calvé-Perthes disease, and malignancy such 
as acute leukemia or acute lymphoblastic lymphoma [ 69 ].   

9.4     Future Genetic Study of ONFH 

 We are living in era of genome, and the recent advent of 
next-generation sequencing technologies has dramatically 
changed the nature of biomedical research. ONFH is 
believed to be a multifactorial disease associated in some 
cases with both genetic predilection and exposure to 
 certain risk factors (environmental factors). The genetic 
studies about ONFH had been performed using linkage 
analysis on familial ONFH and candidate genes approach 
 identifying the difference of SNPs between patients with 

ONFH and controls in limited numbers. The genetic sus-
ceptibility to ONFH probably involves many genes, most 
of which have very small effects. This fact represents the 
importance of the identifi cation of large numbers of SNPs 
throughout the genome. Traditionally, the use of linkage 
analysis of families with extreme disease phenotypes has 
been successful in gene mutation discovery in ONFH. 
GWAS provides an important method for undertaking an 
evaluation of the association between common genetic 
variants and risk of disease. However, GWAS explained 
only a small fraction of the disease risk and showed prob-
lems of false-positive or false- negative [ 70 ]. As a result, a 
greater attention has been drawn to profi ling rare variants. 
Advent of next-generation sequencing (NGS) such as tar-
geted resequencing for disease loci, whole-exome sequenc-
ing (WES) selective capturing and sequencing of all 
annotated protein-coding genes of whole exons, and 
whole-genome sequencing are expected to fi nd to identify 
low-frequency (0.5 % < MAF < 5 %) or rare (MAF < 
0.5 %) variants and high odds ratio for phenotype of dis-
ease in the near future (Table  9.1 ). This approach would 
not be limited by the choice of candidate genes and cover 
the complete spectrum of coding and noncoding variants. 
Unlike GWASs, it would be able to test both rare and com-
mon variants for roles in ONFH. 
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  Fig. 9.2    Present and future 
application of genetic research 
for personalized medicine       
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 Next, to study the genetic basis of disease, it is essential to 
determine the appropriate sample size and sampling design 
for well-designed study. Genetic associations can be real but 
nonetheless not reproducible if the underlying genetic effect 
is weak. As summarized in reported genetic associations 
with ONFH have become numerous but are mostly of small 
sample sizes. Even some association studies about same 
gene showed confl icting results. Increasing the size of the 
patient cohort will strengthen the power to discover variants. 
The lack of consistency across these studies may be the 
result of the geographic and ethnic variability of populations 
or the probability of a type II error resulting from small sam-
ple sizes.

  Lastly, population stratifi cation, which occurs when the 
cases and controls are unintentionally drawn from two or 
more ethnic groups or subgroups, also linked to false appear-
ance of association [ 71 ]. Possible approach is to reevaluate 
the clinical diagnosis in the cohort by correlating subtle dif-
ferences of clinical measurements and genetic variants in 
order to focus the analysis on a more clinically homogeneous 
set of patients as a separate cohort. 

 Furthermore, replication of fi ndings in independent data 
sets is now widely regarded as a prerequisite for convincing 
evidence of association. Systematic reviews and meta- 
analyses have become a common approach to summarize 
gene-disease associations [ 72 ]. 

 Therefore, genetic studies in the future should be performed 
in a cohort with more clinically homogeneous set of patients 
and normal controls and should be well designed. Global col-
laboration is essential to replicate the results across the ethnics. 
   Next generation sequencing will provide tremendous genetic 
information about ONFH which can be applied to early diag-
nosis, prediction of the disease, reinvention of treatment prac-
tice, and the development of personalized medicine (Fig   .  9.2 ).
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10.1            Introduction 

 The primary pathophysiologic feature of advanced 
 osteonecrosis is a zone of necrotic bone containing trabecu-
lae with dead osteocytes associated with marrow necrosis 
and fi brosis [ 1 ]. This pathognomonic feature led to the use of 
the expression “avascular necrosis,” although the interna-
tional society for the study of the circulation to bone and its 
disorders, ARCO International (Association Internationale 
pour la Recherche sur la Circulation Osseuse), recommends 
using the term “osteonecrosis.” There are several theories 
regarding the pathogenesis of osteonecrosis [ON], as dis-
cussed in several outstanding review articles [ 2 – 6 ]. These 
can be categorized as (1) extraosseous, (2) intraosseous, or 
(3) direct cellular. There are many other theories as well, 
such as intravascular or extravascular pathologies. John Paul 
Jones, Jr., suggested that multiple etiologies may lead to a 
fi nal common pathway of intravascular coagulation. He 
hypothesized that intravascular coagulation is an “intermedi-
ary mechanism” in the development of ON [ 7 ]. The evidence 
that intravascular coagulation plays an integral role in the 
pathogenesis of ON is both direct and indirect and will be the 
focus of this chapter.  

10.2     Clinical Laboratory Assessments 

 In 1970, Boettcher et al. reported the results of clinical and 
laboratory testing of 50 patients with nontraumatic osteone-
crosis [ 8 ]. The patients underwent a battery of hematological 
and coagulation tests including ESR (erythrocyte sedimenta-
tion rate), platelet number, thrombin time, and prothrombin 
utilization. Direct evidence of a clotting abnormality was 
detected in 26 patients and indirect evidence in 48 patients. 
However, no specifi c test was “consistently abnormal.” For 
example, for platelet counts, 16 patients were normal, 15 
patients had low counts (thrombocytopenic), and 6 patients 
had elevated counts (thrombocythemia). The authors pro-
pose that any of the vascular abnormalities could “cause cir-
culatory disturbance and infarction when anastomoses are 
insuffi cient to maintain viability of the head” [ 8 ]. Using the 
clot lysis test, Pósán et al. observed a signifi cantly lower 
“speed of the lysis” for patients with either primary or sec-
ondary ON [ 9 ]. Using an assay for beta-thromboglobulin, 
they also noted signifi cantly higher platelet activation in the 
ON patients compared to controls. 

 Thrombophilia (increased clots in blood vessels) and 
hypofi brinolysis (decreased ability to break down clots) have 
both been implicated as “causative factors” for osteonecrosis 
[ 5 ]. Several investigators have identifi ed thrombi within the 
arterial and venous circulation of diseased femoral heads 
(Table  10.1 ). In their evaluation of human biopsy samples, 
Ficat and Arlet frequently observed sinusoidal distension, 
thickening of the arteriolar walls, and arteriolar thrombosis 
[ 1 ]. In three cases of osteonecrosis, Jones observed fi brin 
thrombi in the subchondral Haversian capillaries, arterioles, 
and marrow sinusoids [ 14 ]. He also noted microfocal mar-
row hemorrhages with extravasated erythrocytes. Jones 
 suggested that the intravascular thrombosis of the intraosse-
ous arterioles was initiated by lipid embolism and endothe-
lial damage [ 7 ,  22 ]. Saito et al. also observed thrombosed 
intraosseous arterioles associated with damage to the 
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 vascular wall [ 12 ]. Starklint and colleagues observed dilated 
veins and venules within the transitional zone between the 
necrotic lesion and the “normal” bone [ 17 ]. Using the 
Martius Scarlet Blue stain, tightly packed erythrocytes and 
fi brin thrombi were detected within these blood vessels, sug-
gesting that the dilated vessels are a consequence of thrombi 
in other areas. There is, however, considerable debate as to 
the role of thrombi in the pathogenesis of ON and whether, if 
it exists at all, it is a primary or secondary event [ 23 ]. The 
lack of thrombi in some histological sections has been 
explained away by some as a result of the delay in the timing 
of histological sampling from the onset of disease and that 
thrombolysis had removed the implicating stimulus [ 14 ].

   Many of the comorbidities associated with osteonecrosis 
are also associated with vascular pathologies (Table  10.2 ). 
For example, systemic lupus erythematosus (SLE) is associ-
ated with vasculitis, premature atherosclerosis, and hyperco-
agulability. The incidence of thrombosis in patients with 
SLE is 2 per 100 person-years of follow-up [ 39 ]. There are 
also several reports of intraosseous thrombi in ON cases 
associated with dysbarism [ 40 ], antiphospholipid antibody 
syndrome [ 41 ,  42 ], and Crohn’s disease [ 43 ,  44 ]. It should be 
noted here that many of these conditions result in corticoste-
roid therapy. The association of corticosteroids to ON will be 
discussed thoroughly later in the chapter.

10.3        Coagulation Cascade  and Regulation 

 Every basic physiology and hematology textbook describes 
the physiologic mechanisms involved in the formation and 
the resolution of blood clots [ 45 ,  46 ]. While it is not the 

intention of this chapter to provide a detailed description of 
the pathways involved (e.g., extrinsic vs. intrinsic pathways), 
it is important to understand the complexity of the coagula-
tion factors involved in both coagulation and fi brinolysis. 

 Blood clots form via one of the two pathways based upon 
whether the inciting event is tissue factor (TF) pathway 
(extrinsic) or amplifi cation by the formation of a primary 
complex of factors in contact with collagen in the endothe-
lium of damaged vessel walls (intrinsic) [ 45 ]. While some of 
the factors involved in the cascades are the same (e.g., factor 
X), others are different [factor VII (extrinsic) vs. factor XII 
(intrinsic)] (Fig.  10.1 ). In both pathways, the fi nal step is the 
conversion of prothrombin to thrombin by prothrombin acti-
vator in the presence of calcium ions. Thrombin converts 
fi brinogen to fi brin monomers, which, in turn, polymerize 
into long fi brin threads. The clot acts to entrap platelets, 
blood cells, and plasma [ 48 ]. A thrombus is established when 
a blood clot attaches and remains stationary along the wall of 
a blood vessel, impairing blood fl ow and, in some cases, 
totally obscuring lumen [ 48 ]. The downregulation of coagu-
lation is effected by proteolytic inactivation of specifi c coag-
ulation factors [ 49 ]. These factors include antithrombin III, 
protein C, protein S, and others.

   As with the coagulation cascades, the fi brinolytic system 
is built upon a system of activators and inhibitors [ 50 ]. The 
induction of fi brinolysis  is dependent on the formation of the 
active enzyme, proplasmin, a serine protease that degrades 
fi brin clots. Plasminogen is released as a zymogen and con-
verted to plasmin by one of two activators: tissue plasmino-
gen activator (tPA) and urokinase plasminogen activator 
(u-PA) – based upon whether fi brin is in the circulation or 
cell bound, respectively. Inhibitors of the fi brinolytic system 

   Table 10.1    Evidence of clotting and thrombi in patients with osteonecrosis   

 Citation  Observation  Types of patients 

 Bonfi glio [ 10 ]  Thrombosed arteries  Dysbaric osteonecrosis 
 Ficat and Arlet [ 1 ]  Arteriolar thromboses  Etiology not noted 
 Spencer and Brookes [ 11 ]  Thrombus observed in multiple intraosseous vessels of  one  patient; 

associated with degenerative changes of the blood vessels within the 
femoral head 

 5 corticosteroid-treated (for 3 months 
to 4 years after transplant) transplant 
recipients 

 Saito et al. [ 12 ]  One fi gure of a Haversian vessel (arrow), showing damaged vascular 
wall and thrombosis in the lumen; fi brosis in the Haversian canal 

 Osteonecrosis (1° and 2°) 

 Asherson et al. [ 13 ]  Vasculitis and arterial thrombosis  Lupus patients 
 Jones [ 14 ]  Focal anemic infarctions associated with subchondral necrosis and 

adjacent extravasation of blood into fatty marrow 
 1. Kissing bug 
 2. Trauma 
 3. Alcohol-associated ON 

 Cheras et al. [ 15 ]  “Established” intraosseous thrombosis of the femoral head  Various etiologies 
 Egan and Munn [ 16 ]  Widespread infarction of the marrow elements and bony trabeculae; 

multiple thrombin thrombi in nasal septum 
 Antiphospholipid antibody syndrome 
(case report) 

 Starklint et al. [ 17 ]  (a) Vessels packed with erythrocytes and fi brin thrombi  (c) Osteonecrosis (1°and 2°); 14 
femoral heads from 12 patients 

 Laroche et al. [ 18 ]  (b) Vascular thrombosis in femoral heads of 4 of 20 patients  (d) Osteonecrosis (1° and 2°) 
 Saito et al. [ 19 ,  20 ]  Thrombosed arterioles but fewer than in their animal models. Based on 

their observations, they have concluded that arteriopathy is “essential” 
 2° Osteonecrosis 

 Aaron [ 21 ]  Microcirculatory thrombus in the subchondral cancellous bone  2° ON 
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include α2-macroglobluin (A2M) and α1 antitrypsin as 
well as the plasminogen activator inhibitors (PAI-1 and 
 PAI-2) [ 51 ].  

10.4     Osteonecrosis and Coagulation 
Factors 

 The literature is replete with reports of an association 
between osteonecrosis and abnormalities of the factors par-
ticipating in both the coagulation and fi brinolytic pathways. 
Many studies have focused on the circulating levels of these 
factors, while others have evaluated whether there is an asso-
ciation with inherited thrombophilia or hypofi brinolysis. 
While a genetic abnormality may lead to unusually high or 
low circulating levels of a specifi c coagulation factor, this 
may not always be the case. It is, therefore, important to con-
duct both genetic and serologic studies to explore this asso-
ciation. Several external factors such as corticosteroid 
therapy and alcoholism have also been associated with 
abnormal circulating levels of these factors and increased 
risk of thromboembolism [ 52 – 54 ]. Unfortunately, many of 
these associations have been based on case reports or small 
series [ 14 ,  55 – 67 ]. The following discussion will address the 
results of the larger studies. 

10.4.1     Thrombophilia 

 Thrombophilia  is the increased tendency towards intravas-
cular thrombosis [ 28 ]. Elevations in anticardiolipin antibod-
ies, anti-β-GPI antibodies, homocysteine and activated 
protein C resistance have been observed with thrombophilia 
[ 34 ,  46 ,  68 ]. Inherited thrombophilia is associated with 

mutations in the genes for factor V (factor V Leiden, a muta-
tion in the F5 gene at position 1691), prothrombin (pro-
thrombin G20210A, at position 20210 in the 3′ untranslated 
region of the gene), factor XIII, methylenetetrahydrofolate 
reductase (MTHFR), and abnormal fi brinogen [ 46 ,  68 ]. 
When factor V is mutated, it is unable to bind to protein C so 
that factor V is more resistant to inactivation by protein C 
[ 28 ,  47 ]. Defi ciencies in antithrombin III, protein C, or pro-
tein S are also associated with thrombophilia [ 28 ,  46 ]. As 
proteins C and S are involved in the activation of factor V, 
decreased levels of these proteins result in an increased ten-
dency to form thrombi [ 47 ]. As shown in Tables  10.2  and 
 10.3 , numerous reports have indicated an association 
between osteonecrosis and abnormal levels of specifi c fac-
tors or gene mutations involved with thrombophilia.
•     Glueck and colleagues have studied the association 

between osteonecrosis and coagulopathies for over 20 
years. They have reported higher resistance to activated 
protein C [ 28 ], low protein C [ 28 ], low protein S [ 30 ,  31 ], 
high anticardiolipin antibodies [ 34 ], high homocysteine 
levels [ 30 ,  31 ,  34 ], and high factor VIII [ 30 ]. Korompilias 
et al. have also reported increased resistance to activated 
protein C, high levels of anticardiolipin antibody, and low 
levels of protein S in some osteonecrosis patients [ 35 ,  36 ]. 
Defi ciencies in antithrombin III, protein C, and protein S 
are associated with deep venous thrombosis of the extrem-
ities [ 73 ].    
 Heritable thrombophilia has also been investigated, 

especially in regard to mutations in genes for MTHFR, V 
Leiden, and prothrombin. The mutant form of MTHFR, the 
C677T polymorphisms, decreases the activity of the enzyme 
and interferes with the intracellular metabolism of homo-
cysteine, resulting in an elevated plasma homocysteine 
level [ 74 ,  75 ]. Elevated levels of homocysteine are associ-
ated with thrombophilia [ 76 ]. As shown by Glueck et al. 
[ 31 ], osteonecrosis patients were more likely to have the 
heterozygous for the MTHFR mutation (64 %) than were 
controls (38 %) ( p  = 0.014). This was associated with ele-
vated homocysteine levels in this patient cohort ( p  = 0.05). 
Resistance to activated protein C (RAPC) is associated with 
the Arg506Gln mutation in factor V (factor V Leiden) [ 24 ]. 
In a study of 68 patients with osteonecrosis, Björkman and 
colleagues reported 13.2 % of the patients with the factor V 
Leiden mutation, while the idiopathic group exhibited a 
22.9 % rate [ 24 ]. In a study of 244 ON patients, Glueck 
et al. found that 9.4 % of the patients were heterozygous for 
factor V Leiden; the rates were similar for both idiopathic 
(9.3 %) and secondary (9.6 %) osteonecroses [ 71 ]. 

 Thrombin plays a critical role in the conversion of 
fi brinogen to fi brin in the coagulation pathway (Fig.  10.1 ). 
Prothrombin is enzymatically cleaved by activated factor X 
to form thrombin, and this action is further enhanced in the 
presence of factor V. The mutation in prothrombin 
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  Fig. 10.1    The intrinsic and extrinsic coagulation pathways (Published 
with permission Aaron and Ciombor [ 47 ])       
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(20210A) causes increased circulating levels and therefore 
predisposes to thrombotic events [ 24 ,  75 ]. While Glueck 
et al. found no difference in the presence of prothrombin 
gene heterozygosity between osteonecrosis cases (3.4 %) 
and controls (2.9 %) [ 71 ], Björkman et al. reported a 5.9 % 
incidence of heterozygosity for the prothrombin 20210A 
mutation [ 24 ].  

10.4.2     Hypofi brinolysis 

 Markers of hypofi brinolysi s have also been identifi ed in 
some patients with osteonecrosis (Tables  10.3  and  10.4 ). 
Plasminogen activator inhibitor-1 (PAI-1) acts to inhibit tis-
sue plasminogen activator (tPA) which is an activator of 
plasminogen (Fig.  10.2 ). When plasminogen becomes acti-
vated, it is converted to plasmin which then acts to dissolve 
the fi brinogen fi bers within a blood clot (fi brinolysis). An 
increase in PAI-1 activity suppresses the generation of plas-
min resulting in hypofi brinolysis [ 47 ]. Several studies have 
documented elevated levels of plasminogen activator 

 inhibitor 1 (PAI-1) and/or low levels of tissue plasminogen 
activator [ 27 – 29 ,  31 ,  33 ,  34 ,  86 ].

    Glueck et al. found differences in the basal and stimulated 
levels of tPA-Fx, tPA-Ag, PAI-Fx, and PAI-Ag between 
patients with idiopathic ON and secondary ON [ 27 ]. (These 
abbreviations need to be defi ned and explained here.) Three 
secondary ON patients had basal tPA-Fx outside of the nor-
mal range (elevated), while only one idiopathic patient was 
outside of the range (low). Most of the 2° ON patients had 
stimulated levels within the normal range (only 4 patients 
elevated), while 9/12 idiopathic patients had levels below the 
range of normal. Furthermore, the majority of the 2° ON 
patients had basal and stimulated PAI-Fx and PAI-Ag within 
normal range, while two thirds of the idiopathic patients had 
elevated PAI-Fx and PAI-Ag levels as compared to the nor-
mal controls. They also noted that patients with 2° ON had 
markedly lower basal and stimulated PAI-Fx and PAI-Ag 
than patients with idiopathic osteonecrosis. 

 Lipoprotein(a) Lp(a) has also been associated with hypo-
fi brinolysis and hypercoagulability [ 75 ,  76 ]. One of the sub-
units of Lp(a), apolipoprotein(a), contains domains with 
extensive homology to plasminogen [ 36 ]. Apo(a) inhibits the 
conjunction of plasminogen and tPA at the surface of fi brin, 
thereby interrupting fi brinolysis [ 76 ]. Elevated levels of 
Lp(a) have been observed in osteonecrosis patients in numer-
ous studies [ 9 ,  27 ,  28 ,  30 ,  31 ,  33 ,  36 ,  38 ,  87 ]. Glueck et al. 
[ 27 ] observed that the mean Lp(a) level was within the nor-
mal range for the idiopathic patients, while it was elevated 
for the secondary osteonecrosis patients. While they did not 

    Table 10.3    Genes associated with hypofi brinolysis and thrombophilia   

 Protein encoded  Gene(s)  Coagulopathy  References 

 Plasminogen activator inhibitor-1  4G/4G; 4G/5G alleles in the promoter region  Hypofi brinolysis  Glueck et al. [ 29 ] 
 Glueck et al. [ 31 ] 
 Ferrari et al. [ 69 ] 

 Plasminogen activator inhibitor-1  SNP rs1799889 (promoter region; −675, 4G/5G), 
rs2227631, (promoter region; −844 G/A), and rs11178 
(3′ UTR region, +10700C/T) 

 Hypofi brinolysis  Kim et al. [ 70 ] 

 Methylenetetrahydrofolate reductase  C677T polymorphism  Thrombophilia  Glueck et al. [ 31 ] 
 Factor V Leiden  Mutation of F5  Thrombophilia  Glueck et al. [ 71 ] 
 Factor V Leiden  Arg506Gln mutation  Thrombophilia  Gillespie et al. [ 72 ] 

 Prothrombin  20210A gene mutation  Thrombophilia  Bjorkman et al. [ 24 ] 

Fibrin lysateFibrin polymer

Fibrinolysis

Plasminogen

PAI–1

LP(a)Plasmin

tPA

  Fig. 10.2    The fi brinolytic pathway (Aaron and Ciombor [ 47 ])       

    Table 10.4    Risk factors for osteonecrosis associated with thrombo-
philic and hypofi brinolytic abnormalities   

 Lupus  Adams et al. [ 77 ], Palatinus and Adams [ 78 ] 

 Sickle cell  Nsiri et al. [ 79 ] 
 Caisson disease  Candito et al. [ 80 ] 
 Alcoholism with liver 
disease 

 Tran-Thang et al. [ 81 ] 

 Infl ammatory bowel 
disease 

 Koutroubakis et al. [ 82 ] 

 End-stage renal 
disease/renal transplant 

 Klai et al. [ 83 ] 

 Antiphospholipid 
antibody syndrome 

 Reshetniak et al. [ 84 ] 

 Pregnancy  Factor V Leiden, prothrombin 20210G --> 
A, methylenetetrahydrofolate reductase 
677C --> T and plasminogen activator 
inhibitor 4G/5G polymorphism in women 
with pregnancy-related venous 
thromboembolism (Glueck et al. [ 85 ]). 
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note any elevated levels of Apo A1 for either group as 
 compared to controls, a signifi cant elevation Apo B for the 
idiopathic group was observed. Apo B is a major component 
in the formation of low density lipoprotein (LDL) and is 
responsible for carrying into the tissues. Hirata et al. [ 88 ] 
found that there was a strong association between the low 
molecular weight phenotype of apolipoprotein (a) and ON in 
renal transplant patients (adjusted odds ratio 5.75). 
Furthermore, Korompilias et al. reported an association 
between anticardiolipin antibody and Lp(a) [ 36 ]. 

 Heritable hypofi brinolysis has also been studied 
 extensively. The mutated 4G/4G genotype for PAI-1 was 
more prevalent in patients with AVN (61.5 %) than in control 
patients without ON (clinical, 20.7 %; radiological, 17.3 %) 
[ 69 ]. In another study, Kim et al. reported that three single 
nucleotide polymorphisms (SNP) [rs1799889 (4G allele), 
rs2227631 (A allele), and rs11178 (C allele)] were associ-
ated with increased risk of ON [ 70 ]. Asano et al. reported 
that plasma PAI-1 levels were the highest in ON patients 
with the 4G/4G genotype [ 89 ]. However, univariate analysis 
demonstrated no signifi cant difference in the incidence of 
ON between patients with different genotypes of PAI-1. 
Whether their results refl ect the etiology (renal transplant) or 
ethnicity (Japanese) of the patient population requires  further 
evaluation.  

10.4.3     No Association 

 A number of studies have reported no association between 
thrombophilic and fi brinolytic factors and osteonecrosis. 
However, it is important to appreciate that this conclusion is 
based on a selective analysis of factors known to be thrombo-
philic and hypofi brinolytic. Furthermore, as stated previ-
ously, lack of evidence for gene mutations associated with 
heritable hypofi brinolysis or thrombophilia does not neces-
sarily mean that there are no abnormalities in the local and 
systemic levels of the gene products, i.e., the proteins and 
enzymes involved in the coagulation and fi brinolytic 
cascades. 

 In a prospective case-controlled study, Mehsen et al. 
reported no signifi cant difference in the frequency of throm-
bosis risk factors between aseptic osteonecrosis patients 
(56.4 %) and their matched controls (48.7 %) [ 90 ]. 
Assessment of thrombosis was based on circulating levels of 
protein S, homocysteine level, anticardiolipin Ab, β2 glyco-
protein I Ab, and antiprothrombin. Seventy-one percent of 
the patients presented with at least one risk factor vs. 38 % of 
the controls. However, no signifi cant difference was shown 
between the ON patients and the matched controls. They did 
fi nd a signifi cant association between smoking and risk for 
developing ON. Séguin et al. [ 91 ] also found no association 
between osteonecrosis of the femoral head and any specifi c 

marker for thrombophilia (antithrombin III, protein C, 
 protein S, anticardiolipin Ab). Although defi ciencies were 
observed in a few patients, their frequency was within the 
expected range published for healthy controls. Furthermore, 
there is no allelic or genotypic association or trend found for 
each PAI-1 genotype analyzed. Studies have also reported no 
association between osteonecrosis and antiphospholipid 
antibodies [ 92 ,  93 ]. 

 In genetic studies, Celik et al. [ 94 ] reported no signifi cant 
difference in the presence of factor V Leiden, prothrombin 
G20210A, and MTHFR C677T mutations between osteone-
crosis (renal transplant patients) and volunteer controls. One 
limitation of this study was the relatively small numbers of 
patients ( n  = 11, ON;  n  = 39 controls). In a study of 31 
Japanese osteonecrosis patients (renal transplant patients), 
Asano et al. did not fi nd a correlation between osteonecrosis 
and the distribution of different genotypes for PAI-1 (4G/5G) 
or MTHFR C677T [ 89 ]. Kim et al. [ 95 ] evaluated 443 
Korean patients with osteonecrosis and compared their 
results to that obtained for 273 controls. Genotyping using 
15 single nucleotide polymorphisms (SNPs) for MTHFR, 
they found no signifi cant difference in frequencies of the 
MTHFR polymorphisms and haplotypes. Cenni et al. 
detected homozygosity or heterozygosity for factor V Leiden 
in two corticosteroid-associated patients and no idiopathic 
ON patients [ 26 ]. While they state that the frequency of 
thrombophilia was not different than controls, more steroid- 
associated ON patients had 4G/5G (50 %) and fewer had 
4G/4G (22 %) as compared to the idiopathic (39 %/33 %) or 
control (36 %/43 %) groups. In a study of post-severe acute 
respiratory distress syndrome patients with osteonecrosis, 
Sun et al. did not detect any mutations of factor V Leiden or 
prothrombin G20210A [ 96 ]. With respect for the gene for 
PAI-1, Asano et al. suggest that the differences between pub-
lished results may refl ect differences in the genetic back-
grounds and frequency of thrombotic diseases in different 
ethnic groups [ 89 ].  

10.4.4     Intravascular Coagulation 
and Pathogenesis 

 In order to understand the potential role that thrombophilia 
and hypofi brinolysis may play in the pathogenesis of osteo-
necrosis, one should appreciate the concept of intravascular 
coagulation  as proposed by John Paul Jones, Jr. In 1974, he 
hypothesized that intravascular osteonecrosis is the fi nal 
common pathway in the early pathogenesis of osteonecrosis 
[ 97 ]. He expanded on this to emphasize that he did not 
believe that intravascular coagulation was the cause of osteo-
necrosis but that it was an intermediary event initiated by an 
underlying etiologic factor, i.e., a factor associated with an
underlying disease [ 7 ,  14 ,  98 ,  99 ]. The list of comorbidities 
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that could potentially activate intravascular coagulation is 
extensive and includes both genetic (e.g., familial 
 thrombophilia, Gaucher’s disease, hemoglobinopathies) and 
 nongenetic (hyperlipemia, fat emboli, hypercortisonism, 
alcoholism, dysbaric phenomenon, hypersensitivity reac-
tions, allograft organ rejection, endotoxic (Shwartzman) 
reactions, proteolytic enzyme). Other prothrombotic and 
hypofi brinolytic conditions, tissue factors such as TNF, 
antiphospholipid Ab, pancreatitis, malignancies, collagen 
vascular diseases, pregnancy, and immune complex disor-
ders must also be considered [ 4 ,  98 ]. Intraosseous fat embo-
lism as an initiator of intravascular coagulation was proposed 
by Jones [ 7 ,  14 ] and supported by others [ 47 ,  100 ]. Once 
triggered, intravascular coagulation may then result in irre-
versible cell injury with ATP depletion and cell membrane 
damage, leading to ischemic osteocytic and adipocytic 
necrosis [ 6 ]. Jones also suggests that many of the factors 
associated with the underlying disease or disorder lead to 
intravascular coagulation as well as “rapid endothelial 
sloughing, exposure of subendothelial collagen, and release 
of tissue thromboplastin” [ 14 ]. Endothelial damage has been 
suggested by others as an underlying mechanism in the 
pathogenesis of osteonecrosis [ 73 ,  101 – 103 ]. Corticosteroids 
have also been shown to directly injure endothelial cells 
[ 104 ]. Jones proposed, “There is upregulation of procoagu-
lant activity, because the perturbed endothelial cell surface 
represents a binding site for Factor VIIa mediating the acti-
vation of the extrinsic pathway of coagulation. There is 
downregulation of anticoagulant activity, because the per-
turbed endothelial cell loses its thrombomodulin membrane 
receptor and the protein C pathway is not activated.” This 
would create a vicious cycle where the prothrombotic 
response becomes amplifi ed. 

 Jones proposed the concept of an “ischemic threshold ” 
[ 7 ]. In relation to the theory of fat emboli, Jones proposed 
that an ischemic threshold could develop when the intravas-
cular fat load exceeds or overwhelms the anti-lipemic and 
anticoagulant clearance mechanisms. Below the threshold 
level, there is fatty degeneration of subchondral and subperi-
osteal osteocytes and osteoblasts; above the threshold, there 
is free fatty acid production, no clearance of procoagulant 
factors, leading to bony ischemia. Increased circulating free 
fatty acids were observed by Kabata et al. in an animal model 
of corticosteroid-induced osteonecrosis [ 100 ].   

10.5     Corticosteroid  Therapy 

 One of the major risk factors for osteonecrosis is high-dose 
corticosteroid therapy. There are several mechanisms by 
which corticosteroid therapy may have an impact on the inci-
dence of hypercoagulability in patients with ON. 
Corticosteroids may directly injure endothelial cells and 

thereby initiate the coagulation cascade [ 73 ,  101 ,  105 ,  106 ]. 
Corticosteroids may act to increase PAI-1 activity [ 5 ,  69 ] as 
well as decrease tPA activity [ 5 ,  106 ]. Of particular note, in a 
systemic review of the literature, Van Zaane et al. reported 
there was an increase in the activity of factors VII, VIII, and 
XI following corticosteroid treatment; this was found to be 
exacerbated during active infl ammation [ 107 ]. 

 Although one study reported no signifi cant difference in 
the frequency of genetic mutations for factor V, prothrombin, 
or MTHFR [ 94 ], this does not preclude the possibility that 
the corticosteroid treatment had an effect on the circulating 
levels of the gene products for these are other 
procoagulants.  

    Conclusions 

 Hypercoagulability and hypofi brinolysis have both been 
implicated in the pathogenesis of osteonecrosis. Both 
may be inherited or acquired. Acquired coagulation 
abnormalities are related to external factors such as corti-
costeroid therapy, smoking, or excessive alcohol con-
sumption. In contradistinction, genetic studies have 
identifi ed inherited abnormalities in the genes coding for 
a number of different coagulation factors in both the 
coagulation and fi brinolytic pathways. Understanding the 
clinical ramifi cations of these fi ndings is complicated. 
 There is no one abnormality which is common to all 
patients with osteonecrosis . In fact, some of the most fre-
quent abnormalities have included abnormal RAPC levels 
(50 %) [ 28 ,  32 ,  33 ,  36 ], elevated PAI-1 [ 26 ,  27 ,  33 ,  34 , 
 86 ], and Lp (a) [ 9 ,  33 ,  36 ,  38 ] of ON patients. A major 
confounding factor is that many of the studies proposing 
a link between osteonecrosis and specifi c coagulation fac-
tors have either limited numbers of ON patients or have 
not included adequate controls. Individual orthopedic sur-
geons often do not see suffi cient numbers of osteonecro-
sis patients to be able to conduct a statistically robust 
study. Furthermore, a complete battery of serologic and 
genetic markers is expensive, and external funding is fre-
quently lacking. While some investigators have made an 
effort to age and sex/gender match their controls, more 
appropriate disease-matched controls would provide 
additional information. A study evaluating lupus patients 
with and without steroid therapy and with or without 
osteonecrosis is a perfect example but extremely diffi cult 
to undertake and complete with adequate follow-up. A 
third major factor adding to the complexity of risk assess-
ment in ON is that the abnormal coagulation factors may 
be associated with diverse etiologic factors already identi-
fi ed for osteonecrosis – this may be particularly true for 
those diseases associated with autoimmune disorders 
such as lupus erythematosus (Table  10.4 ). It is these asso-
ciations between coagulation abnormalities and the 
comorbidities that may help to defi ne which patients are 
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more truly at risk to develop osteonecrosis. Finally, as we 
continue to increase our knowledge of the regulation and 
interrelationships between different modulators of the 
coagulation and fi brinolytic cascades, new associations 
will emerge. There may be factors upstream or down-
stream of those already identifi ed that play a critical role 
and may eventually unify the pathogenetic mechanisms 
involved. 

 A number of studies have shown a high percentage of 
patients with at least one coagulation factor abnormality 
[ 20 ,  28 ,  34 ,  36 ,  38 ]. Several of these studies show similar 
rates between patients with idiopathic and secondary ON 
[ 34 ,  38 ]. In a previous study, our group has shown that 
while 82.2 % of the patients with ON had at least one 
coagulopathy, 46.7 % had two or more abnormal tests (as 
compared to 2.5 % of controls) [ 34 ]. This could have 
implications regarding specifi c patients. 

 Previous investigators have suggested the multihit the-
ory of osteonecrosis [ 4 ,  47 ,  106 ,  108 ]. There may be a 
genetic predisposition for osteonecrosis that may or may 
not be related to a hypercoagulable state. The individual 
may then experience external factors (such as alcoholism, 
corticosteroids therapy, hyperbaric exposure, or smoking) 
or develop a comorbidity (such as hemoglobinopathies, 
Gaucher’s disease, autoimmune diseases, and pregnancy) 
that act to “push them over” the threshold of disease [ 36 ]. 
Cosgriff [ 109 ] and Jones [ 7 ] have also suggested that ste-
roid treatment may place some patients in a “prothrom-
botic state.” Without question, further study is needed to 
resolve these issues.     
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11.1            Introduction 

 Adrenocortical hormones were fi rst prepared from the 
 adrenal gland as a new compound by Kendall in 1935 [ 1 ]. 
Thirteen years later, Hench et al. [ 2 ] observed a miraculous 
effect of cortisone in a patient with severe rheumatoid arthri-
tis, which opened new doors to innovative treatments for a 
variety of infl ammatory diseases. Against this background, 
Kendall, Hench, and Reichstein were awarded the 1950 
Nobel Prize for Physiology or Medicine. Since then, gluco-
corticoids have been used as a fi rst-line therapy for immune- 
mediated conditions or as an adjunctive therapy in many 
infl ammatory, infectious, or malignant diseases. 

 However, the Janus-faced effects of glucocorticoids 
became apparent a few years after their introduction into 
clinical practice. Today, it is well known that glucocorti-
coids can have harmful effects on many tissues and can pro-
duce numerous adverse effects throughout the body, mainly 
depending on the dose, the administration route, and the 
duration of treatment (Table  11.1 ). Since 1957 when the fi rst 
case of glucocorticoid-induced femoral head osteonecro-
sis (GI-FHON) was reported [ 3 ], many human and animal 
studies have reported an association between glucocorti-
coids and FHON. To date, glucocorticoids have been con-
sidered the most common cause of nontraumatic FHON [ 4 ]. 

Nevertheless, pathophysiological mechanisms and effective 
preventive or therapeutic strategies against GI-FHON have 
not yet been completely established.

11.2        Prevalence  

 GI-FHON may develop in patients receiving glucocorticoids 
in short-term high doses or in long-term doses and even after 
intra-articular injection or application of topical prepara-
tions. Since glucocorticoids have been widely used as thera-
peutic drugs to treat numerous diseases in various regimens, 
the reported prevalences of GI-FHON differ among investi-
gators. Most reports have documented the prevalences in 
patients with systemic lupus erythematosus (SLE), renal 
transplantation, or leukemia. In prospective studies where 50 
or more patients were included and an MRI was used for 
diagnosis [ 5 – 23 ], 14.5–34.6 % of SLE patients were diag-
nosed as having GI-FHON (Table  11.2 ). Of patients 
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   Table 11.1    Adverse effects of systemic glucocorticoids   

 System  Adverse effects 

 Metabolic/
endocrine 

 Weight gain/obesity, fl uid retention/edema, 
hypokalemia, diabetes mellitus/insulin resistance, 
adrenal insuffi ciency, amenorrhea 

 Dermatologic  Skin thinning, purpura, Cushingoid appearance, 
acne, hirsutism 

 Ophthalmologic  Posterior subcapsular cataract, glaucoma, central 
serous chorioretinopathy 

 Cardiovascular  Arrhythmia, hypertension, dyslipidemia, 
premature atherosclerotic disease 

 Gastrointestinal  Peptic ulcer disease (especially, concurrent user 
of NSAIDs), acute pancreatitis, steatohepatitis, 
visceral perforation 

 Musculoskeletal  Osteoporosis, osteonecrosis, myopathy, growth 
retardation 

 Neuropsychiatric  Mood disorder: depression, mania, anxiety, and 
emotional irritability; psychosis; insomnia 

 Immune  Increased risk of infections: bacterial, fungal, 
parasitic, and viral; reactivation of latent viruses 

   NSAID  nonsteroidal anti-infl ammatory drug  
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 undergoing kidney transplantation, 6.0–24.7 % were reported 
to suffer from GI-FHON. On the other hand, GI-FHON 
occurred in 4.3–11.3 % of patients with hematologic 
 diseases, including acute lymphoblastic leukemia.

11.3        Risk Factors 

 Because GI-FHON develops in patients with different 
 underlying conditions, risk factors are not homogeneous in 
all disease states. 

11.3.1     Risk Factors for GI-FHON 
in Animal Models  

 The dose of the glucocorticoids has been the primary focus 
of research on risk factors for GI-FHON. Many human stud-
ies have described associations between glucocorticoid 
doses and the prevalences of GI-FHON, while others have 
not. For example, a study analyzing 24 cohorts receiving 
 glucocorticoids reported a 4.6 % increase in GI-FHON 
development as the doses of oral prednisone increase by 
10 mg/day [ 24 ]. Animal models have shown that higher 
doses are more likely to develop GI-FHON [ 25 ]. It has been 

reported that rabbits are more susceptible to the development 
of GI-FHON when treated with methylprednisolone than to 
prednisolone or triamcinolone in [ 26 ], although there is no 
similar evidence in humans. Among rabbits receiving 
 methylprednisolone, those with increased low-density lipo-
protein (LDL) cholesterol to high-density lipoprotein (HDL) 
cholesterol, increased free fatty acids, or decreased hepatic 
cytochrome P4503A activity are at high risk of developing 
GI-FHON [ 27 ,  28 ].  

11.3.2     Risk Factors in SLE Patients  

 In SLE patients, a daily prednisone dose of >30–40 mg has 
been reported to be associated with GI-FHON [ 6 ,  29 ]. 
However, cumulative or the highest dose has been heteroge-
neously reported as a risk factor by different investigators. 
Additionally, methylprednisolone pulse therapy and cyto-
toxic agents have also been found to be related to GI-FHON 
[ 29 – 32 ]. Generally, SLE patients with more active diseases 
are more likely to receive glucocorticoids in higher doses of 
methylprednisolone pulse therapy or cytotoxic agents. 
However, there are discrepancies regarding results on SLE 
disease activity between patients with and without the devel-
opment of GI-FHON [ 33 ,  34 ]. The majority of GI-FHON 

   Table 11.2    Prevalence of glucocorticoid-induced femoral head osteonecrosis reported in prospective studies   

 Authors 
 Publication 
year  Underlying disease  Patients  Age  Follow-up period 

 Prevalence 

 Reference  FHON  Total ON 

 Zizic et al.  1985  SLE  54  18–67  51.9 %  [ 5 ] 
 Ono et al.  1992  SLE  62  Mean 30.7  ≤5 years  14.5 %  [ 6 ] 
 Sugano et al.  1994  SLE  60  14–57  3–7 years  15.0 %  [ 7 ] 
 Oinuma et al.  2001  SLE  72  13–66  ≤12 months  31.9 %  44.4 %  [ 8 ] 
 Nakamura et al.  2010  SLE  169  34.6 %  38.5 %  [ 9 ] 
 Shigemura et al.  2011  SLE  173  1 year  37.1 %  [ 10 ] 
 Kopecky et al.  1991  Kidney TPL  97  14–59  24 months  10.3 %  [ 11 ] 
 Tervonen et al.  1992  Kidney TPL  100  24–75  0.5–25.5 years  6.0 %  [ 12 ] 
 Marston et al.  2003  Solid organ TPL  52  24–65  0.3–4.3 years  13.5 %  [ 13 ] 
 Shibatani et al.  2008  Kidney TPL  150  16–36  ≤12 months  24.7 %  [ 14 ] 
 Guichelaar et al.  2007  Liver TPL  360  ≤8 years  6.1 %  7.5 %  [ 15 ] 
 Ribeiro et al.  2001  ALL, NHL  116  7.8 %  14.7 %  [ 16 ] 
 Tauchmanovà et al.  2003  Stem cell TPL  207  18–59  5.8 %  [ 17 ] 
 Talamo et al.  2005  MM  553  25–77  5–114 months  8.9 %  [ 18 ] 
 Schulte et al.  2005  Stem cell TPL  255  15–59  >5 years  4.3 %  [ 19 ] 
 Niinimäki et al.  2007  ALL  97  1.2–15.3  11.3 %  23.7 %  [ 20 ] 
 te Winkel et al.  2011  ALL  574  Mean 6.4  2.5–3.3 months  4.4 %  6.6 %  [ 21 ] 
 Kawedia et al.  2011  ALL  194  45.9 %  [ 22 ] 
 Wing et al.  1998  Spinal cord injury  59  15–64  6–46 months  0.0 %  0.0 %  [ 23 ] 
 Shigemura et al.  2011  Infl ammatory diseases  129  1 year  20.9 %  [ 10 ] 

   SLE  systemic lupus erythematosus,  TPL  transplantation,  ALL  acute lymphoblastic leukemia,  NHL  non-Hodgkin’s lymphoma,  MM  multiple 
myeloma,  FHON  femoral head osteonecrosis,  ON  osteonecrosis  
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cases develop within 3–12 months of initiation of 
 glucocorticoid treatment [ 8 ,  31 ]. Increases in glucocorticoid 
doses secondary to a relapse of SLE may be associated 
with GI-FHON [ 34 ]. 

 In addition to the use of glucocorticoids, several features 
of SLE have been identifi ed as risk factors: thrombophlebi-
tis, vasculitis, Raynaud’s phenomenon, renal dysfunction, 
arthritis, smoking, preeclampsia, and so on [ 6 ,  30 ]. In con-
trast, nested case-control studies have revealed that the use of 
glucocorticoids is the only risk factor for GI-FHON [ 32 ,  33 ]. 
Studies on the association between antiphospholipid anti-
bodies and GI-FHON have reported different results [ 35 –
 37 ]. Therefore, a specifi c manifestation may not be a risk 
factor for GI-FHON in SLE patients. 

 Because not all SLE patients do develop GI-FHON 
when receiving high-dose glucocorticoids, the presence of 
additional regional risk factors or individual variations of 
glucocorticoid sensitivity can be involved in the occur-
rence of GI-FHON. For example, age at the time of initial 
glucocorticoid administration can affect the development 
of GI-FHON. A prospective study has revealed that 
GI-FHON did not develop in SLE patients at the age of 
<14 years, suggesting that children may tolerate ischemia 
due to their abundant vascularity with growth plates and 
red marrow [ 9 ]. In addition, posttreatment presentation of 
Cushingoid body phenotype, which is a characteristic fea-
ture of glucocorticoid excess and does not develop in 
patients with glucocorticoid resistance, is reported to be a 
risk factor [ 29 ,  30 ,  35 ].  

11.3.3     Risk Factors in Kidney 
Transplant Patients  

 Kidney transplantation is the treatment of choice for patients 
with end-stage renal diseases. Just after transplantation, 
immunosuppressive therapy, including glucocorticoids, is 
needed to prevent and treat acute graft rejection and to avoid 
chronic graft damage. It has been shown that the risk of 
GI-FHON is associated with glucocorticoid doses [ 14 ,  38 , 
 39 ]. In particular, the total dose of glucocorticoids during the 
fi rst 7 months can have a signifi cant risk [ 14 ,  38 ]. Introduction 
of immunosuppressants, such as cyclosporine or tacrolimus, 
can decrease the incidence of GI-FHON in kidney transplant 
patients [ 38 ] because these immunosuppressants reduce glu-
cocorticoids doses. An association of the incidence of 
GI-FHON with a history of acute rejection is not consistently 
reported [ 14 ,  39 ]. 

 Several pretransplantation conditions can impact on the 
development of GI-FHON: iron overload,  hypophosphatemia 
secondary to hyperparathyroidism, or poor renal function 

[ 39 – 41 ]. Additionally, apoprotein(a) molecular weight 
 phenotype was reported to be an independent risk factor [ 42 ].  

11.3.4     Risk Factors in Patients with 
Hematologic Malignancies  

 Glucocorticoids successfully treat acute lymphoblastic leu-
kemia (ALL), lymphoma (NHL), and multiple myeloma 
(MM) because they can kill hematologic malignant cells. 
Thus, many treatment regimens include glucocorticoids, 
such as dexamethasone. Since the prevalence of ALL is 
higher in children than in adults, most GI-FHON studies in 
ALL patients have been conducted on pediatric patients. 
ALL patients at the age of >10 years increase the risk of 
GI-FHON [ 16 ,  20 – 22 ,  43 ,  44 ], and old age is also an inde-
pendent risk factor in adult patients with MM [ 18 ]. 
Additionally, female patients have a higher risk of GI-FHON 
than males [ 20 ,  21 ,  43 ,  44 ]. Intensive therapy with dexa-
methasone confers a high incidence of GI-FHON [ 20 ,  22 ], 
and alternate-week scheduling of dexamethasone can reduce 
the development of GI-FHON [ 43 ,  44 ]. In some studies, 
patients receiving dexamethasone more frequently devel-
oped FHON than those receiving prednisone [ 43 ]. An asso-
ciation between FHON and poor dexamethasone clearance 
has been reported [ 22 ]. In patients undergoing stem cell 
transplantation, both an episode of graft-versus-host disease 
(GVHD) and the use of glucocorticoid are risk factors [ 17 ]. 
The incidence of GI-FHON has been reported to be higher in 
patients receiving unrelated donor transplants than in those 
receiving allogenic matched related donor or autologous 
transplants [ 17 ,  45 ].   

11.4     Pathogenic Mechanisms 

 The pathophysiology of GI-FHON is multifactorial, com-
plex, and poorly understood. Although host factors and 
underlying diseases have been shown to play a signifi cant 
role in the development of GI-FHON, investigators have 
failed to explain why only a fraction of patients are at greater 
risk than others. Additionally, the multisystemic effects of 
glucocorticoids and their interactions make the pathological 
mechanisms more complicated. In this context, the multi-hit 
theory proposed by several investigators is a plausible expla-
nation for the development of GI-FHON [ 46 ,  56 ]. In suscep-
tible patients who have a genetic predisposition or an 
underlying disease that threatens bone and vascular tissues, 
the accumulative glucocorticoid effects may result in the 
occurrence of GI-FHON (Fig.  11.1 ). Genetic factors will be 
discussed in another chapter.

11 Glucocorticoids (as an Etiologic Factor)



84

11.4.1       Effects of Glucocorticoids on Bone Cells 

 Animal and human studies have shown that glucocorti-
coids can induce apoptosis of osteoblasts and suppress 
the  production of osteoblasts in the bone marrow [ 47 ]. 
Osteoblast-/osteocyte-specifi c 11β-hydroxysteroid dehy-
drogenase type 2 (HSD2, the enzyme metabolizes glu-
cocorticoids into inactive metabolites) transgenic mice 
protect from prednisolone- induced decrease in osteoblast 
survival, osteoblast number, and bone formation [ 48 ]. On 
the other hand, the survival of osteoclasts can be prolonged 
by glucocorticoids [ 49 ]. The interaction of receptor activa-
tor of NF-κB ligand (RANKL) and osteoprotegerin (OPG) 
is a major determinant of osteoclastogenesis. RANKL 
and  macrophage colony-stimulating factor (M-CSF) are 
 essential for osteoclastogenesis, while OPG prevents 
RANKL from binding to RANK, resulting in inhibition 

of osteoclastogenesis. Glucocorticoids increase RANKL 
and M-CSF expression and decrease OPG expression by 
human osteoblastic and stromal cells in culture [ 50 ,  51 ]. 
From the results of studies using mice with conditional 
osteoclast-specifi c deletion of glucocorticoid receptors 
[ 52 ], glucocorticoids inhibit proliferation of osteoclast pre-
cursors and mature osteoclast-mediated bone resorption. 
Such glucocorticoid- induced suppression of osteoclasts 
induces blunting of osteoblast function in the context of 
osteoclast- osteoblast interactions throughout bone remod-
eling [ 53 ]. Also, glucocorticoids suppress the secretion of 
sex hormones and the expression of bone morphogenetic 
protein-2, insulin growth factor 1, and osteocalcin [ 54 ,  55 ]. 
Furthermore, calcium absorption from the kidney and intes-
tine is disturbed by  glucocorticoids [ 54 ]. 

 Osteocytes are the most abundant cells (>95 %) in the 
bone and embedded in mineralized bone matrices. They are 
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  Fig. 11.1    Schematic presentation of the multifactorial pathogenesis of glucocorticoid-induced femur neck osteoporosis.  vWF  von Willebrand 
factor,  TF  tissue factor       
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thought to play a pivotal role as mechanosensors and 
 initiators of the bone remodeling process [ 56 ]. Living 
 osteocytes directly stimulate osteoblastogenesis and inhibit 
osteoclastic resorption through OPG expression. The femurs 
from patients with GI-FHON show many apoptotic osteo-
cytes, anatomically juxtaposed to the osteonecrotic fractures 
[ 57 ]. Glucocorticoid-induced osteocyte apoptosis results in 
the mechanosensory dysfunction of the osteocyte network 
and consequently leads to impairment of bone repair pro-
cesses. Additionally, hypoxia-inducible factor (HIF)-1α, a 
critical regulator of cellular response in hypoxic condition, 
can alter the mechanosensitivity of osteocytes and suppress 
load- induced bone formation [ 58 ].  

11.4.2     Effects of Glucocorticoids on Fat Tissue 

 Glucocorticoids promote differentiation of preadipocytes to 
mature adipocytes via upregulation of the peroxisome 
proliferator- activated receptor (PPAR)-γ and downregulation 
of runt-related transcription factor 2 (Runx2). In addition, 
glucocorticoids can cause adipocyte hypertrophy through 
increased synthesis and storage of lipids [ 59 ]. It has been 
shown that the number and area of fat cells increase in the 
bone marrow after exposure to glucocorticoids [ 60 ,  61 ]. 
These changes can generate compression of venous sinu-
soids and congestion in the bone marrow. As a result, ade-
quate arterial blood fl ow may not be achieved due to increases 
in intraosseous pressures, eventually leading to osteonecro-
sis [ 62 ].  

11.4.3     Effects of Glucocorticoids 
on Vascular Functions 

 Patients with Cushing syndrome have been reported to have 
increased cardiovascular morbidity and mortality. Chronic 
administration of glucocorticoids inhibits the synthesis of 
vasorelaxants, such as prostaglandin E1, prostacyclin, and 
endothelial nitric oxide (NO), via a suppression phospholi-
pase A2 and endothelial nitric oxide synthase (eNOS) [ 63 ]. 
In addition, glucocorticoids indirectly increase vascular tone 
through the upregulation of angiotensin II type I receptor and 
α-1 adrenergic receptors in vascular smooth muscle cells 
[ 64 ]. Furthermore, glucocorticoids can stimulate the synthe-
sis of vasoconstrictor endothelin-1 and potentiate its vaso-
constricting effect in vascular smooth muscle cells [ 65 ]. 
There is some evidence that glucocorticoids increase reac-
tive oxidative stress species (ROS) which decrease NO 
 availability [ 66 ]. Thus, glucocorticoids can cause dysregula-
tion of endothelium-dependent and endothelium- independent 
vasodilatation. Furthermore, higher doses of dexamethasone 
were reported to result in microvascular endothelial cell 
apoptosis and could lead to capillary rarefaction in a 

glucocorticoid- induced hypertension model [ 67 ]. This may 
be involved in glucocorticoid-induced hypertension and 
hypercoagulability. The effect of glucocorticoids on the 
coagulation system is discussed below.  

11.4.4     Effects of Glucocorticoids 
on Angiogenesis 

 New blood vessel formation is essential for the repair of 
ischemia-damaged tissues when FHON develops. However, 
glucocorticoids have been shown to inhibit angiogenesis. In 
a dexamethasone-induced FHON rabbit model, vascular 
endothelial growth factor (VEGF) gene therapy improved 
the repair process of osteonecrosis [ 68 ]. Glucocorticoids 
suppress expression of VEGF and increase expression of 
antiangiogenic thrombospondin-1 [ 69 ,  70 ]. Glucocorticoid- 
induced suppression of matrix metalloproteinases and plas-
minogen activators may affect the proangiogenic process 
through impairment of basement membrane turnover [ 71 ]. It 
has also been shown that GCs can inhibit capillary growth by 
reducing collagen synthesis by myofi broblasts [ 72 ]. Because 
cartilage components released from subchondral fracture 
sites have been considered antiangiogenic, the negative 
effects of glucocorticoids on angiogenesis may be potenti-
ated in the subchondral bone tissue in FHON cases [ 73 ].  

11.4.5     Effects of Glucocorticoids 
on the Coagulation System 

 Fibrinolytic activity is balanced by tissue plasminogen 
 activator (t-PA) and plasma plasminogen activator inhibi-
tor-1 (PAI-1). The accumulated evidence of in vitro studies 
as well as studies of patients with Cushing syndrome sug-
gests that glucocorticoids increase the PAI-1 activity, result-
ing in a relatively hypercoagulable state [ 74 ]. The plasma 
level of the von Willebrand factor (vWF) is a marker of 
endothelial cell damage because the vWF is synthesized and 
stored in the endothelial cells. Plasma vWF levels are 
reported to increase in subjects with exogenous or endoge-
nous excess glucocorticoids, and dexamethasone induces the 
expression of vWF, cell adhesion molecules, and tissue fac-
tor in vascular endothelial cells [ 75 ]. Since vWF is involved 
in platelet aggregation and adhesion, glucocorticoid-induced 
endothelial damage may contribute to thrombi formation.   

11.5     Clinical Manifestations 

 The clinical features of GI-FHON are not different from 
those in other FHON. Patients with GI-FHON usually 
 experience pain primarily in the groin but occasionally the 
buttocks. The pain onset often can be described as acute. The 
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pain is usually deep and throbbing and becomes worse with 
ambulation. Patients frequently complain of a catching or 
popping sensation with motion. In patients with a history of 
glucocorticoid treatment, especially in higher doses, persis-
tent hip pain with joint movement, tenderness, or reduced 
range of motions indicates the need for a prompt workup for 
GI-FHON. On physical examination, limitation of internal 
rotation in both fl exion and extension is observed, with pas-
sive internal rotation in extension being particularly painful. 
A Trendelenburg gait is often present. Additionally, some 
characteristic features of chronic glucocorticoid users can be 
seen: moon face, central obesity, and buffalo hump. 

 Anteroposterior radiographs and frog lateral radiographs 
of both hips are the primary diagnostic modalities, while 
plain radiographic fi ndings are frequently normal. Magnetic 
resonance imaging (MRI) is ideal if x-ray fi ndings are nor-
mal and clinical suspicion is high [ 9 ,  37 ]. The sensitivity and 
specifi city of MRI are both greater than 98 % for the diagno-
sis of osteonecrosis, which is higher than those of other diag-
nostic modalities. Therefore, MRI should be performed in all 
patients with osteonecrosis to assess the extent of the dis-
ease. Three-dimensional MRI with image registration can be 
used to assess changes in lesion size [ 76 ,  88 ]. Bone scan may 
be helpful when x-ray fi ndings are normal and when MRI 
cannot be performed. It may be low-cost alternative when the 
suspicion index is low [ 77 ,  89 ].  

11.6     Natural Course 

 Most studies on the natural history of FHON have been con-
ducted on patients with heterogeneous subtypes of nontrau-
matic FHON. However, the natural history of nontraumatic 
FHON cannot represent that of GI-FHON because subtypes 

of nontraumatic FHON may have different pathogenic 
 mechanisms and underlying conditions necessitating gluco-
corticoids can affect the course of FHON. The results of 
studies using MRI to diagnose asymptomatic GI-FHON are 
summarized in Table  11.3  [ 7 ,  11 ,  78 – 83 ]. About one-third of 
patients with asymptomatic early GI-FHON have symptom-
atic or radiological progression over a period of several years. 
Thus, clinical progression or subchondral collapse rate seems 
to be lower than the other subtypes of nontraumatic FHON, 
especially FHON associated with sickle cell anemia. 
Sometimes small lesions of GI-FHON are reported to be 
spontaneously resolved [ 81 – 83 ]. However, as with other sub-
types, femoral head collapse develops most often in 
GI-FHON patients with larger osteonecrosis areas (>15–
30 %), lesions occupying the weight-bearing surface, higher 
radiographic stages, or hip pain [ 84 ]. There is no established 
risk stratifi cation system to exactly estimate outcomes in 
GI-FHON patients. Because proper therapeutic decisions 
depend on the natural course of FHON, more extended stud-
ies are needed to develop an improved risk classifi cation 
system.

11.7        Prevention and Treatments 

11.7.1     General Guideline 

 Until now, no specifi c prevention strategy has been 
 developed. Because the risk of GI-FHON is usually 
 associated with the dose and duration of glucocorticoid 
treatment, the effort to use the minimal effective dose and to 
appropriately taper glucocorticoid doses is needed. Because 
introduction of immunosuppressants may decrease the 
 incidence of GI-FHON in renal transplant patients [ 38 ], 

   Table 11.3    Progression of asymptomatic GI-FHON   

 Authors 
 Publication 
year  Underlying disease  Hip no.  Initial status 

 Follow-up period  Progression 

 Reference  Mean  Range  Symptom  Collapse 

 Kopecky et al.  1991  Kidney TPL  25  17 months  9–26  28 %  24 %  [ 11 ] 
 Sugano et al.  1994  SLE  16  Type A/B/C = 6/2/8  60 months  36–84  38 %  38 %  [ 7 ] 
 Kubo et al.  1997  Kidney TPL  23  Type A/B/C = 6/1/16  52 months  30–78  30 %  30 %  [ 78 ] 
 Sakamoto et al.  1997  10 SLE  31  Grade 

A/B/C/D = 4/5/11/11 
 31 months  24–69  13 %  10 %  [ 79 ] 

 4 DM/PM 
 1 MCTD 
 1 pemphigus 
 1 lymphoma 

 Yoshida et al.  2002  SLE  24  Type A/B/C = 8/4/12  51 months  12–95  29 %  4 %  [ 80 ] 
 Cheng et al.  2004  Solid organ TPL  30  37 %  –  [ 81 ] 
 Nakamura et al.  2010  SLE  251  Type A/B/C1/

C2 = 6/7/42/42 
 163 months  120–240  –  35 %  [ 82 ] 

 Zhao et al.  2012  SARS  190  ARCO stage I/
II = 168/22 

 >84 months  35 %  26 %  [ 83 ] 

   SARS  severe acute respiratory syndrome,  SLE  systemic lupus erythematosus,  TPL  transplantation,  DM/PM  dermatomyositis/polymyositis,  MCTD  
mixed connective tissue disease,  ARCO  Association Research Circulation Osseous, type C2 or grade D lesions extend beyond the acetabular edge  
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early introduction of effective corticosteroid-sparing agents 
should be considered in such patients. 

 Once FHON develops, an assessment of FHON staging 
(refer to Chap   .   28    ) should be made since the choice of treat-
ment depends on the staging. To reduce weight bearing using 
canes, crutches, or a walker for about 6 weeks is the fi rst 
acceptable treatment. Simple analgesics or nonsteroidal anti- 
infl ammatory drugs can be prescribed for symptomatic treat-
ments. However, no conservative or medical therapy has 
been proven to benefi t patients with GI-FHON, and surgical 
treatment is inevitable in most symptomatic cases [ 84 ].  

11.7.2     Medical Treatment 

 Based on hypothetical mechanisms, various therapeutic 
agents have been attempted in GI-FHON animal models. 
Among them, the preventive effect of statin and warfarin was 
evaluated in patients receiving glucocorticoids; the results 
concerning statin effects were controversial [ 85 ,  86 ], and 
warfarin treatment only tended to decrease symptomatic 
GI-FHON cases in SLE patients [ 87 ]. Additionally, enoxapa-
rin, a low molecular weight heparin, is not helpful in 
GI-FHON patients [ 88 ]. A single-arm study reported that 
intravenous infusion of prostaglandin I 2  for 5 days decreased 
pain and radiographic outcomes in patients with bone marrow 
edema or early nontraumatic FHON [ 89 ]. However, some 
evidence suggests that alendronate is a candidate drug for the 
treatment of early GI-FHON. Although 7 (18 %) of the 40 
study subjects had GI-FHON, a randomized controlled study 
demonstrated that alendronate (70 mg/week for 25 weeks) 
could signifi cantly prevent the collapse of the femoral head in 
FHON patients with Steinberg stage IIC or IIIC [ 90 ]. A pro-
spective open-label study, where 28 (47 %) of the 60 patients 
had GI-FHON, showed symptomatic improvement and mini-
mal or no radiographic progression after 1 year of follow-up 
[ 91 ]. In another prospective study that included 26 (79 %) of 
the 33 patients with GI-FHON, alendronate (5 mg/day for 1 
year) decreased the frequency of the femoral head collapse 
[ 92 ]. When the add-on effect of alendronate was studied for 4 
years, combination therapy of multiple drilling and alendro-
nate showed a signifi cant benefi t in GI-FHON patients with 
Ficat stages II and III [ 93 ]. However, a 2-year randomized 
double-blind study where 12 (23 %) of the 52 patients devel-
oped GI-FHON reported no signifi cant effects in the 52 
patients at stage IIC or IIIC [ 94 ]. Thus, further studies are 
warranted to confi rm that alendronate is a potential option to 
postpone the need for hip surgery in patients with GI-FHON. 

 Recently, stem cell-based therapy has attracted attention. 
Because GI-FHON is believed to have limited reparative 
capacity partially secondary to decreased proliferation of 
mesenchymal stem cells, the approach could be acceptable 
[ 95 ]. In rabbit GI-FHON models, cell-based therapies using 

autologous bone marrow or mesenchymal stem cells, 
 peripheral blood-derived mononuclear cells, or endogenital 
progenitor cells showed benefi cial effects on progression pre-
vention, vascularization, and bone regeneration of the femo-
ral head [ 96 – 99 ]. A pilot controlled study was performed 
using autologous bone marrow mononuclear cells in 18 
patients with early stage (I and II) FHON. Direct implanta-
tion of bone marrow-derived mononuclear cells into the fem-
oral head resulted in a signifi cant decrease in symptoms and 
collapse rate at 2 years [ 100 ]. In an observational study of 
SLE patients with GI-FHON, concentrated autologous bone 
marrow aspirate transplantation improved joint pain and 
resulted in a 40 % radiographic progression rate over a period 
of 41 months in patients with type C2 lesions [ 101 ]. Although 
several preclinical results showed promising benefi ts, cell-
based therapies have not been widely used to treat GI-FHON, 
and there are no long-term and large-scale studies. Further 
clinical studies are needed to evaluate the availability and 
safety of the stem cell-based therapies in human patients.  

11.7.3     Surgical Treatment 

 Various joint-preserving treatments have been proposed 
because of the failure of nonoperative treatments and the 
limited durability of prosthetics. Core decompression, vas-
cularized fi bular grafts, bone grafting, bone marrow grafting, 
and osteotomy have been applied to delay total hip replace-
ment with variable outcomes (for detailed information, refer 
to Chap.   28    ). In advanced or symptomatic GI-FHON, total 
hip replacement is the treatment of choice.   

11.8     Summary 

 Glucocorticoids are considered the most common cause of 
nontraumatic FHON and GI-FHON, which can develop in 
less than 30 % of patients receiving higher doses of gluco-
corticoids. Although the pathophysiological mechanisms 
have not yet been fully deduced, accumulation of glucocorti-
coid effects can lead to the development of GI-FHON in sub-
jects with a genetic predisposition or an underlying disease 
that threatens bone and vascular tissue. The clinical features 
of GI-FHON are not different from those of other FHON. 
Clinical progression or subchondral collapse rates may be 
similar to or lower in asymptomatic GI-FHON than in other 
subtypes of nontraumatic FHON. Total hip replacement is 
eventually needed in many symptomatic cases. Efforts to use 
the minimal effective dose and to appropriately taper doses 
of glucocorticoids are essential to preventing GI-FHON. 
More studies are necessary to establish the effects of 
 pharmacologic and non-pharmacologic joint-preserving 
therapies in patients with early stage GI-FHON.     
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12.1            Introduction 

 The disease process of atraumatic osteonecrosis was fi rst 
described as ischemic necrosis of the hip [ 1 ]. This pathologi-
cal process can lead to destructive arthritis in multiple joints, 
most commonly occurring in the hips, knees, shoulders, and 
ankles [ 1 ]. Currently, there is no consensus on the patho-
physiological mechanism of osteonecrosis, but it is thought 
to be multifactorial in nature. However, there are certain 
direct risk factors implicated in the development of osteone-
crosis such as trauma, radiation, Caisson’s disease, and 
sickle cell disease [ 2 ]. In addition, various other risk factors 
have been shown to have a direct correlation with osteone-
crosis such as corticosteroids, habitual alcohol intake, hyper-
lipidemia, chemotherapeutic agents, systemic lupus 
erythematosus, lipid storage diseases, and infl ammatory 
bowel disease [ 3 ,  4 ]. 

 In 1958, Chandler and Wright described the adverse 
effects of high-dose intra-articular corticosteroid injection 
[ 5 ]. Later in 1960, Heimann and Freiberger noticed similar 
results seen with high-dose oral corticosteroids on the femo-
ral and humeral head [ 6 ]. Although there are several theories 
behind corticosteroid-induced osteonecrosis, it is generally 
thought to be caused by vascular compromise to the femoral 
head. The most widely accepted mechanism of corticosteroid- 
induced osteonecrosis results from adipocyte hypertrophy 
which increases intraosseous pressure causing extramural 
compression of the vasculature to the femoral head [ 7 ]. This 
leads to a disruption in blood fl ow, which causes a lack of 
delivered vital nutrients. In addition, corticosteroids have 

been found to cause a decrease in osteoclast and osteoblast 
 activity, which subsequently results in decreased bony turn-
over, trabecular width, density, and formation [ 8 ]. 

 Recently, numerous studies have shown there to be a 
direct correlation between the use of high-dose corticoste-
roids and the increased risk of osteonecrosis. It is widely 
accepted that doses greater than 2 g over a 3-month interval 
impart the greatest risk for the development of corticosteroid- 
induced osteonecrosis [ 2 ]. This chapter therefore aims to 
evaluate the effects of corticosteroids on the incidence of 
osteonecrosis of the hip , particularly in relation to dosing, 
and duration of treatment, and the effects of pulse therapy.  

12.2     Treatment Dosing 

 Current studies demonstrate that there is a direct correlation 
between the incidence of osteonecrosis and the use of corti-
costeroids. A recent study by Felson et al. demonstrated that 
the incidence of corticosteroid-induced osteonecrosis may 
be increasing due to higher dosing regimens. The authors 
found there to be a 4.6 % increase in incidence of osteone-
crosis with every 10 mg/day increase in corticosteroid use. 
Additionally, it was seen that the daily dose of corticosteroid 
may be one of the greatest risk factors for osteonecrosis 
( R   2   = 0.75) [ 9 ]. Similarly, the incidence of osteonecrosis has 
been reported to be higher with a mean daily dose of > 40 mg/
day. Shigemura et al. in a prospective randomized study 
found a fourfold increase in the risk of osteonecrosis with the 
use >40 mg/day of corticosteroids ( OR  = 4.2;  p  = 0.001). This 
study showed that an increase in the mean daily dose may 
result in an increased incidence of osteonecrosis [ 10 ]. 

 In a prospective study of 45 patients diagnosed with sys-
temic lupus erythematosus (SLE), Nagasawa et al. examined 
the dose–response relationship with development of osteo-
necrosis over a 5-year period. During this period patients had 
magnetic resonance imaging (MRI) evaluations every year 
following initiation of 40 mg/day of corticosteroid therapy. 
The authors demonstrated that the cohort who developed 
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osteonecrosis had a signifi cantly higher proportion of 
patients who received >1,000 mg/day of corticosteroids than 
that group of patients who demonstrated no radiographic evi-
dence of the disease (87 % versus 37 %;  p  < 0.01) [ 11 ]. 

 Studies have also demonstrated that patients receiving a 
cumulative dose of corticosteroids >2 g are at a higher risk 
for developing osteonecrosis. A retrospective study by 
Nakamura et al., who examined 201 SLE patients over a 
13-year period, demonstrated that 15 % of patients who 
received high corticosteroid doses had increased risks of 
developing osteonecrosis [ 4 ]. 

 The cumulative corticosteroid dosage has been shown to 
have a direct association with the risk of osteonecrosis. In 
particular, a study by Shjibatani et al. found that patients who 
have had renal transplantation are at a potentially higher risk 
of developing osteonecrosis. The authors found that patients 
who received ≤1,795 mg and >1,795 mg of cumulative ste-
roid dosing over an 8-week period after renal transplantation 
had higher risks of developing osteonecrosis compared to 
those who received less than 1,400 mg of corticosteroids 
(hazards ratio, 2.9 and 3.2, respectively;  p  = 0.07 and 0.07, 
respectively) [ 12 ]. 

 Despite the positive correlation seen in the previous stud-
ies, a prospective study by Ono et al. showed that there may 
be no correlation between corticosteroid use and develop-
ment of osteonecrosis. This study consisted of 62 patients 
with SLE who were treated with 30 mg/day of corticoste-
roids for at least 30 days. The authors found no signifi cant 
correlation between the mean dose, the total cumulative 
usage, and the duration of high-dose corticosteroids and the 
subsequent risk of developing osteonecrosis [ 13 ]. It is 
 possible that limiting corticosteroid use to the lowest dose 
possible that is medically effective may minimize the risk of 
osteonecrosis.  

12.3     Treatment Duration 

 Another independent risk factor associated with an increased 
risk of osteonecrosis is the duration of corticosteroid treat-
ment. A study by Nakamura et al. observed the risk of osteo-
necrosis in relation to the dose and duration in 201 SLE (537 
joints) patients over a 13-year period [ 4 ]. This study demon-
strated a direct association between osteonecrosis risk and 
longer duration of corticosteroid use, as well as with 
increased doses required for patients who had recurrent epi-
sodes. The authors found that 238 out of the 537 joints devel-
oped osteonecrosis at an average of 26 years of age. 
Additionally, a study by Li et al. evaluated the correlation 
between osteonecrosis and corticosteroid in 539 patients 
with severe acute respiratory syndrome. In relation to 
 duration of treatment, the authors found that patients who 
developed osteonecrosis received corticosteroids for a 

 signifi cantly longer duration when compared to patients who 
did not develop the disease (38 ± 17 versus 27 ± 15 days; 
 p  < 0.01) [ 14 ]. 

 However, no studies were found refuting that increased 
duration of treatment increased the risk of osteonecrosis. It 
is postulated that this could have been a compounding vari-
able with higher dosages as well. Therefore, it may be 
important to minimize treatment to the shortest duration 
feasible.  

12.4     Pulsed Therapy 

 Pulsed therapy refers to the intermittent administration of 
corticosteroids at suprapharmacologic dosages intravenously 
[ 15 ]. A study by Ce et al. compared 60 patients who had 
multiple sclerosis and were treated with corticosteroids to a 
group who had multiple sclerosis but did not receive cortico-
steroid treatment. The authors found from MRI evaluation 
that patients had a signifi cantly higher risk for developing 
osteonecrosis with treatment of >10 g of cumulative pulsed 
corticosteroid dose, compared to the matched group (15.5 % 
versus 0 %;  p  = 0.043) [ 16 ]. However, it is uncertain whether 
the positive correlation seen in this study is from the treat-
ment with pulsed corticosteroids or the higher cumulative 
dose. Similarly, a study by Lausten et al. of 374 renal trans-
plant patients found that patients who were treated with 
pulsed corticosteroid therapy ( n  = 34) had a signifi cantly 
higher rate of osteonecrosis when compared to treatment 
without pulsed therapy ( n  = 22;  p  < 0.05) [ 17 ]. 

 However, a study by Oinuma et al. of 72 patients with 
SLE showed that there was no signifi cant difference in the 
incidence of osteonecrosis with the use of pulsed therapy. 
The authors found that 45 % (18 of 40) of patients who had 
osteonecrosis received pulsed corticosteroid therapy when 
compared to 53 % (17 of 32) of patients without osteonecro-
sis who received pulsed therapy. However, this study failed 
to mention the dosage of pulsed corticosteroid therapy [ 18 ]. 

 The current use of pulsed therapy has shown to have con-
fl icting results in association with the development of osteo-
necrosis. Due to a lack of concordance between studies, 
larger prospective randomized studies are needed to deter-
mine a cause-effect relationship between pulsed therapy and 
osteonecrosis.  

    Conclusion 

 Treatment with corticosteroids may have up to a tenfold 
increase in the risk of developing osteonecrosis. 
Additionally, patients receiving higher mean doses have 
been shown to be at an even higher increased risk of 
osteonecrosis. However, it is uncertain whether cortico-
steroid duration and cumulative dose have an effect on the 
incidence of osteonecrosis. It is believed that it may be a 
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compounding factor along with the underlying disease. 
Furthermore, the reported studies demonstrate the pulsed 
corticosteroids may also increase the risk of osteonecro-
sis. Based on the current literature, it is believed that min-
imizing the dosage and duration of corticosteroid 
treatment may potentially minimize the risk of develop-
ing osteonecrosis. Due to paucity of reports, we believe 
that larger prospective studies are needed to assess the 
effects of corticosteroids on the incidence of osteonecro-
sis. Furthermore, molecular studies may be important in 
elucidating the pathogenetic mechanism of corticoste-
roids and osteonecrosis.     
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13.1            Introduction 

 Osteonecrosis is a condition of bone death leading to joint 
pain, bone destruction, and loss of function. Nontraumatic 
osteonecrosis, a disease entity in which the underlying 
 etiology and pathogenesis have not been fully elucidated, 
commonly involves the femoral heads. Although a wide 
spectrum of conditions, including systemic steroid adminis-
tration, that are potentially related to nontraumatic osteone-
crosis of the femoral head (ONFH) have been reported so far 
[ 1 – 5 ], alcohol consumption continues to be important as an 
environmental factor. In this chapter, we present a summary 
of the descriptive and analytic epidemiology regarding 
alcohol- induced ONFH, as well as related issues including 
potential mechanisms for disease etiology and infl uences of 
alcohol- associated factors.  

13.2     Descriptive Epidemiology 
of Alcohol- Induced ONFH  

 According to published reviews, the association of alcohol-
ism with osteonecrosis was fi rst described in 1922 [ 1 ,  4 ]. 
Several studies have examined the frequency of ONFH 
among alcoholics and found that the prevalence was low. A 
study from the USA assessed 790 patients who were hospi-
talized for treatment of alcoholism. ONFH was diagnosed in 
2 patients, resulting in a prevalence of 0.3 % [ 6 ]. In 
Yugoslavia, among 1,157 patients who had been treated for 
excessive alcohol consumption, 92 sites in 62 patients (5 %) 
were diagnosed as nontraumatic osteonecrosis. Of these, 82 
sites were found to be ONFH [ 7 ]. 

 Some epidemiological studies reported the frequency of 
alcohol-induced ONFH among all ONFH patients on the 
basis of country. In Japan, a nationwide survey was con-
ducted by stratifi ed random sampling from all orthopedic 
departments to estimate the number of patients with ONFH 
who sought medical care during 2004 and to reveal their 
basic characteristics [ 8 ]. Of 1,502 patients from whom clini-
cal information was obtained, 31 % had a history of habitual 
alcohol use, 51 % had a history of systemic steroid adminis-
tration, 3 % had both histories, and 15 % had neither history. 
After stratifi cation    by gender and age group, the proportions 
of patients with a history of habitual alcohol use were 47 % 
for males and 6 % for females and 27 % for patients aged 
<40 years, 36 % for those aged 40–64 years, and 17 % for 
those aged ≥65 years (Table  13.1 ). Another nationwide sur-
vey in Korea estimated the prevalence of osteonecrosis of the 
femoral head, including posttraumatic cases, between 2002 
and 2006 using medical claims and population data from the 
National Health Insurance Corporation of Korea [ 9 ]. 
Regarding a subset of the validation data with 185 hospital-
ized patients for whom a diagnosis was confi rmed, 32.4 % 
had a history of alcohol abuse, 14.6 % had a history of ste-
roid use, and 1.6 % had a history of hip fracture.

   Although frequency of alcohol-induced ONFH among 
all ONFH patients is likely to be described among study 
participants in clinical studies that evaluated outcomes of 
operative or therapeutic procedures, this is not always the 
case. Even when described, the frequency varied across the 
studies. For example, with respect to several recent reports, 
the proportion 1  was 27/52 patients (52 %) [ 10 ], 6/23 patients 
(26 %) [ 11 ], 5/28 patients (18 %) [ 12 ], 18/80 patients (23 %) 
[ 13 ], 1/19 patients (5 %) [ 14 ], 37/100 patients (37 %) [ 15 ], 
26/32 patients (81 %) [ 16 ], 16/42 hips (38 %) [ 17 ], and 
11/71 hips (15 %) [ 18 ]. In addition to differences in  ethnicity, 

1   Note: If patients with posttraumatic osteonecrosis of the femoral head 
were included in the study, the authors excluded the subjects and recal-
culated the proportion of alcohol-induced ONFH patients (hips) among 
all patients (hips). 
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diagnostic criteria, and defi nitions for eligibility and exclu-
sion in each study, no universal defi nition regarding alcohol-
induced ONFH explains the different frequencies among 
studies. Some studies defi ned alcohol-induced ONFH as 
having a history of greater than 400 mL of pure ethanol con-
sumption per week [ 16 ] or equivalent consumption for at 
least 6 months [ 10 ]. However, even less alcohol consump-
tion might increase the risk of ONFH, because a threshold 
of alcohol consumption for alcohol-induced ONFH is 
unknown, and the causal mechanisms of alcohol intake have 
not been fully proven.  

13.3     Analytic Epidemiology 
of Alcohol- Induced ONFH 

13.3.1     Alcohol Consumption 
as a Risk Factor for ONFH  

 Although cohort, case-control, and cross-sectional studies 
can all be used to determine the factors associated with 
ONFH, the case-control approach is particularly suited to 
evaluate alcohol intake as a risk factor for development of 
ONFH. Possible reasons for this are that ONFH is an uncom-
mon disease, and it is crucial to obtain a detailed history of 
alcohol consumption in each subject. Several hospital-based 
case-control studies have been reported from Japan [ 19 – 22 ]. 
In all studies, patients with ONFH without a history of sys-
temic steroid treatment and control patients were recruited at 
departments of orthopedic surgery. 

 A case-control study by Matsuo et al. recruited 112 cases 
with ONFH and 168 controls from 4 collaborating hospitals 
in Western Japan [ 19 ]. Later, Hirota et al. reported results 
from another case-control study in which 118 cases and 236 
controls were recruited from 20 collaborating hospitals all 
over Japan [ 20 ]. These two studies are highly comparable 
with respect to case defi nition, control selection, matching 
conditions between cases and controls (gender, age, ethnic-
ity, date of initial examination/diagnosis, and hospital), and 
statistical analysis. According to the results by Hirota et al. 

[ 20 ], the odds ratios (ORs) of former, occasional, and 
 regular drinkers were 1.0, 3.2, and 13.1, respectively, com-
pared to never drinkers (trend  p  < 0.001). Likewise, ele-
vated ORs with a clear dose–response relationship were 
observed with respect to weekly ethanol consumption (ORs 
2.8, 9.4, and 14.8 for <320, 320–799, and ≥800 g/week, 
respectively, in comparison to nondrinker; trend  p  < 0.001) 
and cumulative alcohol consumption (ORs 2.2, 9.7, and 
12.9 for <3,200, 3,200–7,999, and ≥8,000 drink-years, 
respectively, in comparison to never drinker; trend  p  < 
0.001) (Table  13.2 ). Similar fi ndings were also seen in the 

   Table 13.1    Distribution of potential causative factors among ONFH patients: a nationwide epidemiological survey in Japan, 2004   

 Variables 

 All patients 
( n  = 1,502) 

 Stratifi ed by gender a   Stratifi ed by age (years) at diagnosis a  

 Male ( n  = 885)  Female ( n  = 612)  <40 ( n  = 548)  40–64 ( n  = 706)  ≥65 ( n  = 153) 

  n  (%)   n  (%)   n  (%)   n  (%)   n  (%)   n  (%) 

 Systemic steroid administration  760  (51)  295  (34)  462  (76)  325  (60)  340  (48)  58  (38) 
 Habitual alcohol use  456  (31)  415  (47)  39  (6)  146  (27)  253  (36)  26  (17) 
 Both  47  (3)  39  (4)  8  (1)  16  (3)  24  (3)  6  (4) 
 Neither  225  (15)  127  (15)  98  (16)  59  (11)  85  (12)  62  (41) 
 Unknown/not fi lled-in  14  9  5  2  4  1 

  Reproduced with permission and copyright © of the  Association of Bone and Joint Surgeons  [ 8 ; Table 2] 
 Some totals of “%” do not equal 100 % attributable to rounding 
  ONFH  nontraumatic osteonecrosis of the femoral head 
  a There was no available information regarding gender for fi ve patients and for age at diagnosis for 95 patients  

   Table 13.2    Adjusted relative risks of alcohol drinking for ONFH: a 
case-control study in Japan, 1988–1990   

 Characteristics 

 Cases  Controls 

 Relative odds a   95 % CI  No.  %  No.  % 
 Alcohol drinking 
  Never  23  19.5  87  36.9  1.0 
  Former  4  3.4  10  4.2  1.0  0.2–6.2 
  Occasional  26  22.0  80  33.9  3.2  1.1–9.2 
  Regular  65  55.1  59  25.0  13.1  4.1–42.5 

 Trend:  p  < 0.001 
 Weekly ethanol intake (g/week) 
  Nondrinker  27  22.9  97  41.1  1.0 
  <320  24  20.3  87  36.9  2.8  1.0–7.8 
  320–799  49  41.5  45  19.1  9.4  3.0–29.0 
  ≥800  18  15.3  7  3.0  14.8  3.8–57.2 

 Trend:  p  < 0.001 
 Drink-years 
  Never drank  23  19.7  87  37.5  1.0 
  <3,200  15  12.8  62  26.7  2.2  0.7–6.9 
  3,200–7,999  25  21.4  36  15.5  9.7  2.6–36.1 
  ≥8,000  54  46.2  47  20.3  12.9  3.8–43.4 

 Trend:  p  < 0.001 

  Reproduced with permission and copyright © 1993 by the  Johns 
Hopkins University School of Hygiene and Public Health  [ 20 ;Tables 2 
and 3] 
  ONFH  nontraumatic osteonecrosis of the femoral head,  CI  confi dence 
interval 
  a Adjusted for cigarette smoking, occupational energy consumption, 
body mass index, and liver dysfunction, using conditional logistic 
regression model  
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earlier study by Matsuo et al. [ 19 ]. Later, two case-control 
studies confi rmed the  positive association between alcohol 
intake and ONFH [ 21 ,  22 ].

   Because both current consumption and cumulative 
 consumption were positively associated with ONFH, effects 
of alcohol on ONFH are likely to be immediate, as well as 
cumulative [ 20 ]. However, detailed pathogenesis for alcohol- 
induced ONFH has not been well established. Some studies 
observed morphological changes in the bone marrow of the 
femoral head among alcohol-treated animals: an induced 
adipogenesis and decreased osteogenesis [ 23 ] and an 
increased fat cell size and higher bone marrow pressure [ 24 ]. 
These studies also reported an elevated serum cholesterol or 
triglyceride [ 23 ,  24 ]. Likewise, a recent experimental study 
in rabbits revealed abnormalities in lipid status both in bone 
marrow and in blood after intragastric administration of dif-
ferent doses of alcohol. In addition, these abnormalities were 
more pronounced in rabbits with higher doses of alcohol 
[ 25 ]. An increased level of serum cortisol in patients with 
alcohol-induced ONFH has been reported as another hema-
tological change [ 26 ]. With respect to in vitro studies, sug-
gested mechanisms include nitric oxide-mediated apoptosis 
of osteoblasts and osteocytes [ 27 ] and a decreased ability in 
osteogenic differentiation of mesenchymal stem cells iso-
lated from the bone marrow [ 28 ].  

13.3.2     Interaction Between Alcohol 
Consumption and Other Factors  

 Pathogenesis of ONFH is likely to be multifactorial. 
However, little is known about the interaction of alcohol con-
sumption with other factors in the development of ONFH. 

 Recently, we reported results from a hospital-based case- 
control study that examined the risk of ONFH due to inter-
actions between oral corticosteroid use and alcohol intake 
[ 29 ]. Among 71 cases with ONFH and 227 controls, we 
evaluated multiplicative interaction and additive interac-
tion, as proposed by Rothman [ 30 ], using a two-by-two 
table of “nondrinker vs. drinker” for alcohol intake and 

“never user vs. user” for oral corticosteroids. Compared to 
nondrinkers without steroid use, an elevated but nonsignifi -
cant OR was observed for drinkers without steroid use (OR 
2.79). In contrast, we found a substantially elevated OR in 
nondrinkers with steroid use (OR 31.5). However, no fur-
ther increase in OR was seen for the combined effect of 
alcohol and steroid use (OR 31.6). As a result, we did not 
detect any signifi cant multiplicative or additive interaction 
(Table  13.3 ). Although pharmacokinetic interaction 
between steroids and alcohol is possible, the most plausible 
interpretation may be that the added effect of alcohol intake 
was too small to make any signifi cant difference in the pres-
ence of the overwhelming effect of steroids in the develop-
ment of ONFH.

   Our case-control study also demonstrated the importance 
of stratifi cation by steroid use [ 29 ]. When we evaluated the 
effects of cumulative alcohol intake on ONFH among all sub-
jects, a positive relationship (OR of the highest category of 
cumulative consumption: 3.93) was weaker than that in previ-
ous reports by Matsuo et al. [ 19 ] or Hirota et al. [ 20 ]. After we 
limited the analysis to those subjects who had never used ste-
roids, we obtained a pronounced positive association between 
cumulative intake and ONFH (OR 11.1), which was compa-
rable to the results from the previous two reports. An associa-
tion between factors of interest and ONFH may be masked if 
subjects with a history of steroid administration are included 
in the study. A similar fi nding was also observed in a study 
that evaluated the effect of smoking on the risk of ONFH [ 31 ].  

13.3.3     Alcohol-Associated Factors and ONFH: 
Activities of Aldehyde Dehydrogenases 
and History of Liver Dysfunction 

 Alcohol consumption can be infl uenced by the activities of 
alcohol dehydrogenases and aldehyde dehydrogenases. 
Aldehyde dehydrogenase 2 (ALDH2), a key enzyme in the 
elimination of acetaldehyde, has a genetic polymorphism 
that is prevalent in East Asians, but rare in Caucasians or 
Africans [ 32 ]. The mutant ALDH2*2 allele encodes a 

   Table 13.3    Multiplicative or additive interaction between current drinking status and oral corticosteroid use for ONFH: a case-control study in 
Japan, 2002–2004   

 Variables 

 Never user of oral corticosteroids  User of oral corticosteroids   p -value for 
multiplicative 
interaction b  

 Synergy index c  
(95 % CI)  Cases ( n )/controls ( n ) 

 Adjusted OR 
(95 % CI) a   Cases ( n )/controls ( n ) 

 Adjusted OR 
(95 % CI) a  

 Current drinking status 
  Nondrinker  4/79  1  22/15  31.5 (9.05–109) 
  Drinker  23/122  2.79 (0.89–8.77)  22/11  31.6 (8.67–115)  0.19  0.95 (0.32–2.80) 

  Reproduced with permission and copyright © of the  British Editorial Society of Bone and Joint Surgery  [ 29 ; Table IV] 
  ONFH  nontraumatic osteonecrosis of the femoral head,  OR  odds ratio,  CI  confi dence interval 
  a Adjusted for gender, age, smoking, and past history of liver disease, hyperlipidemia, and gout, using logistic regression model 
  b Wald test for each interaction term (DF = 1) 
  c Synergy index >1 indicates additive interaction  
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 catalytically inactive subunit, and the molecules containing 1 
or 2 ALDH2*2 allele subunits (i.e., ALDH2*1/*2 or 
ALDH2*2/*2) are considered to be inactive. Those with 
inactive ALDH2 are likely to experience facial fl ushing 
responses due to acetaldehydemia after drinking alcohol, 
resulting in reduced alcohol intake with respect to both fre-
quency and amount [ 33 – 36 ]. In a case-control study, Shibata 
et al. examined whether facial fl ushing pattern (i.e., fl usher 
or non-fl usher), as a proxy measure for sensitivity of alcohol, 
was independently associated with ONFH among 64 male 
cases and 128 male controls who were recruited from fi ve 
collaborating hospitals in Japan [ 21 ]. Compared to fl ushers, 
the crude OR of non-fl ushers was signifi cantly elevated (OR 
2.08). However, no association was shown after adjustment 
for several confounders including alcohol consumption (OR 
0.73). Sakata et al. directly assayed ALDH2 genotypes 
among 34 male cases and 68 male controls in a single-center 
case-control study in Japan [ 22 ]. Although the crude OR of 
ALDH2*1/*1 for ONFH was signifi cantly elevated (OR 
3.31) in comparison to ALDH2*1/*2 or ALDH2*2/*2, the 
authors did not fi nd a signifi cant association in the multivari-
ate analyses (OR 1.51). Because non-fl ushers or those with 
active ALDH2 are likely to drink heavily, the fi ndings from 
these two studies clearly showed that an apparent association 
in the univariate analysis was confounded by alcohol con-
sumption. Interaction of fl ushing pattern or ALDH2 
 polymorphism with alcohol consumption was not evaluated 
due to the small numbers of subjects. 

 It has been reported that a history of liver dysfunction was 
positively associated with ONFH. The OR was increased 
approximately fi vefold after simultaneous adjustment for 
alcohol consumption, as well as other covariates, in the mul-
tivariate analysis [ 19 ]. Some studies also found a simi-
lar association, although a statistical signifi cance was not 
achieved [ 20 ,  21 ,  37 ]. Clinicians may question whether such 
an association can be substantially attributed to alcohol 
 consumption as a risk factor of ONFH because alcohol con-
sumption per se induces liver dysfunction. However, if a 
history of liver dysfunction was truly an intermediate step 
between alcohol consumption and ONFH, the positive asso-
ciation in these studies would disappear in the multivariate 
analyses due to multicollinearity. Thus, the positive relation-
ship of liver diseases with subsequent ONFH risk is likely to 
be independent, although the infl uence of residual confound-
ing cannot be ruled out. It should be noted that, in general, 
laboratory testing for liver dysfunction as a part of routine 
medical examinations is rarely performed for control sub-
jects because they have no clinical signs of liver diseases. In 
some studies, subjects were considered to have a history of 
liver dysfunction if they had received treatment for three or 
more months for any diseases of the liver [ 19 ,  20 ,  37 ]. Self- 
reported information may be unacceptable as a surrogate for 
laboratory data in clinical settings. However, this approach 

would be useful in epidemiological studies in order to retain 
comparability between cases and controls and thus provide 
some clues for disease etiology.   

13.4     Summary 

 Alcohol consumption is one of the important underlying fac-
tors for the development of ONFH. A history of habitual 
alcohol use or alcohol abuse was frequently observed among 
patients with ONFH, although the prevalence of ONFH 
among alcoholics seemed to be low. Several analytic epide-
miological studies have consistently found a strong positive 
association between alcohol consumption and ONFH. 
However, compared to steroid-induced ONFH, less is known 
about the pathogenesis or mechanisms of alcohol-induced 
ONFH. Exploring possible interactions between alcohol 
consumption and other potential risk factors also could con-
tribute to a better understanding of the etiology of ONFH. 
Other issues to be proven include determining a threshold of 
alcohol consumption, which would lead to the defi nition of a 
universal criterion of alcohol-induced ONFH and thus 
increase comparability across studies.     
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14.1            Introduction 

 Avascular necrosis (AVN) of the femoral head is a rare but 
devastating complication following fractures of the proxi-
mal femur or hip dislocation. Traumatic AVN derives from 
the interruption of the blood fl ow to the femoral head, 
which is mainly supplied by the medial circumfl ex femoral 
artery (MCFA) in the adult hip [ 1 ,  2 ]. The incidence of 
AVN depends on the fracture pattern and the integrity of 
the deep branch of the MCFA. While fractures with close 
proximity to the nutrient vessels (femoral head and neck 
fractures) have a considerable risk for AVN, AVN rarely 
occurs in fractures which do not interfere with the MCFA 
(intertrochanteric or femoral shaft fractures). In addition to 
traumatic interruption of the femoral head blood supply, the 
MCFA can be injured iatrogenically. Symptoms and radio-
graphic changes in hips with AVN of the femoral head usu-
ally occur late and often months after the trauma. There is 
no curative treatment and therefore prevention is most 
important. 

 This article (1) describes the pathophysiology of AVN with 
a special focus on the vascular anatomy of the femoral head, 
(2) reports on the different modalities to assess the integrity of 
the nutrient vessels, (3) compares the different injury patterns 
and their associated risk of AVN, and (4)  provides  information 
to prevent iatrogenic damage to the blood supply of the 
 femoral head.  

14.2     Blood Supply to the Femoral Head 

14.2.1     Vascular Anatomy of the Femoral Head  

 Precise knowledge of the vascular anatomy of the femoral 
head helps to understand the etiology of traumatic AVN. The 
deep branch of the MCFA provides the main blood supply to 
the femoral head [ 1 ,  2 ]. Most commonly, it arises from the 
deep femoral artery or, alternatively, from the common fem-
oral artery (Fig.  14.1 ). There are fi ve constant branches of 
the MCFA. Of these, the most relevant for the femoral head 
perfusion is the deep branch of the MCFA [ 1 ,  2 ]. 
It runs posteriorly towards the intertrochanteric crest 
between the pectineus muscle medially and the iliopsoas 
tendon laterally (Fig.  14.1 ). The deep branch of the MCFA 
then runs along the inferior border of the obturator exter-
nus muscle, which is the most important structure to pro-
tect the course of the MCFA (Fig.  14.1 ). As long as the 
obturator externus muscle is in continuity, the deep branch 
of the MCFA is not under relevant tension even with the 
femoral head dislocated [ 1 ]. After crossing the obturator 
externus tendon posteriorly, a constant trochanteric branch 
is given off which runs between the quadratus femoris 
muscle and the triceps coxae (gemelli and obturator inter-
nus muscles; Fig.  14.1 ). The deep branch of the MCFA 
continues cranially and ventrally to the triceps coxae mus-
cles and penetrates the joint capsule at the level of the 
superior border of the gemellus superior muscle (Fig.  14.1 ). 
At the posterosuperior aspect of the femoral neck, it splits 
up into four to fi ve retinacular vessels (Fig.  14.1 ).    The reti-
nacular vessels lie extraosseously but intracapsularly and 
enter the head 2–4 mm lateral to the bone-cartilage 
junction.

   Multiple anastomoses with the MCFA exist [ 1 ]. The most 
important anastomosis regarding femoral head perfusion is a 
branch of the inferior gluteal artery, which runs along the 
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piriformis muscle [ 1 ,  4 ]. It could be shown that this vessel 
has the capacity to compensate for an interruption of the 
blood supply of the afferent portion of the MCFA [ 5 ]. The 
lateral circumfl ex femoral artery or the ligamentum teres 
arteries contribute very little to head perfusion [ 2 ]. Usually, 
the intraosseous blood fl ow cannot compensate for an intra-
capsular injury to the deep branch of the MCFA. Therefore, 
in clinical practice, viability of the femoral head directly 
depends on the integrity of the MCFA.  

14.2.2     Assessment of the Integrity of the 
Nutrient Vessels of the Femoral Head 

 Damage to the MCFA can theoretically occur by direct 
 traumatic injury from the accident (i.e., rupture of the  vessel), 

kinking due to fracture and/or joint dislocation,  thrombosis, 
vasospasm, or iatrogenic injury (e.g., forced closed reduc-
tion, surgical approach, hardware insertion).  

14.2.2.1     Preoperative Modalities for Detection 
of an Interrupted Blood Supply to the 
Femoral Head 

 A reliable, clinically routinely usable, preoperative tech-
nique to diagnose an injury of the MCFA with interrup-
tion of the blood supply to the femoral head does not 
exist. Direct visualization of the nutrient vessels to the 
femoral head is possible by angiography [ 5 ,  6 ]. It can 
show the interruption of the MCFA but is unable to show 
the ultimate perfusion of femoral head. Two historic 
studies [ 5 ,  6 ] tried to correlate the angiographic results 
in proximal  femoral fractures with the occurrence of 
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  Fig. 14.1    Vascular anatomy of the femoral head. ( a ) The deep branch 
of the medial circumfl ex femoral artery ( MCFA ) runs towards the inter-
trochanteric crest between the pectineus muscle medially and the ilio-
psoas tendon laterally. ( b ) The MCFA then runs along the inferior 
border of the obturator externus muscle. ( c ) After crossing the obturator 
externus tendon posteriorly, a trochanteric branch is given off which 
runs between the quadratus femoris muscle and the triceps coxae 

(gemelli and obturator internus muscles). The deep branch of the 
MCFA continues cranially and ventrally to the triceps coxae muscle 
and enters the joint capsule at the level of the superior border of the 
gemellus superior muscle. ( d ) At the posterosuperior aspect of the fem-
oral neck, it splits up into four to fi ve retinacular vessels which enter the 
head (Reprinted with permission Tannast et al. [ 3 ])       
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AVN at most recent follow-up. In hips with preserved 
blood supply to the femoral head in the  angiography, 
AVN occurred very rarely. In contrast, if the preoperative 
blood supply to the femoral head was interrupted in the 
angiography, this did not necessarily end up in an AVN. 
In these cases, the blood supply can sometimes even be 
restored by simple closed internal rotation of the hip in 
femoral neck fractures or after open reduction and inter-
nal fixation [ 6 ,  7 ]. This supports the theory of a transient 
kinking and/or vasospasm of the nutrient vessels. Despite 
its utility, angiography has not become part of the rou-
tine clinical follow-up. Nowadays, CT angiography may 
be a promising noninvasive alternative to conventional 
angiography [ 8 ]. The MCFA and its anastomoses can be 
visualized in detail with this technique [ 8 ]. However, 
similar to classic angiography, the terminal intraosseous 
blood flow to the femoral head is not visible. The usabil-
ity of this technique in clinical routine has not yet been 
proven. 

 There are two imaging modalities that can show the pre-
operative femoral head vascularity with proximal femoral 
fractures. The fi rst modality is the dynamic magnetic reso-
nance imaging (MRI), which monitors quantitatively the 
fl ow of an intravenously applied contrast agent in the femo-
ral head [ 9 ]. The signal intensity of the fractured side before 
and after application of gadolinium is then compared to the 
unaffected side. Similarly, bone scintigraphy (as the second 
modality) uses an intravenously applied radiographic tracer 
[ 10 ,  11 ]. Unlike dynamic MRI, this method reveals more 
qualitative results. Despite relative promising results of 

these two techniques, neither has found its way into clinical 
routine use.  

14.2.2.2     Intraoperative Assessment 
 One of the most reliable and technically simple methods to 
assess femoral head perfusion is intraoperative drilling of the 
femoral head [ 7 ]. After reduction of the fracture, two to four 
2.0 mm drill holes are made at the base of the femoral head 
to assess femoral head bleeding. This requires an open 
approach to the hip and usually takes up to 2 min until reli-
able bleeding from the femoral head may be observed. If a 
closed reduction and percutaneous fi xation is attempted, the 
retrograde blood fl ow through the cannulated screws can 
provide a relatively reliable assessment of the femoral head 
perfusion [ 12 ]. More sophisticated methods such as laser 
Doppler fl owmetry [ 13 ] and intramedullary oxygen tension 
measurements [ 14 ] have been described but basically offer a 
lower sensitivity and specifi city for prediction of AVN in 
comparison to direct drilling of the femoral head.    

14.3     Injury Patterns of the Proximal Femur  

 The incidence of traumatic AVN of the femoral head depends 
on the fracture pattern and its proximity to the deep branch of 
the MCFA (Table  14.1 ). While the femoral head and neck 
fractures have the highest incidence of AVN (up to 40 % 
[ 18 ]), the incidence decreases for intertrochanteric fractures 
(1–5 % [ 17 ,  18 ,  23 ]), and AVN rarely occurs in femoral shaft 
fractures [ 24 ] (Table  14.1 ). Femoral head necrosis has also 

         Table 14.1    Selected literature reporting on incidence of avascular necrosis of the femoral head following fractures of the proximal femur or 
traumatic hip dislocation   

 Study  Fracture pattern  Treatment 

 Number 
of hips 
(patients) 

 Mean age 
with range 
(year) 

 Incidence 
of AVN (%)  Results 

 Giannoudis 
et al. [ 15 ] 

 Head  23 % nonsurgical  453 (450)  39 (6–81)  12  Systematic review 
 77 % surgical  3.7 and 2.2 times increased risk for AVN for 

posterior or trochanteric fl ip approach 
compared to anterior approach 

 Guo et al. [ 16 ]  Head  18 % nonsurgical  176 (176)  n.a.  13  Systematic review 
 82 % surgical  Incidence of AVN of 16 % for posterior, 

13 % for trochanteric fl ip, and 8 % for 
anterior approach 

 Moon and 
Mehlmann [ 17 ] 

 Head, neck, 
intertrochanteric 

 Surgical and 
nonsurgical 

 360 (360)  10 (1–16)  21 a   Systematic review 
 I: 38  Fracture type a , displacement, age, and 

treatment (open vs. closed reduction) are risk 
factors for AVN 

 II: 28 
 III: 18 
 IV: 5 

 Yeranosian 
et al. [ 18 ] 

 Head, neck, 
intertrochanteric 

 Surgical and 
nonsurgical 

 n.a. (935)  n.a. (1–19)  23 a   Systematic review 
 I: 40  Fracture type a , treatment (open vs. closed 

reduction), delay in treatment (>24 h), and 
use of fi xation are risk factors for AVN; no 
association with decompression 

 II: 27 
 III: 20 
 IV: 5 

(continued)
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been reported following traumatic dislocations with an 
 incidence ranging up to 26 % [ 25 – 27 ].

   Fractures of the proximal femur are divided into head, 
neck, intertrochanteric, and femoral shaft fractures. For each 
fracture pattern, the etiology of AVN, the anatomical relation 
to the MCFA, and the incidence of AVN reported in literature 
are summarized. 

14.3.1     Femoral Head Fractures 

 Among the different fracture types of the proximal femur, 
femoral head fractures have the highest incidence for AVN 
ranging up to 40 % (Table  14.1 ) [ 18 ]. Femoral head frac-
tures typically are related to direct mechanical damage to 
the intraosseous blood fl ow from the retinacular vessels 

(Fig.  14.2 ). The vascularity of the femoral head fragment 
can only be reestablished by diffusion from the viable fem-
oral head portion. Based on two systematic reviews [ 15 , 
 16 ], an increased risk for AVN has not been found for a 
specifi c subtype of femoral head fracture or concomitant 
traumatic dislocation. However, in both reviews [ 15 ,  16 ], 
the risk of AVN was associated with the type of approach 
used for surgical treatment (Table  14.2 ). The highest inci-
dence of 16 % was found for the posterior approach, fol-
lowed by the trochanteric fl ip approach with 13 % and the 
anterior approach with 8 % [ 15 ,  16 ]. These results suggest 
that an iatrogenic lesion to the nutrient vessels of the femo-
ral head may play an important role. The posterior approach 
to the hip can  potentially be dangerous for the blood supply 
to the femoral head if the topographical course of the 
MCFA is not fully understood and respected (Fig.  14.1 ). 

 Study  Fracture pattern  Treatment 

 Number 
of hips 
(patients) 

 Mean age 
with range 
(year) 

 Incidence 
of AVN (%)  Results 

 Garden [ 19 ]  Neck  100 % surgical  406 (n.a.)  n.a.  23  Case series 
 Incidence of AVN depends on quality of 
reduction; defi nition of alignment index; no 
AVN inside normal range of index; 100 % 
incidence of AVN with varus (<150°) or 
valgus (>185°) malreduction 

 Holmberg et al. 
[ 20 ] 

 Neck  3 % nonsurgical  2,251 
(n.a.) 

 74 (39–99)  12  Case series 
 97 % surgical  Increased incidence of AVN in hips with 

operative treatment (12 %) compared to 
nonoperative treatment (2 %) 

 Johnson and 
Crothers [ 21 ] 

 Neck  26 % pinning  153  72 (n.a.)  14  Case series 
 74 % intramedullary 
nailing 

 Increased incidence of AVN in hips with 
intramedullary nailing (16 %) compared to 
pinning (8 %) 

 Strömqvist 
et al. [ 22 ] 

 Neck  100 % surgical  n.a. (300)  78 (18–98)  7  Case series 
 Increased incidence of AVN in hips with 
displaced neck fractures (9 %) compared to 
non-displaced fractures (3 %) 

 Aguado-
Maestro et al. 
[ 23 ] 

 Intertrochanteric  100 % PFN  n.a. (200)  n.a.  1  Case series 
 Patient series with intertrochanteric fractures 
treated with PFN and 1 out of 200 with AVN 

 Orler et al. [ 24 ]  Shaft  100 % 
intramedullary 
nailing 

 17 (17)  13 (8–15)  n.a.  Systematic review of case reports with AVN 
following intramedullary nailing of femoral 
shaft fractures 

 Brav [ 25 ]  Dislocation  93 % closed reduction  523 (517)  25 (3–75)  26  Case series 
 7 % ORIF  Incidence of AVN depends on direction of 

dislocation, associated fractures, delay in 
treatment (>12 h) 

 Epstein [ 26 ]  Dislocation  Closed reduction 
and ORIF 

 242 (242)  n.a.  18  Case series 
 Incidence of AVN depends on associated 
fractures 

 Hougaard and 
Thomsen [ 27 ] 

 Dislocation  Closed reduction 
and ORIF 

 100 (98)  39 (16–89)  13  Case series 
 Incidence of AVN depends on delay of 
treatment (>6 h) 

   n.a.  not available,  AVN  avascular necrosis,  PFN  proximal femoral nailing,  ORIF  open reduction internal fi xation 
  a Incidence for the type of Delbet classifi cation [ 28 ]: I = head, II    = medial neck, III = lateral neck, and IV = intertrochanteric fracture  

Table 14.1 (continued)
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If a  trochanteric osteotomy is  conducted, the osteotomy 
should exit just anterior to the most posterior insertion of 
the gluteus medius muscle in order to protect the deep 
branch of the MCFA [ 34 ].

14.3.2         Femoral Neck Fractures 

 AVN in femoral neck fractures is typically the result of an 
injured retinaculum (Fig.  14.2 ). Several risk factors have 
been reported that can be attributed to the integrity of the 
retinacular vessels. This includes the location of neck frac-
ture [ 17 ,  18 ], fracture dislocation [ 13 ,  17 ,  22 ], quality of 
reduction [ 19 ], delay of treatment [ 18 ,  29 ], and type of treat-
ment [ 17 ,  18 ,  20 ,  21 ] (Table  14.2 ). 

14.3.2.1     Location of Femoral Neck Fracture 
 Medial femoral neck fractures have an increased incidence 
of AVN (28 %) in comparison to lateral neck fractures (18 %, 
Table  14.1 ) [ 17 ,  18 ]. The increased incidence for medial 

neck fractures can be explained by the very close 
 topographical relationship of the retinacular vessels and the 
fracture (Figs.  14.2  and  14.3 ). Lateral neck fractures show an 
increased distance between the fracture and the terminal 
branches of the MCFA; therefore, the fracture has less poten-
tial to damage the vessel (Fig.  14.2 ).

14.3.2.2         Fracture Dislocation 
 Fracture dislocations of the femoral neck can be classifi ed as 
varus/valgus, dorsal/ventral, and rotational (Fig.  14.4 ).

   A varus dislocation without dorsal angulation inevitably 
causes tension on the retinacular vessels (Fig.  14.4 ). This can 
lead to an impairment of the femoral blood supply [ 6 ,  13 ]. 
Eventually, the vulnerable retinaculum ruptures with large 
dislocations. A valgus impaction without dorsal angulation 
theoretically relaxes the retinaculum (Fig.  14.4 ). Isolated 
valgus impactions up to 30° do not impair the blood supply 
to the femoral head [ 6 ]. However, large valgus impactions 
are associated with AVN [ 19 ] and attributed to kinking of the 
retinacular vessels. 
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  Fig. 14.2    ( a ) Femoral head 
fractures have the highest 
incidence of avascular necrosis 
(AVN) of the femoral head 
ranging up to 40 % [ 18 ] and 
typically are related to direct 
mechanical damage to the 
retinacular vessels. ( b ) In medial 
neck fractures, direct mechanical 
trauma to the nutrient vessel 
results in increased risk for AVN 
compared to ( c ) lateral neck 
fractures which less likely 
interfere with the MCFA. 
( d ) AVN rarely occurs in hips 
with intertrochanteric fractures 
because these fractures usually 
do not interfere with the nutrient 
vessel       
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 A dorsal tilt of the femoral head can lead to a kinking of 
the posterosuperiorly located retinaculum (Fig.  14.4 ). A 
reperfusion of the femoral head can be achieved by simple 
(closed) internal rotation of the leg [ 6 ] or by anatomical open 
reduction and internal fi xation [ 6 ,  13 ]. An additional varus 
dislocation can aggravate the kinking of the retinacular ves-
sels [ 6 ]. 

 Rotational errors at the level of the femoral neck can 
typically occur when performing closed reduction [ 35 ] or 
by excessive torque from an implant (e.g., a dynamic hip 
screw [ 36 ]). Rotational errors are hard to detect with flu-
oroscopy or conventional radiographs but can have seri-
ous consequences on the retinaculum. A flexion of the 
head fragment can stretch the retinaculum (Fig.  14.4 ). 
However, a large extension of the head fragment may 
compromise the head vascularity by kinking of the vessel 
(Fig.  14.4 ).  

14.3.2.3     Quality of Reduction 
 Quality of reduction was found to be a signifi cant predictor 
for AVN (Table  14.2 ) [ 19 ]. Severe residual varus and valgus 
deformities are associated with a higher incidence of AVN 
[ 19 ]. The same principles as mentioned above (see Sect. 
 14.3.2.2 ) apply for the integrity of the vascularity.  

14.3.2.4     Delay of Treatment 
and Tamponade Effect 

 Delay of treatment of more than 12–24 h is associated with a 
higher risk of AVN (Table  14.2 ). This could be attributed to 
a tamponade effect of the retinacular vessels by hemarthro-
sis. Because the retinacular vessels are extraosseous and 
intracapsular, they may be compressed by increased hydro-
static pressure resulting from the fracture hematoma. This 
tamponade effect can occur in both displaced and non- 
displaced fractures [ 37 – 39 ]. This would explain the presence 
of AVN in undisplaced fractures [ 17 ]. The time limit of 12 h 
is somewhat arbitrarily chosen but could be reproduced in a 
canine animal model [ 40 ].  

14.3.2.5     Type of Treatment 
 An increased incidence of AVN was found for neck fractures 
treated surgically compared to hips with nonsurgical treat-
ment (Table  14.2 ). Additionally, the incidence of AVN was 
increased in hips with open reduction and internal fi xation 
compared to hips with closed reduction only (Table  14.2 ). 
With an open treatment the MCFA can potentially be iatro-
genically damaged. However, type of treatment might also 
be confounding with previously mentioned risk factors such 
as location of fracture or fracture dislocation.   

           Table 14.2    Fracture pattern with corresponding risk factors and incidence of avascular necrosis of the femoral head   

 Fracture pattern 
 Risk factor for AVN of femoral 
head  Description/incidence of AVN 

 Head  Surgical approach [ 15 ,  16 ]  Posterior approach with incidence of 16 %, trochanteric fl ip with 13 %, and anterior 
approach with 8 % 

 Neck  Location of fracture [ 17 ,  18 ]  Medial neck fractures with incidence of 28 % compared to lateral fractures with 18 % 
 Fracture dislocation [ 13 ,  17 ,  22 ]  Adults: dislocated fractures with incidence of 9 % compared to non-dislocated 

fractures with 3 % 
 Children: dislocated fractures with incidence of 25 % compared to non-dislocated with 9 % 

 Quality of reduction [ 19 ]  Anatomical reduction with incidence of 7 % compared to severe valgus/varus with 100 % 
 Delay of treatment [ 18 ,  29 ] 

 Type of treatment [ 17 ,  18 ,  20 ,  21 ] 

 Adults: increased incidence of 16 vs. 0 % for a delay of >12 h 
 Children: four times increased risk for a delay of >24 h 
 Adults: incidence of 12 % for surgical treatment vs. 2 % for nonsurgical treatment, 
16 % for open reduction vs. 8 % for closed reduction 
 Children: 2.5 times increased risk for surgical vs. nonsurgical treatment, 2.7 times 
increased risk for open vs. closed reduction 

 Intertrochanteric  n.a. 
 Shaft  Young age [ 24 ,  30 ,  31 ]  Patients aged between 8 and 15 years; only two case reports with patients older than 

20 years 
 Antegrade femoral nailing [ 32 ]  Nail insertion in the piriformis fossa results in complete disruption of the MCFA in 

57 % 
 In all case reports nail insertion was performed with reaming of the femoral medullary 
canal 
 Implants designed for adults but used in children 

 Dislocation  Direction of dislocation [ 25 ]  Posterior dislocations with incidence of 29 % compared to 9 % for anterior dislocations 
 Concomitant fracture [ 25 ,  26 ]  Dislocation without fracture with incidence of 22 % compared to 60 % for 

concomitant femoral head or acetabulum fracture 
 Delay of reduction [ 25 ,  27 ]  Increased incidence of 59 vs. 5 % for a delay of >6 h or 57 vs. 18 % for a delay of 

>12 h 
 Surgical approach [ 33 ]  Three times increased risk for ORIF using posterior vs. anterior approach 

   AVN  avascular necrosis,  MCFA  medial circumfl ex femoral artery,  ORIF  open reduction internal fi xation,  n.a.  not available  
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a b
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  Fig. 14.3    ( a ) A 49-year-old male patient with a medial femoral neck 
fracture. ( b ) He underwent closed reduction and screw fi xation result-
ing in insuffi cient reduction and stabilization. ( c ) At a 1.2 year 

 follow-up, avascular necrosis of the femoral head occurred necessitat-
ing total hip arthroplasty       
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14.3.3     Intertrochanteric and Greater 
Trochanteric Fractures 

 Intertrochanteric fractures are rarely associated with AVN, 
and the incidence ranges from 1 to 5 % (Table  14.1 ). 
Generally, these fractures do not interfere directly with the 
anatomical course of the deep branch of the MCFA in the 
adult hip (Fig.  14.2 ). Associated risk factors have there-
fore not clearly been described based on large patient cohorts. 
Assumed risk factors that can compromise the vascular sup-
ply are high-energy trauma, associated fractures of the base 
of the femoral neck, and iatrogenic vascular damage [ 41 ]. 

 Three case reports exist for isolated fractures of the 
greater trochanter and femoral head necrosis [ 42 – 44 ]. Two 
patients were treated conservatively [ 43 ,  44 ], while one 
patient was treated with open reduction and screw fi xation 
[ 42 ]. Interestingly, all cases occurred in children aged 
between 12 and 13 years. In adults, greater trochanteric frac-
tures typically involve avulsion fractures of the tip   . In the 
pediatric population, the fracture often involves the trochan-
teric growth plate. This results in a larger fragment of the 
greater trochanter which extends far medial in the femoral 
neck [ 45 ] and may compromise the blood supply of the 
MFCA (Fig.  14.5 ).

a b c

d e

  Fig. 14.4    Neck fractures with ( a ) varus dislocation cause tension and 
possibly rupture of the retinacular vessels. ( b ) A mild valgus disloca-
tion (<30°) relaxes the retinacular vessels and does not impair the blood 
supply [ 6 ]. ( c ) However, a severe valgus dislocation results in kinking 
of the retinacular vessels and impaired blood supply [ 19 ]. ( d ) A mild 
dorsal tilt usually does not impair perfusion of the femoral head. 

However, a severe dorsal tilt and, particularly, when in combination 
with a varus dislocation, leads to impairment of the head perfusion. ( e ) 
Rotational errors can compromise the head vascularity. Flexion of the 
head can stretch the retinacular vessels and result in rupture.    Extension 
of the femoral head can result in impaired blood supply by kinking of 
the vessel       
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14.3.4        Femoral Shaft Fractures 

 Although femoral shaft fractures generally do not interfere 
with the course of the MCFA, a few cases of AVN following 
antegrade intramedullary nailing of the femur have been 
reported [ 24 ]. In these cases an iatrogenic damage to the 
MCFA at the location of nail insertion at the proximal femur 
has been described [ 32 ]. For geometrical and biomechanical 
reasons, the piriformis fossa has been recommended as nail 
insertion point of straight femoral nails. However, the piri-
formis fossa has a high risk for iatrogenic damage to the 
MCFA due to its close proximity (Fig.  14.6 ). In a cadaver 
study, nail insertion in the piriformis fossa resulted in dam-
age to the nutrient vessel in all cases with complete disrup-
tion of the MCFA in 57 % [ 32 ]. In addition, intramedullary 
femoral reaming may put the vascular supply of the femoral 
head at risk (Table  14.2 ). The tip of the greater trochanter 
was suggested as a more appropriate insertion point with the 
use of an anatomically shaped femoral nail [ 32 ]. The  problem 

  Fig. 14.5    Radiograph of the proximal femur and angiography of the 
medial circumfl ex femoral artery (MCFA) of a 6-year-old male. Both 
the epiphyseal and trochanteric growth plates are clearly visible. All 
cases of a greater trochanteric fracture resulting in AVN of the femoral 
head occurred in children. These fractures often involve the trochan-
teric growth plate. This results in a larger fragment of the greater tro-
chanter which extends far medial in the femoral neck and may 
compromise the blood supply of the MFCA [ 45 ] (Reprinted with per-
mission Trueta [ 45 ])       

a

b

  Fig. 14.6    ( a ) Fourteen-year-old male patient who sustained a femoral 
shaft fracture which was treated with antegrade intramedullary nailing. A 
very medial nail insertion point was chosen in close proximity to the 
medial circumfl ex femoral artery (MCFA). Eight months postoperative, 
avascular necrosis of the femoral head occurred. (Reprinted with permis-
sion Orler et al. [ 24 ]) ( b ) The risk of avascular necrosis of the femoral 
head following antegrade intramedullary nailing of the femur depends on 
the location of nail insertion [ 32 ]. In a cadaver study the use of the pirifor-
mis fossa as location of insertion with its close proximity to the MCFA 
showed damage to the nutrient vessel in all cases with complete disruption 
of the MCFA in 57% [ 32 ] (Reprinted with permission Dora et al. [ 32 ])       
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can be aggravated when oversized implants for adults are 
used in the pediatric population, which represent the major-
ity of  these cases with femoral shaft fractures and AVN of 
the femoral head [ 24 ] (Table  14.2 ).

14.3.5        Traumatic Hip Dislocation 

 Traumatic hip dislocation is not necessarily associated with 
AVN. It could be shown that the obturator muscle is the most 
important structure to protect the MCFA in the dislocated 
position (Fig.  14.7 ) [ 1 ]. This fact is based on cadaver experi-
ments for surgical hip dislocations [ 1 ]. As long as the obtura-
tor externus muscle is in continuity, the deep branch of the 
MCFA is not in danger or under relevant tension even with 
the femoral head dislocated [ 34 ,  47 ,  48 ]. Since the obturator 
externus muscle typically remains intact in traumatic hip dis-
locations [ 46 ], additional factors have to contribute to the 
reported incidence of AVN up to 26 % (Table  14.1 ) follow-
ing  traumatic hip dislocations. These additional risk factors 
for AVN include direction of dislocation [ 25 ], concomitant 
fracture [ 25 ,  26 ], delay of reduction [ 25 ,  27 ], and surgical 
approach [ 33 ] (Table  14.2 ).

   Posterior traumatic hip dislocations have an increased inci-
dence for AVN compared to anterior dislocations (29 vs. 9 %; 
Table  14.1 ) [ 25 ]. A concomitant femoral fracture may mechani-
cally harm the nutrient vessels to the femoral head. The inci-
dence of AVN for dislocations without fractures is zero to 22 % 
(Fig.  14.8 ) [ 46 ]. In contrast, the incidence for dislocations with a 
concomitant femoral head or acetabulum fracture was 66 % [ 25 ]. 
Early reduction may reduce the incidence of AVN [ 25 ,  27 ]. 

a b

  Fig. 14.8    ( a ) A 59-year-old male patient with traumatic posterior hip 
dislocation with a fracture of the femoral head and posterior acetabular 
wall. ( b ) Open reduction with internal fi xation of the femoral head and 

posterior wall was performed using a trochanteric fl ip approach. ( c ) 
Half a year postoperative, avascular necrosis of the femoral head 
occurred necessitating total hip arthroplasty       

Medial circumflex
femoral artery (MCFA)

Trochanteric
branch of MCFA

M. obturator externus

4-5 retinacular
vessels

  Fig. 14.7    The obturator externus muscle protects the deep branch of 
the MCFA in hips with traumatic dislocation [ 1 ]. Its integrity ascertains 
blood supply to the femoral head in hips with traumatic dislocation [ 46 ]       
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c

Fig. 14.8 (continued)

Based on laser Doppler studies, the femoral head blood supply 
can be reduced in the dislocated position, but will normalize 
after reduction in all hips [ 47 ]. With a delay of 6 or 12 h for 
reduction, the incidence increases from 5 to 59 % [ 27 ] or from 
18 to 57 % [ 25 ], respectively. When performing a standard 
Kocher-Langenbeck approach (with or without detachment of 
the short external rotators), the MCFA can potentially be iatro-
genically harmed. This could explain the three times higher 
incidence of AVN in traumatic hip dislocations with a posterior 
approach for internal fi xation in comparison to the anterior 
approach [ 33 ].

14.4         Summary 

 Traumatic AVN of the femoral head derives from the 
 interruption of the blood supply to the femoral head. The 
MCFA plays the key role for maintenance of the femoral 
head viability. The incidence of AVN varies greatly among 
the different fracture types of the proximal femur. It is 
directly correlated to the proximity of the fracture site with 
the topographical course of the MCFA. Preoperative nonin-
vasive assessment of intact vascularity of the femoral head  
is theoretically possible with various imaging modalities. 
However, none of these methods has found its way into 

 clinical routine use. The most sensitive and specifi c method 
to determine an intact vascularity is bleeding of the femoral 
head after intraoperative drilling.    Lack of bleeding may be 
due to an interruption of the afferent blood supply to the 
femoral head, from either a defi nitive (e.g., rupture) or tran-
sient (e.g., vasospasm, kinking) stop of the MCFA.     
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15.1            Introduction 

 The lifetime incidence of hip trauma is about 23.3 % in 
males and 11.2 % in females [ 1 ,  2 ]. Major complications of 
hip traumas include nonunion, malunion, and osteonecrosis. 
Posttraumatic osteonecrosis, which is reported in a range of 
4.8–52.9 %, ultimately leads to arthritis unless diagnosed in 
the initial stage [ 3 ,  4 ]. Patients with hip injuries should be 
followed closely for the earlier diagnosis of osteonecrosis. 
Timely treatment can prevent the progression of osteonecro-
sis and later arthritic changes. After the diagnosis of necro-
sis, appropriate treatment must be done in early stages if 
head preservation seems possible.

             Treatment in both posttraumatic and nontraumatic osteo-
necrosis is very similar. The choice of treatment will depend 
on patient age, gender, extent of necrosis, and location of 
osteonecrosis.  

15.2     Incidence of Posttraumatic 
Osteonecrosis  

 Hip trauma is a major risk factor of osteonecrosis together 
with steroid, alcohol, and connective tissue diseases. The 
risk increases with the degree of displacement and commi-
nution of fracture and dislocation. The risk of osteonecrosis 
also increases as the fracture line moves closer to the head, 
and subcapital fractures have the maximum risk of osteone-
crosis [ 5 – 10 ]. 

 The incidence of osteonecrosis after dislocation, which is 
reported to be in the range of 10–25 %, varies depending on 
the severity of injury of the associated femoral head or ace-
tabular fractures [ 11 ]. Eighty-fi ve to ninety percent of hip 

dislocations are posterior dislocations with or without other 
associated femoral head injuries [ 12 ]. Hougaahou et al. [ 4 ] 
reported that the incidence of osteonecrosis was 4.8 % when 
anatomical reduction was performed within 6 h after disloca-
tion, while the percentage rose to 52.9 % when the reduction 
was performed after 6 h. 

 The incidence of osteonecrosis after a displaced femoral 
neck fracture is reported to be 15–20 % [ 13 – 16 ]. The dis-
crepancies in the reported incidence refl ect variation with 
fracture types, accuracy of reduction, and time to reduction. 

 Osteonecrosis can occur in neck fractures whether the 
fracture occurs at the intra- and extracapsular level. In gen-
eral intracapsular fractures are at higher risk compared to 
extracapsular fractures [ 17 ,  18 ]. The actual incidence may 
be estimated to be higher considering the possibility of 
follow- up loss or overlooked reports of osteonecrosis after 
 pertrochanteric fractures in the literature [ 19 ]. 

15.2.1     Factors Related to the Incidence 
of Osteonecrosis  

15.2.1.1     Age 
 Age is a suspected, but unconfi rmed, factor related with the 
incidence of osteonecrosis [ 13 ,  20 – 23 ]. Some researchers 
claimed that the incidence of posttraumatic osteonecrosis 
is positively correlated with age [ 20 ,  21 ], while another 
study reported that the incidence decreased after 75 years 
of age [ 13 ]. This may refl ect the fact that in younger people 
these injuries often occur after high-energy trauma, with 
associated damage to soft tissue and vascularity similar to 
nontraumatic osteonecrosis, in contrast to more elderly indi-
viduals in which injuries typically occur after low-energy 
trauma. These research fi ndings suggest that the estimated 
incidence of osteonecrosis is high after intracapsular frac-
tures that occur among adults under 50 years of age. It is 
very important to determine the best treatment, especially 
in young patients who have a long life expectancy and high 
activity level.  
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c d
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  Fig. 15.1    Plain radiographs of a 45-year-old man with right femoral 
osteonecrosis show linear sclerosis ( arrow ) in the right femoral neck 
( a ,  b ). These look like a femoral neck fracture pattern (High signal 

intensity bandlike lesion, indicated by  arrow ) on MRI image ( c ), but 
bone scan images show the characteristics of avascular necrosis with 
photon defect and increased uptake of subcapital area    ( d )       

15.2.1.2     Degree of Displacement and Reduction 
 The degree of displacement in the intracapsular fracture is 
closely related with the development of osteonecrosis. In 
Garden’s classifi cation, without displacement is classifi ed as 
Type 1 and 2 and with displacement is classifi ed as Type 3 
and 4. This classifi cation helps to predict development of 
osteonecrosis [ 14 ]. Researchers have reported a strong cor-

relation between the development of avascular necrosis and 
fragment displacement [ 24 ]. This suggests that damage in 
reticular arteries caused by displacement of bone fragments 
or posterior dislocation plays an important role in the devel-
opment of posttraumatic osteonecrosis. 

 The degree of reduction in femur neck fracture is deter-
mined based on the Garden’s alignment index, which refers to 
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Pre operatively Immediate post operatively

Post operatively 2yrs Post operatively 7yrs (Last f/u)

  Fig. 15.2    Serial radiographs of anterior rotational trochanteric osteotomy from a 16-year-old man with posttraumatic osteonecrosis of the femoral 
head are shown       

a

c d

b

  Fig. 15.3    Gluteus medius muscle pedicl bone graft from iliac crest ( a ,  b ) and from greater trochanter ( c ,  d )          
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  Fig. 15.4    Serial pinhole bone scintigraphy after vessel-pedicle bone graft for osteonecrosis of the femoral head shows gradually increasing uptake 
in the femoral head       

the angles of the medial cortex line and proximal trabeculae 
bundle axis on a radiograph of the anterior and posterior seg-
ments of hip joints. An acceptable range of 150–185° insures 
maximum chances of union and minimum chances of osteo-
necrosis [ 8 ,  25 ,  26 ]. However, severe comminuted fracture of 
the femoral neck or malrotation and/or unstable fi xation may 
negatively affect revascularization of the head and may lead 
to osteonecrosis [ 14 ]. Sustained traction or excessive internal/
external rotation of the hip, especially if maintained for a long 
time before surgery, may damage the lateral femoral circum-
fl ex artery causing osteonecrosis [ 27 – 30 ]. 

 To decrease risk of damage of the major vessels, it is 
 preferable to avoid excessive extension or internal rotation of 
the hip joint [ 28 – 32 ]. Several reports recommended that the 
removal of intracapsular hematoma improves blood fl ow of 
the femoral head and decreases the development of osteone-
crosis [ 33 – 35 ]. 

 Every reduction after traumatic hip dislocation is also 
important to prevent osteonecrosis. Sanders et al. [ 9 ] found 
that the incidence of osteonecrosis was 4.8 % when reduced 
within 6 h and 52.9 % when reduced after 6 h. Similarly, 
Yeranosian et al. [ 36 ] also reported that when the reduction 
was achieved within 24 h, osteonecrosis progression was 
four times less as compared to patients in whom reduction 
was achieved after more than 24 h. These fi ndings emphasize 
the signifi cance of early reduction in hip joint dislocations.  

15.2.1.3     Timing of Surgical Intervention 
 It is still controversial whether delay of surgery increases the 
incidence of osteonecrosis when treating neck fractures [ 37 , 
 38 ]. There is a close correlation between delayed treatment 

and onset of traumatic osteonecrosis of the hip [ 39 ,  40 ]. It 
was recommended that traction for the neck fracture should 
be kept in fl exion position to decrease intracapsular pressure 
before surgery [ 30 ]. In contrast, another report claimed that 
early preoperative reduction of the fracture using splinting or 
traction of a limb did not affect outcome and no correlation 
was found between the development of osteonecrosis and the 
time to surgical intervention after trauma. The authors rec-
ommended a good preoperative plan and achievement of a 
stable and anatomical reduction during operation because 
these aspects are more important than early surgery [ 38 ]. 
More evidence needs to be collected more a defi nitive con-
clusion is reached.  

15.2.1.4     Type of Surgery 
 The type of surgery also affects the development of osteone-
crosis. The incidence of posttraumatic osteonecrosis report-
edly decreased signifi cantly when less invasive procedure 
and the accurate reduction was achieved [ 29 ]. Garden et al. 
reported that the results of follow-up of 500 cases of sub-
capital femoral neck fracture showed a decrease in the inci-
dence of osteonecrosis depending on the skills and experience 
of the surgeons [ 14 ]. The fi xation methods affected the inci-
dence of osteonecrosis based on a study of 219 patients with 
femoral neck fracture in which four different fi xation meth-
ods were used [ 37 ]. 

 The majority of displaced neck fractures require open 
reduction and internal fi xation. However, during the intra-
operative femoral head screw fi xation, the remaining reti-
nacular vessel can be damaged if the head rotation is not 
precise. The lateral circumfl ex artery can be damaged dur-
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ing intramedullary nail insertion in pertrochanteric or sub-
trochanteric fracture [ 41 ]. Thus, at the time of a internal 
fi xation, the surgeon should be careful about malrotation of 
the femoral head. Attention should be paid to avoid reti-
nacular artery damage when intramedullary nailing is 
performed. 

 In older patients with a femoral neck fracture, arthro-
plasty as a primary treatment has been performed to avoid 
secondary surgery because of later osteonecrosis or non-
union. Patient’s age is one of the crucial factors for the 
choice of treatment in femoral neck fracture. Primary 
arthroplasty rather than internal fi xation is preferred in 
older patients with femoral neck fracture [ 42 ]. Bipolar 
hemiarthroplasty has advantages of shorter surgery time 
and lesser bleeding compared with total hip arthroplasty. 
However, since some patients complain of groin pain after 
bipolar hemiarthroplasty, total hip arthroplasty is 
 increasing [ 43 ].    

15.3     Diagnosis of Posttraumatic 
Osteonecrosis 

15.3.1     Signs and Symptoms 

 Most patients with osteonecrosis may not present clinically 
until later stages. Some patients may remain asymptomatic 
even in the stage of segmental collapse. The pain in osteo-
necrosis is usually located in the inguinal/gluteal/proxi-
mal femoral region. However, it is commonly neglected 
by patients and wrongly attributed to previous trauma. 
Therefore it is important that clinician differentiate these 
symptoms very carefully. Long-term follow-up of these 
patients is important as segmental collapse can occur as late 
as 2 years after injury [ 8 ,  13 ]. It is impossible to detect early 
osteonecrosis in patients with nontraumatic osteonecrosis, 
while early diagnosis is possible by interval checkup in 
patients with posttraumatic osteonecrosis. Therefore, com-
pared with patients with nontraumatic osteonecrosis, proper 
treatment can be provided to patients with posttraumatic 
osteonecrosis.  

15.3.2     Imaging 

15.3.2.1     X-ray 
 X-ray diagnosis of posttraumatic osteonecrosis is very 
similar to nontraumatic osteonecrosis. When a diagno-
sis of early stage of osteonecrosis is considered using 
X-ray, the reported sensitivity of radiologic diagnosis in 
the early stage is around 41 % [ 44 ]. It takes 1–5 years 
for the pathology of osteonecrosis to progress and pro-
duce abnormalities that are apparent on X-ray, and post-
traumatic osteonecrosis usually does not appear until 
1–2 years after injury. Some reports suggested that most  Fig. 15.5    Three cases of posttraumatic osteonecrosis development are 

shown  
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patients show radiologic changes of osteonecrosis within 
2–3 years after trauma, while others reported the osteone-
crosis was detected at 11–24 months after the internal fi x-
ation on plain radiography [ 7 ,  13 ,  14 ,  16 ,  45 ]. Considering 
these dichotomous reports, osteonecrosis should not 
be ruled out after a simple check of X-ray with normal 
appearance, and all patients should be followed up for a 
protracted time. 

 If osteoclastic resorption overlaps with new bone forma-
tion on the revascularized area, it is evident as mottled den-
sity on the X-ray. If the femoral head is collapsed, increased 
density is evident in the compacted area. Subchondral scle-
rosis or lucency also suggests osteonecrosis. This may be 
caused by increased density or osteoporosis in bone tissue 
where blood is not supplied. In cases of associated nonunion, 
radiologic changes and late femoral head collapse may be 
further delayed due to the absence of the revascularization 
process. 

 The best view for the femoral neck can be obtained by 
anteroposterior radiographic view with 15° internal rotation 
of the hip joint in the supine position. For a clearer view of 
the femoral head, it is necessary to check the femoral head 
lateral view, because femoral head collapse and crescent 
sign (subchondral facture sign) in early stages are mainly 
detected in the anterosuperior segment of the femoral head. 
The patient is laid in the supine position with the hip in 
90° fl exion and 45° abduction. The X-ray beam is directed 
from anterior to posterior. If the metallic implant blocks the 
necrotic lesion of interest on the X-ray, the patient’s position 
may be changed to obtain a better view. The radiographic 
images are only a basic standard for examination. Magnetic 
resonance imaging (MRI) and bone scan should be added for 
precise and defi nite diagnosis.  

15.3.2.2     MRI 
 MRI is considered to be the most effective diagnostic tool for 
the diagnosis of nontraumatic osteonecrosis and traumatic 
osteonecrosis because of its specifi city and sensitivity [ 46 , 
 47 ]. MRI can detect bone marrow change very early and can 
predict its progression. MRI has a higher sensitivity than 
computed tomography (CT) or radionuclide bone scintigra-
phy [ 48 ,  49 ]. Glickstein et al. [ 46 ] reported MRI specifi city 
and sensitivity of 98 and 97 %, respectively. Diagnoses can 
be made on the T1-weighted axial localizer and T1-weighted 
or T2-weighted spin-echo coronal images. The necrotic mar-
gin is evident as a single line on T1-weighted images and 
a double line on T2-weighted images. The double-line sign 
is a specifi c and pathognomonic sign also in nontraumatic 
osteonecrosis, and it is seen in concentric low- and high-
signal- intensity bands on the T2-weighted image [ 50 ]. 

 MRI has a 96.7 % accuracy compared with the pathologic 
diagnosis of core biopsy [ 47 ]. Even though MRI patterns do 
not exactly match radiographic stages, MRI can provide all 

the information necessary for diagnosis and clinical staging, 
while the bone scan offers limited information [ 51 ,  52 ]. 

 Contrary to general beliefs, internal metallic fi xation does 
not cause any problems in MRI imaging because most metal-
lic implants do not have a ferromagnetic property. However, 
metallic implants have different susceptibility between 
metallic implants and surrounding tissues which could cause 
a geometric distortion known as the susceptibility artifact. 
If an internal metallic fi xation is in place after the injury, 
it leads to image distortion making diagnosis diffi cult [ 48 , 
 53 ]. The cause of the problem is the nonlinearity that char-
acterizes metal elements. Nonlinearity resulting from pixel 
shift and intensity variation can lead to serious distortions in 
images [ 46 ,  49 ,  51 ,  52 ,  54 – 57 ]. 

 This susceptibility artifact is determined by the composi-
tion of metallic devices and the different MRI parameters 
such as the orientation of devices in relation to direction of 
the main magnetic fi eld, type of pulse sequence, voxel size 
as determined by the fi eld of view, image matrix, section 
thickness, and echo train length [ 47 ,  50 ,  57 – 60 ]. Titanium 
implants create fewer artifacts than stainless steel implants 
[ 47 ]. Bagheri et al. [ 61 ] reported fewer artifacts with increas-
ing duration after surgery with metallic implants. Artifacts 
remain a signifi cant problem in MRI. Some artifacts remain, 
even when the implants are removed [ 62 ]. 

 There are few reports about the MRI fi ndings in post-
traumatic osteonecrosis. Speer et al. [ 63 ] reported that a 
two- dimensional Fourier transform spin-echo technique 
detected no changes in the fi rst 48 h after intracapsular neck 
fracture. Along the same line, another study reported that no 
signifi cant changes or histological necrosis were detected 
even after the fi rst 65 days. Kamano et al. [ 64 ] reported on 
the three patterns on the T1 and T2 fat saturation images 
taken 24.5 h after femur transcervical neck fractures. Type 
I, which revealed non-enhancement, was related to necrosis 
in all cases, while type III showing a total enhancement was 
linked to femoral head viability in all patients. Type II which 
reveals partial enhancement was related with osteonecrosis 
in fi ve of 12 cases. In the report of Sugano et al., MRI was 
done 1, 6, and 12 months after internal fi xation in 17 cases 
of femur neck transcervical fracture [ 65 ]. At 1 month after 
the surgery, a low signal was detected in T1 and high signal 
in T2 in eight cases. The authors identifi ed three different 
types of images: small upper lateral infarction was classifi ed 
as type 1, narrow upper lateral lesion extending to the fovea 
as type 2, and wide lesion taking up most of femoral head 
as type 3. All 17 cases were observed to have abnormalities 
on MRI. None of the cases in type 1, 75 % cases in type 
2, and all the cases in type 3 progressed to necrosis. In the 
report of Kawasaki et al. on femur neck transcervical frac-
ture, T1-weighted MRI and plain radiographic images were 
taken at 1, 2, 6, and 12 months after internal fi xation [ 45 ]. 
On the images taken 2 months after the procedure, eight of 
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31 cases showed band-like images; on the images taken in 
6 months, 12 cases showed band-like images. Among the 
band-like images classifi ed as B1 (lateral), B2 (superfi cial), 
B3 (intermediate), and B4 (extensive), necrosis was related 
to the B2, B3, and B4 bands. It was also related to Garden 
types 3 and 4. Specifi city and diagnosis accuracy was 100 
and 87 %, respectively.  

15.3.2.3    Bone Scan 
 Planar scintigraphic imaging has a sensitivity ranging from 
47.8 to 78.3 %. Despite the fact that sensitivity is low at stages 
I and II, planar scintigraphic imaging has several strengths. 
It has no false-positive imaging and is useful in patients with 
cardiac pacemakers or intracranial clips or who suffer from 
claustrophobia, for whom MRI is not indicated [ 66 ]. Bone 
scintigraphy can detect early osteonecrosis even when MRI 
does not detect the necrotic changes [ 67 ,  68 ]. Maillefert et al. 
[ 66 ] reported that bone scintigraphy with a pinhole collimator 
has a better sensitivity in  diagnosing osteonecrosis  compared 
with bone scintigraphy. Turner et al. [ 69 ] reported that tech-
netium-99m antimony colloid as a radionuclide does not 
stop additional osteogenesis by binding with subendothelial 
dendritic macrophages. According to the authors, uptake of 
technetium-99 m antimony colloid decreases after bone frac-
ture and devascularization. The uptake increases as the necro-
sis progresses, and vascularity and bone activity increases. 
According to Dong et al. [ 70 ], nuclide uptake increases 
3–4 months after surgery and peaks 6–12 months after surgery. 

 A pinhole collimator is a type of a conical collimator hav-
ing a small circular aperture (3–5 mm). A pinhole collimator 
produces an inverted image as a photographic camera does. 
This image can be enlarged so that even a small structure 
can be detected, contributing to diagnosis of scintigraphic 
abnormality. A pinhole collimator increases the resolution of 
circumscribed areas, and its acquisition time is just 15 min, 
while SPECT scanning takes 45 min. Planar scintigraphic 
imaging using quantitative bone scanning offers physiologic 
data not possible in MRI and also makes uptake quantifi ca-
tion available at perfusion and static phase. Therefore, when 
the patients with head-preserving surgery were followed for 
revascularization, planar scintigraphic imaging is most use-
ful than any other diagnostic tools [ 66 ].    

15.4     Treatment  

15.4.1     General Considerations for Choosing 
Treatment 

 As in the treatment of nontraumatic osteonecrosis, the ulti-
mate goal of treatment for posttraumatic osteonecrosis is to 
preserve the femoral head, especially in young patients. 
However, arthroplasty has been widely used with great 

development of surgical procedures, implants and their 
materials, high survival rates and patient satisfaction. Clear 
differentiation of indications between arthroplasty and head 
salvage procedure is still controversial, and a grey zone still 
persists. Even though arthroplasty shows good prognosis in 
most cases, there are some related complications that include 
joint infection, osteolysis, and aseptic loosening. These com-
promise the longevity of total hip arthroplasty. 

 Femoral head-preserving surgery should be considered 
for young patients, especially adolescent patients, when a 
surgeon decides on treatment of posttraumatic osteonecrosis 
considering the remaining life expectancy and high activity 
of patients. 

 Osteotomy has been one of the methods preserving the 
femoral head in osteonecrosis. If the necrotic lesion is anteri-
orly or posteriorly shifted, rotational trochanteric osteotomy 
may be one choice. If the lesion is medially or laterally shifted, 
varus osteotomy or valgus osteotomy can be performed. 

 After the head-preserving surgery, the healing period 
until ambulation is around 3 months. On the other hand, total 
hip arthroplasty is usually shorter in the healing period than 
that of head-preserving surgery. For this reason, there are 
some patients who prefer total hip arthroplasty because the 
patients have to return to work soon. If a patient who has suf-
fered osteonecrosis desires an early return to daily life, even 
if head-preserving surgery is more appropriate for the patient, 
total hip arthroplasty may be indicated. 

 Total hip arthroplasty may be considered inevitable in cases 
with large necrosis or serious collapse. Regarding the bearing 
surface for total hip arthroplasty, ceramic-on-ceramic surface 
is recommended to reduce complications such as aseptic loos-
ening or osteolysis, especially in young patients [ 71 ]. 

 In determining the surgery for the osteonecrosis, the age 
of the patient; severity, extent, and location of necrosis; and 
socioeconomic needs of the patient should be considered 
carefully. Surgeon’s ability to perform head-preserving sur-
gery seems one of the factors to be considered in the decision 
process.  

15.4.2     Head-Preserving Procedures 

 Electric shock wave shows some effects on the treatment of 
osteonecrosis but no established conclusion is possible yet. 
Wang et al. showed that in patients with the ARCO I, II, 
and III osteonecrosis, treatment with extracorporeal shock 
wave had better results than treatment with core decom-
pression and nonvascularized fi bular grafting. They postu-
lated that shock wave induces hyperstimulation analgesia 
by increasing threshold of pain and promotes bone healing 
as a result of microfracture [ 72 ]. Further prospective stud-
ies with reliable clinical data are required for wide clinical 
application. 
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15.4.2.1    Bisphosphonate 
 Bisphosphonate can be effective for patients with posttrau-
matic osteonecrosis if it is used together with other means of 
treatment [ 72 – 76 ]. 

 The use of bisphosphonate for nontraumatic osteonecro-
sis both enhances the apoptosis of osteoclasts and reduces 
the apoptosis of osteoblasts, thus blocking the progres-
sion of bone resorption and collapse. Similar effects have 
been observed among posttraumatic osteonecrosis patients. 
Agarwala et al. [ 73 ] reported that the use of bisphosphonate 
brought about functional improvement and helped prevent 
osteonecrosis progression in their study based on 69 cases 
of hip osteonecrosis including fi ve cases of posttraumatic 
osteonecrosis. However, the study reported that the result 
was unsatisfactory for the osteonecrosis where collapse was 
already in progress. Ramachandran et al. [ 74 ] also found 
in their  clinical study of 28 posttraumatic hip cases that 
 bisphosphonate led to a delay in osteonecrosis progression. 

 In recent years, cocktail therapies that use bisphosphonate 
together with extracorporeal shock wave therapy, electrical 
shock wave therapy, hyperoxygen therapy, and nonsteroi-
dal anti- infl ammatory drug have been suggested for femo-
ral head necrosis of the hip [ 72 ,  75 ]. Bisphosphonate has 
been avidly investigated. In treatment of osteonecrosis of the 
hip, comparison of extracorporeal shock wave with shock 
wave and alendronate and the proper volume of bisphospho-
nate and period for using are not established yet [ 76 ]. But, 
research on bisphosphonate suggests that its use for the treat-
ment of patients in a relatively early stage of posttraumatic 
osteonecrosis could be justifi ed.  

15.4.2.2    Viable Bone Grafting 
 Viable bone grafting that has been used for nontraumatic 
osteonecrosis can also be a good method treating traumatic 
osteonecrosis. Many reports introduced several bone graft 
methods including autograft or central decompression com-
bined with allogeneic transplantation. Free vascularized fi b-
ular grafting for the treatment of osteonecrosis of the femoral 
head was fi rst described in the 1970s [ 77 ]. Later Phemister 
[ 78 ] reported success rate of 70 % using vascularized fi bular 
graft; Zhang et al. [ 79 ] reported that free vascularized fi bu-
lar grafting was worthwhile for teenagers with posttraumatic 
osteonecrosis, even though collapse of the femoral head had 
reported that through this method, pain relief and restoration 
of the sphericity of the femoral head could be expected. Even 
though the vascularized fi bular grafting had good results in 
atraumatic osteonecrosis in early stages, recently these meth-
ods are not used widely due to the unpredictable results and 
complicated surgical technique. 

 Since the early 1980s, vessel-pedicle iliac bone has been 
used for treatment for avascular necrosis. Patients with up 
to 2 mm collapse of the femoral head can be considered for 
surgery. Zhang et al. [ 79 ] reported a 72 % success rate of free 

vascularized fi bular grafting in teenaged patients. They sug-
gested that free vascularized fi bular grafting is a viable pro-
cedure in teenagers with posttraumatic osteonecrosis even 
when the head has already collapsed. Noguchi et al. [ 80 ] 
suggested that success with this method requires surgeons to 
pay attention to the size of the bone graft, adequate position 
of insertion, good circulation to the bone graft, and suffi cient 
varus fi xation when there is additional transtrochanteric rota-
tional osteotomy of the femoral head. Once the procedure is 
successful through a microsurgical technique, quicker and 
defi nitive healing can be expected. However, some limita-
tions are long operation time and presence of poor lateral 
femoral circumfl ex artery in some patients. 

 Muscle-pedicle iliac bone graft is a method that can be 
used for patients with the same indications as vessel-pedicle 
iliac bone graft. Pallazzi et al. [ 81 ] fi rst performed tensor fas-
cia lata muscle-pedicle iliac graft in 1973; Baksi reported sar-
torius muscle-pedicle iliac graft in 1983 and  tensor fascia lata 
muscle-pedicle iliac graft in 1991. All these  muscle- pedicle 
bone grafts have the merit of not requiring microsurgi-
cal skill, faster bony union with more cancellous portion, 
shorter surgical time, and ease of the technique. However, 
this therapy is limited in preventing head collapse, and some 
patients may have poor muscle vascularity or weakness of 
transferred muscle [ 82 ,  83 ]. In our institution, we use the 
greater trochanter graft instead of iliac graft attached with 
gluteus medius muscle. This technique is less invasive, with 
only a small incision, and preserves the strength of the glu-
teus medius muscle. Furthermore, it shows good results in 
patients who have undergone muscle-pedicle bone graft with 
greater trochanter, similar to the results in those who under-
went muscle-pedicle bone graft with ilium [ 84 ].  

15.4.2.3    Osteotomy 
 Osteotomy can be used for both nontraumatic or posttraumatic 
osteonecrosis. The different type are intertrochanteric oste-
otomy and transtrochanteric rotational osteotomy developed 
by Sugioka and varus/valgus osteotomy. Intertrochanteric 
osteotomy rotates the femoral head anteriorly or posteriorly, 
substituting weight-bearing portion from necrotic lesion to 
healthy bone and cartilage. This method was fi rst proposed 
by Wagner and Zeiler in the 1960s [ 81 ,  85 ]. Later, Sugioka 
et al. [ 86 ] tried a new method of transtrochanteric osteotomy; 
many surgeons subsequently adopted this method. The pur-
pose of the Sugioka transtrochanteric osteotomy is to rotate 
necrotic lesion of the femoral head from anterosuperior to 
inferior area, thus removing shearing force transmitted to 
necrotic lesion, thereby preventing progressive collapse of 
articular surface in younger patients. This osteotomy is used 
in lesions that do not proceed to the end stage and which are 
limited to anterior or posterior of bone head [ 81 ]. In their 
11-year follow-up, Sugioka et al. reported a success rate of 
88 %. Even in stages III and IV where the necrotic area had 
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progressed so as to cause degenerative arthritis, the reported 
success rates were 73 and 68 %, respectively [ 86 ]. 

 The Sugioka osteotomy is done with the patient in the 
lateral position. An anterolateral approach and capsule 
incision is used to expose the femoral neck. Two pins are 
inserted in the basicervical area. Greater trochanteric oste-
otomy is done perpendicular to the femoral neck long axis, 
followed by secondary perpendicular osteotomy above the 
lesser trochanter. By using pin of proximal bone fragment, 
the femoral head is anteriorly rotated along with necrotic 
lesion between 70° and 90°, substituting the weight-bearing 
surface to the non-necrotic portion. Yoon et al. modifi ed the 
original technique. The quadratus femoris muscle was left 
attached and the branch of medial circumfl ex just above the 
lesser trochanter was identifi ed by Doppler ultrasonogra-
phy and preserved. After joint capsule incision, osteotomy 
was then done in the basicervical area perpendicular to the 
long axis of the neck of femur, without greater trochanteric 
osteotomy. The  femoral neck and head were then rotated 
using Steinmann pin and fi xation accomplished by two or 
three cannulated cancellous screws. Since Yoon’s modi-
fi ed transtrochanteric rotational osteotomy does not involve 
greater trochanter osteotomy, fi xing the greater trochanter is 
not needed. The advantage of this osteotomy comparing to 
Sugioka’s osteotomy is shorter surgery time, less distortion 
of the proximal femur, and early rehabilitation. Preservation 
of the greater trochanter makes total hip arthroplasty eas-
ier if required later. However, this method is technically 
demanding, and therefore good results are possible only in 
the hands of an experienced surgeon [ 81 ].   

15.4.3     Hip Joint Arthroplasty 

 Recently, hip arthroplasty has become the most effective 
method to treat end-stage osteonecrosis, despite unresolved 
problems of infection, dislocation, implant failure, osteoly-
sis, and aseptic loosening. Results of total hip arthroplasty 
for osteonecrosis have varied widely. Ortiguera et al. [ 87 ] 
reported that in the 18-year follow-up of 188 people under 
the age of 50 who underwent total hip arthroplasty, 79 % 
of the patients needed revision surgery after primary total 
hip arthroplasty on osteonecrosis. On the other hand, Kim 
et al. recently reported no complications, except for one, in 
a study of 127 cases. They suggested that the cementless 
metaphyseal- fi tting anatomical total hip prosthesis provides 
outstanding midterm fi xation and the alumina-on-alumina 
ceramic bearing provides a high rate of survivorship without 
osteolysis. Yoon et al. [ 88 ] reported that in a minimum 6-year 
follow-up of 41 people under the age of 50 who underwent 
total hip arthroplasty, there were no complications such as 
osteolysis, femoral stem subsidence, or liner wear at the fi nal 
follow-up. 

 When total hip arthroplasty is needed in young patients 
inevitably, using uncemented stem makes later revision sim-
ple [ 8 ,  89 ]. In the past, young and active patients were not 
recommended for arthroplasty using ceramic-on-ceramic 
surface because of the problems such as ceramic liner frac-
ture [ 90 ]. However, recent development of delta ceramic has 
provided better longevity by reduced aseptic loosening and 
osteolysis. Therefore, to reduce incidence of loosening 
related to osteolysis, the use of ceramic-on-ceramic surface 
is recommended as the bearing surface choice [ 91 ].   

15.5     Summary 

 Posttraumatic osteonecrosis is one of the most unfortunate 
complications in patients with hip trauma. The most impor-
tant thing is early detection and getting the best prevention 
and treatment. At the postoperative follow-up, accurate and 
fast diagnosis should be performed. Proper decision should 
be provided with consideration of age, location of necrotic 
lesion, extent of necrosis, and socioeconomic demand of the 
patients. Especially in young patients, total hip arthroplasty 
should be considered as not the best choice of the treatment 
but as the last choice of the treatment.     
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16.1            Introduction 

 Sickle-cell disease   (SCD), an autosomal recessive disorder, 
is also called sickle-cell anemia (SCA) due to the hemolytic 
anemia characterized by abnormally shaped (sickled) red 
blood cells (RBCs), which are removed from the circulation 
and destroyed at increased rates, leading to anemia. Of 
greater clinical importance, the sickled RBCs cause vascular 
occlusion, which leads to tissue ischemia and infarction.    The 
patients who are homozygous for the sickle-cell gene (hemo-
globin SS) have a high risk of bone osteonecrosis [ 1 – 3 ] due 
to microvascular occlusion in relation to the disturbance in 
the erythrocyte architecture and the polymerization of hemo-
globin S (in a deoxygenated state) producing cells that are 
crescent- or sickle-shaped with decreased deformability; the 
decreased deformability results in greater risk for clotting in 
small vessels. The incidence of osteonecrosis is also high in 
patients with hemoglobin SC (compound heterozygotes for 
Hb S- and Hb C-producing alleles: SC) and in the various 
types of sickle-beta-thalassemia (SThal) population. So, 
patients with sickle-cell disease often present with orthope-
dic disease manifestations requiring surgical intervention, 
with the most common indications being osteonecrosis and 
osteomyelitis. This article based on the experience of the 
authors treating more than 2,000 patients with SCD reviews 
the incidence of multifocal osteonecrosis in this disease, the 
distribution of the joints concerned by multifocal osteone-
crosis, and the clinical consequences in the long term (aver-
age 15 years of follow-up) of multifocal osteonecrosis in 

these patients with sickle-cell disease and includes an 
approach to the medical and surgical management of patients 
with orthopedic complications related to sickle-cell disease.  

16.2     History 

 This disease was unknown until the explanation of the sickle 
cells in 1904 by the Chicago cardiologist and professor of 
medicine James B. Herrick (1861–1954), whose intern 
Ernest Edward Irons (1877–1959) found “peculiar elongated 
and sickle-shaped” cells in the blood of Walter Clement 
Noel, a 20-year-old fi rst-year dental student from Grenada; 
Noel was admitted to the Chicago Presbyterian Hospital in 
December 1904 suffering from anemia. Noel was readmitted 
several times over the next 3 years for “muscular rheuma-
tism” and “bilious attacks.” The fi rst published paper of SCD 
[ 4 ] was therefore done by Herrick in 1910, who described the 
clinical and hematologic manifestations of the disease. Noel 
completed his studies and returned to the capital of Grenada 
(St. George’s) to practice dentistry. He died of pneumonia in 
1916 and was buried in the Catholic cemetery at Sauteurs in 
the north of Grenada. The disease was named “sickle-cell 
anemia” by Vernon Mason in 1922 [ 5 ]. As more cases began 
to surface, the mystery of just what this disease was only 
deepened. It was clear that for whatever reason, it occurred 
only or primarily in persons of African origin. In 1927, Hahn 
and Gillespie discovered that red blood cells from persons 
with the disease could be made to sickle by removing oxy-
gen. Linus Pauling and colleagues were the fi rst, in 1949, to 
demonstrate that sickle-cell disease occurs as a result of an 
abnormality in the hemoglobin molecule. This was the fi rst 
time a genetic disease was linked to a mutation of a specifi c 
protein, a milestone in the history of molecular biology, and 
it was published in their paper “Sickle Cell Anemia.” Two 
years later, in 1951, the famous Nobel Prize- winning chemist 
Dr. Linus Pauling and his colleague Dr. Harvey Itano discov-
ered that the red, oxygen-carrying protein called “hemoglo-
bin” had a different chemical structure in persons with SCD. 
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This led Dr. Pauling [ 6 ] to coin the term “molecular disease” 
for disorders that resulted from proteins with abnormal 
chemical structures. Today, thousands of such diseases are 
known, but in 1951, SCD was the fi rst. The details of the 
abnormality were worked out by Dr. Vernon Ingram [ 7 ] in 
1956. In the 1970s, more details of how this abnormal struc-
ture affects the red blood cells were revealed, and better tests 
for the detection of the disease were developed.  

16.3     Geography and Epidemiology 

 The origin of the mutation that led to the sickle-cell gene was 
initially thought to be in the Arabian Peninsula, spreading to 
Asia and Africa. It is now known, from evaluation of chro-
mosome structures [ 8 ], that there have been at least four 
independent mutational events, three in Africa and a fourth 
in either Saudi Arabia or central India. These independent 
events occurred between 3,000 and 6,000 generations ago, 
approximately 70,000–150,000 years. The global distribu-
tion of    Hb S is indicative of two factors: selection for carriers 
through their survival advantage in malaria-endemic regions 
and subsequent migration. Four region-specifi c African hap-
lotypes (the Senegal, Benin, Bantu, and Cameroon haplo-
types) and one Asian haplotype (the Arab-India haplotype) 
have been defi ned, providing support for the hypothesis that 
the mutation-causing Hb S has occurred, and been locally 
amplifi ed, on at least two, and possibly several, separate 
occasions. In addition to the close geographic correlation 
between the frequency of the Hb S gene in populations and 
the historic incidence of malaria, evidence for the partial 
resistance of carriers to all forms of  Plasmodium falciparum  
malaria [ 9 ] has been reported in many populations. The prev-
alence of sickle-cell disease is highest in sub-Saharan Africa. 
Although the scarcity of diagnostic facilities means that pre-
cise data are not available, a recent estimate suggests that it 
concerns 0.74 % of the births in sub-Saharan Africa. By 
comparison, approximately 0.15 % of the black population 
in the United States and Europe is affl icted with SCD. Sickle- 
cell disease is also an important cause of osteonecrosis 
affecting persons in the Indian subcontinent, in the Persian 
Gulf, in South America, in the Mediterranean countries and 
those from the Caribbean, and Central America. SCD is 
prevalent in other ethnic groups as well, including those 
from Mediterranean area countries as North Africa, Turkey, 
Spain, and Italy.  

16.4     Basic Science of Sickle-Cell Disease 

16.4.1     Molecular Genetics 

 The normal human hemoglobin molecule consists of four 
globin chains: two α chains and two ß chains. When α and ß 
chains are normal, this is abbreviated Hb A. The genetic 

basis of sickle-cell disease is a mutation on chromosome 11 
that results in an amino acid substitution of valine for 
 glutamic acid at the sixth position of the beta-globin subunit 
of hemoglobin. This results in hemoglobin S (Hb S). 
Diagnosis of the disease is confi rmed by hemoglobin elec-
trophoresis. Abnormal hemoglobin is designated by the type 
of abnormality in the globin chain. For example, the pres-
ence of one sickle-cell (S) ß chain and one C ß chain is 
abbreviated Hb SC. Homozygous sickle-cell disease is des-
ignated Hb SS. Abnormal hemoglobin, such as Hb SS, is 
usually the result of an abnormality in the ß (not α) chains. 
The term  sickle-cell disease  applies to all patients with at 
least a single Hb S chain and one other abnormal ß globin 
chain, which may be another sickle-cell ß chain (in which 
case the patient is homozygous Hb SS and by defi nition has 
sickle-cell anemia), Hb SC, or one of the thalassemias (Hb 
S-thal). Overall, Hb SS accounts for 60–70 % of the cases of 
sickle-cell disease in the United States and has the severest 
clinical manifestations of any of the sickle-cell disease vari-
ants. Sickle-cell trait (the heterozygous Hb SA, with one 
abnormal sickle gene designated S and one normal hemoglo-
bin gene designated A) is a benign condition from an ortho-
pedic point of view, with no propensity for vaso-occlusive 
complications, no osteomyelitis, and no osteonecrosis. 
Sickle-cell trait is however associated with an increased risk 
of a rare renal tumor, medullary carcinoma [ 10 ]. The impor-
tance of sickle- cell trait lies also with its implications for 
genetic counseling [ 8 ].  

16.4.2     Anemia 

 The term sickle-cell disease is used to refer to all the differ-
ent genotypes that cause the characteristic clinical syndrome, 
whereas sickle-cell anemia, the most common form of 
sickle-cell disease, refers specifi cally to homozygosity for 
the βS allele. In populations of African ethnic origin, sickle- 
cell anemia typically accounts for 70 % of cases of sickle- 
cell disease, with most of the remainder having hemoglobin 
SC disease (Hb SC disease) owing to the coinheritance of the 
βS and βC alleles. The third major type of sickle-cell disease 
occurs when βS is inherited with a β-thalassemia allele, caus-
ing Hb S/β-thalassemia. Sickle-cell anemia (SCA) is the 
most important syndrome of sickle-cell disease [ 11 ,  12 ]. 
This hemolytic anemia is characterized by abnormally 
shaped (sickled) red blood cells (RBCs), which are destroyed 
and removed from the circulation, leading to anemia.  

16.4.3     Cellular Abnormalities 
in Sickle-Cell Disease 

 Hemoglobin S has a tendency to polymerize with relative 
ease in a deoxygenated state. This leads to a disturbance in 
erythrocyte architecture, producing cells that are crescent 
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or sickle-shaped in appearance and have decreased 
 deformability. Factors that increase the rate of polymeriza-
tion include high Hb S concentration, deoxygenation, lower 
pH, and a decrease in fetal hemoglobin (HbF). RBCs in SCA 
also appear to have an increased binding affi nity for vascular 
endothelium [ 13 ,  14 ]. The degree of affi nity correlates 
strongly with the severity of clinical disease. Several molec-
ular interactions are likely to contribute to this endothelial 
affi nity [ 15 ,  16 ]. One is a surface complex on reticulocytes 
that binds to endothelium. Another mechanism is a complex 
present on both reticulocytes and endothelium that binds 
thrombospondin (secreted by activated platelets).  

16.4.4     Physiopathology of Osteonecrosis 

 Hb S is caused by a mutation in the β-globin gene. This 
mutation produces a hydrophobic motif in the deoxygenated 
Hb S tetramer that results in binding between β1 and β2 
chains of two hemoglobin molecules [ 17 ]. This crystalliza-
tion produces a polymer nucleus, which grows and fi lls the 
erythrocyte, disrupting its architecture and fl exibility and 
promoting cellular dehydration, with physical and oxidative 
cellular stress.  

16.4.5     Diagnosis and Screening 

 Diagnosis of sickle-cell disease is based on analysis of 
hemoglobin [ 18 ]. Typically, this analysis involves protein 
electrophoresis or chromatography, which are cheap tech-
niques and widely available worldwide, although hemoglo-
bin mass spectrometry and DNA analysis are being 
increasingly used because these techniques enable high- 
throughput testing. Antenatal screening is available to 
women in some countries to help to identify couples who are 
at risk of having a baby with sickle-cell disease and to offer 
prenatal diagnosis. Universal neonatal screening programs 
are established in the United States and England, with other 
programs being developed in Europe and Africa. Some of 
the improvement in survival in sickle-cell disease over the 
past few decades has been attributed to neonatal screening, 
facilitating early access to prophylaxis with penicillin, com-
prehensive care, and parental education on the early detec-
tion of complications such as acute splenic sequestration.   

16.5     Frequency of Osteonecrosis 

 Multifocal osteonecrosis  [ 19 ,  20 ] is the most common 
 situation in SCD. It is defi ned as a disease of three or more 
anatomic sites. For example, a patient with osteonecrosis of 
one hip, one knee, and one shoulder would meet the criteria; 
a patient with three osteonecroses but not three separate 
sites involved would not be considered as multifocal 

 osteonecrosis (e.g., two hips and one knee). Multifocal 
osteonecrosis is very frequent in SCD. For example, in a 
series of 200 patients with sickle-cell disease with a follow-
up of 15 years [ 21 ], the occurrence of osteonecrosis was 158 
lesions of the proximal femur associated with 151 proximal 
humerus osteonecroses, 33 lateral femoral condyle osteone-
croses, 28 distal femoral metaphysic osteonecroses, 27 
medial femoral condyle osteonecroses, 23 tibial plateau 
osteonecroses, 21 upper tibial metaphysic osteonecroses, 
and 14 ankle osteonecroses. The total number of osteonecro-
sis was 455 in these 87 patients. The epiphyseal lesions were 
more frequent than the metadiaphyseal lesions excepted in 
the proximal tibia. This means that in patients with hip osteo-
necrosis, the other joints [ 22 ] should be evaluated with radio-
graph and MRI if the joint is symptomatic. In reverse for 
patients with osteonecrosis of the knee, shoulder or ankle, 
the patients’ hip should be evaluated by radiographs or MRI, 
regardless of whether the hip is symptomatic.  

16.6     Natural Evolution and Consequence 
of Hip Osteonecrosis in Children 

 The contribution of synovial fl uid to epiphyseal nutrition 
may offer some protection against infarction in children, 
among whom there is a lower prevalence of that complica-
tion (27 %) than in adults [ 23 ,  24 ]. 

16.6.1     Epiphyseal Infarction 

 Frequently, initial radiographs appear normal, and the 
 earliest signs of avascular necrosis are seen on MR images 
(in particular, T2-weighted inversion recovery images), 
which show regions of high signal intensity indicative of 
bone marrow edema. Often, a serpiginous double line that 
consists of a hyperintense inner border and hypointense 
periphery can be seen at T2-weighted imaging. The “double 
line” sign results from the high-signal-intensity infl amma-
tory response of bone with granulation tissue, inside the 
 low-signal- intensity reactive bone interface. As osteonecro-
sis progresses, changes become evident at radiography. Early 
radiographic signs include lucency and sclerosis within the 
epiphysis; subsequently, crescent-shaped subchondral 
 lucencies develop; and eventually, depression of the articular 
surface, collapse, and fragmentation occur.  

16.6.2     Growth Plate 

 The effects of sickle-cell anemia on growth are thought to 
result from bone infarction. Epiphyseal shortening arises 
from vascular compromise, which causes damage to the 
growth plate, slowing or halting cartilage growth and leading 
to shortened bone. Premature fusion of growth plates often 
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occurs centrally because of the ingrowth of metaphyseal 
 vessels. Epiphyseal deformities [ 23 ] with cupping of adja-
cent metaphyses have been described in sickle-cell anemia 
but also may occur in other childhood disorders, such as 
infection [ 24 ].   

16.7     Natural Evolution and Consequence 
of Hip Osteonecrosis in Adults 

 The description of hip osteonecrosis was reported in the 
1960s [ 25 ]. The prevalence of osteonecrosis in patients with 
sickle-cell disease is as high as 37–50 %. Osteonecrosis most 
commonly occurs in the humeral and femoral heads, due to 
their limited arterial network, which can easily succumb to 
occlusion by sickled cells. In both the hip and shoulder 
joints, the disease is bilateral in approximately 30 % of 
patients. 

16.7.1     Symptomatic Hip Osteonecrosis 

 Extensive reports [ 26 ,  27 ] on the natural history of the symp-
tomatic hip with osteonecrosis of the femoral head in adults 
with sickle-cell disease have been reported. Collapse of the 
femoral head [ 28 ] tends to occur early and at a high rate 
within 5 years after the diagnosis. No signifi cant risk factors 
that could cause collapse, such as stage or size, were identi-
fi ed possibly because the rate of collapse was so high. This 
fi nding suggests that conservative operative procedures 
should be instituted early to try to prevent a poor outcome in 
hips with stage II disease.  

16.7.2     Asymptomatic Hip Osteonecrosis 

 The same authors reported their evaluation of asymptomatic 
hip osteonecrosis [ 28 ]. The unfavorable outcome for most 
patients with an asymptomatic hip and osteonecrosis of the 
femoral head in the contralateral hip related to sickle-cell 
disease suggests that careful screening of the asymptomatic 
hip should be performed on a regular basis. They recom-
mend that the asymptomatic hip be screened at 6-month 
intervals after presentation of the symptomatic hip, particu-
larly when the volume of the osteonecrosis is large and when 
there has been collapse of the contralateral hip, because these 
two factors have been found to be associated with the rate of 
clinical and radiographic progression in the asymptomatic 
hip in patients with osteonecrosis of the femoral head associ-
ated with corticosteroid use or alcohol abuse. They also rec-
ommend evaluating the patient as soon as possible after the 
onset of pain because symptoms always preceded collapse. 
The intervals between the onset of pain and collapse may be 
as short as 3 months, and in the present study, the mean time 
between pain and collapse was only 35 months.   

16.8     Preoperative Evaluation 
and Management  

 The complication rate for patients with sickle-cell disease 
undergoing orthopedic procedures is signifi cantly higher 
[ 29 ,  30 ] than that for patients without sickle disease undergo-
ing similar procedures, and these patients are more likely to 
have an extended inpatient hospital stay. Optimal periopera-
tive management with a multidisciplinary approach should 
decrease the overall morbidity of these patients. 

16.8.1     Preoperative Transfusion 

 The medical status [ 31 ] and attempts to prevent medical 
complications should be monitored by a specifi c medical 
team who has experience in preoperative management of 
patients with SCD undergoing orthopedic procedures [ 29 ]. 
We have experience of management of surgical procedure 
and medical complications of 2,300 patients with SCD. Part 
of the routine evaluation of patients with sickle-cell disease 
should include laboratory tests consisting of serial hemoglo-
bin, Hb S%, renal function, liver function, and oxygen satu-
ration. Based on these laboratory tests, the need for 
preoperative transfusion can be determined. All patients had 
a preoperative evaluation including hematologic consulta-
tion. Given the frequency of antigen mismatch between 
mostly Caucasian donors and African-origin recipients and 
in an attempt to prevent alloimmunization, we used, since 20 
years, blood products which are phenotypically typed for 
ABO, Rhesus (Cc, D, Ee), and Kell. All the patients have 
antibody screening before surgery. The donor registry for the 
entire country is used as a resource when necessary. Red 
blood cell exchange to decrease the hemoglobin S level to 
less than 30 % was not performed before surgery except for 
25 patients with a history of severe acute chest syndrome or 
a previous cerebrovascular episode or a severe anemia with 
hemoglobin less than 5 g/dL. For the other patients, acute 
simple transfusions were performed during and after surgery 
to maintain a level of hemoglobin between 8 and 10 g/dL. 
There is a general trend toward a conservative rather than 
aggressive transfusion regimen [ 32 ]. By adopting a simple 
transfusion therapy, transfusion-related complications in 
patients are decreased. All the patients had oxygen saturation 
during 3 days and were managed with anticoagulants post-
operatively for 1 month when THA and only 1 week when 
core decompression.  

16.8.2     Prevention of Infection 

 We prevent infection before, during, and after surgery. All 
patients with gallbladder stones had their gallbladder 
removed before hip surgery because gallbladder infection is 
a major source of secondary bone infection. Antibiotics 

P. Hernigou and G. Daltro



129

(fi rst- and second-generation cephalosporins; 2.5 g per day) 
were administrated during and after surgery (3 days). 
Furthermore, all the patients had their implants fi xed with 
cement containing antibiotics (Palacos Genta). Patients had 
surgery only when white blood cell count, erythrocyte sedi-
mentation rate, and C-reactive protein values were within 
normal limits (according to the disease). According to the 
frequency of osteomyelitis in SCD, intraoperatively aspi-
rates, smears, and excised specimens were collected before 
antibiotic administration and cultured for growth of aerobic 
and anaerobic bacilli   . Histologic sections were examined for 
evidence of bacterial infection. After the operation, the anti-
biotics were continued for 3 days if intraoperative cultures 
were negative and for 1 month if the cultures or histologic 
examination were positive.   

16.9     Intraoperative Management 

 Since there is a constant need for meticulous control of oxy-
genation and fl uid hydration, general anesthesia [ 33 ] often is 
administered for these patients during orthopedic proce-
dures. The most common intraoperative complications are 
excessive blood loss (53 %), followed by hypothermia 
(11 %). Therefore, patients require extensive monitoring of 
cardiac rhythm, blood pressure, temperature, and oxygen 
saturation. They also need active intraoperative warming, 
which usually consists of a combination of a warming blan-
ket, humidifi er, and blood/fl uid warmer. 

 Patients with sickle-cell disease tend to contain latent 
Staphylococcus and Salmonella organisms in the infarcted 
bone due to the frequency of osteomyelitis in childhood. To 
identify latent infection and determine appropriate antibiotic 
therapy, culture of the femoral head bone chips and histology 
of all surgical specimens should be obtained during THA.  

16.10     Postoperative Management 

 Postoperative management consists of intravenous hydra-
tion, supplemental oxygen, intravenous antibiotics, chest 
physiotherapy, and incentive spirometry. Common compli-
cations encountered in the early postoperative period include 
acute chest syndrome, vaso-occlusive crisis, and, less com-
monly, neurological and renal events. 

16.10.1     Acute Chest Syndrome 

 Acute chest syndrome  [ 34 ,  35 ] is characterized by some 
combination of respiratory symptoms, pain in the thorax or 
abdomen, fever, an abnormal chest exam, and eventual 
development of an infi ltrate on chest radiograph. Although 
there is great variability in outcome, acute mortality is a risk. 
Furthermore, acute chest syndrome is a major risk factor for 

chronic lung disease. The etiology of this syndrome is a 
complex interplay of cruoric and/or fat embolism, infection, 
and in situ microvascular plugging by sickled red cells. 
Acute chest syndrome has a multifactorial etiology that 
includes rib infarction [ 36 ], infection, pulmonary infarction, 
and fat embolism. The pathophysiology of acute chest syn-
drome in sickle-cell disease is due to regional hypoxia lead-
ing to vasoconstriction. This results in increased 
polymerization of Hb S that leads to greater sickling and 
endothelial activation, with subsequent occlusion of the pul-
monary vasculature. This triggers intrapulmonary shunting, 
which worsens the desaturation. Risks are increased in 
 certain orthopedic procedures, particularly those that involve 
intramedullary canal reaming of long bones, by increasing 
the risk of fat embolism. Treatment of acute chest syndrome 
consists of hemoglobin levels, blood cultures, arterial blood 
gases, chest radiograph, spiral computed tomography scan of 
thorax, and exams to rule out pulmonary embolism and deep 
vein thrombosis   . Treatment consists of blood transfusions, 
supplemental oxygen, adequate pain management, and 
empirical antibiotics (cephalosporin and macrolide).  

16.10.2     Vaso-occlusive Crisis 

 Vaso-occlusive crisis, experienced by approximately 9 % of 
patients with sickle-cell disease, is defi ned as nonsurgical 
pain lasting >24 h and requiring opioid analgesia. Standard 
treatment consists of administering continuous IV opioid 
drug, typically morphine.  

16.10.3     Transfusion-Related Complications 

 Due to large transfusions, patients may develop complica-
tions such as new alloantibody formation and immediate or 
delayed hemolytic reaction. As previously discussed, these 
complications are more often seen in patients who receive 
aggressive transfusion regimens.  

16.10.4     Thromboembolic Prophylaxis in 
Sickle-Cell Disease  

 Little data exist about the risk of thromboembolic events in 
patients with SCD after THA and the best prophylaxis. Risk 
factors associated with venous occlusion include activation 
of the clotting cascade that can facilitate thrombus formation 
and hyperviscosity as a complication of transfusion [ 37 ]. 
Thrombin induces endothelial retraction resulting in the 
exposure of proadhesive extracellular components. It also 
upregulates endothelial expression of P-selectin, which 
increases binding among platelets and endothelial cells. Our 
experience with more than 600 patients with THA or revi-
sion of THA in SCD has only four documented deep vein 
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thrombosis and/or one documented nonfatal pulmonary 
embolism. All the patients had a prophylactic anticoagulant 
for 1 month postoperatively without any routine screening 
procedure (such as Doppler). Thromboembolism did not 
appear as a clinical problem in this population of patients. 
With warfarin, the frequency of hematoma was higher than 
with low-molecular-weight heparin (HPBM). The problem 
with HPBM is the risk of    thrombocytopenia. In sickle-cell 
disease, platelets do not contribute to the pathophysiology of 
microvascular arterial occlusion. However, due to splenic 
sequestration, patients with sickle-cell disease often have 
thrombocytopenia. Although it occurs very rarely in adult-
hood, splenomegaly may be present and induce thrombope-
nic hypersplenism. After surgery, the high hematopoietic 
activity and the infl ammatory response may induce notice-
able thrombocytosis. We did not observe complications 
related to HPBM such as thrombopenia.      
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17.1            Introduction 

 The pathogenesis of osteonecrosis (ON) is unclear, although 
it is known that it results in bone death [ 1 ]. ON is associated 
with a wide spectrum of systemic disorders [ 1 ], and cortico-
steroid use [ 2 ], alcohol consumption [ 3 ], cigarette smoking 
[ 3 ], intravascular coagulation [ 4 ], and trauma [ 5 ] are well- 
known risk factors. In this chapter, we discuss other risk fac-
tors of ON, namely, autoimmune disease (systemic lupus 
erythematosus, antiphospholipid syndrome) [ 6 – 9 ], trans-
plantation (kidney, liver, heart, bone marrow) [ 10 – 16 ], and 
others (chemotherapy, radiation, caisson disease, pancreati-
tis, and Gaucher’s disease) [ 1 ,  17 – 23 ].  

17.2     Autoimmune Disease 

17.2.1     Systemic Lupus Erythematosus (SLE)  

 Osteonecrosis (ON) is a rather common manifestation of 
SLE and requires surgical therapy in most cases. The condi-
tion was fi rst reported in 1960 by Dubois and Cozen [ 24 ]. 
The reported prevalence of symptomatic ON in patients with 
SLE ranges from 3 to 30 %, which is higher than the preva-
lence of general ON [ 6 ,  25 – 28 ]. In a cohort of 407 patients 
with SLE, Petri reported a 14.5 % prevalence of ON [ 25 ]. 
Gladman et al. reported that among 744 patients with SLE 
followed for a mean 8 years, 13 % developed ON [ 26 ]. Cozen 
et al. reported a lower prevalence of 5 % among 488 patients 
with SLE [ 27 ], and similarly, Sayarlioglu et al. reported that 

among 868 patients with SLE, 6 % developed ON [ 6 ]. 
However, asymptomatic ON was not included in these two 
studies, and thus, the true prevalence of ON in SLE is much 
higher. In another study, 12 % of 66 SLE patients were found 
to have asymptomatic ON of the femoral head by magnetic 
resonance imaging (MRI) [ 29 ]. 

 However, the majority of studies on the subject did not 
report the annual incidence of ON in SLE. In fact, the risk 
of ON development varies during the disease course of 
SLE. Abeles et al. found that the incidence of osteonecro-
sis increased constantly during the fi rst 5 years from diag-
nosis [ 30 ]. 

 A number of clinical features have been described in 
association with ON in SLE, and it appears that the etiology 
of ON in SLE is probably multifactorial. Several clinical risk 
factors have been proposed, such as the use of corticoste-
roids [ 28 ,  31 – 34 ], the presence of Raynaud’s phenomenon 
[ 35 ,  36 ], vasculitis [ 28 ,  35 ], thrombophlebitis, preeclampsia 
[ 28 ], and arthritis [ 32 ]. However, the use of corticosteroids 
remains the only major factor associated with ON in SLE 
[ 32 ], and the roles of other clinical variables remain unclear. 
These observations were based on small numbers of SLE 
patients that developed ON, and much of the data reported 
were derived by univariate analyses. Furthermore, logistic 
regression models have failed to confi rm the link between 
ON and clinical variables, with the exception of corticoste-
roids use [ 32 ]. 

 ON occurs mainly in SLE patients being treated with cor-
ticosteroids and only rarely in SLE patients who had never 
received corticosteroids [ 32 ]. All of the 11 SLE patients 
reported by Dubois had received adrenal corticosteroids 
[ 24 ]. In another study, the use of corticosteroids was found to 
be associated with an 18-fold increased risk of ON in SLE 
patients [ 32 ]. Furthermore, several studies have found asso-
ciations between steroid dosage [ 28 ], cumulative dose [ 30 ], 
duration of steroid therapy [ 32 ], and mode of therapy [ 34 ] 
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and the development of ON. Overall, available data suggest 
that ON tends to develop in SLE patients administered high 
doses of steroids early during the disease course and particu-
larly in those patients that develop a Cushingoid appearance 
[ 28 ]. It has also been suggested that ON in SLE may be 
related to the use of pulse therapy [ 34 ]. 

 Several pathogenic factors are probably associated with 
ON in SLE and more than one mechanism may be involved. 
The strong link between ON and corticosteroid therapy  sug-
gests a crucial pathogenic role for steroids. However, even 
the mechanism by which corticosteroids trigger ON is 
unclear. Chronic corticosteroid therapy may suppress osteo-
blastic activity and result in an impaired ability to repair 
microfractures [ 37 ,  38 ]. Zizac et al. theorized that corticoste-
roid therapy results in an increase in the size and numbers of 
intramedullary lipocytes and that this increases bone marrow 
pressure [ 35 ], which in turn causes vascular compression 
and reduced perfusion to the bone tissue leading to bone 
ischemia and infarction. Vasculitis and vasospasm of the 
blood vessels that supply the bone tissues are also factors 
that probably contribute to the pathogenesis of ON in SLE 
[ 28 ]. Furthermore, hypercoagulopathy  can trigger ON in 
SLE patients in the absence of corticosteroid therapy, and 
ON can develop as a result of arterial or venous thrombosis 
of bone blood vessels and subsequent ischemia and infarc-
tion in bone tissues [ 39 ].  

17.2.2     Antiphospholipid Syndrome  

 Antiphospholipid syndrome (APS) is an autoimmune dis-
ease characterized by multiple thrombotic episodes and fetal 
loses in the presence of anticardiolipin antibodies (aCLs) 
and/or lupus anticoagulant (LA) [ 6 – 9 ,  40 ]. APS is classifi ed 
as “primary” when it occurs in the absence of any other 
underlying disease [ 41 ] and as “secondary” when it is associ-
ated with other autoimmune diseases, especially with SLE. 
The clinical presentation and evolution of APS can vary 
markedly and range from a mild sporadic event to a recurrent 
or catastrophic event [ 9 ,  42 ]. 

 aCLs and LA belong to a family of autoantibodies called 
antiphospholipid antibodies once thought to be directed 
against negatively charged phospholipids [ 43 ]. However, 
their true antigenic targets were found to be more complex 
and to include plasma proteins, such as beta2-glycoprotein I 
and prothrombin [ 43 ,  44 ]. 

 These antibodies are associated with vessel thromboses of 
all sizes at multiple organ sites [ 45 ]. aCL antibodies are asso-
ciated with thrombosis of a variety of vessels at multiple 
sites, which probably include bone vasculature [ 45 ]. In SLE, 
the prevalence of previous thrombosis (at any site) was found 
to be three- to fourfold higher in patients positive for LA and 
two- to fourfold higher in those positive for aCL [ 46 ]. Thus, 

a thrombotic microvasculopathy at the terminal arteries of 
the bone supports the role of antiphospholipid antibodies in 
the pathogenesis of ON. 

 Antiphospholipid antibodies have recently been associ-
ated with ON in SLE. However, this association is controver-
sial as some reports support an association [ 28 ,  47 ,  48 ], 
while others do not [ 49 ]. A retrospective study by Asherson 
et al. showed that the prevalence of antiphospholipid anti-
bodies (aCLs or LA) was higher in SLE patients with ON 
than in those without [ 47 ]. Moreover, no signifi cant differ-
ence in corticosteroid use was found between patients with 
or without APS who developed ON. Nagasawa et al. retro-
spectively investigated 111 SLE patients for ON and found 
the percentage of patients positive for LA was greater among 
those with ON ( n  = 24) [ 48 ]. 

 Tektonidou et al. reported that 20 % of patients (6 of 30) 
with primary APS had evidence of asymptomatic ON (in the 
absence of corticosteroid use) by magnetic resonance imag-
ing [ 50 ]. The increased incidence of ON among primary 
APS patients, in the absence of other predisposing factors, 
suggests that antiphospholipid antibodies play a role in the 
pathogenesis of ON. In fact, ON might represent an addi-
tional clinical feature of APS. 

 In summary, ON has been observed in patients with 
antiphospholipid antibodies, with and without a history of 
corticosteroid treatment. Moreover, thrombosis in APS has 
been described in the vessels of multiple organs, and thus, 
the occlusion of bone subchondral arterioles might be 
expected.   

17.3     Posttransplantation 

 Advances in transplantation technology provided great ben-
efi ts to patients suffering from organ failure, but the compli-
cations induced by steroid used for posttransplant 
immunosuppression are problematic, and of these side 
effects, nontraumatic ON constitutes a serious problem. 

 Organ transplantation  requires steroid administration 
for immune suppression, and there is general agreement 
that the use of steroids is a risk factor of the development 
of ON. Traditionally, the incidence of ON of the hip in 
patients that have undergone renal, liver, or cardiac trans-
plant has been reported to be between 3 and 24 % [ 1 – 8 , 
 10 – 14 ,  51 – 62 ]. In general, patients that undergo renal 
transplantation are at greater risk of developing ON than 
patients who undergo cardiac or liver transplantation 
[ 12 – 14 ,  52 ,  63 ,  64 ]. It has been hypothesized that higher 
rates of ON after renal transplantation are in some way 
related to underlying metabolic problems exacerbated by 
chronic steroid use. Furthermore, new transplant proto-
cols requiring lower steroid use have been associated 
with lower rates of ON [ 10 ,  52 ,  65 ]. 
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17.3.1     Renal Transplantation 

 ON is a major postoperative complication that develops 
within 12 weeks of renal transplantation [ 66 ,  67 ] with an 
incidence of 3–40 % [ 10 ,  11 ,  54 – 58 ,  68 ]. There are many 
potential reasons for this wide range, such as differences in 
steroid immunosuppressive regimens and in the sensitivities 
of screening modalities for ON. However, the primary rea-
sons for this wide variation are the retrospective nature of 
many of these studies and an inability to obtain data on 
asymptomatic patients [ 69 ]. 

 It has been shown that total steroid dosage over 1 year and 
average daily dose are related to the risk of ON development 
[ 54 ,  55 ,  70 – 72 ]. Recently, Shibatani et al. reported that the 
risk of developing ON depends on the steroid dose adminis-
tered at as early as 8 weeks after transplantation, which 
prompted the suggestion that a reduction in total dose during 
the fi rst 8 weeks after transplantation could reduce the risk of 
ON [ 10 ]. Duration of dialysis before transplantation [ 72 ], 
number of acute rejection episodes [ 54 ], hyperparathyroid-
ism [ 71 ], and hypophosphatemia [ 73 ] have also been reported 
to be risk factors of ON after renal transplantation. 

 Since cyclosporine was introduced as an immunosuppres-
sive agent after renal transplantation, steroid dose, the inci-
dence of acute rejection, and the incidence of ON have 
reduced [ 10 ,  65 ]. Today, the use of tacrolimus (a potent 
immune suppressor) has reduced steroid dosages and the 
incidence of acute rejection further [ 10 ]. It has also been 
reported that tacrolimus may suppress the development of 
ON [ 74 ].  

17.3.2     Liver Transplantation 

 Liver transplantation has become a common procedure for 
treating patients with severe chronic hepatic disorders, and 
like allogenic renal transplantation, postoperative immuno-
suppressive regimens are required for the survival and 
 normal function of transplanted livers. However, increased 
liver survival rates post transplantation means more patients 
are at a high risk of developing ON, especially in the femoral 
head, due to immunosuppressive treatment. 

 The prevalence of ON after liver transplantation (1.3–9 %) 
is lower than that after renal transplantation [ 12 ,  13 ,  59 ,  75 , 
 76 ]. Papagelopoulos et al. reported that 23 (8.1 %) of 285 
liver transplant recipients developed symptomatic ON after 
surgery, and seven patients required joint arthroplasty [ 59 ]. 
Lieberman et al. reported that 4 (2 %) of 203 liver transplant 
patients were diagnosed with ON of the hip and commented 
that due to the rarity of the condition, routine MRI screening 
is not required [ 75 ]. Horiuchi et al. reported despite the use 
of high-dose corticosteroids for immunosuppression, none 
of their patients presented with symptomatic ON and that 

only 1 (2.8 %) of 36 hips in 18 patients developed 
 asymptomatic ON of the hip by MRI screening [ 13 ]. 
Recently, Li et al. reported an incidence of symptomatic ON 
of the femoral head of 1.3 % among 226 liver transplant 
recipients under an immunosuppressive protocol consisting 
mainly of methylprednisolone and calcineurin inhibitors 
(tacrolimus or cyclosporine A) [ 12 ]. They concluded that 
symptomatic ON does not commonly occur after liver trans-
plantation when current individual immunosuppressive pro-
tocols are used. They proposed that the lower prevalence of 
ON after liver transplant may be explained in part by under-
lying metabolic bone disease associated with chronic renal 
failure [ 12 ]. Clearly, the organ-specifi c incidence of ON 
requires closer examination.  

17.3.3     Heart Transplantation 

 Symptomatic ON does not occur frequently after heart trans-
plantation [ 14 ,  60 ,  62 ]. Danzig et al. was the fi rst to report 
ON of the hip in a 28-year-old man after cardiac transplanta-
tion, and subsequently, Bradbury et al. retrospectively ana-
lyzed the relationship between the development of ON and 
steroid dosage in 168 patients that had undergone heart 
transplantation (156 patients) or heart and lung transplanta-
tion (12 patients). Five patients (3 %) were diagnosed with 
symptomatic ON at an average of 5 months after transplanta-
tion (range, 2–11 months), and a strong association was 
noted between the cumulative dose of pulsed intravenous 
methylprednisolone during the fi rst month post transplanta-
tion and the development of ON [ 60 ]. 

 Recently, Lieberman et al. retrospectively evaluated 204 
patients that underwent cardiac transplantation and noted 
that only 6 (3 %) developed symptomatic ON of the hip or 
knee at an average of 38.5 months (range, 21–52 months) 
after transplantation. However, unlike Bradbury et al., they 
found no association between steroid dose and the develop-
ment of symptomatic ON.  

17.3.4     Bone Marrow Transplantation 

 The issue of ON after bone marrow transplantation has 
attracted little interest until recently because mortality after 
this procedure is high. However, survival after bone marrow 
transplantation is increasing rapidly, and it is clear that this 
complication interferes with return to society, but unfortu-
nately, relatively few reports have been published on the sub-
ject [ 15 ,  16 ,  77 – 79 ]. 

 Atkinson et al. reported of 50 patients that survived 2 
years or more after human leukocyte antigen identical sib-
ling bone marrow transplantation, 5 (10 %) developed ON of 
the femoral head and that all 5 had graft-versus-host disease 
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(GVHD). They postulated that the steroid used to treat 
 graft-versus- host disease might have been a causative factor 
[ 77 ]. Other authors have also reported prevalences of 3–10 % 
among bone marrow transplant patients, particularly in those 
with steroid-treated GVHD [ 78 ,  79 ]. 

 Tauchmanova et al. reported that symptomatic ON 
occurred in 12 (5.8 %) of 207 long-term survivors after bone 
marrow transplantation within 3–114 months (median, 26 
months) after grafting and that 10 of the 12 had received 
allogeneic bone marrow. Furthermore, signifi cant associa-
tions were found between the development of ON and the 
following risk factors: allogeneic transplant, presence and 
grade of GVHD, and steroid treatment duration and cumula-
tive dose [ 15 ]. 

 Allogeneic and autologous-transplanted patients are often 
pooled in clinical studies on bone complications after bone 
marrow transplantation. However, Tauchmanova et al. sug-
gested that there could be considerable differences between 
these two settings, because allografts compromise the host 
immune system more severely than autografts, due to the 
intense immunosuppressive effects of the conditioning regi-
mens used to avoid graft rejection and to the prolonged 
administration of multiple immunosuppressive drugs to pre-
vent GVHD [ 15 ]. 

 GVHD is a specifi c immunologic response whereby 
mature T lymphocytes from the donor site attack recipient 
tissues, including the liver, skin, or intestines, and chronic 
GVHD may be similar to the autoimmune diseases that dam-
age multiple organs. Moreover, in recent pathologic reviews 
the microangiopathies associated with bone marrow trans-
plantation have been linked with the etiology of ON [ 16 ]. In 
fact, the frequent development of acute or chronic GVHD 
after allogeneic bone marrow transplantation induces addi-
tional alterations in the immune system. 

 The pathogenesis of ON after bone marrow transplanta-
tion is probably multifactorial and the precipitating 
 conditions various. Corticosteroid treatment probably con-
tributes to the development of ON, but strong relationships 
between ON, allogeneic bone marrow transplantation, and 
GVHD recurrence suggest that immune-mediated mecha-
nisms also underlie ON development after bone marrow 
transplantation.   

17.4     Other Risk Factors 

17.4.1     Chemotherapy  

 Nontraumatic ON of the bone is a known complication in 
solid-tumor cancer patients on cytotoxic chemotherapy [ 17 , 
 80 ]. Shim et al. summarized recent reports regarding ON 
associated with chemotherapy in cancer patients. In this 
study, 54 reported cases of nontraumatic ON in adult patients 

with solid tumors receiving chemotherapy were identifi ed in 
the medical literature. ON was observed most commonly in 
men receiving chemotherapy for testicular cancer but was 
also observed in patients receiving chemotherapy for breast, 
ovarian, and small-cell lung cancer and osteosarcoma. Most 
of the patients affected had received corticosteroids and had 
delayed onset of ON with femoral head involvement [ 80 ]. 

 As the long-term survival of patients with a solid tumor 
receiving chemotherapy increases, the prevalence of 
treatment- related ON may also increase. Patients should be 
informed that ON is a potential complication of cancer treat-
ment [ 17 ,  80 ]; however, the low incidence of ON and the 
lack of a proven benefi t for early intervention weigh against 
screening for ON in this population. On the other hand, a 
high index of clinical suspicion in patients at risk supports 
early intervention.  

17.4.2     Radiation  

 The mechanism of radiation-induced ON has been theoreti-
cally attributed to injury of vessel walls or to the application 
of external pressure to the vessels [ 81 ]. Radiologically, ON 
has only rarely been identifi ed in patients administered 
megavoltage radiation to a total dose of 45 Gy over 5 weeks 
[ 82 ]. Jenkins et al. identifi ed ON of the hip in 2 of 35 patients 
undergoing chemoradiation therapy for anal cancer [ 83 ] and 
proposed that sensitization of the microvasculature to radia-
tion by cytotoxic agents explains the apparently high preva-
lence of symptomatic ON. On the other hand, Dzik-Jurasz 
et al. found no MRI or clinical evidence of ON in 34 anal 
cancer patients treated by chemoradiation [ 18 ]. Thus, 
although a relationship between radiotherapy and the occur-
rence of ON has been proposed by several authors [ 83 – 86 ], 
more investigation is needed to confi rm causality.  

17.4.3     Caisson Disease  

 Dysbaric ON, known as caisson disease, is associated with 
exposure to large ambient pressure changes. The disease was 
fi rst reported in tunnel construction worker exposed rou-
tinely to compressed air [ 1 ,  19 ]. Furthermore, symptomatic 
decompression sickness affecting the hip is radiographically 
consistent with ON [ 1 ]; in some communities, such as 
Turkish sponge divers and Japanese diving fi sherman, the 
prevalence of dysbaric ON reaches 50–85 % [ 19 ]. 

 Dysbaric ON may occur months or years after hyperbaric 
exposure and most commonly affects femoral and humeral 
heads and femoral and tibial shafts [ 1 ]. Its pathogenesis 
involves the formation of intravascular gas bubbles during 
decompression that occlude end arterioles. Additional fac-
tors include (1) the accumulation of nitrogen gas in the bone 
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marrow; (2) fatty    infi ltration in bone marrow, leading to 
microarteriole occlusion [ 87 ]; and (3) platelet aggregation 
and thrombogenesis [ 88 ]. However, the critical pressure 
level required for the development of ON and the optimal 
decompression conditions required to avoid this serious 
complication of hyperbaric exposure have not been 
determined.  

17.4.4     Pancreatitis  

 Proteolytic enzymes generated during pancreatitis may trig-
ger intravascular coagulation and ON [ 1 ,  21 ]. And an asso-
ciation between pancreatic disease and ON has been 
documented [ 89 ]. It is generally believed that fat embolism 
or fat    infi ltration in the bone may underlie the pathogenesis 
of pancreatitis-associated ON. Baron et al. reported a syn-
drome of ON in association with pancreatitis, subcutaneous 
fat necrosis, and arthritis [ 90 ]. Furthermore, elevated levels 
of serum pancreatic lipolytic enzymes in pancreatitis increase 
unbound free fatty acids levels, which could lead to bone 
necrosis [ 91 ].  

17.4.5     Gaucher’s Disease  

 Gaucher’s disease is an autosomal recessive metabolic disor-
der characterized by abnormal accumulations of glucocere-
broside in macrophages throughout the reticuloendothelial 
system caused by a defi ciency in glucosylceramide 
ß- glucosidase activity [ 1 ,  22 ,  23 ]. 

 Infi ltration of bone marrow by Gaucher cells has multiple 
skeletal manifestations, including bone pain and ON, which 
is one of the most common skeletal manifestations of 
Gaucher’s disease and occurs in up to 60 % of patients [ 92 ]. 
Amstutz and Carey reported that 15 of 20 patients with skel-
etal manifestations had ON of the femoral head [ 93 ]. 
Gaucher’s disease appears to cause ON by causing vascular 
compromise secondary to mass compression resulting from 
bone marrow infi ltration by lipid-laden Gaucher cells [ 1 ,  94 ]. 
Enzyme release from damaged macrophages has also been 
reported to cause bone necrosis [ 94 ].   

17.5     Summary 

 Autoimmune diseases, such as systemic lupus erythemato-
sus and antiphospholipid syndrome, and posttransplantation, 
chemotherapy, radiation, caisson disease, pancreatitis, and 
Gaucher’s disease are potential risk factors of osteonecrosis. 
A high index of clinical suspicion in patients with these con-
ditions may allow prompt diagnosis, early intervention, and 
joint preservation.     
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18.1            Introduction 

 Osteonecrosis (ON) of the femoral head is an evolutionary 
process involving (1) marrow necrosis and osteocytic death, 
(2) reparative process around the necrotic zone, and (3) col-
lapse of necrotic bone and subsequent degenerative arthritis 
of the hip [ 1 – 3 ]. 

 Except for radiation necrosis [ 4 ] and cytotoxic necrosis [ 5 ], 
which are caused by direct cellular injury, ischemia after a 
disruption of blood fl ow seems to be the most probable cause 
of ON [ 1 – 3 ]. Over the past 50 years, various theories have 
been developed to explain the pathogenesis of nontraumatic 
ON. Early hypotheses included intraosseous hypertension of 
the proximal femur leading to a compartment syndrome [ 6 ], 
intravascular coagulation triggered by fat embolism [ 7 ], and 
hypertrophy of marrow fat cell [ 8 ]. However, none of them 
could explain the pathophysiology independently. They are 
mutually interactive with each other and seem to play roles 
together in the development of ON [ 9 – 11 ]. 

 During the past two decades, there has been an enormous 
progress in our understanding of the puzzling pathomecha-
nism of ON. Currently, three concepts are generally accepted. 
First, the ischemia occurs through one common pathway, 
intravascular coagulation [ 9 ]. Second, both of marrow mech-
anisms and intravascular mechanisms are involved in the 
occurrence of intravascular coagulation [ 9 – 12 ]. Third, ON 
has a multifactorial etiology. Although certain etiologic 

 factors might be able to cause the disease by virtue of their 
action alone, underlying genetic predispositions and acquired 
risk factors have synergistic action in the pathogenesis of 
most cases [ 13 – 20 ]. This role of genetic predispositions 
could explain why some chronic users of steroids or alcohol 
do not acquire the disease. Alcoholics and steroid users with 
thrombophilia/hypofi brinolysis and/or impaired angiogene-
sis may have a greater susceptibility for developing ON. 

 Doctor John Paul Jones Jr. developed a comprehensive 
concept on the pathomechanism of ON [ 9 – 11 ]. He also sug-
gested that an acute ischemia might lead to various results: 
nonprogressive marrow necrosis (borderline necrosis), bone 
marrow edema syndrome, or irreversible ON [ 10 ]. The fate 
of ischemia depends on the restoration of vascular perfusion 
by fi brinolysis and reparative angiogenesis, which affects the 
viability of osteocytes [ 9 – 11 ]. 

 In this chapter, the current knowledge on pathomecha-
nism of ON was reviewed and described according to the 
concept of Doctor Jones.  

18.2     Histologic Criteria of ON  

 The earliest histologic criteria of ON was made by Arlet and 
Durroux [ 21 ]: Type 1, disappearance of hematopoietic mar-
row; Type 2, necrosis of the fatty marrow; Type 3, complete 
medullary and trabecular necrosis; and Type 4, complete 
necrosis with marginal fi brosis and new bone formation. They 
defi ned Type 2 lesion as the diagnostic criterion of ON. 
However, there has been confusion and debate about this crite-
rion because the Type 2 lesion is also observed in BMES [ 22 , 
 23 ]. This lesion is also seen in the contralateral femoral heads 
in patients who have unilateral ON [ 24 ] and the femoral heads 
of patients who are treated with steroid [ 25 ,  26 ]. Moreover, the 
Type 2 lesion does not progress to Type 4 lesion [ 10 ,  27 ]. 

 To distinguish ON from BMES and to avoid confusion in 
their respective diagnoses, Type 4 lesion has been suggested 
for the criterion of ON [ 10 ]. Currently, this criterion is the 
most widely accepted histologic criterion for ON [ 28 ].  
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18.3     Femoral Head Blood Supply: 
An Ischemia-Vulnerable Vasculature 

 The blood supply to the femoral head is derived from the 
lateral epiphyseal artery and the medial epiphyseal artery 
(a small subsidiary vessel in the ligamentum teres). 
Actually, the lateral epiphyseal artery is the single main 
blood supplier to the femoral head in adults. This artery is 
the intraosseous continuation of the superior retinacular 
artery, which is derived from the medial femoral circumfl ex 
artery [ 29 ]. When the lateral epiphyseal artery, the superior 
retinacular artery, or the medial femoral circumfl ex artery 
is disrupted, a precarious state of an ischemia develops in 
the femoral head. A “watershed cerebral infarct” is an isch-
emic lesion due to blood fl ow blockage at the peripheral 
zones of the territories of cerebral arteries. Thus, this isch-
emic lesion is frequently located at the cerebral cortex and 
usually wedge-shaped [ 30 ]. Like the watershed cerebral 
infarct, the ischemia of the femoral head occurs at the 
peripheral zone of the lateral epiphyseal artery. Thus, fem-
oral head ON is located at the subchondral bone in the 
anterolateral quadrant of the femoral head and is usually 
wedge-shaped.  

18.4     Pathomechanism  

18.4.1     Fat Accumulation and Hematopoietic 
Cell Depletion in the Marrow and 
Intraosseous Hypertension 

 Chandler called the femoral head ON as “the coronary dis-
ease of the hip” as he thought the disease simulates the isch-
emic condition in the heart [ 31 ]. However, unlike the 
coronary artery, the lateral epiphyseal vessels are housed 
with a closed chamber of the femoral head, which is fi lled 
with marrow cells. Steroids and alcohol stimulate the differ-
entiation of bone marrow stem cells into fat cells and induce 
hypertrophy of fat cell. The diameter of the marrow fat cells 
increases by more than 10 μm [ 32 ]. The marrow space is 
fi lled with large round or ovoid fat cells, and hematopoietic 
cells are depleted (Arlet and Durroux Type 1 lesion) 
(Fig.  18.1 ). The proximal femoral metaphysis shows a high 
signal intensity almost comparable to that of the greater tro-
chanter on T1-weighted MR image, which indicates fatty 
marrow conversion [ 33 ].

   This increase in fat cell volume leads to an intraosseous 
hypertension in the proximal femur [ 6 ,  8 ]. The intraosseous 
hypertension can cause venous sinusoidal compression, 
impaired arterial fl ow, and microvascular coagulation in the 
proximal femur [ 6 ]. 

 A decrease of intramedullary blood fl ow induces a 
 conversion of hematopoietic marrow to fatty marrow 

 probably because fatty marrow can survive even with a 
 limited vascular supply relative to hematopoietic marrow 
[ 33 ,  34 ]. 

 Thus, marrow ischemia and fat marrow conversion mutu-
ally interact forming a vicious cycle. Regions composed of 
fatty marrow have a stronger predilection for ON than do 
areas of hematopoietic marrow. The femoral head, one of 
the fi rst places to convert to fatty marrow, is at risk for ON 
[ 33 ,  34 ]. 

 In Gaucher disease, a fatty substance “glycosphingolipid” 
is stored in marrow cells, which leads to an intraosseous 
hypertension [ 35 ].  

18.4.2     Marrow Necrosis 

 Intravascular coagulation leads to an acute ischemia in the 
femoral head. 

 Individual marrow cells have different sensitivities to 
ischemia [ 36 – 38 ]. 

 The hematopoietic cells are most sensitive and are the 
fi rst to die after the ischemia, usually within 12 h [ 39 ]. 
The marrow fat cells die, and their nucleus disappears from 
the second day of ischemia [ 40 ]. Thus, the earliest micro-
scopic signs indicative of bone ischemia are seen in the mar-
row spaces. The hematopoietic cells disappear, and there is 
loss of nuclear staining of marrow fat cells. The fatty marrow 
becomes necrotic (Arlet and Durroux Type 2 lesion) 
(Fig.  18.2 ). Necrotic lesions are scattered and patchily dis-
tributed in the marrow space. However, most lacunae (more 
than 50 %) are fi lled with viable osteocytes. Occasionally, 
some empty lacunae are seen at this stage probably due to a 
diminished blood supply, even though technical artifacts 

  Fig. 18.1    Hematopoietic cells are depleted, and the marrow space is 
fi lled with large round or ovoid fat cells. Lacunae are fi lled with viable 
osteocytes (Arlet and Durroux Type 1 lesion) (hematoxylin and eosin 
stain, original magnifi cation ×100)       
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(suboptimal tissue fi xation or decalcifi cation) or aging 
 phenomenon may result in the loss of staining of osteocytic 
nuclei [ 40 ].

   In this stage, sequestrum, a focal lesion of completely dead 
marrow cells and osteocytes, is not formed, and there is no 
evidence of reparative processes at the periphery of the 
necrotic zone. Thus, MRI shows no focal lesion in the femoral 
head. However, angiography shows an arterial interruption, 
and bone scan shows a cold lesion in the femoral head [ 26 ]. 

 When the duration of ischemia is temporary and shorter 
than the threshold for complete osteocytic death, this lesion 
is not progressive and remains as so-called borderline necro-
sis [ 10 ]. 

 However, when the ischemia is prolonged with a total 
lack of perfusion beyond the threshold of osteocytic death, 
the ischemic lesion progresses to ON.  

18.4.3     Thrombophilia and Hypofi brinolysis 

 Various hereditary and genetic conditions, which cause 
increased thrombosis and/or impaired fi brinolysis, accentu-
ate and prolong microvascular coagulation. 

 Protein C has an anticoagulant function by degrading pro-
coagulant factors Va and VIIIa. Protein S serves as cofactor 
for activated protein C [ 41 ]. Protein C and protein S defi cien-
cies [ 41 – 43 ] as well as mutations in the factor V Leiden or the 
prothrombin 20210A gene [ 44 ,  45 ] increase thrombosis. 
Polymorphisms of the plasminogen activator inhibitor-1 gene 
(PAI-1) are associated with hypercoagulable state [ 41 ,  46 ,  47 ]. 

 Positivity of antiphospholipid antibodies [ 48 ,  49 ], sickle 
cell disease [ 50 ,  51 ], and infl ammatory bowel disease 
[ 52 ,  53 ] also increases the risk of microvascular thrombi.  

18.4.4     Impaired Angiogenesis 

 The marrow necrosis triggers a reparative process includ-
ing reactive angiogenesis. An impairment of angiogene-
sis, as well as thrombophilia/hypofi brinolysis, has been 
proposed as a mechanism for developing ON. Nitric 
oxide, which was originally discovered as a vasodilator 
product of the endothelium, promotes angiogenesis and 
bone formation. Polymorphism in the nitric oxide syn-
thase gene is associated with idiopathic ON [ 15 ,  19 ]. 
Vascular endothelial growth factor (VEGF), which is 
induced by hypoxia, is a strong angiogenic protein and 
also plays a role in the formation of cartilage and bone. 
Genetic polymorphisms of VEGF are associated with the 
development of steroid-induced ON [ 17 ,  20 ]. Steroids 
also impair angiogenesis by suppressing the production of 
VEGF [ 54 ].  

18.4.5     Osteocytic Death and 
Sequestrum Formation 

 Thrombophilia/hypofi brinolysis and impaired angiogenesis 
may lead to a prolonged anoxia and sequestrum formation in 
the femoral head. 

 After the onset of ischemia, osteocytes begin to disappear 
within 2–5 days and completely disappear within 2–4 weeks 
[ 39 ,  40 ,  55 – 58 ]. 

 O   nce most osteocytes die and a sequestrum is formed, 
the lesion is irreversible and progresses to defi nite ON 
(Arlet and Durroux Type 3 lesion) (Fig.  18.3 ). However, if 
the necrotic region is small (<1 cm), it may heal 
spontaneously.

  Fig. 18.2    Nuclear staining of marrow fat cells is not seen and the mar-
row space is necrotic. However, most lacunae (more than 50 %) are 
fi lled with viable osteocytes (Arlet and Durroux Type 2 lesion) (hema-
toxylin and eosin stain, original magnifi cation ×100)       

  Fig. 18.3    The marrow space is necrotic and most lacunae are empty 
(Arlet and Durroux Type 3 lesion) (hematoxylin and eosin stain, origi-
nal magnifi cation ×100)       
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18.4.6        Reparative Process at the 
Margin of the Sequestrum 

 In a usual reparative process such as fracture healing, a 
fi brous vascular ingrowth occurs in the necrotic region. 
Vascular canals penetrate the medullary canals of the cancel-
lous bone and the Haversian canals in the overlying cortical 
bone. Primitive mesenchymal cells infi ltrate into the necrotic 
portion, which differentiate into osteoblasts and osteoclasts. 
Immature woven bone is deposited on the dead trabecular 
bone, which is slowly resorbed by the process of so-called 
creeping substitution [ 59 ]. 

 However, creeping substitution does not occur after the 
formation of sequestrum. Instead, a foreign body reaction 
occurs at the peripheral portion of the sequestrum. Histiocytes 
and giant cells aggregate around the sequestrum, forming a 
fi brous capsule (Arlet and Durroux Type 4 lesion) (Fig.  18.4 ). 
This capsule is called a reactive zone, which appears as a 
band lesion on MRI. A defi nite diagnosis of ON can be made 
when there is a focal sequestrum surrounded by a peripheral 
reactive zone [ 10 ]. At this stage, the reactive band appears 
on MRI.

   Around this reactive zone, marrow edema often occurs. 
During the presence of edema, bone marrow pressure is ele-
vated and patients have hip pain [ 60 ]. 

 Although vessels penetrate into the fi brotic capsule, the 
angiogenesis is blocked at the margin of sequestrum [ 61 ], 
and reparative fi brovascular tissue cannot penetrate into the 
marrow space of the sequestrum. Thus, no biological repair 
process occurs in the necrotic portion. The fi brotic capsule is 
gradually substituted by newly formed bone by osteoblasts 
and osteocytes, which appears as a sclerotic rim on 
radiographs.  

18.4.7     Saponifi cation and Collapse 
of Necrotic Bone 

 Although there is no biological reaction in the necrotic por-
tion, dead marrow undergoes a chemical change. Dead adi-
pocytes release fatty acids, which saponify with extracellular 
calcium to form insoluble soaps [ 62 – 64 ]. Saponifi ed fats and 
other necrotic areas eventually calcify, which appear as 
Mitchell class D lesion (dark signal on T1- and T2-weighted 
images) on MRI [ 65 ]. The dead trabeculae and saponifi ed 
marrow do not attain the previous mechanical strength and 
structural integrity. Even with protected weight-bearing load, 
fatigue fracture occurs at the subchondral portion, which 
appears as a crescent sign on the radiograph, leading to col-
lapse of the femoral head. Ultimately, this leads to a depres-
sion of articular cartilage and degenerative arthritis of the hip.   

18.5     Borderline Necrosis  

 After an intravascular coagulation and marrow necrosis, a 
complete fi brinolysis and suffi cient compensatory angiogen-
esis may occur within the critical ischemic period. In this 
situation, most osteocytes (>50 %) remain viable (Arlet and 
Durroux Type 2 or 3 lesion). The ischemic insult does not 
form a sequestrum and does not trigger a peripheral repara-
tive process. This lesion is called “borderline necrosis” [ 10 ]. 
Borderline necrosis is seen in the femoral head of patients 
who have been exposed to risk factors without developing 
ON and in the contralateral femoral head of patients who 
have osteonecrosis in one hip. 

 In borderline necrosis, the reactive band, which is the ear-
liest MR fi nding for ON, is not seen. The only nonspecifi c 
MR fi nding is an increase of signal intensity of the proximal 
femoral metaphysis in T1-weighted image, which means a 
conversion of hematopoietic to fatty marrow and increase of 
fat content. Angiography shows interruption of superior reti-
nacular artery or medial femoral circumfl ex artery. Bone 
marrow pressure is slightly elevated, and bone scan shows 
decrease of radionuclide uptake. Although some patients 
have mild hip pain at the initial period of ischemia, most 
patients are asymptomatic. 

 The borderline necrosis does not progress to ON (Fig.  18.5 ).

18.6        Bone Marrow Edema Syndrome  

 Bone marrow edema syndrome (BMES) is a rare disease of 
the hip, which regresses spontaneously within several months 
[ 23 ,  66 – 71 ]. 

 Although the exact etiology is unknown, ischemia seems 
to be the most probable cause because histologic fi ndings are 
similar to those of early-stage ON [ 23 ,  67 ,  68 ]. 

  Fig. 18.4    A foreign body reaction is seen at the peripheral portion of 
the sequestrum. Histiocytes and giant cells aggregate forming a fi brous 
capsule (Arlet and Durroux Type 4 lesion) (hematoxylin and eosin 
stain, original magnifi cation ×100)       
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 It frequently affects pregnant women in their third 
 trimester [ 66 ,  69 ], and an association with hypofi brinolysis 
was reported in familial BMES [ 70 ,  71 ]. However, most 
patients with BMES do not have risk factors for ON [ 23 , 
 58 – 68 ]. 

 Intravascular coagulation and marrow necrosis may 
occur in the absence or paucity of risk factors. In this situa-
tion, the subsequent events after the ischemia are quite dif-
ferent from ON. Complete fi brinolysis and reactive 
vasodilatation occur [ 72 ]. Thus, there is only a brisk period 
of subthreshold ischemic hypoxia.    Reactive hyperemia and 
increased permeability lead to an interstitial edema in the 
marrow space. 

 Although the marrow is necrotic, most osteocytes remain 
viable, and most lacunae are fi lled with osteocyte, because 
the ischemia is not so severe to induce complete bone death. 
There is no sequestrum formation and no reactive zone 
around the necrotic portion [ 23 ,  68 ]. 

 A creeping substitution occurs in the regions of marrow 
necrosis. Fibrovascular tissue and dilated vessels are seen in 
the medullary cavity. Immature woven bone is deposited on 
the surface of trabecular bone. The marrow space is fi lled 
with fl uid. By the Arlet and Durroux classifi cation, these 
lesions are Type 2 or Type 3 lesions (Fig.  18.6 ).

   During the edema, bone marrow pressure is elevated. 
Most patients suffer hip pain and are diagnosed at this stage. 
MRI shows fi ndings of edema in the marrow space. 
Angiography shows arterial dilatation, and bone scan shows 
increased uptake in the proximal femur. 

 The increased perfusion induces transient demineraliza-
tion of the trabeculae and cortical bone of the proximal 
femur. When the demineralization is severe, a nonspecifi c 
radiolucency of the proximal femur appears on the radio-
graph. However, the bone trabeculae have normal volume 
density and no signs of “osteoporosis.” Because of this, 
Wilson et al. proposed to use the term “transient BMES” 
instead of “transient osteoporosis” [ 73 ]. 

 As the intraosseous vascularity and perfusion return to 
normal, the osteoid mineralizes and the lesion is spontane-
ously healed. 

 Bone marrow edema syndrome is a self-limiting disease 
and does not progress to ON.     
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19.1            Introduction 

 Although the precise etiology of nontraumatic osteonecrosis 
of the femoral head (ON) is still unclear, this condition has 
generally been considered to result from an ischemia to the 
bone and bone marrow tissues. The fi rst pathologic descrip-
tion of the femoral head osteonecrosis was reported in a case 
of caisson disease in 1888 [ 1 ]. In 1915, the microscopic 
appearances of the necrotic bone caused by a circulatory 
 disturbance (ischemia) were described by Phemister [ 2 ], 
who also described that reparative process was observed 
around the dead bone (creeping substitution) [ 3 ]. Thereafter, 
both alcohol- and corticosteroid-related osteonecrosis 
have been reported clinically, and their pathologic appear-
ances have also been described based on the histological 
examinations [ 4 ,  5 ].  

19.2     Pathologic Characteristics 
of Osteonecrosis 

 One of the most characteristic pathology in ON is a zone 
formation, comprising necrotic, reparative, and viable tissue 
(Fig.  19.1 ) [ 6 ]. A wedge-shaped necrotic area is seen in a 
subchondral area, which is surrounded by the reparative tis-
sue. This reparative tissue continues to the normal viable 
bone and bone marrow tissue. This zone formation is quite 
similar such as seen in myocardial infarction and brain 
infarction, and thus osteonecrosis is also recognized as bone 
infarction [ 4 ,  5 ].

   In the early phase of ON, the reparative tissue generally 
consists of infi ltration macrophage, granulation tissue, and 
fi brous tissue (cellular repair tissue), which can only be 

 recognized on MRI. Thereafter   , bony repair such as an 
 appositional bone formation or creeping substitution occurs, 
when radiograph can detect these bony changes as a sclerotic 
change (Fig.  19.1 ). MRI is thus useful for the detection of 
ON in the early phase. In another word, MRI is useful for the 
detection of early reparative tissue formed around ON [ 7 ].  

19.3     Pathology of Osteonecrosis  

 Macroscopically, the articular surface generally undergoes 
fl attening (Fig.  19.2 ). On the cut section, opaque yellow, 
wedge-shaped osteonecrosis is observed in a subchondral 
region, which is bordered by an irregular reparative zone, 
comprising granulation and fi brous tissue as well as the scle-
rotic cancellous bone (Fig.  19.3 ). In general, a fracture (cres-
cent sign) is present at the subchondral region [ 8 ].
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  Fig. 19.1    Zone formation in ON. A wedge-shaped necrotic area is 
seen in a subchondral area, which is surrounded by the reparative tissue. 
This reparative tissue continues to the normal viable bone and bone 
marrow tissue. In the early phase of ON, the reparative tissue generally 
consists of infi ltration macrophage, granulation tissue, and fi brous tis-
sue, which can only be recognized on MRI. Thereafter, bony repair 
such as an appositional bone formation or creeping substitution occurs, 
when radiograph can detect these bony changes as a sclerotic change       
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Osteonecrosis of the Femoral Head

  Fig. 19.2    ON often undergoes subchondral collapse, and the resected femoral head also shows the collapsed lesion at the lateral portion of the 
femoral head       

N

R

V

N

R

V

  Fig. 19.3    The cut section shows wedge-shaped yellowish necrotic area 
(N), which is surrounded by the somewhat whitish reparative tissue (R). 
The reparative tissue continues to the viable normal area (V). The 

 specimen radiograph also demonstrates the zone formation, comprising 
necrotic ( N ), reparative ( R ), and viable area ( V )       
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    Microscopically, typical necrotic area shows an 
 accumulation of bone marrow cell debris and bone trabecu-
lae demonstrating empty lacunae occasionally containing 
some pycnotic nuclei of osteocytes (Fig.  19.4 ). At the periph-
ery of this necrotic lesion, repair process such as vascular-
rich granulation tissue and appositional bone formation is 
observed. This appositional bone formation caused the thick-
ening of the bone trabeculae in the reparative area (Fig.  19.5 ) 
[ 5 ,  6 ].

19.4         Crescent Sign  

 In ON, a subchondral fracture is often observed, which is 
generally called as a “collapse” or “crescent sign” [ 8 ]. This 
sign pathologically corresponds to a space formed between 
the fractured lesion (Fig.  19.6 ). Histologically, the fractures 
generally occur at the junction between the thickened tra-
becula associated with appositional bone formation and the 
necrotic bone trabecula [ 9 ].

   As to the mechanisms of a collapse, the following 
three causes are proposed: (1) the cumulative effect of 
 microfractures induced by fatigue within the necrotic zone, 
(2) weakness of trabeculae in the reparative front due to 
osteoclastic activity, or (3) focal concentration of stress at the 
junctions between the thickened sclerotic trabecula of the 
reparative zone and the necrotic trabecula [ 5 ].  

19.5     Initial Sign of ON 

 There has been a confusion regarding the initial sign of ON 
on MRI. Some reports describe that bone marrow edema pat-
tern is the early fi nding of ON [ 10 ,  11 ]; however, it should be 
noted that an initial MR fi nding of ON is a low-intensity 

band on the T1-weighted images (Fig.  19.7 ) [ 7 ]. In the early 
phase of ON, the repair tissue formed around the necrotic 
area consists of accumulation of serofi brinous exudate and 
cellular-rich granulation tissue, which can be recognized as a 
band-like lesion surrounding the necrotic area [ 6 ,  7 ].

19.6        Bone Marrow Edema in ON 

 Bone marrow edema is frequently associated around the 
necrotic zone. This lesion histologically corresponds to fl uid 
collection and hemorrhage in the marrow space [ 12 ]. The 
edema is seen not only in the femoral head but also in the 
intertrochanteric area. Based on the fi ne-slice pathologic 
examination, recurrent ON due to repeated ischemic attack, 
which results in a voluminous increment of necrotic lesion, 
is 0.3 % [ 6 ]. Therefore, the edematous lesion around the 
band-like reactive lesion does not progress to necrosis.  

  Fig. 19.4    Histology of the necrotic area. Necrotic area shows an accu-
mulation of bone marrow cell debris and bone trabeculae demonstrating 
empty lacunae occasionally containing some pycnotic nuclei of osteo-
cytes (HE ×100)       

  Fig. 19.5    Histology of the reparative zone. In the repair zone, apposi-
tional bone formation is seen along the necrotic bone trabeculae, and 
vascular-rich granulation tissue is seen in the marrow space (HE ×200)       
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a

c d

b

  Fig. 19.6    ( a ) Radiographic appearance of subchondral collapse or 
 so-called crescent sign ( arrow ). ( b ,  c ) On the cut section, subchondral 
collapse is seen just beneath the articular cartilage ( black arrow ), and 

on the specimen radiograph a subchondral fracture is clearly seen in the 
corresponding area ( red arrow ). ( d ) This area pathologically 
 corresponds to a space formed between the fractured lesion       
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19.7     Differential Diagnosis 

19.7.1     Subchondral Insuffi ciency Fracture  

 The entity of a primary subchondral insuffi ciency fracture 
(SIF) has been described in both the osteoporotic elderly and 
renal transplant recipients [ 13 ,  14 ]. 

 At the onset of pain, plain radiographs show no obvious 
fi ndings, but MR imaging reveals a bone marrow edema pat-
tern with an associated irregular serpiginous low signal 
intensity line on the T1-weighted images. This irregular 
low- intensity line is one of the characteristic appearances of 
this condition, which histologically corresponds to a frac-
ture line and an associated repair tissue such as callus and 
granulation tissue [ 15 ]. Before the pathologic concept of 
SIF was fi rst introduced in 2000 [ 16 ], the majority of SIF 
cases would have been diagnosed histologically as ON, pre-
sumably based on small foci of necrosis caused by the frac-
ture. It should be noted that since all fractures lead to some 
bone and bone marrow necrosis on either side of the fracture 
line, small segments of necrotic bone trabeculae may be 
observed. However   , such necrotic regions will be observed 
only around the fracture line and such should not be diag-
nosed as primary ON [ 16 ]. 

 Histopathological criteria for the diagnosis of subchon-
dral fractures have been established [ 16 ]. On gross examina-
tion, a linear, narrow, irregular whitish-gray zone in the bone 
marrow space parallel to the subchondral bone end plate is 
generally seen. Microscopically, this area consists of irregu-
larly arranged fracture callus, reactive cartilage, and granula-
tion tissue (Fig.  19.8 ).

T1 T2 Histology

  Fig. 19.7    Initial sign of ON. The low-intensity band on T1 is the initial 
fi nding. On T2, this band shows high signal intensity, because the 
repair tissue consists of vascular-rich granulation tissue. Histologically, 

vascular-rich granulation tissue is seen in the marrow space, where 
 appositional bone formation is not yet observed (HE ×150)       

  Fig. 19.8    Histology of SIF. The fractured area consists of irregularly 
arranged fracture callus, reactive cartilage, and granulation tissue (HE ×400)       
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19.8         Transient Osteoporosis  

 Transient osteoporosis of the hip (TOH) is a relatively rare 
disease seen in pregnant women and middle-aged men. It 
is characterized clinically by severe pain without an obvi-
ous antecedent cause and is considered as a self-limiting 
disease [ 17 ]. 

 The radiological characteristics of the affected femoral 
head are a focal loss of radiodensity, a diffuse homogeneous 
uptake on bone scintigram, and a bone marrow edema pat-
tern on MR imaging, often involving the femoral head, neck, 
and sometimes intertrochanteric region. 

 The histopathology of the affected area shows nonspecifi c 
edematous changes in the marrow space with associated 
hemorrhage and infi ltration of vascular tissue. None of the 
TOH cases shows an opaque yellow osteonecrotic region or 
zone formation comprising necrotic, reparative, and viable 
zone. 

 Microscopically, bone trabeculae in the affected area are 
thin, disconnected, and sparsely arranged (osteopenic) 
(Fig.  19.9 ). These osteopenic bone trabeculae are variously 

covered with the osteoid seams and active osteoblasts, but 
creeping bone substitution is not recognized. In the bone 
marrow spaces, exudative fl uid frequently associated with 
congestion and interstitial hemorrhage is seen (Fig.  19.9 ). In 
TOH cases, a wedge-shaped osteonecrotic region is not 
observed [ 18 ].
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20.1            Introduction 

 Osteonecrosis is an incapacitating disorder of bone 
 circulation that is insidious in onset and affects predomi-
nantly the younger population in the second to sixth decade 
of their lives. In about 75 % of cases, the disease occurs 
between the third and the sixth decade and is bilateral in 
about 50 % of the cases. Various terms have been used in 
literature to describe this condition, such as aseptic necrosis, 
avascular necrosis, subchondral avascular necrosis, and 
avascular necrosis. Although both traumatic and nontrau-
matic disorders have been associated with its development, 
the fi nal common pathway involves interruption in the vas-
cular supply. This disruption in the blood fl ow causes bone 
cell death, leading to collapse of the bony architecture 
(Table  20.1 ). Although cell death is a nonspecifi c marker of 
major cell stress and is found to occur in a variety of condi-
tions such as fractures, tumors, infections, and osteoarthritis, 
it is only in osteonecrosis that the predominant abnormality 
is massive necrosis of the bone and its marrow.

   The disruption of the vascular supply in osteonecrosis can 
result from extra- (e.g., elevated marrow pressure, increased 
marrow fat) or intraluminal vascular obstruction (e.g., micro-
scopic emboli, sickle cells, nitrogen bubbles) or focal clot-
ting abnormalities (e.g., proteins C and S or antithrombin III 
defi ciency) leading to reduction in the blood fl ow. Various 
genetic factors (e.g., polymorphisms of endothelial nitric 

oxide synthetase) and cytotoxic factors have also been 
 postulated to play a role in its development. When this 
 condition affects the subchondral region, it often leads to 
subsidence of the overlying articular cartilage causing joint 
incongruity and subsequent development of end-stage 
 arthritis. Although the vascular disruption is obvious in trau-
matic cases, the underlying etiopathogenesis in nontraumatic 
osteonecrosis is often not clear. It is commonly agreed upon 
that once extensive collapse occurs, total joint arthroplasty 
remains the only reasonable treatment option. The following 
sections provide an overview of the natural history of both 
symptomatic and asymptomatic disease.  

      Natural History of Osteonecrosis 
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   Table 20.1    Risk factors for development of osteonecrosis   

 Risk factors associated with the development of osteonecrosis 

 1. Traumatic conditions 
 2. Nontraumatic conditions 
  (a) Corticosteroid use (dose >0.5 mg/kg) 
  (b) Alcohol abuse 
  (c) HIV 
  (d) Radiation therapy 
  (e) Systemic lupus erythematosus 
  (f) Sickle cell disease (SS or SC or Sβ + ) 
  (g) Dyslipidemia (hypertriglyceridemia) 
  (h) Caisson disease 
  (i) Gaucher’s disease 
  (j) Fat embolism 
  (k) Organ transplantation (glucocorticoid mediated mostly) 
  (l) Endogenous hypercorticolism (rare) 
  (m) Renal failure 
  (n) Pancreatitis 
  (o) Cancer chemotherapy 
  (p) Idiopathic 
  (q) Hypercoagulable conditions (proteins C and S and 

antithrombin III defi ciency) 
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20.2     Natural History of Symptomatic 
Osteonecrosis  

 The natural history of symptomatic osteonecrosis and its 
progression is probably better understood than the multitude 
of early triggering factors that are responsible for its devel-
opment. It is often surprising that in some patients osteone-
crosis often develops within 1–6 months of exposure to a 
known risk factor, while in others it never develops despite 
being exposed to the same risk factor. Analysis of the natural 
history of symptomatic disease provides a basis for compari-
son of the effi cacy of treatment interventions in nonrandom-
ized studies, allows patients to be informed about prognosis 
and expected outcomes, and enables assessment of whether 
nonoperative or surgical treatment will provide better out-
comes in a given clinical scenario. 

 Previous studies have reported that symptomatic osteone-
crotic lesions occurring in the weight-bearing regions of the 
femoral head have a high rate of collapse. Moreover, it was 
also found that development of subchondral fracture was an 
early predictor of future collapse (Ficat-Arlet stage III and 
Steinberg stage IV). Articular surface collapse is considered 
an irreversible turning point in the natural history of osteone-
crosis. This is strongly associated with pain, future develop-
ment of osteoarthritis, and a poor eventual outcome. It has 
been found in various studies that once radiographic diagno-
sis of osteonecrosis is made, collapse usually occurs within 2 
years in 32–79 % of patients. Shimuzu et al., in a MRI study, 
evaluated the risk of progression to collapse  for early-stage 
lesions in 66 hips [ 1 ]. At a mean follow-up of 49 months, the 
authors found that 74 % of the hips that had osteonecrotic 
involvement of at least 25 % of the head diameter stage I 
lesions had progressed to stage II disease, while 21 % had 
progressed beyond stage II. Forty-eight percent of the hips 
that had stage II disease on presentation had progressed to 
stage III at fi nal follow-up. 

 It was initially believed that if no radiographic progres-
sion occurs after 3 years from diagnosis, further risk of dete-
rioration is considered to be low. However, Hernigou et al. 
reported delayed progression of pain and collapse in lesions 
involving less than 10 % of the femoral head, at an approxi-
mate follow-up of 7 years. This suggests that there may be a 
possibility of inevitable progression of disease once radio-
graphic diagnosis is made. In a separate study Hernigou 
et al. evaluated the natural history of 92 symptomatic hips in 
64 sickle cell patients, at a mean follow-up of 17 years [ 2 ]. 
Of these 92 hips, there were 32 hips in Steinberg stage I   , 43 
in stage II, 2 in stage III, and 15 in stage IV disease. The 
authors found that 65 of the 75 hips (87 %) with radiographic 
evidence of disease on diagnosis sustained collapse within 5 
years of diagnosis. The mean time to collapse from diagnosis 
was 30 months for stage II hips and 42 months for hips in 
stage I. The authors also found that the size of the lesion had 

a signifi cant effect on the duration of survival, with mild 
involvement having a longer survivorship compared to mod-
erate or severe involvement irrespective of the stage of the 
disease ( p  = 0.01). 

 Similarly, poor outcomes were reported by Gutierez et al. 
who in a multicenter study evaluated the natural history of 54 
symptomatic osteonecrotic hips secondary to HIV infection. 
The authors reported that 37 % (20 out of 54 hips) of patients 
had clinical progression of the disease requiring surgical 
intervention at a median interval of 12.7 months  following 
diagnosis. The authors also found that male sex ( p  = 0.03) 
and a relatively high CD4 ( p  = 0.03) were signifi cantly asso-
ciated with the risks of disease progression requiring 
surgery. 

 Improvement of radiographically obvious lesions is 
exceedingly rare and is currently controversial. Limited 
studies have evaluated the changes in dimension of osteone-
crotic lesions. A few studies have reported that in 23–45 % 
of cases, a moderate decrease in size of the lesions can occur. 
Kopecky et al. in a study of 104 renal transplant recipients 
found MRI changes in 25 hips [ 3 ]. During follow-up evalua-
tion these changes were found to reduce in 7 hips and 
improve in 6 hips. Other authors have reported no progres-
sion in the size of the lesions [ 1 ,  4 ]. However, none of the 
studies were designed to evaluate changes in lesion size over 
time. 

 In summary, multiple factors infl uence the natural his-
tory of symptomatic osteonecrosis. A slightly more favor-
able prognosis occurs in patients who have no radiographic 
abnormalities at presentation compared to patients who 
present with radiographic stage II lesions, although the gen-
eral consensus is that once clinical and radiographic evi-
dence of osteonecrosis occurs, gradual progression to 
collapse and development of arthritis occurs if no interven-
tion is undertaken. Most authors believe that size has a pro-
found effect on the prognosis of these lesions. Small lesions 
involving less than 10 % of the head have better outcomes 
in terms of longer survival and less chance of progression, 
compared to lesions that involve more than 25 % of the 
head size. In addition, the proportion of involvement of the 
weight-bearing area (stage A, <1/3rd; stage B, 1/3rd to 
2/3rd; stage C, >2/3rd) of the head affects the rate of pro-
gression to collapse. It has been found that the rate of pro-
gression to Ficat- Arlet stage III varies from 0 % in stage A 
and increases to 70 % with stage C disease. Moreover, risk 
factors such as alcohol abuse, corticosteroid use, presence 
of radiographic evidence of effusion, and marrow edema 
underlying the necrotic region have been associated with 
increased risks of disease progression [ 5 ]. Current evidence 
suggests that size of the lesion usually remains stable over 
time, although a modest decrease in size can occur. 
However, complete resolution of osteonecrotic lesions is 
extremely rare.  
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20.3     Natural History of Asymptomatic 
Disease  

 Many patients are diagnosed when the disease presents itself 
with gradual onset of pain in the hip, buttock, or groin region 
which often increases on weight bearing, at least initially, 
and then progresses to constant rest pain. However, during 
screening of at-risk populations, often asymptomatic disease 
is found on the contralateral side. The progression of asymp-
tomatic disease is often uncertain leading to some surgeons 
recommending a “watchful-waiting” policy for small- or 
medium-sized lesions, while others believe that many of 
these asymptomatic patients will ultimately progress and 
early treatment with joint-preserving procedures may fore-
stall further progression and future need for a total joint 
arthroplasty. Still others believe that an individualized 
approach based on various risk factors (e.g., demographic, 
epidemiological, and radiographic) for disease progression 
may be needed, rather than a “blanket approach” for treat-
ment of these lesions. 

 In a systematic review of 16 studies, Mont et al. evaluated 
the natural history of 664 asymptomatic osteonecrotic hips 
[ 6 ]. The authors found that 394 hips (59 %) had progression 
to development of symptoms or collapse at a mean follow-up 
of 39 months (range, 1–134 months) while 49 % of patients 
had femoral head collapse at a mean follow-up of 49 months 
(range, 2–143 months). The authors also found that substan-
tial differences were found in the outcomes based on location, 
size, radiographic stage, and risk factors. The lowest progres-
sion (10 %) was found with small medially based lesions and 
in patients with systemic lupus erythematosus, while disease 
progression was marked in patients who had sickle cell dis-
ease and large- and medium-sized lesions located in the 
weight-bearing dome of the femoral head. Based on these 
observations the authors recommended that medium- and 
large-sized laterally based lesions in asymptomatic patients 
may benefi t from joint preservation procedures. 

 Similar adverse outcomes of large- and medium-sized 
lesions and laterally located lesions have been reported by 
other authors (Table  20.2 ) [ 7 ,  9 ,  10 ]. Min et al., in a study of 
81 asymptomatic osteonecrotic hips at a mean follow-up of 

8.3 years, found that the size of the lesions had a substantial 
effect on the survival of the hips [ 9 ]. The survival rate 
decreased from 100 % with small lesions to 34 % with 
medium and 0 % with large-sized lesions. The small and 
medium lesions had signifi cantly longer duration of survival 
compared to larger lesions. Similarly, Kang et al., in a study 
of 68 patients with asymptomatic involvement of the hip, 
found that approximately 56 % (38 out of 56 hips) of patients 
had disease progression and developed symptoms at a mean 
follow-up of 2.3 years after diagnosis [ 7 ]. A higher incidence 
of disease progression was found in patients with alcohol- 
related disease (64 %), followed by steroid-induced osteone-
crosis (57 %) and idiopathic disease (46 %). However, no 
signifi cant association was found between presence of risk 
factors such as idiopathic disease, alcohol induced, and 
steroid- related osteonecrosis, and development of symp-
toms. Similar to the study by Mont et al., these authors 
reported that 76 % of patients who had laterally located 
lesions had progression of disease, compared to 38 % with 
central lesions and 10 % with medial lesions. It was also 
reported that 84 % of large-sized lesions had disease progres-
sion, compared to 69 % with medium-sized lesions and 10 % 
with small-sized lesions. Similar to other reports, the authors 
found that age, gender, body mass index, cholesterol level, 
and smoking did not correlate with disease progression [ 9 ].

   Similarly, Hernigou et al. in a study of 121 hips evaluated 
the natural history of asymptomatic disease in 121 sickle cell 
patients, who had contralateral symptomatic disease [ 12 ]. 
There were 56 hips in Steinberg stage 0, 42 in stage I, and 23 
hips in stage II. At a mean follow-up of 14 years, the authors 
found 91 % (110 out of 121 hips) developed pain, while 
77 % had collapse at fi nal follow-up. I   n stage 0, 84 % hips 
developed pain and 61 % had radiographic evidence of col-
lapse, while pain and collapse developed in 95 % and 86 % 
of the hips in Steinberg stage I. 

 However, improved outcomes have been reported in renal 
transplant recipients and HIV-infected patients with early- 
stage disease. Mulliken et al. studied 11 hips in early-stage 
osteonecrosis (stage 0) in renal transplant recipients. At a 
mean follow-up of 22 months, the authors found that only 
9 % (1 out of 11 hips) had radiographic progression of the 
disease beyond stage 0, suggesting against bone-preserving 

   Table 20.2    Risk    of disease progression of asymptomatic hip involvement in various studies reported in literature   

 Author/year  Location  Number 
 Follow-up 
(in years)  Risk factors 

 Risk of symptomatic 
progression (%)  Risk of collapse 

 Kang et al. (2013) [ 7 ]  Hip  68  2.3  Idiopathic, steroid use, alcohol abuse  55.9  NS 
 Nakamura et al. (2010) [ 8 ]  Hip and knee  537  13.6  SLE  14  22 
 Mont et al. (2010) [ 6 ]  Hip  664  3.3  Multiple risk factors  59  49 
 Min et al. (2008) [ 9 ]  Hip  81  8.3  Idiopathic, steroid use, alcohol abuse  38  32 
 Nam et al. (2008) [ 10 ]  Hip  105  8.6  Multiple risk factors  59  59 
 Morse et al. (2007) [ 11 ]  Hip  22  5.7  HIV  9  NS 
 Hernigou et al. (2006) [ 12 ]  Hip  121  14  Sickle cell disease  91  77 
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procedures in this group of patients. Similarly Morse et al., 
in a prospective study, evaluated the natural history of 
asymptomatic osteonecrotic hips secondary to HIV infection 
[ 11 ]. The authors reported that 64 % (14 out of 22 hips) 
remained radiographically stable, while 18 % of the hips 
were found to have radiographic improvement or had resolu-
tion of the disease at a mean follow-up of 5.7 years.  

20.4     Summary 

 In summary, current evidence in literature suggests that there 
is high risk of progression to development of symptoms and 
femoral head collapse in asymptomatic osteonecrosis of the 
hip and this varies between 50 and 90 %.    The risk of progres-
sion in asymptomatic osteonecrotic hips appears to be higher 
in patients with sickle cell disease compared to patients with 
lupus-related osteonecrosis, renal transplant recipients, and 
patients with HIV infection, although there appear to be no 
considerable differences in the risks of progressions between 
osteonecroses associated with alcohol abuse, steroid use, and 
idiopathic disease. Large lesions involving more than 50 % 
of the head size and laterally located lesions (stage B and 
stage C hips) have a higher incidence of collapse compared 
to small (<25 %) and medially located (stage A) lesions. 
Although the risk of progression appears to be low for stage 
0 disease in some reports, it increases substantially from 
50 % in stage I to as high as 96 % in stage III osteonecrosis. 
A low threshold for joint-preserving surgical procedures in 
these patients may provide substantial benefi ts in preventing 
disease progression in contrast to a policy of watchful wait-
ing. However, demographic factors such as age, gender, 
body mass index, smoking history, and cholesterol levels do 
not appear to affect the risks of development of symptoms or 
femoral head collapse.     
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21.1            Introduction 

 The natural history, pathophysiology, and etiology of pain  in 
nontraumatic osteonecrosis (ON) are poorly understood. In 
most clinical scenarios, a patient presents with pain which 
then leads to imaging examinations that identify the ON. 
Therefore, it is diffi cult to determine the frequency of asymp-
tomatic disease. Nonetheless, it is clear that asymptomatic 
disease occurs as it is often identifi ed incidentally, either in a 
contralateral site or when imaging is performed for unrelated 
reasons. 

 A better understanding of both when symptoms occur and 
how they are temporally related to the onset of disease is 
important as pain may be erroneously attributed to ON that is 
seen on imaging when the true etiology of pain lies else-
where. In addition, the causes of pain are important to iden-
tify in order to provide treatment that effectively resolves the 
pain. There are numerous potential causes for pain that vary 
with the stage of ON.  

21.2     Natural History 

 Prospective, longitudinal, observational studies are rare in 
ON. Nonetheless, several screening studies using magnetic 
resonance imaging (MRI) have revealed that fi ndings of 
ON usually precede pain [ 1 – 6 ] .  Pain rarely occurs at the 
time of disease onset. The best predictor of disease pro-
gression is the extent of involvement, regardless of how 
this is quantifi ed. Plain radiographs are not as sensitive as 
MRI for the detection of ON; therefore, MRI imaging is 
essential for detecting this disease in an asymptomatic 

patient. In many scenarios, a patient may not have pain 
until subchondral  collapse occurs. As any intervention 
attempting to salvage the native femoral head is more suc-
cessful prior to  subchondral collapse, understanding the 
natural history and relationship between pain and disease 
onset is crucial.  

21.3     Possible Causes of Pain 

21.3.1     Increased Marrow Pressure and Edema 

 There are several aspects of the pathophysiology of ON that 
may result in increased marrow pressure. These are related to 
(1) mechanical blockage of the microvasculature as seen in 
sickle cell disease, Gaucher’s disease, hyperlipidemia 
 syndromes, as well as thromboembolic disorders; (2) disrup-
tion of the blood supply to the bone marrow due to any of the 
above diseases; (3) bone marrow infarct and cellular necrosis 
secondary to the disruption of the blood supply that eventu-
ally leads to bone marrow edema and intraosseous compart-
ment syndrome (normal pressure is 20–30 mm of Hg); (4) 
localized osteopenia and osteoporosis; and (5) direct cellular 
toxicity possibly secondary to medications or abnormal 
metabolites [ 7 ]. 

 The most striking example of pain from bone marrow 
edema is the entity bone marrow edema syndrome (BMES) 
in which patients have marked, severe groin pain demon-
strated with increased tracer uptake in the femoral head on 
Tc-99 bone scan and MRI fi ndings of diffuse, regional mar-
row edema (Figs.  21.1 ,  21.2 ) [ 2 ].

    In ON, edema at the hyperintense T2 band on the edge of 
necrosis may also potentially cause pain as opposed to the 
diffuse, regional marrow edema seen in BMES. However, in 
ON, this pain may or may not correlate with the stage or 
extent of anatomic involvement of the bone [ 1 ]. Patients with 
these symptoms typically have diffuse, polyostotic ON 
involving both subchondral and large metaphyseal infarcts 
and present with diffuse bone pain, analogous to sickle cell 
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disease patients. Commonly, this will occur in ON related to 
steroid usage for either bone marrow transplantation or treat-
ment of acute lymphoblastic leukemia (Fig.  21.3 ).

21.3.2        Subchondral Fractures 

 These are the fractures through the necrotic subchondral 
bone which most often occurs in the superolateral aspect of 
the femoral head [ 8 ]. This classical fi nding is seen as a 
“crescent sign” on radiographs in ARCO stage 3 disease 
and is responsible for increasing pain with activity in stage 
3 of the disease process. These fractures may also lead to 
instability of the overlying articular cartilage with loss of 
fi xation to the subchondral bone occurring (Fig.  21.4a, b ). 
At times a gap may develop between the subchondral bone 
and overlying cartilage leading to a joint effusion 
(Fig.  21.5 ).

21.3.3         Degenerative Joint Disease 

 The unstable articular cartilage eventually will fracture at the 
margin of the subchondral bone depression resulting in a 
loose fl ap of cartilage. This is associated with fl attening of 
the femoral head and the loss of contour initiates the early 
degenerative cascade with subsequent advanced degenera-
tive changes responsible for pain either at rest or with mini-
mal activity [ 2 ]. The etiology of persistent disabling pain in 
late stages of ON involves degenerative joint disease that is a 
combination of joint effusion, synovitis, osteochondral frag-
ments, and a bone-on-bone erosive process that is similar to 
the end-stage osteoarthritis from any other cause.   

21.4     Causes of Pain in Different 
Stages of Disease 

 As there are multiple causes for pain in ON, they may vary 
depending upon the specifi c stage of disease (ARCO staging 
Table  21.1 ) [ 9 ].

21.4.1       ARCO Stage 1 

 By defi nition, there is no subchondral fracture. Most of the 
patients are asymptomatic. If a patient has pain, it is likely 
due to the onset of intraosseous hypertension because of 
abnormally high content of fl uid in the bone marrow second-
ary to acute bone marrow ischemia. In this stage mild pain 
can also be perceived as severe by some patients [ 5 ].  

21.4.2     ARCO Stage 2 

 Localized osteopenia, marrow necrosis, and bone infarcts are 
possibly responsible for the dull aching pain in this stage [ 2 ]. 
Patients that have polyostotic disease with large metaphyseal 
infarcts typically have diffuse poorly localized, vague, non-
activity- related pain. This likely is due to elevated intraosse-
ous pressure and/or marrow edema accentuated by the large 
infarcts. In some patients, a synovial effusion is present 
despite the absence of a demonstrable subchondral fracture 
(Fig.  21.3 ). As is typical for any synovial effusion, the dis-
tended joint capsule is symptomatic. Some patients with 
ARCO stage 2 ONFH may be asymptomatic as well. During 
this stage, in the absence of a synovial effusion, determining 
whether or not a patient’s pain is due to ON or some other 
etiology can be challenging (Fig.  21.6a–c ).

21.4.3        ARCO Stage 3 

 Onset of subchondral collapse, fl attening of the articular sur-
face, and bone impaction resulting in increased intraosseous 
pressure are the main causes of pain with activity [ 2 ,  10 ]. In 

  Fig. 21.1    MRI fi ndings (fat suppression, fl uid sensitive sequence) of 
bone marrow edema syndrome showing marked, bright, hyperintense 
signal in left femoral head and neck       

  Fig. 21.2    MRI fi ndings (T1 sequence) of bone marrow edema syn-
drome showing dark, hypointense signal in left femoral head and 
neck       
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a b

c d

e

  Fig. 21.3    A case example of polyostotic ON involving bilateral distal femur and proximal tibia ( a ,  b ), femoral head and proximal femora ( c ), and 
proximal humerus ( d ,  e ) as seen on MR       

 

21 Causes of Pain in Early and Advanced Stage Osteonecrosis



168

addition, a synovial effusion is usually present when a joint 
incongruity is present.  

21.4.4     ARCO Stage 4 

 The irregularity of the articular surface initiates fi ssures in 
the cartilage, subsequently followed by onset of advanced 
degenerative joint disease with corresponding changes on 
both sides of a joint (e.g., acetabulum) and worsening pain 
both at rest and with activity [ 2 ].   

21.5     Clinical Features and Presentation  

 The most accurate clinic-radiological data comes from pro-
spective screening studies performed in high-risk patient 
groups [ 1 ,  11 – 14 ]. 

21.5.1     Temporal Relationship Between 
Diagnosis and Pain 

 The majority of patients have no pain in the early stages of 
ON. Marston and Cheng prospectively followed 103 asymp-
tomatic hips in solid organ transplant patients with serial 
MR imaging, and at 1 year after transplant, life table analy-
sis revealed that 11 % of hips developed ON. Overall, 7 of 
the 8 hips in patients that developed ON were asymptomatic 
at the time of diagnosis. Kopecky et al. also prospectively 
followed 64 renal transplant patients for at least 1 year with 
serial MR imaging and seven hips had ON that eventually 
became symptomatic. In each of these hips, the MRI dem-
onstrated ON before the onset of symptoms by a minimum 
of 3 months (range 3–10). In a mixed population of patients 
with ethanol- and steroid-related ON, Kang et al. in 2013 
found that 38/68 (56 %) hips that were diagnosed initially 
with asymptomatic disease became painful at a mean of 
2.27 years (range 0.5–6.5 years). Therefore, these prospec-
tive studies clearly show that ON usually develops in an 
occult manner and patients are usually asymptomatic at dis-
ease onset.  

21.5.2     Temporal Relationship Between Pain 
and Collapse 

 Several studies have shown that pain precedes collapse. Min 
et al. in 2008 prospectively followed 81 asymptomatic hips 

  Fig. 21.5    MRI STIR sequence with contrast showing ON with sub-
chondral fracture in the pre-collapse stage. Note the unilateral synovial 
effusion in the left symptomatic hip and absence of effusion in the right 
asymptomatic hip       

a

b

  Fig. 21.4    ( a ,  b ) A case example of underlying detachment of the car-
tilage from the bone in the femoral head seen during hip replacement 
surgery       
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   Table 21.1    Schematic modifi ed outline of the fi ve-stage Association Research Circulation Osseous (ARCO) international classifi cation for 
 osteonecrosis of the femoral head (Reproduced with permissions ARCO [ 9 ])       

for a minimum of 5 years. The mean interval from diagnosis 
to onset of pain was 3.4 years (range 0.7–8.9) and 31/81 
(38 %) of hips became symptomatic. The mean interval 
from diagnosis to collapse was 4.1 years (range 1.2–11.9) 
and pain always preceded collapse by a mean of 8 months 

(range 1–36). Hernigou et al. analyzed 121 asymptomatic 
hips in patients with sickle cell disease using radiographs. 
They found that 110 hips (91 %) became painful and col-
lapse occurred in 93 (77 %). In all cases, pain preceded col-
lapse. Although the study populations are different in these 
two studies, the fi nding that pain precedes collapse is 
consistent.  

21.5.3     Duration of the Asymptomatic Period 

 The exact duration of the asymptomatic period in nontrau-
matic ON is variable. Studies to date have revealed that the 
time from MR diagnosis to onset of pain varies from 3 
months to over 3 years (Table  21.2 ). This variance is proba-
bly due to differences in the cohort population, lesion size, 
and timing of diagnosis.

21.5.4        Risk Factors for Developing Pain  

 Pain characteristics are based mainly on the size and location 
of the lesion with larger size and lateral location being at 

  Fig. 21.6    ARCO stage 2 bilateral disease of femoral head that with 
bilateral small effusions on MR but symptomatic on only one side       
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greatest risk for becoming symptomatic [ 13 ]. Kang et al. 
studied 68 patients with asymptomatic osteonecrosis of the 
femoral head and found out that the lesion size and location 
were signifi cantly associated with symptom development. In 
their study of 20 hips with small lesions, 10 % became symp-
tomatic; out of 29 hips with medium lesion, 69 % became 
symptomatic; and out of 19 hips with large lesion, 84.2 % 
became symptomatic. Also symptoms developed in 76.3 % 
of their hips with lateral location of the lesion on the femoral 
head, in 38.1 % of hips with central lesion, and in 10 % of 
hips with medial lesion.  

21.5.5     Time from Risk Factor Insult to MR 
Diagnosis of Osteonecrosis 

 The time to development of disease cannot be assessed for 
risk factors such as sickle cell disease or ethanol usage or 
coagulopathies. However, the date of administration of ste-
roids related to chemotherapy or immunosuppression can be 
identifi ed and provide some information about the time to 
onset of disease. Kubo et al. studied 51 renal allograft recipi-
ents and detected abnormal MRI fi ndings in 18 femoral 
heads of 10 patients at 6–16 weeks (average 10 weeks) from 
transplantation [ 15 ]. Sakaia et al. in their study on rabbit 
serum sickness model also concluded that ON could be 
detected very early within 1–12 weeks (average 6 weeks) on 
conventional MRI [ 16 ].  

21.5.6     Characteristics of Pain in the 
Hip in Early, Precollapse Stages 
of ON (ARCO 1 and 2) 

 As patients with early precollapse ON may or may not have 
pain, it is a challenge to know whether or not to attribute pain 
to the presence of ON on imaging. In the absence of pathol-
ogy or a pain-generating entity elsewhere, ON demonstrated 
on imaging is usually identifi ed as the etiology for pain. The 
onset is usually insidious and sporadic in majority of the 
patients. The quality of the pain is typically similar to intra- 
articular pain of the affected joint that might be due to any 
other cause. If a joint effusion is present with imaging fi nd-

ings of ON, one can be confi dent that the ON is the cause of 
the symptoms. 

 In patients with polyostotic ON involving metaphyseal 
and subchondral sites, patient may complain of diffuse bone 
pain in all extremities. The quality of the pain is dull, aching, 
and mild or at times may seem out of proportion to fi ndings 
on plain radiographs; however, the MR imaging usually 
shows bilateral, diffuse skeletal involvement (Fig.  21.4 ). 
Management of the pain in these patients is problematic due 
to the chronicity and severity of the symptoms that usually 
require narcotic analgesia.  

21.5.7     Characteristics of Pain in the 
Hip in Late, Post-collapse Stages 
of ON (ARCO 3 and 4) 

 Pain at this stage is usually typical of degenerative arthritis. 
It is aggravated by joint motion and activities. In the lower 
extremity, an abnormal gait is present. Patients have diffi -
culty sleeping and performing daily activities. In patients 
with bilateral joint involvement, their function may be 
severely curtailed.   

21.6     Summary 

 Patients diagnosed with nontraumatic ON are usually asymp-
tomatic initially. The duration of asymptomatic disease is 
variable [ 1 ]. In many cases, pain ensues and probably is 
related to elevation in the intraosseous pressure. The risk fac-
tors for developing pain are mainly the extent of disease and, 
when in the femoral head, the lateral location within the 
head. Pain usually precedes a subchondral fracture. The most 
likely pathophysiologies that cause pain are related to 
increased intraosseous pressure (from marrow edema and/or 
large infarcts), synovial effusion, or degenerative arthritis 
after joint incongruity from subchondral collapse. An accu-
rate assessment of the etiology of pain in the setting of osteo-
necrosis is challenging but essential in order to optimize the 
successful resolution of pain after any treatment 
intervention.     
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22.1            Introduction 

 Osteonecrosis (ON) of the femoral head can lead to develop-
ment of arthritis of the hip necessitating a total hip arthro-
plasty (THA). The process of degeneration of the femoral 
head can result in generation of liquefi ed fat which combined 
with joint fl uid may resemble pus. It is common practice to 
withhold performing THA in patients with septic arthritis of 
the joint to avoid periprosthetic joint infection [ 1 – 3 ]. It is 
thus plausible that the presence of liquefi ed fat in patients 
with ON of the femoral head may lead surgeons to errone-
ously make a diagnosis of septic arthritis and delay THA. 
This in turn can lead to a socioeconomic burden and increased 
morbidity for the patient. In this chapter, the relationship 
between the presence of pseudopus and osteonecrosis of the 
femoral head is explored [ 3 ].  

22.2     Osteonecrotic Femoral Head 
Mimicking Joint Infection 

 Based on a previous study, the incidence of pseudopus  
resembling septic arthritis in patients with ON of the femoral 
head is around is 1.4 % (7/486) [ 3 ].  

22.3     Clinical Presentation 
and Laboratory Findings 

 Patients with ON, unlike those with septic arthritis, usually 
have no systemic symptoms (fever, lassitude, and so on) or 
local fi ndings (erythema and extreme pain with joint move-
ment) suggestive of infection. The peripheral blood leuko-
cyte counts, C-reactive protein levels, and erythrocyte 
sedimentation rates are also usually normal in patients with 
ON of the femoral head and almost always elevated in 
patients with septic arthritis.  

22.4     Operative Findings 

 The hip joint capsule is ballooned. When hip joint capsule is 
incised, yellowish turbid fl uid gushes out. Joint fl uid has an 
appearance of pus (Fig.  22.1 ). The femoral head has an 
osteochondral crack at the surface of the necrotic portion. 
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Liquefi ed fat from necrotic marrow leaks into the joint space 
through this osteochondral crack.

22.5        Erroneous Leukocytosis of Joint Fluid 
by Automated Cell Counter 

 When an infection is suspected during operation, the joint 
aspirate is sent to laboratory for WBC count and neutrophil 
differential as well as culture. Most of the currently used 
automated cell counters use electrical impedance or light 
scattering to obtain a WBC count. The electrical impedance- 
based technology determines the number and size of cells by 
detecting and measuring the changes in electrical resistance 
when a cell in a conductive liquid passes through a small 
aperture. These cells are analyzed in an electro-optical fl ow 
cell. The cell volume is determined by the impedance. The 
light scattering-based technology determines the cell number 
and size by detecting the forward angle scatter of a laser- 
generated monochromatic light [ 4 ]. 

 The size of the normal marrow fat cell is approximately 
76 μm, which is much larger than that of the leukocytes rang-
ing from 10 to 20 μm [ 5 ]. However, the fat cell membrane is 
ruptured in necrotic marrow and fat globules are released 
from the fat cells. Some shrunken fat cells and released fat 
globules are similar in size to leukocytes, which might be 
counted as leukocytes by automated cell counters [ 6 ]. Thus, 
most of automated cell counters, which are currently in use, 
may not be able to differentiate necrotic marrow fat  from the 
leukocytes.  

22.6     Distinguishing the Accumulation of 
Necrotic Marrow Fat from a True 
Septic Arthritis by Microscopic 
Examination 

 To avoid a false diagnosis of septic arthritis, microscopic 
examination of the smear must be performed with a hema-
toxylin and eosin stain. When only necrotic fat materials are 
observed and there is no aggregation of neutrophils in the 
microscopic examination of the smears (Fig.  22.2 ), THA can 
be done as scheduled regardless of automated WBC counts.

   Concomitant septic arthritis of the hip can occur in 
patients with ON of the femoral head [ 7 ], especially when 
the patient is immunocompromised or has sickle cell disease 
[ 7 ,  8 ]. When septic arthritis is confi rmed under microscopic 
identifi cation of an aggregation of neutrophils (Fig.  22.3 ), 
THA should be delayed until septic arthritis is treated. It is 
not known how long THA should be delayed in a patient 
with prior septic arthritis. The optimal timing of THA in 

patients with prior septic arthritis is not known. We usually 
delay the elective arthroplasty in patients with septic arthritis 
for a period of 1 year.

22.7        Summary 

 The presence of liquefi ed fat combined with joint fl uid in 
patients with osteonecrosis of the femoral head, resembling 
septic arthritis, can occur in up to 1.4 % of patients undergo-
ing THA. The neutrophil count of the liquid in these patients, 

  Fig. 22.2    An intraoperative smear of the liquefi ed fatty marrow from 
osteonecrotic hip shows fat globules and fat cells. No leukocytes are 
seen (stain, hematoxylin and eosin, original magnifi cation, 9,400) 
(Reprint permission for Springer-Verlag)       

  Fig. 22.3    An intraoperative smear of aspirate from septic hip shows 
numerous neutrophils (stain, Diff-Quik; original magnifi cation, 9,400) 
(Reprint permission for Springer-Verlag)       
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when performed using automated systems, may be 
 erroneously high. We recommend that manual cell count of 
the joint fl uid and histological examination of the tissue be 
performed to avoid unnecessary deferral of THA in these 
patients. Some patients with ON of the femoral head and 
concomitant immunocompromising conditions may have 
coexistent septic arthritis. These patients usually exhibit sys-
temic and local signs of infection and diagnosis of septic 
arthritis should be suspected in this patient group.    In other 
patients with ON of the femoral head and pseudopus, all 
efforts should be made to rule out septic arthritis in order not 
to delay elective THA and cause morbidity to the patient.     
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23.1            Introduction 

 Imaging diagnosis of osteonecrosis uses various modalities 
such as plain radiograph, magnetic resonance imaging 
(MRI), computed tomography (CT), radionuclide examina-
tion, and PET-CT [ 1 ,  2 ]. Plain radiograph and MRI are fre-
quently used for diagnostic purposes during the examination. 
When unilateral osteonecrosis is shown on plain radiograph, 
radionuclide examination is used to determine whether there 
is involvement of the contralateral femoral head or not 
[ 3 – 6 ]. 

 Plain radiograph is generally used as fi rst diagnostic tool 
for osteonecrosis because of easy availability and low eco-
nomic costs. It can visualize the characteristic features for 
osteonecrosis and differentiate the status of disease progres-
sion. So, the plain radiograph has been responsible for clas-
sifying the stages of osteonecrosis, even though diagnostic 
limitation for preradiographic stage. MRI is expensive, but 
has relatively high sensitivity and specifi city so that it makes 
detection on early diagnosis stage possible. CT is more deli-
cate than a plain radiograph, but it has a lower sensitivity 
than MRI and is not appropriate during the preradiographic 
stage. Radionuclide examination has a high sensitivity but 
also a high false-positive rate. Positron emission tomogra-
phy-computed tomography (PET-CT) is not used to diagnose 
osteonecrosis, but patients examined by PET-CT for osteo-
necrosis may show local uptake of FDG. In this case, dis-
crimination between osteonecrosis of the femoral head and 
metastasis is needed [ 7 ,  8 ].  

23.2     Imaging 

23.2.1     Radiography  

 In osteonecrosis (ON) of the femoral head shown at prera-
diographic stage on a plain radiograph, the sensitivity is rela-
tively low that dead bone can be seen as normal with no 
shaded area. However, plain radiograph may be helpful to 
grasp the overall structure of the surrounding area and can be 
used as an imaging examination to monitor progress of the 
lesion with repeated examinations. 

 Staging of osteonecrosis of the femoral head is described 
by plain radiographic fi ndings, MRI, or CT. These are the 
Arlet-Ficat staging system [ 9 ,  10 ] divided in four stages; the 
Marcus and Enneking system [ 11 ]; and the Steinberg staging 
system [ 12 ], divided in six stages including radiographic 
fi ndings, clinical signs, and symptoms, which are classifi ed 
based on plain radiographic fi ndings. Radiographic location 
with staging system of osteonecrosis is suggested by the 
Japanese Investigation Committee [ 13 ,  14 ]. 

 Recently, ARCO staging system including plain radio-
graph, MRI, radionuclide examination, and histological fi nd-
ings is frequently used [ 15 ]. 

 The anteroposterior view and the frog leg lateral view are 
the basic plain radiograph views for diagnosis of osteonecro-
sis of the femoral head. On anteroposterior view, osteonecro-
sis of the femoral head usually affects the anterosuperior 
portion and the lesion is usually overlapped with the acetabu-
lum. However, on frog leg lateral view, the contour of the 
anterosuperior portion of the femoral head can be seen [ 15 ] 
(Fig.  23.1 ).

   On preradiographic stage of osteonecrosis, plain radio-
graph can be seen normal (ARCO stage I) even if histopatho-
logical osteonecrosis exists. To identify osteonecrosis in this 
stage, MRI or radionuclide examination might be helpful 
(Fig.  23.2 ). After this stage, mottled radiodense and radiolu-
cent areas are noticeable on the subchondral portion of the 
anterosuperior part of the femoral head (ARCO stage II) 
(Fig.  23.3 ). However, the abnormal density of this area must 
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be differentiated from the normally heterogeneous density 
caused by the overlapped shadow of the anterior and posterior 
columns of the acetabulum. Increased densities on the femo-
ral head show revascularization and osseous repair [ 10 – 12 ].

    As osteonecrosis of the femoral head progresses, fi brotic 
band formed on the border of the dead bone and the live bone 
cannot be observed on plain radiograph. However, when 
marginal sclerosis occurs along the band, it can be detected 

a b

  Fig. 23.1    ON in a 44-year-old male patient. ( a ) Anteroposterior view of the hip shows ON of the left femoral head. ( b ) Frog leg lateral view shows 
clear delineation of ON with subchondral collapse       

a b

  Fig. 23.2    Early stage of ON in a 36-year-old male patient. ( a ) The 
right femoral head shows ON with subchondral collapse, and marginal 
sclerosis along the lesion is seen. The left femoral head shows 

 suspicious sclerosis. ( b ) T1-weighted coronal image shows ON of both 
femoral heads. ON of the left femur shows involvement of the head and 
intertrochanteric portion       

a

c d

b

  Fig. 23.3    ON (ARCO stage II) of both femoral heads in a 55-year-old 
male patient. ( a ) Anteroposterior view of hip joints shows radiolucen-
cies of both femoral heads with curvilinear sclerosis. ( b ) Frog leg lat-
eral view shows round contours of both femoral heads. ( c ) T1-weighted 

coronal image shows ON of both femoral heads. Unlike plain radio-
graphs, diffuse marrow edema at the right femoral head and neck is 
seen. ( d ) SPECT image shows photon defects at both femoral heads. 
Hot uptake foci are seen at the right femoral head and neck       
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on plain radiographs as radiolucent lesion on inner section. 
Radiolucency is mostly seen on the subchondral portion of 
the femoral head and in the frog leg lateral view. The radio-
lucency along the subchondral portion of the femoral head is 
called the crescent sign  (ARCO stage III). The changes affect 
only the femoral head, and the contour of the femoral head is 
maintained so that the joint space appears normal and can be 
distinguished from articular disease. The femoral head starts 
to collapse and this makes changes to the contour of the fem-
oral head (ARCO stage IV) (Fig.  23.4 ).

   Subchondral fractures are seen as subchondral collapse 
and sclerosis, mostly on frog leg lateral view. When it starts 
to collapse, marginal sclerosis along the border of osteone-
crosis fades in and reactive sclerosis around the affected area 
increases. If the lesion progresses continuously, secondary 
osteoarthritic changes such as joint space narrowing, mar-
ginal osteophytes, and subchondral sclerosis on hip joints 
including defect of articular cartilage appear. The progres-
sion of osteonecrosis is mostly infl uenced by extent, part, 
and the patient’s age [ 16 ]. 

 Collapse shows rapid progress as the affected area gets 
wider. It can be seen as the same condition for several years 
without collapse if it is not located on the anterosuperior or 
weight-bearing portion. Osteonecrosis can be limited only to 
the femoral head, and in this case, no progress would be 
detected for long periods of time (Fig.  23.5 ). If osteonecrosis 
is observed on one femoral head, the contralateral femoral 
head should also be examined closely.

   If the lesion affects not only the anterosuperior portion of 
femoral head but also the greater part of the femoral head, it 
shows the form of rapidly destructive hip disease (RDHD) 

[ 17 ]. There has been a reported case of rapid collapse on the 
femoral head in which the normal contour collapsed only in 
a few weeks (Fig.  23.6 ). When collapse proceeds, collapsed 
bone fragments can be seen on the inner portion of the joint 
cavity. Bone erosion of the acetabulum is accompanied by an 
irregular margin of the femoral head. In this case, distinction 
between RDHDs by other causing factors is necessary and 
the presence of ON on the contralateral femoral head is a 
favorable fi nding to ON-related RDHD.

   In patients with large extent of ON, it is possible that 
pathologic fracture is seen on the border along the lesion 
instead of collapse of the femoral head (Fig.  23.7 ). Opposite 
to RDHD, if the osteonecrosis region is small or if the lesion 
is located in non-weight-bearing portion, it shows no addi-
tional changes for several years.

23.2.2        MRI  

 MRI is considered as the method of choice for detecting and 
staging ON due to its multiplanar imaging, excellent soft tis-
sue contrast, and ability to discriminate fat from other tissues 
in the bony marrow [ 18 ]. MRI achieves excellent sensitiv-
ity for early ON detection [ 19 ,  20 ] (Fig.  23.8 ). In one study, 
MRI achieved a sensitivity of 100 % as opposed to 81 % for 
scintigraphy [ 21 ]. More recent data have shown that MRI 
may improve staging, investigate radiologically occult col-
lapse, depict other causes of disability and pain, assess prog-
nosis, and evaluate treatment [ 22 ]. Also, MRI is effective 
in assessing joint effusions and bone marrow edema, which 
has a strong association with hip pain [ 23 ,  24 ]. However, 

a

c

b

  Fig. 23.4    ON (ARCO stage IV) of the left femoral head in a 49-year-
old male patient. ( a ) Anteroposterior view of hip joints shows subchon-
dral collapse of the left femoral head with radiolucent and sclerotic 

lesions. ( b ) Radiolucent lesions are prominent at the superolateral por-
tion of the left femoral head. ( c ) CT coronal image shows subchondral 
collapse of the left femoral head       
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a  negative MRI for ON does not exclude the possibility of 
ON, especially in patients with corticosteroid treatment such 
as renal transplant recipients [ 25 ].

   Imaging protocols for evaluation of patients with ON can 
include combinations of variable multiplanes and sequences. 
T1-weighted sagittal imaging may be helpful in defi ning 
early changes of cortical fl attening associated with subchon-
dral collapse. And T2-weighted fat-saturated imaging or 

STIR (short tau inversion recovery) imaging can provide 
excellent contrast for the detection of marrow replacement, 
fl uid, and necrotic tissue [ 26 ]. 

 General magnetic resonance (MR) characteristics of ON 
include the following:
•    On T1-weighted MR images, a circumscribed subchon-

dral “band-like” lesion with low signal intensity is pathog-
nomonic [ 5 ] (Fig.  23.9a ). This lesion outlining a central 

a

c d

b

  Fig. 23.5    Intraosseous location of ON in a 54-year-old woman. ( a ) 
Plain radiograph of hip shows ON of both femoral heads. The right 
femoral head shows normal contour; however, the left femoral head 
shows subchondral collapse. ( b ) Six months later, the left femoral head 
shows progression of subchondral collapse. The right femoral head has 

no change in contour. ( c ) T1-weighted coronal image shows intraosse-
ous location of ON in the right femoral head. The left femoral head 
shows subchondral collapse with secondary degeneration of the acetab-
ulum. ( d ) T2-weighted fat-saturated coronal image shows typical dou-
ble-line sign of ON in the right femoral head       

a

c d

b

  Fig. 23.6    Rapidly destructive hip disease in a 63-year-old male patient. 
( a ) Plain radiograph of the hip shows ON of both femoral heads. Contours 
of femoral heads are relatively preserved. ( b ) T1-weighted coronal image 
shows ON of both femoral heads. ( c ) Two months later from (a), the right 

femoral head shows subchondral collapse with contour deformity. The 
left femoral head is not changed. ( d ) Two weeks later from (c), progres-
sion of collapse of the right femoral head is seen with bone fragments. 
The contour of the right acetabulum is changed with erosion       

 

 

K.N. Ryu et al.



183

a

c d

b

  Fig. 23.7    Pathologic fracture of ON in a 45-year-old female patient. ( a ) 
Both femoral heads show amorphous sclerosis. The junction of the left 
femoral neck and the head shows acute angulation. ( b ) Two months 
later, the left femoral head shows pathologic fracture with inferomedial 
displacement of the femoral head. ( c ) T1-weighted coronal image 

shows fatty marrow change with diffuse low signal intensity of the 
femoral head. The right femoral head shows early change of ON. ( d ) 
T2-weighted fat-saturated image shows diffuse marrow edema of the 
left femoral neck with cystic changes       

a

c

b

  Fig. 23.8    ON of the left femoral head. ( a ) The hip anteroposterior 
radiograph was interpreted as normal. ( b ) Minimally increased uptakes 
of the radionuclide are noted at the lateral margins of both acetabula on 

bone scan ( 99m Tc-DPD). ( c ) On T1-weighted MR image, low-signal 
band-like lesion is noted in the left femoral head       
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region of bone marrow represents the reactive interface 
between necrotic and reparative areas. This fi nding is not 
dependent on the plain radiograph being normal or 
 suggesting ON [ 3 ].

•      On T2-weighted or fl uid-sensitive MR images, the 
“double- line” sign  is seen and consists of a low-signal- 
intensity outer rim and a high-signal-intensity inner rim 
(Fig.  23.9b ). This sign was present in 80 % of the lesions, 

but in that study, no correlation with the radiographic 
stage was attempted. This sign was introduced by Mitchell 
et al. [ 5 ] and was considered pathognomonic for ON since 
the outer rim represents the reactive bone and the inner 
rim the vascular and repair tissue at the necrotic-viable 
osseous interface. However, the etiology of the “double 
line” has been challenged in the literature. It has been 
reported that a transposition of the frequency and phase- 
encoding axis results in reversal of the positions of the 
bright and dark rims, suggesting the presence of a chemi-
cal shift misregistration artifact [ 27 – 29 ]. The region 
within the “double-line” sign may demonstrate hypo-, 
iso-, and hyperintensity relative to the normal marrow.  

•   A joint effusion may be seen and is hypointense on 
T1-weighted images and hyperintense on fl uid-sensitive 
images. Joint effusions are seen in about half the patients 
with ON regardless of the presence of articular surface 
collapse [ 30 ]. Although not yet clarifi ed, joint effusion 
might result from an ON-related synovitis. Joint effusions 
are correlated with pain and are commonly found together 
with bone marrow edema [ 23 ] (Fig.  23.10 ).

•      Bone marrow edema (BME) in MRI has been a source of 
controversy in the literature. Distinction between revers-
ible and ON-related BME is of essential importance 
because ON is a progressive clinical disease requiring a 
joint-preserving treatment, whereas transient osteoporo-
sis resolves spontaneously without requiring surgical 
treatment. The presence of BME in ON seems to correlate 
highly with pain [ 24 ] (Fig.  23.10 ). Further studies showed 
that BME is a poor prognostic sign since it develops after 
the onset or worsening of hip pain and correlates with the 
subsequent collapse of the femoral head suggesting pro-
gression to advanced ON [ 23 ,  31 ,  32 ] (Fig.  23.11 ).

•      Post-contrast enhancement corresponds to a reparative 
zone, seen as a hypointense band. There may be decreased 

a

b

  Fig. 23.9    ON of both femoral heads. ( a ) On T1-weighted coronal MR 
image, circumscribed “band-like” lesions with low signal intensity are 
noted in both femoral heads. ( b ) On T2-weighted sagittal MR image of 
the left hip, the “double-line” sign is well noted. This sign consists of a 
low-signal-intensity outer rim ( white arrows ) and a high-signal- 
intensity inner rim ( black arrows )       

  Fig. 23.10    ON of both femoral heads. The patient has ON of both 
femoral heads. The right hip is painful, but the left hip is asymptomatic. 
Joint effusion at the right hip joint and diffuse bone marrow edema 
( arrows ) of the right femoral head and neck are demonstrated on 
T2-weighted fat-suppressed coronal MR image       
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enhancement with gadolinium in early ON, and there is 
no enhancement with nonviable trabeculae and marrow. 
But, this was not widely accepted as an additional imag-
ing fi nding of ON at the femoral head [ 33 ,  34 ]. Recent 
studies with dynamic contrast-enhancing MR (DCE-MR) 
or perfusion MR have been performed for early evalua-
tion of the blood fl ow at the femoral head and neck after 
femoral neck fracture or steroid therapy [ 35 – 38 ]. MRI 
with these sequences is expected to be a guideline to pre-
dict the possibility and prognosis of ON at the femoral 
head before and after treatment.     

23.2.3     CT  

 On axial images of CT, a star-shaped structure made by 
radial condensation composed of the primary compressive 
and primary tensile trabeculae which intersect the central 

area of femoral head is seen. This fi gure is called the asterisk 
sign [ 39 ]. In the cases with prominent trabeculae and physeal 
scar in the femoral head, axial CT image scanned at femoral 
head level shows that sclerotic raylike branchings from the 
central dense band representing physeal scar extend to the 
upper surface of the femoral head. It should not be mistaken 
for osteonecrosis (Fig.  23.12 ).

   CT shows diagnostic findings on advanced stage but 
less sensitive to the preradiographic stage . On the early 
stage of osteonecrosis, bone resorption zones can be 
detected and no more asterisk sign is seen. Normal forms 
of bone trabeculae are shown on the upper part and it 
shows the forms of patch sclerosis and osteoporosis. 
Axial CT scans show that the lesions appear as round or 
wedge radiolucency with peripheral sclerotic lines sug-
gesting the border of ON. On the advanced stage, the sub-
chondral fracture or collapse accompanied by extensive 
sclerosis on the living bone is more clearly visualized 

a

c
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  Fig. 23.11    ON of both femoral heads. ( a ) At both femoral heads, ON 
with band-like low signals is noted with similar involving areas on 
T1-weighted coronal MR image. ( b ) In the right femoral head and 
intertrochanteric area, bone marrow edema ( arrows ) is noted on 
T2-weighted fat-suppressed coronal MR image. In contrast, there is no 

signifi cant bone marrow edema in the left proximal femur. ( c ) Nine 
months later, signifi cant collapse ( arrows ) of the superolateral aspect of 
the right femoral head is identifi ed on T1-weighted coronal MR image. 
At the left femoral head, there is no signifi cant collapse       
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than those of radiographs. Following this, secondary 
osteoarthritic findings of narrowing of the joint space, 
subchondral sclerosis, and marginal osteophyte from sag-
ittal and coronal images can be identified clearly and eas-
ily [ 40 ,  41 ] (Fig.  23.13 ).

23.2.4        Radionuclide Examinations 

23.2.4.1     Bone Scan  
 Radionuclide bone scintigraphy using technetium-labeled 
phosphate analogs such as methylene disphosphonate 
( 99m Tc- MDP ) and dicarboxypropane diphosphonate ( 99m Tc-
DPD) may be used for the early diagnosis of ON of the 
femoral head [ 5 ]. Also, scintigraphy may be useful in 
evaluating the contralateral asymptomatic hip in patients 
with apparent unilateral ON of the femoral head. Although 
bone scans can detect ON earlier than conventional radi-
ography, they are not sensitive as MRI. In acute phase of 
ON, decreased or absent uptake of bone tracer (“cold” 
lesion ) can be revealed. After weeks or months, increased 
accumulation of bone tracer occurs (“hot” lesion) with 
chronic vascular stasis in repair and in revascularization 
(Fig.  23.14 ).

23.2.4.2        SPECT  
 Single-photon emission computed tomography (SPECT) 
may improve radionuclide sensitivity for the diagnosis of 
ON [ 42 ]. SPECT can contribute to the accurate diagnosis of 
ON by identifying photopenic defects on serial images that 
may not be evident on bone scans. On bone scan, increased 

accumulation of bone tracer from osteoarthritic change in the 
posterior rim of the acetabulum may in part obscure a photo-
penic defect from femoral ON [ 43 ].  

23.2.4.3     PET-CT  
 Positron emission tomography (PET) scans provide a real- 
time image of physiology based on the type of radiolabeled 
marker used. PET imaging has been utilized extensively in 
orthopedic skeletal disease assessment as well as in cases 
where interference from implants inhibits the use of other 
imaging modalities [ 44 ,  45 ]. On PET or PET-CT, ON is seen 
as a photopenic area. 

 It may be possible that PET scans detect ON earlier than 
MRI and SPECT scans and predict the progression as well as 
outcome of ON [ 7 ].    

23.3     Postoperative Imaging 

 Patients who undergone hip surgery for ON present symp-
tomatic hips during follow-up period; postoperative status 
must be evaluated with imaging studies in addition to physi-
cal examination [ 46 ,  47 ]. In contrast to physical examina-
tion which is limited to establish the cause of symptomatic 
hip, the imaging studies including plain radiograph, CT, 
ultrasound, and MRI are helpful in diagnosing the various 
postoperative complications and differentiating among 
them. 

 Generally, serial plain radiographs are most commonly 
used for the evaluation of postoperative hip because of 
the ability of basic overview for hip and pelvic area, low 

a
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  Fig. 23.12    CT fi ndings of ON occurred in a 36-year-old female 
patient. ( a ) Plain radiograph of the hip shows indistinct sclerosis at the 
superolateral portions of both femoral heads. ( b ) Axial CT image shows 
linear sclerosis crossing the central portions of both femoral heads with 

decreased bone densities. ( c ) Coronal CT image shows curvilinear scle-
rosis with decreased bone densities at the superolateral portions of both 
femoral heads. Epiphyseal scars are prominent. ( d ) Axial CT image 
shows sclerosis caused by epiphyseal scars       
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  Fig. 23.13    Secondary osteoarthritis caused by ON in a 59-year-old 
female patient. ( a ) Plain radiograph of the hip shows advanced ON of 
the right femoral head with subchondral collapse and secondary osteo-
arthritis of the right hip. The left femoral head shows early ON with 

curvilinear sclerosis. ( b ) In axial CT image, bone fragments are seen 
within the joint space. The left femoral head shows loss of asterisk sign 
with irregularly margined sclerosis       

a b

  Fig. 23.14    ON of the right femoral head. ( a ) Bone scan ( 99m Tc-DPD) 
depicts a central area of diminished uptake (“cold” lesion) ( black 
arrow ) surrounded by a zone of augmented activity (“hot” lesion) 

( white arrows ). ( b ) On T1-weighted coronal MR image, a serpentine 
low signal band ( black arrows ) is noted at the femoral head with hetero-
geneous marrow signal change in the necrotic portion (*)       
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 economic cost, and high accessibility. Cross-sectional imag-
ing such as CT and MRI are necessary for earlier and more 
accurate evaluation of the lesions which may be detected on 
follow- up radiographs, for assessment of soft tissue lesions 
despite normal radiography, and for differential diagnosis 
of postoperative complications [ 47 ]. Meanwhile, ultrasound 
is useful for detecting postoperative fl uid collection with or 
without infection and guiding a needle in aspiration proce-
dure or injection therapy [ 48 ]. 

 In this session, the imaging fi ndings of the common com-
plications after representative surgical procedures for ON, 
including core decompression, total hip replacement (THR), 
and resurfacing arthroplasty (RSA), and advantages and 
diagnostic pitfalls of each imaging modality, with current 
technical development especially in cross-sectional images, 
are discussed. 

23.3.1     Core Decompression 

 The primary treatment modality for early ON is core decom-
pression (CD), despite some argument. And sometimes bone 
grafting may be accompanied. The purpose of postprocedural 
imaging studies is the monitoring of disease progression and 
interval changes. During follow-up periods after CD, points of 
postprocedural assessment are the following: (1) whether the 
extent and location of ON are progressing to be more than 25 % 
of the articular surface [ 49 ] and (2) whether there is marrow 
edema along the double-line sign, which have been known to 
be a predictor of subchondral collapse or need for THR [ 50 ]. 
Plain radiographs with different views including anteroposte-
rior, frog leg, and groin lateral views, used as a basic imaging 
study on postoperative follow- up, can show the progressed 
periodic changes such as subchondral collapse/fracture and 
secondary osteoarthritis (Fig.  23.15 ). MRI is the most feasible 
modality for assessing the above two fi ndings possibly related 
to prognosis of ON in early postoperative follow-up period 
prior to disease progression. CT also may be used for the 
detailed evaluation of subchondral fracture and preoperative 
measurement before second procedures such as THR.

23.3.2        Total Hip Replacement (THR)  

 THR is the most common surgical treatment for advanced 
stage of ON involving the hip. As described in many previous 
literatures, the complications after THR, including loosening, 
osteolysis (so-called aggressive granulomatous disease, par-
ticle inclusion disease, hypersensitivity reaction), infection, 
periprosthetic fracture, dislocation, liner wearing/dissocia-
tion, heterotopic ossifi cation, gluteus muscle injury, deep 

vein thrombosis, stress shielding, and tumor, can be devel-
oped as a solitary form or combination of two or more [ 47 ]. 

 As for most hip surgeries, plain radiograph is used as a 
primary imaging tool for follow-up of THR. In relatively 
common complications such as loosening, osteolysis, or 
infection, serial plain radiographs reveal progression of peri-
prosthetic radiolucency (more than 2 mm). Additionally, 
changes of bone/soft tissue densities, breakdown of surgical 
fi xatives, joint alignment, and position of fi xatives should be 
assessed on serial radiographs. For early diagnosis of these 
complications, acquisition of two and more different views 
and a meticulous comparison with previous serial radio-
graphs including initial postoperative fi lm are very impor-
tant, because subtle or minimal changes may be detected 
only in one image among different views. Actually, cross- 
sectional imaging such as CT and MRI were limited by arti-
facts related to large metallic devices inserted in THR. These 
metallic artifacts (i.e., beam hardening/streak artifacts in CT, 
metal susceptibility artifact in MRI) contribute to imaging 
distortion, blurring, or signal void particularly in the area 
adjacent to the prosthesis. However, trials for decreasing the 
imaging artifacts and optimizing imaging quality have been 
performed and continued by many investigators even 
 nowadays. Currently used imaging techniques for decreasing 
the metal artifacts are as follows: widening of bandwidth, 
increasing the number of excitations (NEX), increasing echo 
train length (ETL), use of view angle tilting (VAT), small 
fi eld of view with thin section, low magnetic fi eld strength, 
use of titanium hardware instead of stainless steel, metal 
positioning parallel to main magnetic fi eld in MRI; use of 
high-voltage, high tube charge, thin section thickness, and 
narrow collimation during image acquisition, and extended 
CT scale and thick section thickness during postprocessing 
reconstruction in CT [ 46 ,  47 ,  51 ]. These technical develop-
ments lead to the increased use of these modalities in evalu-
ation of postoperative hip in many orthopedic clinics. 

 Loosening, a main cause of painful prosthetic hip, shows 
progressive radiolucency of more than 2 mm along the inter-
faces of metal-cement-bone (Fig.  23.16 ). Migration of pros-
thesis is observed as a positional change or subsidence of 
prosthesis in different radiographic views, and it is a defi nite 
fi nding suggestive of loosening. Additionally, fracture of 
cement materials or wires, sclerosis adjacent to distal femo-
ral tip, and periosteal reaction may be seen. Poor prognostic 
factors of radiolucency are: large area of more than 50 %, 
distal 2/3 part of the lateral aspect adjacent to the femoral 
stem, and young active patient. These cases can substantially 
necessitate revision THR. Stable radiolucency along the 
prosthesis may be due to fi brous ingrowth if in early postop-
erative period within less than 2 years or repeated 
operations.
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  Fig. 23.15    Serial radiographs of left hip anteroposterior views in a 
46-year-old man with ON initially treated by core decompression. ( a ) 
Left femoral head reveals heterogeneously sclerotic lesion at the supe-
rior aspect, with subchondral collapse. Narrow radiolucent tubular area 
with sclerotic rim crossing femoral head-neck-greater trochanter means 

previous core decompression. ( b ) After 5 years, the lesions involving 
the femoral head progressed, with increased extent of the lesions and 
aggravation of subchondral collapse. Secondary osteoarthritis of the 
left hip is also noted. ( c ) As a result of progression of ON, resurfacing 
arthroplasty was performed       
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   Osteolysis manifests as a not-conforming radiolucency 
adjacent to the prosthesis. Not-conforming radiolucency is 
an important differential point from a loosening, which 
shows conforming radiolucency along the prosthetic axis. 
Radiolucent lesions of osteolysis have a well-defi ned margin 
and focal or multilobular shape (Fig.  23.17 ). It frequently 
accompanies cortical remodeling with thinning and soft tis-
sue mass through cortical disruption. And pseudobursa for-
mation or metallosis presenting as increased radiodensity 
can be associated (Fig.  23.18 ). CT with reformatted images 
or MRI must be performed to evaluate the exact extent of the 
lesions prior to revision surgery, because the complete 
removal of the lesions extending to deep soft tissue layer 
such as pelvic cavity is important for prevention of recur-
rence. On MRI, osteolysis is seen as intermediate to low sig-
nal intensity on T2-weighted image [ 52 ]. Involvement of 
both femoral and acetabular components, well-demarcated 
margin of soft tissue lesion, and no fatty infi ltration are dif-
ferential points of infectious or tumorous condition.

    Infection reveals no remarkable fi nding on plain radio-
graphs in many cases because it can be diagnosed clinically 
based on laboratory fi nding in early stage. Instead, increased 
uptake on bone scintigraphy with  67 Ga-citrate or  111 In-WBC 
in combination with  99m Tc-sulfur colloid and fl uid collection 
adjacent to the prosthesis detected on US are useful. 
Differentiation of infection from aseptic fl uid collection on 
US, even in conjunction with laboratory results, may be 
ambiguous in some cases [ 48 ]. For such cases, US-guided 
aspiration or synovial biopsy has an important role in diag-
nosing infectious condition and its causing organism by 
microbiologic study. Rarely, in the cases with more aggres-
sive organisms, radiographic fi ndings suggestive of typical 
osteomyelitis, such as rapidly destructive, ill-defi ned osteo-
lytic lesion, periosteal reaction, and soft tissue edema, can be 
observed. Soft tissue abnormalities such as fl uid collection 
or sinus tract detected on CT or US are a more feasible diag-
nostic points rather than periprosthetic bone abnormalities 
[ 53 ] (Fig.  23.19 ).

a b c

  Fig. 23.16    Loosening of femoral component in left THR. ( a ) 
Anteroposterior radiograph taken on the 3rd postoperative year reveals 
thin radiolucency along the interfaces between the cement and femur. 
The uppermost wire is broken. ( b ) On follow-up radiograph taken on 
the 10th postoperative year, the thickness of periprosthetic radiolucent 
lesion increased more than 2 mm. Cement fracture ( white arrow ) and 

new periprosthetic radiolucency ( thin black arrows ) along the inter-
faces between the prosthesis and cement are noted at distal part of 
femoral component. Note the subsidence of prosthesis ( thick black 
arrow ). ( c ) Reformatted sagittal CT scan demonstrates cortical changes 
such as thinning, remodeling, and disruption ( arrows ), with bulged soft 
tissue       
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   Periprosthetic fracture occurs commonly in femoral shaft 
adjacent to the tip of the femoral stem. Dislocation may 
develop in trauma, imbalance of muscle tone, or infection. 

These complications can be diagnosed only using plain 
radiographs. But the associated or related lesions should be 
evaluated by cross-sectional images and US. 

a

c

b

  Fig. 23.17    Osteolysis in a 73-year-old male with hip arthroplasty 17 
years ago. ( a ) Frog leg view of the left hip shows well-defi ned, multi-
lobular, expansile, osteolytic lesions involving both femoral and acetab-
ular components. Joint space narrowing of superior direction, suggestive 
of liner wear, and wire fracture of femoral component are also seen. ( b , 

 c ) Axial ( b ) and reformatted coronal ( c ) CT images clearly exhibit the 
extent of expansile osteolytic lesions. A soft tissue mass originating 
from the acetabulum via cortical discontinuity displaces the obturator 
internus muscle ( arrows ). Endosteal scalloping of femoral lesion and 
loss of superior joint space due to liner wear are well visualized       
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  Fig. 23.18    Osteolysis and metallosis with severe wearing of polyeth-
ylene liner in a 60-year-old male who underwent hip arthroplasty 18 
years ago. ( a ) Anteroposterior view of the right hip joint shows rela-
tively well-defi ned, multilobular osteolytic lesions involving both the 
acetabular and femoral components, with internal radiodense opacities. 
Superior migration of the femoral head through the defect of acetabular 
cup and polyethylene liner is noted. ( b ) Coronal reformatted CT image 

demonstrates the extent of expansile osteolytic lesions and intralesional 
metallic radiodense opacities. Scattered liner fragments ( arrows ) are 
noted at inferomedial aspect of the right hip. ( c ) On sagittal reformatted 
CT image, iliopsoas bursitis ( IPB ) and soft tissue mass communicating 
with osteolysis are located at the anterior and posterior aspects of the 
right acetabulum and reveal radiodense peripheral rims, predictive of 
metallosis       

 

K.N. Ryu et al.



193

 Wearing or dissociation of polyethylene liner manifest 
as asymmetric location of the femoral head in the acetabu-
lar cup on radiographs. It is commonly accompanied by 
osteolysis, metallosis, and loosening (Figs.  23.17  and 
 23.18 ). 

 Stress shielding develops due to altered stress loading on 
the native bone. It shows decreased bone density with intra-
cortical tunneling, corticocancellization, and rounding of the 
medial cortex in the proximal femoral component of cement-
less THR. Most cases stabilize within the fi rst postoperative 
year, but it may progress to fracture. 

 Rupture of the adductor tendon, atrophy or tear of the 
abductor tendons such as gluteus medius/minimus, or tro-
chanteric bursitis can result in symptomatic hips. These 
soft tissue lesions can be diagnosed using MRI and US 
[ 48 ,  54 ].  

23.3.3     Resurfacing Arthroplasty (RSA) 

 RSA or metal-on-metal prosthesis is increasingly performed 
for the active or younger patients with limited extent of ON. 
Although better clinical outcome was reported compared 
with THR, most complications after THR can also occur 

after RSA, except liner wear. Particularly, synovitis is com-
mon in RSA, with similar incidence compared with THR 
[ 55 ]. MRI with metal artifact reducing sequences (MARS) 
exhibits fl uid signal intensity or intermediate to low signal 
debris communicating with the pseudocapsule of the hip 
joint.   

23.4     Summary 

 Radiological examinations of ON of the femoral head are 
important not only for diagnostic purposes but also for eval-
uation of disease progression during follow-up. Imaging 
modalities such as MRI, CT, radionuclide examination, 
PET-CT including plain radiograph show characteristic 
fi ndings. However, plain radiograph and MRI are the most 
important modalities considering sensitivity and specifi c-
ity. Radionuclide examination with unilateral osteonecrosis 
would show subsidiary roles when diagnosing the contra-
lateral side. The rest of the imaging modalities are not used 
for diagnostic purposes. Knowledge and recognition for the 
imaging fi ndings of ON involving femoral head can reduce 
misdiagnosis for other conditions and lead to appropriate 
management.     

a b

  Fig. 23.19    Infected arthroplasty in an 84-year-old patient. ( a ) Hip 
anteroposterior view demonstrates soft tissue edema at lateral aspect of 
right hip without osseous abnormality. ( b ) On ultrasonography, large 

amount of fl uid collection with echogenic debris are observed at lateral 
aspect of right hip. This lesion is contiguous with sinus tract ( arrows ), 
suggestive of infected fl uid collection       
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24.1            Introduction 

 Osteonecrosis    of the femoral head is progressive to collapse 
of the femoral head and secondary osteoarthritis of the hip 
in 60–80 % of the cases. However, when the necrosis is 
small and a considerable portion of the weight-bearing 
dome of the femoral head is viable, the disease is not pro-
gressive and patients are doing well for a prolonged time or 
during their whole life without any medical or surgical 
intervention. Thus, the classifi cation of osteonecrosis should 
include the “stage,” which expresses the status of disease 
progression, and the “extent,” which describes the size of 
necrosis. 

 Several different systems to categorize the stage and size 
of the necrotic portion have been developed and used. 

 In terms of staging, the Ficat system [ 1 ] and ARCO sys-
tem [ 2 ] have been used. For the evaluation of the necrotic 
extent, the Kerboul method [ 3 ] and its modifi cation using 
MRI [ 4 ] and JIC (Japanese Investigation Committee) classi-
fi cation [ 5 ] are used. 

 Steinberg et al. have developed a comprehensive system 
including both stage and extent [ 6 ]. 

 Ficat developed a staging system of femoral head osteo-
necrosis based on clinical symptoms, functional evaluation 
of bone, and radiologic fi ndings [ 1 ]. 

 Although    his staging system was developed in the early 
1980s and not based on MRI, it is still in use worldwide 
because it is simple and easy to use.  

24.2     Functional Exploration of Bone 

 Ficat’s classifi cation was based on two fundamental con-
cepts. The fi rst concept is that all osteonecrosis should 
pass through a preradiologic stage, which has no specifi c 
radiographic appearance. Thus, a radiograph cannot detect 
early- stage osteonecrosis and a normal radiograph does 
not necessarily mean a normal hip. Radiographic changes 
do appear after the reaction of living tissue to the isch-
emia. The second fundamental concept is that osteone-
crosis is the end result of severe and prolonged ischemia. 
This again presupposes an initial stage in which vascular 
and medullary abnormality passes undetected by routine 
radiography. 

 Because MRI was not available in the early 1980s, he 
emphasized the need for a study of the hemodynamics of the 
medullary circulation, which he termed the functional explo-
ration of bone  (FEB) [ 7 ]. Functional exploration of bone is a 
method for diagnosis of early-stage osteonecrosis. It con-
sisted of three stages: (1) measurement of bone marrow pres-
sure, (2) intramedullary venography, and (3) core biopsy. 

 Measurement of bone marrow pressure can be done 
through a cannula placed in the intertrochanteric area under 
local anesthesia. The baseline pressure is usually about 
20 mmHg, and 30 mmHg is regarded as the upper limit of 
normal. 

 If the baseline pressure is within normal limits, 5 ml of 
isotonic saline is injected into the bone and the pressure 
recorded 5 min after injection. This, the “stress test” pres-
sure, is normally less than 10 mmHg above the baseline pres-
sure. In cases of bone necrosis, the baseline pressure is above 
30 mmHg, and the stress test pressure is 10 mmHg or more 
above the baseline after 5 min. 

 To obtain intramedullary venography, 10 ml of contrast 
medium is injected through the cannula used for the stress 
test. In a normal hip the medium can be injected without a 
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resistance and is quickly cleared. In cases of osteonecrosis 
the injection is diffi cult and painful, with a refl ux into the 
diaphysis and intramedullary stasis 15 min after injection. 

 Core biopsy establishes the diagnosis with certainty. The 
histological lesions have been classifi ed by Arlet and Durroux  
(1973) into four types:
   Type 1. Disappearance of the hemopoietic marrow, separa-

tion of the lipocytes by edema or hemorrhage, and the 
presence of foam cells  

  Type 2. Necrosis of the fatty marrow, which is largely 
changed to an eosinophilic reticular pattern, sometimes 
with oil cysts and necrosis of the hemopoietic marrow of 
a granular type  

  Type 3. Complete medullary and trabecular necrosis  
  Type 4. Complete necrosis with dense medullary fi brosis and 

new bone formation in apposition to the dead trabeculae    
 The histology should be interpreted cautiously. First, it 

should be stated that Type 1 histology is not diagnostic of 
osteonecrosis. Secondly, all four types may be observed in 
the same specimen. Thirdly, it seems logical to suppose that 
the ischemic process develops in three successive stages: cir-
culatory (Type I), medullary (Type 2), and osseous (Types 3 
and 4). Finally, it should be emphasized that there is little or 
no correlation between the histological typing and the radio-
graphic or clinical features. 

 Since the wide use of MRI in the diagnosis of early-stage 
osteonecrosis, the functional exploration of bone is not done 
as a diagnostic workup.  

24.3     Staging  

 F   icat divided the disease process into fi ve stages. He defi ned 
asymptomatic period as stage 0 and painful period as stage 
I. In stage 0 and stage 1, the diagnosis of osteonecrosis can-
not be made by standard radiographs. Because MRI was not 
available at that time, the diagnosis in the early stage can be 
made only through the functional exploration of bone. In his 
staging, an important consideration is collapse of the femoral 
head. He thought the collapse as the point of no return in the 
progression of the disease. He thought the medical or surgical 
treatment can aborts the progression of the disease and a com-
plete recovery may be possible prior to collapse. However, 
the recovery is not possible once a collapse occurred.
   Stage 0. This stage is both preclinical and preradiographic. 

Ficat    suspected this stage in one hip when the other has 
defi nite osteonecrosis. Hungerford described this stage as 
“silent hip ” [ 8 – 10 ].  

  Stage I. This is the earliest clinical manifestation of the hip 
pain before radiographic changes appear.  

  Stage II. Radiographs show changes in the femoral head. 
Curvilinear sclerosis is seen around the necrotic portion. 
Decalcifi cation may also be seen in the form of small 
cysts in the necrotic potion. 

 Transition Between Stages II and III. There are a crescentic 
line due to a subchondral fracture and  segmental fl atten-
ing  of the femoral head giving the so-called “out of round” 
appearance.  

  Stage III. This stage is characterized by the pathognomonic 
appearance of a sequestrum on the radiograph. The 
sequestrum later becomes manifest by a break in the artic-
ular margin extending from one end of the affected area to 
the other, followed by collapse of the sequestrated area 
into the femoral head. However, the joint space is 
preserved.  

  Stage IV. This is the terminal phase of the necrotic process 
and is characterized by progressive loss of articular carti-
lage and the development of acetabular osteophytes; the 
radiographic picture is of osteoarthritis superimposed on 
a deformed femoral head.        
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25.1           Introduction 

 The management of osteonecrosis (ON) remains one of the 
more perplexing problems facing the orthopedic surgeon. 
There is still much to be learned about the etiology, patho-
physiology, and management of this condition. Because 
prognosis and treatment are determined in large part by the 
stage of the disease, it is important to use a reliable and effi -
cient method of evaluation and staging. The uniform use of 
such a system of classifi cation would also enable us to com-
pare the effectiveness of various methods of treatment and 
determine the best method of management for different 
stages of osteonecrosis. 

 During the 1970s we began to see a steady increase in the 
number of patients with osteonecrosis being treated at our 
institution. In attempting to evaluate these patients, we found 
that the classifi cation systems in use at that time were help-
ful, but none was ideal [ 1 ,  2 ]. These included the classifi ca-
tions of Ficat and Arlet [ 3 ,  4 ]; the system of Marcus, 
Enneking, and Massam [ 5 ]; the use of angular measurements 
described by Kerboul [ 6 ]; and the radiographic staging of 
Sugioka [ 7 ]. We therefore felt that it would be valuable to 

formulate a new, comprehensive, and quantifi able system of 
classifi cation and staging. Initially we set down the parame-
ters to be included in an ideal system:
•    It should correspond closely to the pathologic and radio-

graphic changes that occur in osteonecrosis.  
•   It should clearly and distinctly characterize each separate 

stage.  
•   In addition to the stage, it must allow us to measure and 

indicate both the size of the necrotic lesion and the extent 
of joint involvement.  

•   It should be objective, simple to use, and reproducible.  
•   It should allow us to trace progression or resolution from 

the earliest to the latest stages.  
•   Symptoms and physical fi ndings, although important in 

management, should not be part of the classifi cation itself.  
•   Older, invasive techniques should be eliminated and newer 

diagnostic modalities such as MRI must be included.  
•   The system should allow for the future development of 

even more sensitive methods of diagnosis and evaluation.  
•   Its effectiveness should be established in actual clinical 

use and its advantages over other systems should be 
documented.    
 In 1979, in conjunction with our colleagues in the 

Department of Radiology, we began to develop a quantitative 
method for classifi cation and staging which would include the 
parameters outlined above. Initially, technetium scans and 
computerized tomography were used to identify pre- 
radiographic lesions. By 1982 we had begun to use nuclear 
magnetic resonance (NMR) – later designated as magnetic 
resonance imaging (MRI) [ 8 – 10 ]. We examined 55 hips with 
biopsy-proven ON which were studied by radiographs, techne-
tium scans, CT, and MRI. We found MRI to be the single most 
effective method for early diagnosis of this condition with a 
high degree of sensitivity and specifi city. It was found to be 
signifi cantly more accurate in diagnosis of pre- radiographic 
lesions than either technetium scans or CT. On the basis of 
these studies, MRI became an integral part of our staging sys-
tem, and CT and technetium scans were rarely used [ 11 ,  12 ]. 
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 The classifi cation that was developed was presented in 
1982 at the Third International Symposium on Circulation in 
Bone in Toulouse, France, and published in 1984 [ 13 ]. 
Initially the type of pathologic change identifi ed on imaging 
studies is used to place the hip in one of seven stages. Once 
the stage has been determined, the size of the necrotic seg-
ment and the extent of involvement of the femoral head and 
acetabulum are indicated as mild (A), moderate (B), or 
severe (C). For routine clinical use a simple estimate of the 
extent of involvement is suffi cient, whereas for research 
projects and publications, it can be measured [ 11 ,  14 ] 
(Table  25.1 ).

25.1.1      Determining Stage 

•     Stage 0. Stage 0 indicates that a hip is suspected of having 
ON although radiographs and MR are normal or nondiag-
nostic, such as a painful hip in a patient with proven ON 
in the opposite hip. Stage 0 would include hips evaluated 
too soon after a precipitating event for changes to appear 
or hips with too small an area of involvement to be detected 
with current modalities. The diagnosis might be made 
some time after the original evaluation when the lesion 
appears on imaging studies. A defi nitive diagnosis in 
stage 0 will also most likely be possible in the future with 
further refi nements in our diagnostic techniques. Thus, 

inclusion of stage 0 will extend the useful life of this 
classifi cation.  

•   Stage I. Plain radiographs are normal, but MRI and/or 
technetium scans indicate the presence of ON.  

•   Stage II. Radiographs now show defi nitive abnormalities 
consistent with ON. These consist of radiolucent and/or 
sclerotic regions, at times demarcated from normal bone 
by a sclerotic border. Rarely, the earliest radiographic 
fi ndings will include generalized osteopenia of the femo-
ral head.  

•   Stage III. Stage III is diagnosed by the appearance of a 
radiolucent crescent line just beneath the subchondral 
end plate, but without fl attening of the femoral head. This 
indicates collapse of the cancellous trabeculae beneath 
an intact articular surface. A crescent sign does not 
always appear as the head progresses from earlier to later 
stages and may be seen in only one radiographic projec-
tion. A relatively small percentage of hips will fi t the cri-
teria for stage III. However, we feel that they should be 
assigned a separate stage rather than being grouped 
together with hips which show gross fl attening of the 
articular surface because clinical experience documents a 
better outcome for hips in stage III than for hips in stage 
IV, where fl attening is already present [ 1 ,  15 – 18 ]. The 
hip is still spherical at this stage and it is theoretically 
possible to preserve its normal anatomy by bone grafting 
or other procedures.  

   Table 25.1    University of pennsylvania classifi cation of osteonecrosis   

 Stage  Criteria 

 0  Normal or nondiagnostic radiograph, bone scan, and MRI 
 I  Normal radiograph; abnormal bone scan and/or MRI 

 A – Mild  (<15 % of head affected) 
 B – Moderate  (15–30 %) 
 C – Severe  (>30 %) 

 II  Lucent and sclerotic changes in femoral head 
 A – Mild  (<15 %) 
 B – Moderate  (15–30 %) 
 C – Severe  (>30 %) 

 III  Subchondral collapse (crescent sign) without fl attening 
 A – Mild  (<15 % of articular surface) 
 B – Moderate  (15–30 %) 
 C – Severe  (>30 %) 

 IV  Flattening of femoral head 
 A – Mild  (<15 % of surface and <2 mm depression) 
 B – Moderate  (15–30 % of surface or 2–4 mm depression) 
 C – Severe  (>30 % of surface or >4 mm depression) 

 V  Joint narrowing and/or acetabular changes 
 A – Mild 
 B – Moderate 
 C – Severe 

 Average of femoral head involvement, as determined in stage IV, and 
estimated acetabular involvement 

 VI  Advanced degenerative changes 
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•   Stage IV. There is now defi nite fl attening of the femoral 
head which appears in either the AP, lateral, or both views. 
Occasionally small areas of collapse cannot be seen on 
plain radiographs but can be detected with CT. The ace-
tabulum appears radiographically normal at this stage. 
However, early changes in the acetabular cartilage have 
been identifi ed in the majority of stage IV hip patients 
whose pain and disability were suffi cient for them to 
require arthroplasty. Stage IV has serious implications, 
because irreversible changes have taken place and a “nor-
mal” femoral head cannot be anticipated despite appropri-
ate treatment.  

•   Stage V. In addition to fl attening of the femoral head, 
there is now clear radiographic evidence of joint line nar-
rowing and later sclerosis and cystic changes in the ace-
tabulum. Progressive degenerative changes follow.  

•   Stage VI. Degenerative changes in both the femoral head 
and acetabulum have progressed to the point where the 
joint line is virtually obliterated and marked deformity 
appears. Other staging systems have grouped stages V 
and VI together; however, a small but defi nite number of 
hips develop changes so advanced that they can be distin-
guished from stage V. We thus feel that they deserve a 
separate designation and this allows us to follow progres-
sion more accurately.     

25.1.2    Determining Extent of Involvement  

 After the type of radiographic and pathologic changes has 
determined the stage, the extent of involvement is next esti-
mated or measured. For clinical purposes it is adequate to 
make a simple estimate and to describe this as mild (A), 
moderate (B), or severe (C). However, for research purposes 
it is preferable to make actual measurements as described 
below. No attempt is made to quantify the extent of involve-
ment in stages 0 or VI. 

 In stages I and II the three-dimensional size or volume of 
the necrotic lesion is determined and expressed as a percent-
age of the entire head. In stage I this is estimated or calcu-
lated from serial MRI sections. In stage II, the MRI can be 
used in a similar fashion if it is available. However, in many 
cases where the lesion is clearly seen on radiographs, MRI 
will not be available and several methods can be used to 
determine the lesion size from plain radiographs. The most 
accurate involve the use of computerized image analysis. 
However, a reasonable estimate of lesion size has been made 
by some investigators using different types of angular mea-
surements or by a simple visual estimate [ 1 ,  2 ,  6 ,  19 – 23 ]. 

 In stage III it is fi rst determined whether the crescent sign 
is more prominent in the AP or the lateral view. This view is 
then used to measure the length of the crescent and to express 
it as a percent of the length of the entire articular surface of 

the femoral head. This can be done with modern imaging 
techniques. If not available, one can use a map reading pla-
nimeter, a specially designed grid, or simple angular 
measurements. 

 In stage IV, as in stage III, measurements are made on 
either the AP or the lateral fi lm, whichever shows the greatest 
amount of collapse. The normal contour of the femoral head 
before collapse is reconstituted, and then the length of the 
collapsed segment is measured and expressed as a percent-
age of the entire articular surface. The maximum depression 
of the collapsed segment is also measured and expressed in 
millimeters. This can be done as described for stage III. 

 In stage V the length of the collapsed segment and the 
amount of collapse of the femoral head are determined as 
described above. The degree of acetabular involvement is 
then estimated. The average of the femoral head and acetabu-
lar involvement determines the overall grade. 

 More detailed information about the University of 
Pennsylvania Classifi cation can be found in our earlier pub-
lications [ 13 ,  14 ,  21 ]. These include a specifi c description of 
the methods originally used to measure lesion size and the 
extent of joint involvement. However, a number of techno-
logical advances using image analysis software have been 
made since that time, making it simpler and more accurate to 
obtain these measurements [ 22 ,  24 ].   

25.2    Evaluation and Comparison with 
Other Classifi cations 

 The two most important features of the University of 
Pennsylvania Classifi cation are the incorporation of MRI 
and specifi c measurements of lesion size as integral parts of 
the system. Both of these are now recognized as essential for 
inclusion in any effective classifi cation. MRI is the single 
best modality for the early diagnosis of ON, before changes 
appear on radiographs. Its sensitivity and specifi city have 
been confi rmed [ 1 ,  10 – 12 ,  22 – 25 ]. Its use has made invasive 
mechanism for diagnosis, scintigraphy, and CT no longer 
necessary. 

 It is well established that the prognosis and hence the 
treatment of hips with ON is directly related to the size of the 
necrotic region even within the same stage [ 1 ,  15 ,  17 – 20 ,  22 , 
 23 ,  26 ]. It is therefore essential to include an accurate mea-
surement of lesion size as an integral part of the classifi ca-
tion. This allows us to establish a prognosis, follow 
progression or resolution, compare different methods of 
treatment, and determine the best management for a patient 
with osteonecrosis. These represent signifi cant improve-
ments over older methods of classifi cation which indicated 
only the stage and not the extent of involvement (Fig.  25.1 ).

   The importance of lesion size is further supported by the 
number of more recent publications which describe 
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 alternate methods of measurement [ 19 ,  20 ,  23 ]. Several of 
these use angular measurements made on radiographs or 
MRI. Essentially all of these techniques have demonstrated 
some degree of correlation between lesion size and out-
come. However, it is virtually impossible to determine 
which is more accurate because of the large number of vari-
ables involved, including the different methods of manage-
ment they are used to evaluate. Although these techniques 
are useful and relatively simple to use, they cannot provide 
an accurate measurement of an irregular three-dimensional 
lesion. Neither are they designed to measure the extent of 
femoral head fl attening or joint involvement. These tech-
niques have been used to supplement an older, non-quanti-
tative classifi cation, such as that of Ficat and Arlet, and 
have not been incorporated into a comprehensive classifi ca-
tion [ 2 ,  21 ]. 

 Concern has been expressed that the University of 
Pennsylvania Classifi cation may be too complex for gen-
eral use. This concern has led to support for simpler meth-
ods to measure the size of the necrotic region such as the 
angular measurements described. It should be noted that 
the use of modern techniques of image analysis have sim-
plifi ed our ability to obtain accurate measurements com-
pared to our original methods. In addition, both we and 
other investigators have found that visual estimates of 
lesion size made from radiographs or MRI by experienced 
examiners are both simple to obtain and reasonably accu-
rate [ 2 ,  20 ,  21 ,  24 ]. 

 Attempts to simplify this classifi cation have also led some 
to combine our stages III and IV and eliminate stage VI. 
However, it has been shown that the prognosis and hence the 
management is different for hips with subchondral collapse 
alone (stage III), from hips with fl attening of the articular 
surface (stage IV) [ 1 ,  15 ,  16 ,  18 ,  26 ]. Thus, not distinguish-
ing between these stages has inherent disadvantages. This 
has also been supported by Arlet and Ficat who expanded 
their four-part classifi cation to six parts to include a transi-
tion stage [ 3 ,  4 ,  27 ]. 

 It has also been suggested that this classifi cation be modi-
fi ed by adding an additional parameter of evaluation which 
combines the location with the size of the necrotic region 
[ 28 ,  29 ], as proposed by the Japanese Investigation 
Committee [ 30 ]. However, it is well established that the 
majority of necrotic lesions involve the anterolateral aspect 
of the femoral head and attempting to classify them as 
medial, central, or lateral does not accurately refl ect the 
pathophysiology of ON. This modifi cation would make the 
classifi cation unnecessarily complex and provide little addi-
tional information [ 2 ,  26 ,  31 ,  32 ]. 

 There are several other features of ON which are impor-
tant to consider. For example, clinical evaluation of the 
patient with ON is, of course, essential to determine manage-
ment. However, there is often little correlation between the 
radiographic stage and a patient’s symptoms or physical 
fi ndings, and therefore they are not included in this staging 
system. Whether the necrotic region appears primarily 

IV-A IV-B IV-C

  Fig. 25.1    Anteroposterior radiographs of the left hip of a patient with 
stage IV osteonecrosis. In 4 months the condition progressed from 
stage IV-A to stage IV-B and eventually to stage IV-C. This obvious 

progression could not be indicated by using older non-quantitative 
methods of staging       

 

D.R. Steinberg and M.E. Steinberg



205

 radiolucent or sclerotic may correlate with outcome. This 
should be noted, but likewise this is not part of the classifi ca-
tion per se. We sought to include the most important factors 
but tried to prevent the system from becoming so complex as 
to be unwieldy. 

 The University of Pennsylvania Classifi cation has been in 
use essentially unchanged since 1982. It has been used clini-
cally to evaluate numerous patients with ON of the hip or 
shoulder, has been described in several publications, and 
specifi cally cited over 253 times. It was endorsed in 1991 by 
the ARCO Committee on Terminology and Staging [ 33 ], 
although it was modifi ed in 1992 [ 29 ] and 1993 [ 34 ]. In 1992 
it was also endorsed by the Committee on the Hip of the 
American Academy of Orthopaedic Surgeons. The essential 
parts of the system have been validated [ 14 ,  22 ,  24 ,  26 ], and 
it has proven itself quite useful in the evaluation and manage-
ment of patients with ON. It has allowed us to develop an 
effective algorithm for the treatment of patients with 
osteonecrosis. 

 A recent review of articles on the treatment of ON, pub-
lished in the past 25 years, showed that, although non- 
quantitative classifi cations are still frequently used and the 
four-part classifi cation of Ficat and Arlet [ 4 ] is still the most 
often cited, there has been a steady trend towards the use of 
more comprehensive, quantitative systems of staging. The 
University of Pennsylvania Classifi cation was cited next in 
frequency to that of Ficat and Arlet [ 32 ,  35 ].  

25.3    Summary and Conclusions 

 The University of Pennsylvania Classifi cation of osteonecro-
sis was fi rst presented in 1982 at the Third International 
Symposium on Circulation in Bone and published in 1984. It 
was designed to identify each of the pathophysiologic 
changes which take place in joints affl icted by osteonecrosis, 
from the earliest to the most advanced. Seven specifi c stages 
were described based upon the type of change present. The 
extent of involvement was then identifi ed and indicated by 
“A” (mild), “B” (moderate), or “C” (severe). To the best of 
our knowledge, this was the fi rst classifi cation to include 
both MRI and the extent of involvement as integral parts of a 
comprehensive method of evaluation and staging. It has 
withstood the test of time, has been validated, and has been 
described and cited in many publications. It allows us to 
establish a prognosis, follow progression or resolution, com-
pare different methods of treatment, and determine the best 
method of management for a patient with osteonecrosis. It 
has proven more effective than earlier, non-quantitative 
methods of staging and has improved our ability to evaluate 
and treat patients with osteonecrosis. It is being used with 
increasing frequency by investigators treating and studying 
patients with osteonecrosis.     
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26.1            Introduction 

 To standardize clinical defi nitions and management of 
 idiopathic osteonecrosis of the femoral head, criteria for 
the diagnosis, classifi cation, and staging of osteonecrosis of 
the femoral head (ONFH) were developed in 1986 by the 
Japanese Investigation Committee (JIC) under the auspices 
of the Ministry of Health and Welfare [ 1 ]. Since then, revi-
sion was made three times and the 2001 version [ 2 ] is still 
used widely in Japan. We describe here the JIC diagnostic 
criteria and JIC classifi cation of ONFH.  

26.2     JIC Diagnostic Criteria 

 Although many different techniques had been used to diag-
nose osteonecrosis as early as possible by x-rays, venography, 
bone marrow pressure measurement, biopsy, computerized 
tomography, bone scans, and MRI, no single modality had 
been shown to be superior to the others for accurate diagnosis. 
Therefore, the JIC took an alternative method to use clinical 
diagnostic criteria. A revised version of the JIC diagnostic 
criteria was proposed in 1996, after analysis of the sensitivity 
and specifi city of diagnosis based on the original criteria [ 3 ]. 
The fi ve most effective and simple diagnostic criteria for 
osteonecrosis were chosen (Table  26.1 ): collapse of the femo-
ral head without joint- space narrowing or acetabular abnor-
mality on x-ray images (including crescent sign), demarcating 
sclerosis in the femoral head without joint-space narrowing or 
acetabular abnormality, “cold in hot” on bone scans, 

 low-intensity band on T1-weighted images (band-like pat-
tern), and  trabecular and marrow necrosis on biopsy histol-
ogy. It was found that for diagnosis of osteonecrosis based on 
any two positive criteria out of these fi ve, the sensitivity and 
 specifi city were 91 and 99 %, respectively. The diagnostic cri-
teria had not been changed in the 2001 version [ 2 ], and it is 
still used in Japan as standard diagnostic criteria for patients 
with ONFH to receive the public fi nancial support of 
treatment.

26.3        JIC Classifi cation  

 Massive collapse of the femoral head is a crucial event that 
leads to the functional devastation of the hip joint with 
ONFH. To evaluate the susceptibility for collapse or to pre-
dict impending collapse for each case in the early stage of 
ONFH, the JIC proposed a classifi cation in 1986 [ 1 ]. It con-
sisted of three major types, based on the following specifi c 
radiographic fi ndings (Fig.  26.1 ): type 1, demarcating sclero-
sis; type 2, fl attening; and type 3, cystic radiolucency. Type 1 
and type 3 are divided into subtypes 1A, 1B, 1C, 3A, and 3B, 
based on the location of the lesion in the weight-bearing 
area. A type 3A cystic lesion is located far from the weight- 
bearing surface. A lesion surrounded by demarcating sclero-
sis and located far from the weight-bearing surface is 
classifi ed as type 1A. The prevalence of collapse was 
reported as 0 % in type 1A, 44 % in type 1B, 88 % in type 
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   Table 26.1    Diagnostic criteria for osteonecrosis   

 1.  Collapse of the femoral head without joint-space narrowing or 
acetabular abnormality on x-rays (including crescent sign) 

 2.  Demarcating sclerosis in the femoral head without joint-space 
narrowing or acetabular abnormality 

 3. “Cold in hot” on bone scans 
 4. Low-intensity band on T1-weighted images (band-like pattern) 
 5. Trabecular and marrow necrosis on histology 

  Defi nite diagnosis requires any two positive criteria out of the fi ve 
 Bone tumors and dysplasias should be excluded  
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1C, 100 % in type 2, 0 % in type 3A, and 100 % in type 3B 
[ 4 ,  5 ]. Surgical treatment is seldom necessary in type 1A and 
type 3A. Varus femoral osteotomy or transtrochanteric rota-
tional femoral osteotomy can be good indication for type 1B 
and 1C. The necrotic lesions were not able to be quantita-
tively evaluated on radiographs in type 2 and type 3 ONFH 
because they did not show demarcating sclerosis until the 
late stage. These types were often seen in patients with 
steroid- induced ONFH. Failure rates of osteotomies for type 
2 and type 3B are high. The location of the lesion in these 
types was shown to occupy all weight-bearing area when 
MRI was used [ 2 ]. Therefore, a high prevalence of collapse  
in type 2 and 3B can be explained by the location of the 
lesion that occupied the most of the weight-bearing area of 
the femoral head.

   As the location of lesion is an important factor to predict 
impending collapse, a prospective MRI study in patients 
with SLE was conducted to detect ONFH in the pre- 
radiographic stage and to prognosticate ONFH [ 6 ]. A low- 
intensity band in the femoral head of normal fat intensity on 
T1-weighted images was a specifi c fi nding of ONFH. The 

lesions demarcated by a low-intensity band were classifi ed 
into type A, B, and C like type 1A, 1B, and 1C of the radio-
graphic classifi cation on the coronal image through the fem-
oral head center. As the location of the lesion extended more 
weight-bearing area, the prevalence of collapse increased. 
Although some early lesions detected less than a year after 
initial steroid treatment can show size reduction, the location 
of lesions does not change later in most of the cases [ 7 ,  8 ]. 
The MRI classifi cation system based on the location of the 
lesion surrounded by a low-intensity band on T1-weighted 
images was found to have the same predictive power as the 
radiographic classifi cation system. Furthermore, when type 
C was divided into subtypes C1 and C2, the incidence of 
progressive collapse of the femoral head varies signifi cantly. 
A type C2 lesion extends laterally to the acetabular edge, 
whereas a type C1 lesion does not (Fig.  26.2 ). The preva-
lence of collapse was less than 10 % in type A, 40 % in type 
B, 80 % in type C1, and 90 % or more in type C2. Even after 
collapse occurs in type A and B, subsequent cessation of col-
lapse can be expected and improvement of symptoms with 
no surgical intervention required [ 9 ]. This new classifi cation 

Type 1A Type 1B Type 1C

Type 3BType 3AType 2

  Fig. 26.1    The JIC 1986 radiographic classifi cation of ONFH. The 
classifi cation scheme consists of three types (1, 2, and 3). Type 1 is 
characterized by the presence of a demarcation line in the femoral head 
and is divided into three subtypes, 1-A, 1-B, and 1-C, according to its 

relationship to the weight-bearing surface. Type 2 shows early fl atten-
ing of the weight-bearing surface but has no demarcation line around 
the necrotic area. Type 3 has cystic lesions and is divided into two sub-
types according to their site in the femoral head       
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was adopted in the 2001 JIC classifi cation and it has not 
changed since then. 

   The location and size of lesions are thought to be 
 independently related to the prevalence of collapse. 
Therefore, these two parameters were analyzed by a three-
dimensional quantifi cation of lesions to clarify how these 
two morphological factors were related to the occurrence of 
collapse using 3D MR imaging [ 10 ]. Lesion volume  as well 
as latitude and longitude of the center of gravity of the lesion 
within the femoral head were calculated. Multiple logistic 
regression analysis showed a signifi cant relationship between 
lesion volume and radiological collapse. In comparison with 
non-collapsed hips, collapsed hips had a signifi cantly higher 
combined value for latitude and longitude of the lesion, cor-
responding to the anterosuperior portion of the femoral head. 
Quantitative analysis of lesion morphology demonstrated 
that lesion volume is strongly correlated with risk of collapse 
and that lesion location is an important prognostic indicator 
of collapse in small necrotic lesions. None the less, the JIC 
classifi cation of ONFH based on two-dimensional antero-
posterior radiographs or coronal MRI can provide useful 
information on the prevalence of collapse easily. The out-
come of total hip arthroplasty including resurfacing may not 
be affected by the location and size of the lesion [ 11 ]; how-
ever, the JIC classifi cation is useful to understand how vari-
ous joint-preserving treatment options can be effective to 
improve the natural course of ONFH in each case.  

26.4     Summary 

 The JIC 2001 criteria for the diagnosis and classifi cation 
idiopathic osteonecrosis of the femoral head (ONFH) were 
described. Five criteria that showed high specifi city were 
selected for diagnosis: collapse of the femoral head 
(including crescent sign) without joint-space narrowing or 
acetabular abnormality on x-ray images, demarcating scle-
rosis in the femoral head without joint-space narrowing or 

acetabular abnormality, “cold in hot” on bone scans, low-
intensity band on T1-weighted MRI (band-like pattern), 
and trabecular and marrow necrosis on histology. ONFH is 
diagnosed if the patient fulfi lls two of these fi ve criteria. 
Necrotic lesions are classifi ed into four types, based on 
their location on T1-weighted MRI or x-ray images. Type 
A lesions occupy the medial one-third or less of the 
weight-bearing portion. Type B lesions occupy the medial 
two-thirds or less of the weight-bearing portion. Type C1 
lesions occupy more than the medial two-thirds of 
the weight-bearing portion but do not extend laterally to 
the acetabular edge. Type C2 lesions occupy more than the 
medial two-thirds of the weight- bearing portion and extend 
laterally to the acetabular edge. The prevalence of collapse 
was less than 10 % in type A, 40 % in type B, 80 % in type 
C1, and 90 % or more in type C2.     
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27.1            Introduction 

 The prognosis of osteonecrosis of the femoral head is related to 
the location and extent of the necrotic lesion [ 1 – 6 ]. Therefore, 
several methods have been introduced to quantify or categorize 
the location and extent of osteonecrosis [ 1 ,  7 – 11 ]. 

 In 1974, Kerboul  et al. developed a simple and easy 
method of measuring the extent of necrosis in early-stage 
osteonecrosis of the femoral head that involved measuring 
the arc of the femoral surface involved by necrosis on an 
anteroposterior as well as a lateral radiograph and then cal-
culating the sum of these two angles [ 8 ]. 

 Magnetic resonance image (MRI) is more accurate in evalu-
ating the extent of osteonecrosis than radiographs [ 12 ,  13 ]. The 
extent of necrosis should be measured in the both coronal and 
sagittal planes, because the measurement in the coronal plane 
alone is not accurate to quantify the necrosis and, accordingly, is 
not accurate in predicting further collapse of the femoral head. 

 In this chapter, we describe the modifi ed Kerboul method 
using MRI.  

27.2     Modifi ed Kerboul Method  Using MRI 

27.2.1     The First Modifi cation 

 In 1995, the fi rst modifi ed method using MRI scans instead 
of radiographs was introduced [ 11 ]. The arc of necrotic area 
was measured at the subchondral portion of the femoral head 

on the mid-coronal image ( A ) and the midsagittal image ( B ) 
(Fig.  27.1 ).

   The necrotic index was calculated by the formula: 
( A /180) × ( B /180) × 100. In a pilot study to determine the repro-
ducibility of this measurement, the coeffi cient of variation was 
32 %. There was a strong correlation between this index and 
the risk of future collapse. If the cutoff point of 30 % is used, 
the predictive value of a negative test would be 100 % and that 
of a positive test 91 %. Likewise, a cutoff at 40 % gives a pre-
dictive value for a positive test of 100 % and for a negative test 
of 82 %. None of hips with necrosis less than 30 % collapsed, 
but all hips with more than 40 % necrosis collapsed, and half of 
hips with necrosis of between 30 and 40 % collapsed. Thus, 
hips with necrosis of less than 30 % are were classifi ed as a 
low-risk group, those with necrosis of 30–40 % as a moderate-
risk group, and those with more than 40 % as a high-risk group 
in terms of future collapse of the femoral head. 

 Although this method showed a strong correlation with 
the risk of collapse and the index was a major predictor of 
future collapse, a conversion table or a calculator was neces-
sary to obtain the index.  

27.2.2     The Second Modifi cation 

 To simplify the method, a second modifi cation was done in 
2006 [ 14 ]. The arc of the necrotic portion on both the mid- 
coronal ( A ) and the midsagittal images ( B ) was measured 
(Fig.  27.1 ), and the sum of these two angles was then calcu-
lated. There was a strong correlation between the combined 
necrotic angle  ( A  +  B ) and the risk of future collapse. None 
of hips with a combined necrotic angle of ≤190° collapsed, 
all hips with an angle of ≥240°collapsed, and 50 % of hips 
with an angle between 190° and 240° collapsed during the 
study period (Fig.  27.2 ). This would suggest that hips with 
a combined necrotic angle of ≤190° are in a low-risk group, 
those with an angle between 190° and 240° are in a moder-
ate-risk group, and those with an angle of ≥240° are in a 
high-risk group.
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a b

  Fig. 27.1     A  is the angle of necrotic area in mid-coronal image and  B  is the angle of necrotic area in midsagittal image. The angle is measured at 
the subchondral portion       
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  Fig. 27.2    Kaplan-Meier survival 
curve according to the categories 
of the combined necrotic angle, 
which were classifi ed by cut 
points of 190° and 240°. Grade 1 
denotes hips with combined 
necrotic angle ≤190°, grade 2 
denotes hips with combined 
necrotic angle between 190° and 
240°, and grade 3 denotes hips 
with combined necrotic angle 
≥240°. Survival distributions for 
three grades were different by 
log rank test ( p  < 0.01)       

27.3         Summary 

 The measurement of necrotic arc on mid-coronal and mid-
sagittal MRI scans is simple and easy and reproducible. The 
combined necrotic angle, the sum of the two necrotic arcs on 
mid-coronal and midsagittal MRI scans, is based on biplanar 
MRI scans and provides a three-dimensional assessment of 

the extent of the necrosis. The categorization of femoral 
head osteonecrosis according to the combined necrotic angle 
may accurately predict the risk of subsequent collapse of the 
femoral head. 

 Medical or surgical treatment to prevent collapse is not 
justifi ed in the low-risk group. Any intervention should be 
limited to hips in the moderate to high-risk groups.     
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28.1            Introduction 

 Various classifi cation systems have been proposed and used 
to distinguish the different stages and necrotic extent of fem-
oral head osteonecrosis. 

 Conventional staging systems include those described by 
Marcus and coauthors [ 1 ], Ficat and Arlet [ 2 ], and Steinberg 
and associates [ 3 ], and the classifi cation system of Ohzono 
and associates [ 4 ]. The necrotic extent has been evaluated 
with use of Steinberg system or JIC (Japanese Investigation 
Committee) classifi cation. 

 After the widespread use of MRI for the diagnostic 
workup of osteonecrosis in the late 1980s, there has been an 
urgent need for a single unifi ed classifi cation, which is based 
on MRI, easy to understand, and valid to compare treatment 
results in the different reports in international literatures.  

28.2     Generation of the ARCO Classifi cation 

 At the time of the second General Assembly of the 
Association Research Circulation Osseous (ARCO) , which 
was held on the island of Ischia, Italy, in November 1990, 
the “International ARCO committee on Terminology and 
Classifi cation” was installed. 

 In May 1991, the members of the committee assembled 
for the fi rst time in Nijmegen, the Netherlands. The fi rst 
ARCO classifi cation system was designed at that meeting. 

 The committee reported as follows: 
 Currently, osteonecrosis has become an increasingly sig-

nifi cant phenomenon, especially manifest in the large joints 
and with the highest incidence in the younger age groups and 

with the vast majority of cases younger than 50 years. In 
1978, John Paul Jones Jr. wrote about osteonecrosis in the 
femoral head that it had become a signifi cant problem in 
connection with deep-diving and high-altitude operations 
and alcohol and corticosteroid treatment in recipients of 
organ transplants [ 5 ]. The precise etiology of both traumatic 
and nontraumatic or idiopathic osteonecrosis was unknown. 
This is still true today. 

 The assignment of the committee was to establish one 
uniform defi nition, histopathological terminology, and clas-
sifi cation of osteonecrosis. The reason for this was that in 
literatures we can fi nd various classifi cations on  osteonecrosis 
based on slight or completely different defi nitions, terminol-
ogies, and diagnostic criteria. These will cause authors to 
have differences in opinions and different interpretations of 
each other work. 

 Therefore, the committee had to be “international.” It 
should be kept in mind that the proposed classifi cation is also 
a composition of all the previously or recently published sci-
entifi c work and staging systems by many authors. 

 The members of the committee decided that the following 
problems had to be solved fi rst:
•    Terminology  
•   Diagnostic criteria  
•   A uniform international classifi cation    

28.2.1     Terminology 

 Many terms had been used to designate the necrosis of bone 
including avascular necrosis, osteonecrosis, aseptic necrosis, 
creeping substitution, necrotic bone disease, and bone infarc-
tion, which were very confusing. 

 The committee agreed upon that the defi nition of necrosis 
of bone had to be the following: 

 “Bone” is an organ that consists of mineralized and non- 
mineralized tissues. 

 Bone necrosis is a disease which causes death of bone and 
is called “osteonecrosis .”  
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28.2.2     Diagnostic Criteria 

 The diagnosis “true osteonecrosis” should be made as early 
as possible in the course of the disease. 

 The diagnostic criteria that are available at this 
moment are:
•    Radiography  
•   Scintigraphy  
•   Functional bone investigation  
•   MRI  
•   Histology    

 The problem with radiography is that when the signs are 
visible on radiographs, the disease has already progressed 
beyond the initial stage. 

 This is also true for scintigraphy; and the scintigraphic 
sign “cold in hot” is not frequently observed. The reliability 
of scintigraphy is low. 

 “Functional bone investigation ” [ 2 ] is not to be used in a 
staging system. It is an invasive technique and the derived 
data, the intraosseous pressure, and the venography are not 
pathognomonic for osteonecrosis. Differences from the nor-
mal values can also be seen in other circulatory bone 
diseases. 

 However, “functional bone investigation” was of great 
value to distinguish the so-called preradiological stage of 
osteonecrosis, which we now recognize as probably the 
onset of the disease. “Functional bone investigation” remains 
of great value in the research of osteonecrosis and other bone 
disorders. 

 MRI is a noninvasive method and it can visualize early 
changes in the bone. It is both more sensitive and more spe-
cifi c than all the other noninvasive diagnostic measures. It 
gives us an image of the existing process in the bone. Classic 
T1-weighted images in coronal and axial planes were recom-
mended. This is the minimum requirement in stage 0 and 1 
when there are no radiological signs. T2-weighted MRI 
images can give supplemental information as diagnostic 
tool. MRI gives us an image of a process in the bone seen as 
a “band-like image of low intensity” on the classic 
T1-weighted image and a “double-line sign” on a classic 
T2-weighted image. When there is a clinical suspicion of 
osteonecrosis, MRI should be taken immediately. 

 Histology remains the “golden standard” to make a defi -
nite diagnosis of osteonecrosis. Although it is an invasive 
method, it might be a curative procedure. A descriptive his-
tological classifi cation of the disease is not yet available, and 
for the time being a “simple descriptive histological classifi -
cation” was designed as a working scheme. 

 Further histological data collection is of the utmost impor-
tance to be able to make a histological classifi cation. 
However, it must be stated that in the very early onset of the 
disease, histology is not conclusive. Marrow edema,  scattered 
lesions of necrosis, and red blood cells outside the  vessels 

can also be seen in other bone diseases. However, when the 
area of necrosis with empty osteocyte lacunae is larger than 
1 cm 2 , the disease has already passed beyond the early isch-
emic stage and is no longer reversible.  

28.2.3     ARCO Classifi cation System 
Established in 1991 

 As mentioned above, the committee agreed to the necessity 
of one uniform classifi cation of the various stages of osteo-
necrosis. The committee agreed upon that staging is a method 
of defi ning the development of the disease. Staging has to 
include the onset of the disease, “stage 0,” and has to extend 
to the end stage of complete joint destruction. The commit-
tee also agreed upon that the quantifi cation of necrotic extent 
was important and a descriptive histological classifi cation 
was urgently needed. 

 In the fi rst ARCO classifi cation system, the progression 
of osteonecrosis was divided into six stages with a subdivi-
sion of location and size of the necrotic portion [ 6 ].
    Stage 0  All present diagnostic techniques are normal or non-

diagnostic except histology. Future diagnostic techniques 
will at some point enable us to make the diagnosis in this 
stage “0.” 

 Diagnostic techniques are beyond the plain X-rays, the use 
of scintigraphy, and MRI.  

   Stage I  Plain X-ray and CT scan are normal. 
 At least one of the following techniques is positive: scintig-

raphy and MRI. 
 An open biopsy will confi rm the diagnosis. The classic MR 

image is pathognomonic. 
 It is important to subdivide this stage in three categories A, 

B, and C, according to the extension of the area of  femoral 
head involvement. A = <15 % involvement, B = 15–30 % 
involvement, and C = >30 % involvement.  

   Stage II  Radiography shows areas of abnormalities: mottled 
aspect, sclerosis, cysts, and porosis. However, there are no 
signs of collapse, and the femoral head remains spherical 
on AP and lateral views on X-ray and CT scan. Again 
scintigraphy and MRI are positive. Subclassifi cation in A, 
B, and C is important, as described in stage 1.  

   Stage III  The femoral head has begun to fail mechanically.  
  The axial X-ray shows a fi ne radiolucent subchondral frac-

ture line, usually referred to as the “crescent sign.” 
However, there are no signs of fl attening of the femoral 
dome. The spherical confi guration remains intact. 

 The same subclassifi cation as in the two previous stages 
described must be included. First, it is determined whether 
the crescent sign appears more prominent in the AP or 
lateral view. After selection of the most prominent view, 
the length of the crescent is expressed as a percentage of 
the entire articular surface.  
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   Stage IV  Radiographs show the articular surface of the femo-
ral head to be fl attened, but there is no evidence of joint 
line narrowing or acetabular involvement. CT scanning 
might be helpful if there is no evidence of collapse on the 
plain X-rays. 

 The same recommended subclassifi cation in A, B, and C is 
added but must also be done by the amount of fl attening: 
A = <15 % involvement or a depression of <2 mm, 
B = 15–30 % involvement or a depression of 2–4 mm, and 
C = >30 % involvement or a depression of more than 
4 mm.  

   Stage V  Radiographically the articular surface is fl attened 
and the joint space starts narrowing. This is often associ-
ated with changes on the acetabular side of the joint and 
with signs of a beginning osteoarthritis with areas of scle-
rosis, cysts, and marginal osteophytes. Subclassifi cation 
has to be done as in stage 4 and the acetabular involve-
ment has to be estimated.  

   Stage VI  The radiographic examinations show advanced degen-
erative changes and fi nally a complete joint destruction.    
 This classifi cation was accepted by the “General 

Assembly of ARCO” in Basel, Switzerland, in December 
1991 as a “proposal for an international classifi cation.” 

 The committee suggested the following requirements in 
reporting clinical and scientifi c work on osteonecrosis:
    1.    A clinical evaluation by means of any hip score rating   
   2.    Staging according to this  international classifi cation    
   3.    Radiographic and/or MRI quantitation of necrotic extent   
   4.    Therapeutic results on survival of the femoral head       

28.3     ARCO Classifi cation Modifi ed in 1994 

 The fi rst ARCO classifi cation was comprehensive but com-
plicated. Thus, the classifi cation was simplifi ed for the prac-
tical use by every physician in the world. The original stages 
III and IV were combined into stage 3 and original stages V 
and VI into stage 4. This modifi cation was discussed and 
approved at the General Assembly of ARCO in 1994. 

 Since then, this modifi cation was accepted as the ARCO 
classifi cation system. 

 The modifi ed ARCO classifi cation (Fig.  28.1 ):
     Stage 0 : All diagnostic studies are normal and diagnosis is 

made by histology only. A painful hip in a patient who has 
either one or more risk factors for osteonecrosis or who 
has a proven osteonecrosis on the contralateral side.  

ARCO INTERNATIONAL CLASSIFICATION OF OSTEONECROSIS

STAGE 0

All present
techniques normal or
non-diagnostic

FINDINGS

X-ray, CT
Scintigraph
MRI

X-ray, and CT are
normal at least ONE
of the below
mentioned is
positive

NO CRESCENT
SIGN! X-RAY
ABNORMAL:
sclerosis, osteolysis,
focal porosis

CRESCENT SIGN!
on the X-ray and/or
flattening of articular
surface of femoral
head.NO COLLAPSE

COLLAPSE !
on the X-ray and/or
flattening of articular
surface of femoral
head.

X-ray CT ONLY
* QUANTITATE
on X-ray
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  Fig. 28.1    ARCO international classifi cation of osteonecrosis       
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   Stage 1 : A band lesion of a low signal intensity around the 
necrotic area is seen on MRI scans. No changes are seen 
on plain radiographs.  

   Stage 2 : Subtle signs of osteosclerosis, focal osteoporosis, or 
cystic change can be identifi ed in the femoral head on 
plain radiographs. Still there is no evidence of subchon-
dral fracture.  

   Stage 3 : Early fracture in the subchondral portion is seen on 
plain radiography or by computed tomography or 
tomograms.  

   Stage 4 : There is osteoarthritis of the joint with accompany-
ing joint space narrowing, acetabular changes, and fi nally 
destruction of the joint.     

28.4     Latest Modifi cation in Nijmegen (Fig.  28.2 ) 

 Subsequently after using this classifi cation, there was a need 
to subdivide stage 3 into early and late stages. Sometimes, 
osteonecrosis in early collapse does not progress to further 
stage, and patients are doing well for a prolonged time with-
out any intervention. The results of the joint preserving pro-
cedures such as bone grafting and osteotomies showed a 
clear difference between the head with and without collapse. 
The results in early stage 3 without defi nite collapse were 

signifi cantly better than those in late stage 3 with defi nite 
collapse. This subdivision seems to be of crucial importance, 
particularly for the evaluation of outcome after treatment of 
osteonecrosis. Besides, other classifi cation systems have a 
separation between the “early” stage before a collapse of the 
femoral head develops and the “late” stage when a defi nite 
collapse is already present.      
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29.1            Introduction 

 Subchondral stress fracture  occurs most frequently in the 
femoral head, but it can occur in other anatomical locations 
such as the femoral condyle, tibial condyle, talar dome, 
humeral head, and acetabulum [ 1 – 8 ]. Although it is a recently 
recognized disease condition with the advent of magnetic 
resonance (MR) imaging [ 9 – 13 ], the occurrence of fatigue 
fractures in the subchondral trabecular bone was confi rmed 
histologically in the early 1970s by cadaver or surgical 
 specimen studies [ 14 – 17 ]. 

 The symptoms and imaging fi ndings of subchondral 
stress fracture of the femoral head (SSFFH) are similar to 
those of osteonecrosis of the femoral head [ONFH]. The 
possibility for SSFFH to be misdiagnosed as ONFH is high, 
as confi rmed by referral to previous publications regarding 
cases of ONFH [ 18 – 24 ]. The differential diagnosis of SSFFH 
from ONFH is very important because its clinical course is 
much more benign than that of ONFH. 

 The clinical course and image fi ndings of transient osteo-
porosis of the hip (TOH) are almost identical to those of 
SSFFH [ 25 – 31 ]. The only one difference is that no subchon-
dral fracture line is detected in TOH. Therefore, it has been 
suggested that TOH might be a milder form of trabecular 
bone injury than SSFFH [ 28 – 31 ]. 

 The fi rst reported cases of SSFFH were insuffi ciency 
type [ 32 ]. Thereafter, the majority of reported cases were 
insuffi ciency type [ 2 ,  9 – 13 ,  33 – 39 ]. Later, the fatigue-type 
SSFFH was reported to occur in healthy adults with good 

bone quality who had suddenly increased their physical 
activity [ 8 ,  29 ,  40 ,  41 ]. In addition, SSFFH in normal 
healthy people without any increase of activity has been 
recognized [ 42 – 45 ].  

29.2     Clinical Features  

 An insuffi ciency-type fracture  occurs when normal or physi-
ological stress is applied to abnormally weakened bone. In 
1993, Grignon et al. reported 13 cases of insuffi ciency-type 
SSFFH in elderly people that were treated successfully with 
several weeks of nonweight bearing [ 9 ]. The authors empha-
sized the importance of differential diagnosis of this condi-
tion from TOH or ONFH. Since then, there have been reports 
of cases occurring mainly in osteoporotic elderly people and 
also in patients with poor bone quality such as renal trans-
plant recipients, systemic lupus erythematosus, and osteo-
genesis imperfecta [ 2 ,  10 – 13 ,  33 – 38 ,  46 – 49 ]. On the 
contrary, fatigue-type fractures  occur in people with normal 
bone quality after a sudden increase in activity; the fi rst 
report included cases that occurred in military recruits dur-
ing military drills [ 8 ,  29 ,  40 ,  41 ]. Later, it was recognized 
that SSFFH can occur in healthy adults with good bone qual-
ity without any increase in activity [ 42 – 45 ]. 

 The insuffi ciency type is more common in women and 
the fatigue type is more common in men. Bilateral hip 
involvement is not rare and multiple site involvements have 
been reported (Fig.  29.1 ) [ 1 – 3 ,  29 ,  38 ,  43 ,  50 ,  51 ]. Fractures 
are usually located in the anterosuperior portion of the 
 femoral head but can be located in the posterosuperior 
 portion [ 29 ,  43 ].

   In any type of fractures, common clinical fi ndings include 
hip pain and limping of sudden onset without any anteced-
ent trauma. The pain is aggravated with activity and 
improves with rest. Pain and limping decrease gradually as 
the fracture heals. In young patients, pain disappears 
 completely 3–9 months after pain onset even in the cases 
with femoral head collapse [ 29 ,  41 ,  43 ]. However, in 
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 insuffi ciency-type fracture in elderly patients, incomplete 
 resolution of pain is frequent and half of the cases need 
total hip arthroplasty [ 32 ,  45 ,  52 ].  

29.3     Image Findings  

 Immediately after the onset of pain, usually no remarkable 
abnormal fi ndings are detected unless collapse of the femo-
ral head has already occurred. With time, osteopenia in the 
proximal femur and/or subchondral fracture line can be 
detected together with femoral head collapse when it occurs, 
but not always (Figs.  29.1 ,  29.3 ,  29.4  and  29.6c ). In 
insuffi ciency- type fractures of the elderly, joint space nar-
rowing is frequently observed, but the mechanism is not 
known (Fig.  29.2 ). The subchondral fracture line is usually 

more apparent on frog-leg view as in ONFH (Figs.  29.3 , 
 29.5c  and  29.6c ).

    Bone scintigraphy always shows focal or diffuse increased 
uptake in the femoral head (Fig.  29.3 ). It is nonspecifi c for 
the diagnosis but valuable as a screening test. 

 MR imaging is the most valuable and indispensible 
diagnostic tool (Figs.  29.1 ,  29.2 ,  29.3  and  29.4 ). 
Characteristic fi ndings are subchondral abnormal inten-
sity band and surrounding bone marrow edema pattern. 
The subchondral abnormal signal intensity band repre-
senting the fracture line is an essential fi nding for diagno-
sis. This irregular linear band is low signal intensity on 
T1-weighted images and variable abnormal signal inten-
sity on T2-weighted images. The area of bone marrow 
edema pattern can be localized to the fracture line or dif-
fuse in the femoral head and sometime extends to the 

a c

b

  Fig. 29.1    A 27-year-old man with bilateral fatigue-type subchondral 
stress fracture of the femoral head. ( a ) Plain radiographs taken 2 weeks 
after the onset of both left and right hip pain    show linear increased 
density lesion in both femoral heads and collapse of the right femoral 
head. ( b ) MR images of the hip show a subchondral fracture line ( arrow 

heads ) and bone marrow edema pattern ( asterisks ) extending to the 
subchondral area. ( c ) Radiographs taken 3 years after restoring right 
femoral head collapse using a fi bular allograft demonstrate that the 
fracture is healed with partial restoration of the collapse       
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intertrochanteric area. Bone marrow edema pattern 
decreases gradually and disappears completely together 
with the symptoms as the fracture heals.    The  collapse of 

the femoral head or thinning of the articular cartilage is 
identifi able when existing, and joint effusion is a frequent 
fi nding.

a

c

d

b

  Fig. 29.2    A 65-year-old woman with insuffi ciency-type subchondral 
stress fracture of the femoral head. ( a ) Plain radiograph taken 2 months 
before the onset of left hip pain shows no remarkable abnormalities. ( b ) 
Radiographs taken 2 months after the onset of the left hip pain show 
joint space narrowing of the left hip without any other bony  abnormality. 

( c ) MR images of the hip show a subchondral fracture line ( arrow 
heads ) and bone marrow edema pattern ( asterisks ) extending to the 
subchondral area. ( d ) Radiographs taken 8 months later show slight 
progress of the joint space narrowing. Pain persists with some 
improvement       
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a

b

c

  Fig. 29.3    A    20-year-old man with fatigue-type subchondral stress 
fracture of the femoral head.( a ) Plain radiographs taken 1 month after 
the onset of the left hip pain show mild fl attening of the left femoral 
head and a subchondral fracture line ( arrow heads ). Bone scintigraphy 
shows increased uptake in the left femoral head ( inset ). ( b ) MR images 
taken 1 month after the onset of the left hip show a subchondral fracture 

line ( arrow heads ) and bone marrow edema pattern ( asterisks ) extend-
ing to the subchondral area. ( c ) MR images taken 6 months later show 
marked decrease in the area of bone marrow edema pattern. ( d ) 
Radiographs taken 1.5 years after the onset of left hip pain show no 
further fl attening of the femoral head       
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29.4        Treatment  

 No or protected weight bearing is a basic initial treatment for 
SSFFH with no or mild collapse of the femoral head. The 
duration of limitation in weight bearing has not been 
established. 

 The management for the collapsed femoral head is also 
not clear. When detected early, it is possible to elevate the 
collapsed area and maintain it until fracture healing by 
impaction of strut bone graft (Fig.  29.1 ); a few reports have 
described this approach [ 8 ,  29 ]. Recently, Yamamoto et al. 
reported successful short-term results of transtrochanteric 
rotational osteotomy for collapsed cases [ 44 ]. 

 When symptoms persist with or without improvement 
with conservative treatment, usually in insuffi ciency-type 
fractures, THA is necessary.  

29.5     Prognosis  

 Symptoms decrease gradually and disappear completely 
within several months. Symptoms tend to persist longer in 
collapsed cases, up to 9 months. When the fracture heals 
without collapse of the femoral head, no subsequent prob-
lems arise. In fatigue-type fractures, cases healed with 
moderate- to-severe collapse have been reported to do well 
without any signifi cant symptom for more than 10 years 
(Fig.  29.4 ) [ 50 ]. 

 Unlike fatigue-type fractures, conservative treatment is 
not successful in the large proportion of insuffi ciency-type 
fractures. Almost half of the reported cases received total hip 
arthroplasty because of inadequate improvement with con-
servative treatment [ 32 ,  45 ,  52 ]. The reason for this poorer 
result than fatigue-type fracture is not clear, but old age and 
joint space narrowing have been suggested to be associated 
with the poor result. Development of rapidly destructive 

coxopathy subsequent to insuffi ciency-type fractures has 
been reported [ 53 – 55 ].  

29.6     Differential Diagnosis  

 As was pointed out in the fi rst report of insuffi ciency-type 
SSFFH, the differentiation of ONFH and TOH from SSFFH 
is both necessary and important. ONFH has similar clinical 
and image fi ndings, but the prognosis is very different from 
that of SSFFH; after the onset of pain, collapse of the 
 femoral head and subsequent joint destruction progresses, 
and most cases need total hip arthroplasty. 

 Subchondral fracture and bone marrow edema also occur 
in ONFH. However ONFH differs in two aspects (Fig.  29.5 ). 
In ONFH, an additional abnormal signal intensity band is 
detected outside the subchondral fracture line. The outer 
abnormal signal intensity band is the outer margin of the 
necrotic lesion, the reactive interface between dead and liv-
ing bones [ 56 ,  57 ]. The reactive interface is apparent as a low 
signal intensity band on T1-weighted images and the band is 
the fi rst detectable abnormal MR fi nding of ONFH [ 58 – 60 ]. 
In the early stage of ONFH, the reactive interface appears as 
an inner high and outer low signal intensity band, the so- 
called double line sign, on T2-weighted images. The other 
point of difference is the extent of the bone marrow edema 
[ 8 ,  29 ,  43 ,  61 ]. In ONFH, bone marrow edema occurs only 
outside the reactive interface and not in the necrotic area. On 
the contrary, bone marrow edema extends up to or over the 
subchondral fracture line in SSFFH. The convexity of the 
subchondral fracture line was proposed as a differential point 
because subchondral fracture lines are usually convex to the 
articular surface, and reactive interface lines are usually 
 concave to the articular surface [ 62 ,  63 ]. However, both the 
concave subchondral facture lines and the convex reactive 
interfaces are detected occasionally (Figs.  29.5a  and  29.6 ) 
[ 64 ]. Osteonecrotic lesions without subchondral fracture are 
always painless, and two bands of subchondral fracture and 
reactive interface are usually observed in symptomatic 
ONFH. When the reactive interface is detected clearly as a 
sclerotic line on plain radiographs, a differential diagnosis 
can be made without MR images (Fig.  29.5c ).

    The clinical course and image fi ndings of TOH, a condi-
tion of unknown etiology, are identical to those of SSFFH 
without femoral head collapse [ 25 – 31 ]. The only difference 
is that the subchondral fracture line is not detected in TOH. 
Miyanish et al. [ 28 ] detected suggestive fi ndings of subchon-
dral fracture in a retrospective review of MR images of cases 
previously diagnosed as TOH; subchondral fracture line was 
recognized in the MR images of many past publications of 
transient osteoporosis of the hip [ 65 – 76 ]. The differential 
diagnosis depends solely on the detection of the subchondral 
fracture line, but sometimes the fracture line can be detected 

d

Fig. 29.3 (continued)
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c

a

b

  Fig. 29.4    A 20-year-old man with fatigue-type subchondral stress 
fracture of the femoral head. ( a ) Plain radiographs taken 4 months after 
the onset of left hip pain show moderate collapse of the left femoral 
head. ( b ) MR images taken 6 months after the onset of the left hip ( left 
column ) show a subchondral fracture line ( arrow heads ) and bone mar-
row edema pattern ( asterisks ) extending to the subchondral area. MR 

images taken 5 months later ( right column ) show disappearance of the 
bone marrow edema pattern and subchondral fracture line. ( c ) 
Radiographs taken 10 years after the onset of left hip pain show fl at-
tened femoral head with mild degenerative change. Patient has no pain 
and no limitation in daily activities       
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only on some slices of MR images made with various 
 techniques including gadolinium enhancement. In addition, 
it is likely to be more diffi cult or even impossible to detect 
the fracture line when it is incomplete. Recently, Kim et al. 
reported a case of bilateral TOH in which serial MPR CT 
fi ndings suggested callus formation in the subchondral tra-
beculae followed by remodeling [ 31 ]. These propose that 
subchondral trabecular injury is likely the etiology of TOH.  

29.7     Summary 

 SSFFH and ONFH are similar but defi nitely different dis-
eases. The prognosis of SSFFH is much better than that of 
ONFH. Therefore, it is extremely important to make a 
 differential diagnosis and it is possible with MR images. 
TOH may well be the milder form of subchondral trabecular 
bone injury.     

a

c
b

  Fig. 29.5    Image fi ndings of osteonecrosis of the femoral head.    ( a ) A 
31-year-old woman had both left and right hip pain for 1 month. In 
addition to a subchondral fracture line ( arrow heads ), an outer abnor-
mal signal band (reactive interface,  arrows ) is detected on MR images. 
The bone marrow edema pattern ( asterisks ) is located distal to the reac-
tive interface. ( b ) A 28-year-old man had left hip pain for 6 months. 
There has been no pain in the right hip. In the left hip, a subchondral 
fracture line ( arrow heads ) is observed proximal to the reactive  interface 

band ( arrows ) and bone marrow edema pattern ( asterisks ) is found dis-
tal to the band. In the right hip, only the reactive interface ( arrows ) is 
observed. Neither a subchondral fracture line nor a bone marrow edema 
pattern is detected. ( c ) A 53-year-old man had right hip pain for 3 years. 
Plain radiographs show sclerotic margin (reactive interface,  arrows ) of 
the necrotic lesion and a subchondral fracture line ( arrow head ) in the 
right femoral head       
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a

b

c

  Fig. 29.6    Various convexity of the subchondral fracture line and the 
reactive interface. ( a ) MR images of a 17-year-old woman who had 
a history of steroid therapy for Hodgkin’s disease show an asymp-
tomatic osteonecrosis in the right femoral head. The abnormal sig-
nal intensity band ( arrows ) in the right femoral head is the outer 
margin of the necrotic lesion, the reactive interface. The band is con-
vex to the articular surface. There is neither a subchondral fracture 
line nor a bone marrow edema pattern. ( b ) MR images of a 28-year-

old woman with hypophosphatemic rickets show subchondral frac-
ture fi ndings in both femoral heads. The fracture line ( arrow heads ) 
in the right femoral head is concave to the articular surface. ( c ) 
Serial radiographs of a 21-year-old man show healing of a fatigue-
type subchondral fracture of the femoral head. The fracture frag-
ment is large and the fracture line is concave to the articular 
surface       
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30.1            Introduction 

 Bone marrow edema syndrome  (BMES) is an uncommon 
disease of the hip, which causes an acute disabling hip pain. 
It is a self-limiting disease, which regresses spontaneously 
within several months. In 1892, Hanau fi rst described osteo-
malacia of the hip due to vitamin D defi ciency during preg-
nancy [ 1 ]. In 1959, Curtiss and Kincaid reported three cases 
of transitory demineralization of the hip in pregnancy [ 2 ]. In 
1968, Hunder and Kelly used the term “transient osteoporo-
sis of the hip” because of the focal loss of radiodensity in the 
affected femoral head and its later spontaneous recovery [ 3 ]. 

 In 1988, Bloem performed MR imaging in three patients 
with transient osteoporosis of the hip. MR images showed 
decreased signal intensity of bone marrow in the femur on 
T1-weighted images and increased signal intensity relative 
to the intensity of normal bone marrow on T2-weighted 
images. Joint effusions were seen on MR images of all 
patients on T2-weighted images [ 4 ]. Because of this, Wilson 
et al. proposed that the term “transient osteoporosis” be 
replaced by “transient marrow edema syndrome” [ 5 ]. 

 The pathophysiology of BMES is controversial and the 
histology of BMES is similar to early-stage osteonecrosis 
(ON). Thus, there has been diagnostic confusion between 
these two diseases, and several authors thought BMES might 
be the earliest stage of ON [ 6 ]. Most authors believe that 
BMES is associated with an ischemia of the femoral head. It 
is a distinct self-limiting disease which does not progress 
to ON. 

 In this chapter, we describe the pathophysiology, clinical 
features, radiologic fi ndings, and treatment of BMES. The 
disease is a continuous process and there is no consensus 
about the staging of BMES. We classifi ed the pathological 

process into three stages: (1) ischemic stage, (2) hyperemic 
stage, and (3) recovery stage, which are useful for under-
standing the nature of BMES progression.  

30.2     Pathophysiology  

 While ON frequently occurs in people with certain risk fac-
tors such as alcohol abuse and high-dose steroid use, those 
risk factors are not found in patients with BMES. An asso-
ciation between decreased fi brinolytic potential and the sub-
sequent development of BMES has been reported [ 7 ] and the 
late (third trimester) pregnancy is the only known risk factor 
for BMES [ 2 ]. 

 Ischemia due to intravascular coagulation of the microcir-
culation seems to be the most probable cause of BMES as 
well as ON. However, subsequent events after the ischemia 
are quite different in the two diseases [ 8 ,  9 ]. In the absence or 
paucity of risk factors, intravascular coagulation is followed 
by a complete fi brinolysis and reactive vasodilatation [ 10 ]. 
Thus, there is only a brisk period of subthreshold ischemic 
hypoxia. 

30.2.1     Ischemic Stage 

 The hematopoietic cells, which are most sensitive to isch-
emia, disappear usually within 12 h of ischemia [ 11 ]. Thus, 
fatty marrow conversion, which is known to correlate with 
the decrease in intramedullary blood fl ow, occurs in the 
proximal femur [ 12 ,  13 ]. Then, the marrow fat cells die from 
the second day of ischemia [ 14 ]. However, most osteocytes 
remain viable.  

30.2.2     Hyperemic Stage 

 After a brisk ischemic stage, reactive neovascularization, 
arterial dilatation, and hyperemia occur in the marrow. The 
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marrow space is fi lled with edematous fl uid, which elevates 
bone marrow pressure. 

 The increased perfusion induces transient demineraliza-
tion of the trabecular bone in the proximal femur.  

30.2.3     Recovery Stage 

 After the hyperemic stage, a spontaneous recovery occurs 
within 6–12 months [ 1 – 6 ]. The edema is resolved, the 
necrotic marrow is replaced with viable fat cells, and the 
mineral content becomes normalized.   

30.3     Histology 

 Histologic fi ndings of BMES are similar to those of early- 
stage ON [ 11 ,  14 ]. 

 In the ischemic stage, hematopoietic cells are not seen in 
the marrow space. Marrow fat cells are necrotic and their 
nucleuses are lost. Most lacunae are fi lled with osteocytes. 
Necrotic lesions are not conglomerated but scattered in the 
marrow space. Sequestrum, a focal lesion of completely 
dead marrow cells and osteocytes, is not formed, and there is 
no evidence of reparative processes, so-called reparative 
zone of osteonecrosis, at the periphery of the necrotic zone. 

 In the hyperemic stage, marrow space is fi lled with eosin-
ophilic fl uid. An active repair process is seen in this stage. 
Dilated vessels are observed between necrotic fat cells. 
Necrotic marrow is replaced by fi broblast proliferation and 
fi brous matrix. 

 The bone mass is not decreased and there is no sign of 
osteoporosis. Thus, the term of transient osteoporosis is a 
misnomer [ 5 ,  6 ]. Reactive bone formation is observed around 
the trabeculae. Extensive osteoid seams, which are covered 
by active osteoblasts, are formed around the trabeculae. 
However, the mineral content in trabecular bone is reduced 
[ 6 ] (Fig.  30.1 ).

30.4        Clinical Features, Laboratory 
Findings, and Natural Course 

 In the ischemic stage, the pain is absent or minimal. During 
the hyperemic stage, bone marrow pressure is elevated and 
patients suffer hip pain. Most patients are diagnosed in this 
hyperemic stage. A severe hip pain usually appears suddenly. 
In BMES the pressure is usually elevated to higher than 
30 mmHg. The elevated bone marrow pressure is the main 
cause of hip pain [ 6 ,  10 ]. 

 Hematological studies including erythrocyte sedimentation 
rate, white blood cell count, and C-reactive protein level are 
normal. The pain improves spontaneously within 6–12 months. 

 The improvement of pain parallels the normalization of 
fi ndings on bone scan and MRI, which refl ects the resolution 
of edema.  

30.5     Magnetic Resonance Imaging  

 In the ischemic stage, the only MRI fi nding is the conver-
sion of hematopoietic marrow to fatty marrow in proximal 
femoral metaphysis. The signal intensity of the proximal 
femoral metaphysis is similar to that of the greater 
 trochanter. Otherwise, no abnormal fi ndings are seen on 
MRI [ 15 ]. 

 During this hyperemic stage, MRI shows fi ndings of mar-
row edema in the proximal femur. T1-weighted images 
reveal a low-signal intensity in the femoral head, femoral 
neck, and the intertrochanteric region (Fig.  30.2 ), which 
changes to a high-signal intensity on the T2-weighted image 
(Fig.  30.3 ). No focal lesion suggestive of ON is seen on the 
MRI scans. Hip joint effusion, which appears as a high- 
signal lesion on T2-weighted image, is usually seen. The 
fi ndings on MRI disappear gradually with the resolution of 
the edema [ 4 – 6 ].

30.6         Radiographs 

 In the initial ischemic stage, no abnormal fi ndings are seen 
on radiographs. The radiographic fi ndings become evident 
several weeks after the onset of pain. The radiographs show 
focal loss of radiodensity with blurring of the trabecular 
structure and cortical borders due to demineralization in the 

  Fig. 30.1    A core biopsy specimen of bone marrow edema syndrome 
(stain, hematoxylin and eosin; original magnifi cation, ×100) shows 
hematopoietic cells are depleted and fatty cells are necrotic in the mar-
row. The marrow space is fi lled with eosinophilic fi brinoid material and 
trabecular bone appears to be viable       
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proximal femur. However, subchondral crescent sign (sub-
chondral fracture), femoral head fl attening (collapse), and 
joint space narrowing, which are seen in ON, are not observed 
in BMES. 

 The radiolucency on radiographs gradually normalizes 
with the resolution of the edema.  

30.7     Bone Scan 

 In the hyperemic stage, bone scan reveals an increased 
uptake involving the entire femoral head and neck often 
extending to the trochanteric area [ 4 – 6 ]. The uptake is dif-
fuse and homogenous (Fig.  30.4 ). The improvement of pain 
parallels the normalization of fi ndings on bone scan, which 
refl ects the resolution of edema.

30.8        Angiography 

 In this ischemic stage, it is barely possible to demonstrate the 
arterial interruption. During the hyperemic stage, angiogra-
phy shows dilatation of the medial femoral circumfl ex artery, 
superior retinacular arteries, and lateral epiphyseal artery 
(Fig.  30.5 ) [ 14 ].

30.9        Treatment Strategies 

 Since BMES is a self-limiting disease, conservative treatments 
including protected weight-bearing and use of analgesics are 
recommended [ 2 ,  4 ,  5 ]. Some authors advocated core decom-
pression, because it relieves the pain immediately and reduces 
the duration of symptoms [ 6 ]. However, it should be done cau-
tiously in patients who have persistent and intractable pain 
even with conservative treatments, because of the risk of peri-
operative complications such as fracture and infection.     
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31.1            Introduction 

 The histology of bone marrow edema syndrome  (BMES) is 
similar to that of early stage osteonecrosis (ON) [ 1 ]. This 
similarity results in a diagnostic confusion between these 
two diseases. However, their natural courses are quite differ-
ent from each other. While ON is frequently progressive, 
BMES usually recovers completely without any medical or 
surgical intervention. Thus, it is practically important to dif-
ferentiate these two diseases.  

31.2     Epidemiology  

 Bone marrow edema syndrome is a very uncommon disorder 
that affects the weight-bearing joints. Although originally 
described in pregnant females [ 2 ], it commonly affects 
middle- aged males [ 1 ,  3 – 5 ]. When women are affected, it 
usually occurs in the third trimester of pregnancy. Clinical 
presentation and clinical course do not differ from BMES in 
men or in nonpregnant women. 

 Osteonecrosis is much more common than BMES. 
Patients are typically in their third, fourth, or fi fth decade of 
life [ 6 ]. In both of ON and BMES, the most frequently 
involved joint is the hip, followed by the knee and the 

 shoulder. Multiple joints are occasionally involved in ON, 
whereas it is uncommon in BMES.  

31.3     Association of Risk Factors  

 Risk factors, including alcohol consumption, corticosteroid 
use, renal transplantation, a blood clotting abnormality, radi-
ation therapy, chemotherapy, organ transplantation, systemic 
lupus erythematosus, sickle cell disease, HIV infection, and 
Gaucher disease, can be identifi ed in 80 % of ON patients 
[ 6 ]. Alcohol-related ON is frequent in males, while steroid- 
related ON is frequent in females. In BMES such risk factors 
are not associated. The only known risk factor is pregnancy 
at the third trimester [ 2 ].  

31.4     Clinical Features and Natural Course  

 In both of BMES and ON, patients have an acute hip pain 
without any history of trauma. Hematological studies includ-
ing erythrocyte sedimentation rate, white blood cell count, 
and C-reactive protein level are normal. 

 Usually, BMES completely recovers spontaneously. The 
clinical course is self-limiting and the pain improves within 
3–18 months [ 1 – 5 ]. The improvement of pain parallels the 
resolution of edema. The extent and location of marrow 
edema do not affect the fate of BMES. 

 A spontaneous resolution of ON can occur, when the size 
is less than 1 cm [ 7 ]. However, once developed, ON usually 
persists and the size does not change. Osteonecrosis 
 frequently leads to a collapse of the femoral head and degen-
erative arthritis of the hip. Size and location of a necrotic 
lesion are major determining factors for the collapse [ 8 – 10 ]. 
In ON, marrow edema can occur around the necrotic portion, 
even prior to collapse. The edema is the main cause of hip 
pain in early stage ON, which improves with the resolution 
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of edema [ 11 ]. As ON progresses, the femoral head collapses 
and subsequent osteoarthritis occurs, which is the cause of 
hip pain in advanced stage ON.  

31.5     Magnetic Resonance Imaging 

 Because of its ability to image water content, MRI has 
become the most reliable imaging modality in the diagnosis 
of BMES. Abnormal fi ndings on MRI precede abnormal 
radiographs by several months. The MR fi ndings of BMES 
are characteristic and different from ON. The edema appears 
as low signal intensity on T1-weighted images and high sig-
nal intensity on STIR or fat-suppressed T2-weighted images 
in the proximal femur, including the femoral head, femoral 
neck, and the intertrochanteric region [ 1 ,  4 ,  5 ]. 

 The defi ning characteristic of ON on MRI is the appear-
ance of a band lesion. This represents the reactive zone sur-
rounding the necrotic portion. The band lesion appears as a 
region of low signal intensity on T1-weighted images, 
which changes into a high increased signal intensity on 
T2-weighted spin echo (SE) or turbo-spin-echo (TSE) 
images [ 12 ]. 

 The reactive band is not seen in BMES. Usually hip joint 
effusion, which appears as a high signal lesion on T2-weighted 
image, is associated in BMES. The edema resolves spontane-
ously within several months to a few years (Fig.  31.1 ).

31.6        Radiographic Findings 

 In the early stages of disease, plain radiographs of patients 
with BMES are negative. Demineralization may become evi-
dent within 3–6 weeks of onset of symptoms. A focal loss of 
radiodensity is seen with blurring of the trabecular structure 
and cortical borders in the femoral head and neck and some-
times extending down to the intertrochanteric region. The 
radiolucency may remain evident on plain radiographs even 
after full resolution of symptoms [ 13 ]. During the entire 

course of disease, the bony margins are preserved and no 
subchondral lesions are evident. 

 In ON patients, a radiolucent lesion surrounded by a scle-
rotic rim of reactive bone or a subchondral area of bone col-
lapse or “crescent sign” is typically seen. These fi ndings are 
not seen in BMES.  

31.7     Bone Scan 

 Bone scanning using TC 99  has been useful in detecting pre- 
radiographic lesions of BMES. Bone scan shows an increased 
uptake within a few days of symptoms. Generally diffuse uptake 
throughout the femoral head and into the neck and metaphysis 
is seen. Bone scan may be used to differentiate BMES from ON, 
as ON will typically show an area of photopenia (“cold spot”) in 
the anterior–superior region of the femoral head [ 13 ]. The 
uptake normalizes in accordance with the resolution of edema. 

 In ON, a cold spot, which represents necrotic potion, is 
surrounded by a band of hot uptake, which represents the 
reactive zone. 

 Currently, bone scanning has been largely replaced by 
MRI in the diagnosis of BMES, due to its lack of specifi city 
and radiation hazard.  

31.8     Histology 

 Histological fi ndings of BMES are similar to those of early 
stage ON [ 1 ,  14 ,  15 ]. 

 Hematopoietic cells are not seen in the marrow. The mar-
row is fi lled with eosinophilic fl uid and necrotic fat. Fibrosis 
and dilated vessels are observed in the marrow space. 
However, most lacunae are fi lled with osteocytes. Sequestrum 
of completely dead marrow cells and osteocytes is not 
formed, and there is no evidence of reparative processes, so 
called reparative zone of osteonecrosis. 

 The mineral content in the bone is reduced, which results 
in visible radiolucency on radiographs. Reactive bone 

a b

  Fig. 31.1    A 44-year-old man had left hip pain for 2 weeks. ( a ) 
T1-weighted spin-echo image (TR/TE: 450 ms/20 ms) reveals diffuse, 
low signal intensity in the left proximal femur. ( b ) On proton density 

image (TR/TE: 4,500 ms/15 ms), the lesion changes to a high signal 
intensity. Hip joint effusion is associated. There is no focal lesion sug-
gestive of osteonecrosis       
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 formation with osteoid seams is observed around the trabec-
ulae. Thus, bone formation is increased and there is no evi-
dence of osteoporosis. The term of “transient osteoporosis of 
the hip” was a misnomer [ 1 ].  

31.9     Pathophysiologic Relation of 
ON and BMES    

 The relationship between BMES and ON remains controver-
sial. Given the self-limiting nature of BMES, some investi-
gators hypothesize that BMES is a separate and distinct 
condition from ON, while others note that BMES can occa-
sionally progress to ON and therefore suppose that BMES 
represents an abortive, reversible form of ON [ 1 ,  14 – 16 ]. 

 Ischemia seems to be the common cause of both ON and 
BMES. Jones has theorized that intravascular coagulation of 
the intraosseous microcirculation may be the common path-
way to both BMES and ON [ 14 ,  15 ]. However, subsequent 
events after an ischemic event are different between the two 
diseases. In BMES the ischemic event is subcritical and revers-
ible. The fatty marrow in BMES specimens can be seen to 
undergo fi brosis, but the osteocytes remain viable and thus 
able to recover. In this hypothesis, the determining factor of 
whether an ischemic event produces BMES or ON is the speed 
and quality of reperfusion after thrombosis. If the reperfusion 
is complete, then the patient develops BMES rather than frank 
necrosis. Angiographic studies of patient with BMES showed 
arterial dilatation and hyperemia of the proximal femur [ 17 ]. 

 Like ON, femoral heads with BMES demonstrate intraos-
seous hypertension [ 1 ,  17 ]. The bone marrow pressure is 
usually elevated above 30 mmHg. This intraosseous hyper-
tension is most likely the cause of both the pain and the 
edema. It is this persistent hypervascularity, which probably 
causes the demineralization eventually detected on plain 
radiography. Quantitative radiography confi rms a loss of 
hydroxyapatite without a loss of bone mass (Table  31.1 ) [ 1 ].

31.10        Regional Migratory Osteoporosis 

 Regional migratory osteoporosis  (RMO) is defi ned as 
sequential arthralgia of the weight-bearing joints associated 
with a focal radiolucency [ 18 ,  19 ]. Clinical presentation, 
imaging results, and clinical course are identical to BMES 
with the exception that another joint or the same joint is 
affected at a different time interval. RMO most typically 
affects the joint nearest the previously diseased joint, 
although a variant with combined axial and skeletal involve-
ment has been described. Like BMES, RMO typically affects 
middle-aged men. Due to its identical presentation, imaging, 
and clinical course, RMO should be considered a subset or 
recurrence of BMES, rather than a distinct clinical entity.     
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32.1            Introduction 

 Osteonecrosis (ON) can be secondary to diverse risk factors 
including high-dose/long-term corticosteroids, alcoholism, 
the antiphospholipid antibody syndrome, exogenous estro-
gens or testosterone, pregnancy, HIV-proteases, and hip dis-
location or fracture (Fig.  32.1 ). In men given exogenous 
testosterone, 40 % develop high estradiol (E2) levels as the 
testosterone is aromatized to E2, and they often then develop 
osteonecrosis when the thrombophilic E2 interacts with 
underlying and previously undiagnosed familial thrombo-
philia, particularly Factor V Leiden heterozygosity [ 1 ]. 
Primary (idiopathic) osteonecrosis of hips and knees [ 2 ] in 
adults [ 1 ,  3 – 14 ] and Legg-Calvé-Perthes disease in children 
[ 15 ,  16 ] are commonly associated with heritable thrombo-
philia, hypofi brinolysis, or reduction of nitric oxide (NO) 
production by the T-786C mutation of the endothelial nitric 
oxide synthase gene (eNOS), Fig.  32.1 . The association of 
heritable thrombophilia-hypofi brinolysis with ON is impor-
tant because the diagnosis provides an opportunity to 
decrease the frequency of total hip replacement (THR) [ 7 , 
 17 ] by using anticoagulation with enoxaparin  to stop the pro-
gression of Ficat stage I and II primary ON of the femoral 
head. Moreover, patients with thrombophilia- hypofi brinolysis 
recognized before THR should be candidates for increased 

intensity and duration of postoperative anticoagulation 
 [ 18 – 22 ] Table     32.1 .

    The pathogenesis of ON probably refl ects a “multiple 
etiology” [ 23 – 29 ] model, Fig.  32.1 . We, and then others, 
have postulated a sequence for the development of ON. 
Osseous venous outfl ow obstruction is caused by venous 
thrombosis due to thrombophilia-hypofi brinolysis  [ 1 ,  3 – 5 , 
 7 ,  17 ], leading to increased intraosseous venous pressure, 
reduced arterial fl ow, ischemia, and bone death [ 10 ,  11 ,  13 , 
 23 – 26 ,  30 – 33 ], Fig.  32.1 . Experimental models of ON 
[ 23 – 26 ] confi rm venous occlusion as a primary event. We 
have speculated that anticoagulation facilitates lysis of 
intraosseous thrombi, reducing elevated intraosseous 
venous pressure, improving arterial fl ow, reversing 
hypoxia, stopping bone death, and allowing bone healing 
(Fig.  32.1 ) [ 17 ]. 

 In the current report, our focus is on intact func-
tional hip survival 4.2–7 years after a 3-month course of 
enoxaparin. We have previously reported [ 17 ] a prospec-
tive pilot study of 16 primary ON patients (25 hips) with 
thrombophilia- hypofi brinolysis treated with enoxaparin 
for the same duration as used in deep venous thrombosis 
of leg veins [ 34 ] (60 mg/day, 3 months). This treatment 
stopped the progression of ischemic Ficat [ 35 ] stages I 
or II primary ON over ≥ 108 week follow-up. Survival of 
19 of 25 hips (76 %), based on intent to treat, compared 
favorably with untreated historical controls (~20 % 2 year 
survival) [ 36 – 38 ]. We concluded that enoxaparin often 
prevents progression of primary hip ON in patients with 
thrombophilia-hypofi brinolysis, decreasing THR [ 17 ]. We 
concluded [ 17 ] that seeking a nonoperative anticoagu-
lant route for treatment of Ficat stage I or II primary ON 
holds considerable promise in preserving the femoral head. 
However, in thrombophilic-hypofi brinolytic patients with 
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 osteonecrosis secondary to corticosteroids, alcohol, etc., 3 
months therapy with enoxaparin does not stop the progres-
sion of Ficat stages I or II osteonecrosis, and these patients 
have the same hip failure rate as untreated patients [ 17 ], 
requiring THR. 

 We are now reporting prospectively on outcomes in 20 
patients (30 hips), over 4.2–7-year follow-up after initial 

enoxaparin treatment (60 mg/day for 3 months) [ 17 ] in 
 preventing progression of stages I and II primary ON of the 
hip(s) associated with thrombophilia and/or hypofi brinoly-
sis. We also assessed 36–40-month follow-up success of 
enoxaparin treatment (1.5 mg/kg/day for 3 months) in 7 
patients (11 knees) in preventing progression of primary ON 
of the knee.  

Reversible Pathogenesis of Osteonecrosis

Diagnostic tests to define the etiology of osteonecrosis

Artery

HEAD OF THE FEMUR

HERITABLE CAUSES OF
OSTEONECROSIS SECONDARY OSTEONECROSIS

Heritable Thrombophilia Risk Factors for secondary osteonecrosis

• Factor V Leiden • Testosterone• Estrogen

• Corticosteroids• G20210A prothrombin • Pregnancy 

• MTHFR (C677T, A1298C) • HIV-proteases

• High Factors VIII, XI
• Low protein C, S (free S)
• Low antithrombin III

• High Homocysteine

Heritable Hypofibrinolysis Thrombophilia-Antiphospholipid 

• PAI- I -4G4G Antibody syndrome
Lupus anticoagulant
Anticardiolipin antibody (IgG, IgM)

• High PA - FxI

• High Lp (a)

Heritable Reduction of
Nitric oxide production

Efferent vein thrombosis

Anticoagulation facilitates lysis of thrombus,
reducing high intraosseous venous pressure,
improving arterial flow, reversing hypoxia,
stopping bone death, allowing bone healing 

ENOS T-786C polymorphism
4a polymorphism in intron 4 of
eNOS gene

High Venous Pressure in Bone, Reduced Arterial Inflow

Hypoxia (Low Oxygen)

Bone Death (Osteonecrosis)

• Trauma (dislocation, pinning)

• Cigarette smoking

• Alcohol

  Fig. 32.1    Reversible pathogenesis of osteonecrosis       
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32.2     Prospective Study of 4- to 7-Year 
Outcomes in 20 Patients 
(30 Hips) and in 7 Patients 
(11 Knees) After Initial Treatment 
with Enoxaparin 

 The Cincinnati studies described in this chapter were 
approved by the Food and Drug Administration (FDA) and 
by the Institutional Review Board at the Jewish Hospital; 
signed informed consent was obtained. 

32.2.1     Hip Outcomes 

 Based on intent to treat, at 4-year follow-up, 22 of the origi-
nal 30 hips (73 %) remained unchanged (Ficat stages I or II), 
as did 16 of 30 hips (53 %) at 7 years (Fig.  32.2 ). Those hips 
showing no change from Ficat stages I or II also remained 
asymptomatic and fully functional.

   The Kaplan-Meier survival estimate (Fig.  32.3 ) is defi ned 
as “products of loss.” The Kaplan-Meier survival estimate 
distinguishes between end of follow-up without hip failure 
(censored) and real hip failure requiring THR (uncensored). 
At the beginning of the study, the survival function is 1. At 
each time point, if there are any real  failures, then the sur-
vival function will be reduced by the number of failures 
divided by the number of observations left just before this 
time point. The Kaplan-Meier hip  survival (Ficat I or II) 
probability was 80 % at 7-year  follow-up, Fig.  32.3 .

   Table 32.1    Screening tests for thrombophilia, hypofi brinolysis, and 
impairment of nitric oxide production   

  Thrombophilia  
  PCR studies  
  G1691A Factor V Leiden 
  G20210A prothrombin 
  C677T/A1298C MTHFR 
  Serologic studies  
  Factor VIII 
  Factor XI 
  Antigenic protein C 
  Antigenic protein S (total and free) 
  Antigenic antithrombin III 
  Homocysteine 
  Anticardiolipin antibody IgG 
  Anticardiolipin antibody IgM 
  Beta-2-glycoprotein 
  Lupus anticoagulant 
  Hypofi brinolysis  
  PCR studies  
  Plasminogen activator inhibitor-1 gene 4G4G 
mutation 
  Serologic studies  
  Lipoprotein (a) 
  Plasminogen activator inhibitor activity 
  Genetic predisposition due to nitric oxide production 
impairment  
  PCR studies  
   Endothelial nitric oxide synthase (eNOS) gene 

polymorphisms (T-786C polymorphism, 4a intron 4 
polymorphism) 

20 patients, 30 hips under treatment

Percent of Hips Survival in
Untreated Historic Controls

1 pt, 1 hip THR

2 pt, 3 hips THR

2 pt, 2 hips THR

100%
30

20
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  Fig. 32.2    Hip survival over 
7-year prospective follow-up in 
20 patients (30 hips) with 
primary ON (initial Ficat stage I 
or II), all receiving an initial 
3-month therapy with 
enoxaparin.    Hip survival in 
untreated historical controls and 
20-month and 2-year follow-up       
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   Two patients, both heterozygous for the Factor V 
Leiden mutation, required chronic anticoagulation, one with 
 enoxaparin followed by Xarelto (6 years) and one with 
Warfarin (13 years), because of ≥ 2 thrombotic events. 
These two patients had no change from pretreatment Ficat I 
or II ON of ≥ 1 hip at 6 and 13 years follow-up, 
respectively. 

 Compared with untreated historical controls (approxi-
mately 20 % 2-year hip survival, Fig.  32.2 ), 4-year survival 
of 22 of 30 (73 %) hips based on intent to treat, and 80 % 
survival by Kaplan-Meier analysis (Fig.  32.3 ), suggests that 
the original 12-week enoxaparin thromboprophylaxis 

 produced lasting benefi t in primary ON in patients with 
 heritable thrombophilia-hypofi brinolysis.  

32.2.2     Knee Outcomes 

 The extent of knee ON in 7 patients (11 knees) was 
 prospectively determined by X-rays and magnetic resonance 
imaging (MRI). All 7 patients received enoxaparin (1.5 mg/
kg/day for 3 months). 

 At 4 months, 2 patients (2 knees) had total knee replace-
ment because of joint collapse, Fig.  32.4 . At 20 months, 5 
patients (9 knees, 82 %) had no progression by X-ray and MRI. 
At 36 months, 8 of the 11 knees survived (73 %) with no pro-
gression by X-ray and MRI, Fig.  32.4 . At 40 months, 5 of the 
11 knees survived (45 %), Fig.  32.4 . Two patients (3 knees) 
had ≥ 8 years of follow-up, with 100 % knee survival. In 1 
patient (2 knees) with 15 years follow-up, there was no progres-
sion by X-ray and MRI, with 100 % knee survival (Fig.  32.4 ).

   In the fi ve patients (nine knees) still undergoing follow-
 up, their knees were predominantly pain free and functional. 

 The Kaplan-Meier knee survival-probability was 82 % up 
to 15 year follow-up, Fig.  32.5 .

   Satku et al. [ 39 ] have prospectively studied 21 untreated 
adults with ON of the knee for at least 3 years and described 
three distinct patterns of outcome: (1) acute extensive col-
lapse within 3 months of onset in 2 patients, (2) rapid pro-
gression to varying degrees of osteoarthritis in 12 knees (8 
within 1 year, all 12 within 2 years), and (3) complete resolu-
tion in 4 knees. The 2 patients with acute extensive collapse 
and 3 who had rapid progression to severe osteoarthritis 
required total knee arthroplasty.   
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  Fig. 32.3    Kaplan-Meier plot of hip survival, over 7-year prospective 
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receiving an initial 3-month therapy with enoxaparin, initial Ficat stage 
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32.3     Discussion 

 Previous studies have suggested that all strategies for 
 treatment of ON have certain limitations [ 36 – 38 ,  40 – 46 ], are 
diffi cult to develop [ 47 ], do not reverse ON’s primary pathol-
ogies [ 48 ], and may not halt progression to segmental 
 collapse [ 48 ]. Our goal is preservation of the femoral head 
[ 47 ] and the knee by treating ON caused by thrombophilia- 
hypofi brinolysis with enoxaparin, reversing a primary (coag-
ulation) pathology of ON [ 48 ].    In our current study, compared 
with untreated historical controls, approximately 20 % 
2-year hip survival (Fig.  32.2 ), 4-year survival of 22 of 30 
(73 %) of hips based on intent to treat (Fig.  32.2 ), and 80 % 
survival by Kaplan-Meier analysis (Fig.  32.3 ), suggests that 
the original 12 week enoxaparin therapy produced lasting 
benefi t in primary ON in patients with heritable 
thrombophilia- hypofi brinolysis. Enoxaparin may prevent 
progression of primary hip ON [ 17 ], allowing many patients 
to avoid THR. The 6- and 13-year survival of 3 hips in 2 
patients heterozygous for the V Leiden mutation chronically 
anticoagulated with warfarin or enoxaparin and then Xarelto 
suggests that chronic anticoagulation might be very useful in 
stopping progression of primary hip ON. Except these 2 
patients, however, we have not studied repeated courses of 
enoxaparin treatment or constant anticoagulation due to 
FDA restrictions when we began our initial study [ 17 ]. 
However, we suspect that the results would likely to be 
improved as new occurrences of femoral head venous 
 thrombosis are probably likely after cessation of the 13-week 

initial course of enoxaparin, leading to delayed failure of 
the initial treatment regimen. 

 Because the natural history of ON of the knees is highly 
variable [ 39 ], any generalization about success of enoxaparin 
treatment for ON of the knees associated with familial throm-
bophilia-hypofi brinolysis is limited by our small sample size 
and relatively short follow-up, but our data suggests lasting 
benefi ts from the initial 3-month treatment with enoxaparin. 

 An optimal study of anticoagulation in patients with 
thrombophilia-hypofi brinolysis and Ficat [ 35 ] stage I–II pri-
mary ON of the hips or ON of the knees would be double 
blind, with placebo and enoxaparin injections (1.5 mg/kg for 
3 months). A single 12 week enoxaparin treatment [ 17 ] also 
may not protect from recurrent thrombi related to underlying 
thrombophilia-hypofi brinolysis. A future study might evalu-
ate whether prophylactic, continuous anticoagulant treatment 
might improve the lifetime results in thrombophilic-hypofi -
brinolytic patients with primary ON, particularly in patients 
heterozygous for the Factor V Leiden mutation, as in our 
current report. 

 In primary hip ON associated with thrombophilia- 
hypofi brinolysis [ 17 ], if enoxaparin is started during Ficat 
stages I or II, we postulate that ON may be safely arrested or 
possibly reversed over 4–7 years, potentially avoiding surgi-
cal intervention.     
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33.1            Corticosteroid-Induced 
Animal Model for ON  

 In nontraumatic osteonecrosis (ON) of the femoral head, 
several abnormalities in the coagulation-fi brinolysis system 
have been reported, including increase of plasminogen acti-
vator inhibitor-1 level [ 1 ], the presence of antiphospholipid 
antibodies [ 2 ], familial heterozygous protein S defi ciency 
[ 3 ], and antithrombin III defi ciency [ 4 ]. These abnormali-
ties are thought to induce hypercoagulability in the blood 
vessels. 

 Based on several animal ON model experiments, the 
relationship between hypercoagulability and corticosteroid- 
induced ON was also indicated [ 5 – 7 ]. Corticosteroid-
induced osteonecrosis was fi rstly developed in rabbits, in 
which high- dose methylprednisolone (MPSL) (20 mg/kg) 
can induce multifocal ON in conjunction with thrombocyto-
penia, hypofi brinogenemia, and hyperlipemia (Fig.  33.1 ). In 
this model, the blood platelet levels signifi cantly decreased 1 
week after the injection of MPSL ( p  < 0.05) and then gradu-
ally recovered and reached almost a normal level or even 
a little higher after 5 weeks. Histologically, an organizing 
thrombus was observed in the intraosseous arteriole, indicat-
ing the presence of some degree of coagulopathy .

   Based on this animal model for ON, several investiga-
tions for the prevention of ON has recently been reported 
[ 6 – 9 ].  

33.2     Combined Effects of Warfarin 
and Lipid-Lowering Agent [ 6 ] 

 In 2004, combined effects of warfarin  and lipid-lowering 
agent  (probucol) on the prevention of corticosteroid-induced 
ON have been proposed for the prevention of corticosteroid- 
induced ON [ 6 ]. 

 Male adult Japanese white rabbits were injected once 
intramuscularly with 20 mg/kg of methylprednisolone ace-
tate (MPSL) into the right gluteus medius muscle. These rab-
bits were divided into four groups, (1) warfarin plus probucol 
(WP group,  n  = 25), (2) probucol alone (PA group,  n  = 30), 
(3) warfarin alone (WA group,  n  = 26), or (4) no treatment 
(non-prophylactic (NP) group,  n  = 20). Both the femora and 
humeri were histopathologically examined for the pres-
ence of ON 2 weeks after the MPSL injection and hemato-
logical examinations before and after steroid injection were 
performed. 

 The incidence of ON in the WP group (5 %) was signifi -
cantly lower than that observed in the NP group (70 %) 
( p  < 0.0001). While the incidences of ON in the PA and WA 
groups (37 and 33 %, respectively) were also signifi cantly 
lower than that seen in the NP group ( p  < 0.05), they were 
signifi cantly higher than that in the WP group ( p  < 0.01 and 
 p  < 0.05, respectively) (Fig.  33.2 ).

   The levels of PT-INR in both the WP and WA groups 
were signifi cantly higher ( p  < 0.01,  p  < 0.05, respectively) 
than those observed in either the NP or PA group throughout 
the experimental period (Fig.  33.3a ). The LDL levels in the 
WP group remained at signifi cantly lower levels at all the 
time points tested than those seen in the NP and WA groups 
( p  < 0.05, Fig.  33.3b ). The PA group showed signifi cantly 
lower LDL levels during the study than the NP or WA groups 
( p  < 0.05, Fig.  33.3a ). The plasma LDL/HDL cholesterol 
ratios were signifi cantly lower in the WP group than those in 
the NP group at all of the time points tested ( p  < 0.05). The 
LDL/HDL cholesterol ratios observed in the PA group were 
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also signifi cantly lower than those in the NP group ( p  < 0.05) 
at every time point (Fig.  33.3c ). There were no signifi cant 
differences in plasma lipid levels (LDL, VLDL, triglyceride, 
and LDL/HDL cholesterol) between the WP and PA groups 
(Fig.  33.3a ,  b ).

33.3        Effects of Antiplatelet Drug [ 7 ] 

 In 2010, the effects of antiplatelet drug  (clopidogrel) on the 
prevention of corticosteroid-induced ON have been pro-
posed [ 7 ]. 

 Sixty-fi ve adult male Japanese white rabbits ranging in 
age from 28 to 32 weeks were used. The body weight was 
3,490 ± 180 g (mean ± SD). These rabbits were randomly 
divided into two groups. One group received 5 mg/kg of body 
weight of clopidogrel (Sanofi -Aventis, Paris, France) mixed 
with normal saline (5 ml/kg/day) which was administered 
intragastrically through a rubber gastric tube into the stomach 
(AP group;  n  = 35). The other group received normal saline 
alone (5 ml/kg/day) intragastrically (NS group;  n  = 30). All 
rabbits were given the drug or normal saline once daily for 3 
weeks. One week after the initiation of the study, all rabbits 
were injected intramuscularly 20 mg/kg of body weight of 

  Fig. 33.1    ( a ) The macroscopical appearance of ON in the femur and 
humerus 4 weeks after corticosteroid injection. The yellowish-col-
ored areas ( arrows ) mainly located in the metaphysis represent osteo-
necrosis area. ( b ) The sequential changes in the blood platelet levels. 
Although there was no signifi cant difference between the rabbits with 
ON (ON+) and those without ON (ON−), the blood platelet levels 
signifi cantly decreased 1 week after the injection of MPSL ( p  < 0.05) 

and then  gradually recovered and reached almost a normal level after 
5 weeks.  ON  osteonecrosis. ( c ) Morphological changes in the vessels 
of the femur 4 weeks after corticosteroid injection. An organizing 
thrombus is seen in the intraosseous arteriole, which is accompanied 
with fi brinous exudate in its wall, just adjacent to the ON in the 
metaphysis ( hematoxylin and eosin, ×200) (Permission from 
Yamamoto et al. [ 5 ])           
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methylprednisolone acetate (MPSL; Pfi zer, New York, USA) 
into the right gluteus medius muscle. Both the femora and 
humeri were examined histopathologically for the presence 
of ON 3 weeks later. Both the platelet aggregation assay and 
hematologic examinations were performed before and after 
the MPSL injection. 

 The incidence of ON in the AP group (48.5 %) was sig-
nifi cantly lower than that observed in the NS group (73.3 %) 
(Fig.  33.4 ). The platelet aggregations in the AP group were 
signifi cantly inhibited by the administration of clopidogrel. 
The levels of total cholesterol and triglycerides showed no 
signifi cant differences between the AP and NS group.

The sequential changes in the blood platelet levels
b
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  Fig. 33.3    ( a ) The levels of PT-INR in the WP group were signifi cantly 
higher than those seen in either the NP or PA groups during the experi-
mental period ( p  < 0.01). The PT-INR levels in the WA group were also 
signifi cantly higher than those in NP or PA groups at any of the time 
points tested ( p  < 0.05). ( b ) The LDL levels in the WP group remained 
signifi cantly lower than those seen in the NP or WA groups at all of the 
time points tested ( p  < 0.05). The PA group also exhibited signifi cantly 

lower LDL levels than the NP or WA groups throughout the study 
( p  < 0.05). ( c ) Plasma LDL/HDL cholesterol ratios were signifi cantly 
lower in the WP group than that seen in the NP group at all of the time 
points tested ( p  < 0.05). The LDL/HDL cholesterol ratios in the PA 
group were also signifi cantly lower than those in the NP group at any 
time point examined ( p  < 0.05) (Reproduced from Motomura et al. [ 6 ])       
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  Fig. 33.2    The incidence of osteonecrosis (ON) in the warfarin plus 
probucol treatment group (WP group, 5 %) was signifi cantly lower than 
that seen in the non-prophylactic treatment group (NP group, 70 %) 
( p  < 0.0001). While the incidence of ON in the probucol treatment 
group (PA group, 37 %) and the warfarin treatment group (WA group, 
33 %) was signifi cantly lower than that observed in the NP group 
( p  < 0.05), these levels are signifi cantly higher than those seen in the 
WP group ( p  < 0.01 and  p  < 0.05, respectively) (Reproduced from 
Motomura et al. [ 6 ])       
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33.4        Perspective 

 Corticosteroids, a classic risk factor of ON, are known to 
induce hyperlipidemia as well as a hypercoagulable and 
hypofi brinolytic state of plasma. The pathogenesis of non-
traumatic ON is generally considered to be    multifactorial, 
and it seems that no one factor adequately accounts for 
the development of ON. Combination treatments, such as 
anti- coagulopathy drugs and lipid-lowering agents, seem to 

be the useful candidates for considering the prevention of 
corticosteroid- induced ON.     
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  Fig. 33.4    The incidence of ON in each group. The incidence of ON in 
the AP group (48.5 %) was signifi cantly lower than that observed in the 
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34.1            Introduction 

 Osteonecrosis is a debilitating disease with many causes. It 
has been linked to processes that affect vascular perfusion to 
the bone. Systemic steroid use is a signifi cant risk factor for 
the development of osteonecrosis. It is postulated that pro-
longed steroid use produces a hyperlipidemic state in patients 
and puts them at risk for osteonecrosis. The idea is that ste-
roid use increases the fat content within the bone (most com-
monly the femoral head), resulting in increased intracortical 
pressure that may lead to sinusoidal collapse and osteonecro-
sis. Statins are lipid-lowering agents that dramatically reduce 
lipid levels in blood and tissues. They are widely used to 
prevent cardiovascular disease and have been shown to 
reduce the adverse effects of steroids on lipid metabolism as 
will be outlined in this chapter. As a result, the effect of lipid- 
lowering agents on the development and progression of 
osteonecrosis has been an interesting area of research. 

 Basic science research to understand the pathophysiology 
of osteonecrosis and to develop therapies that can be trans-
lated to clinical application has progressed rapidly over the 
past two decades, and these advances offer promise for the 
future treatment of osteonecrosis. One signifi cant area and 
the focus of this chapter is the effect of lipid-lowering agents  
– primarily statins – on osteonecrosis.  

34.2     Pathogenesis 

 The most common area of osteonecrosis in the body is the 
femoral head, and it is the focus of most basic science, trans-
lational, and clinical studies on osteonecrosis. The blood 
supply to the femoral head originates primarily from the 
ascending branch of the medial femoral circumfl ex artery, as 
well as smaller secondary contributions from inferior and 
superior gluteal arteries and artery of the ligamentum 
teres [ 1 ]. The interruption of this blood supply can be multi-
factorial, either extravascular or intravascular. Extravascular 
disruption is commonly attributed to traumatic causes. The 
focus of this chapter is on the intravascular interruptions in 
blood supply that can be targeted with lipid-lowering agents. 
Intravascular embolic matter such as clots, lipids, or abnor-
mal RBC morphologies occludes the terminal arterioles in 
the subchondral bone of the femoral head [ 2 – 4 ]. Adipogenesis  
has been shown to be a possible causal factor in steroid- and 
alcohol-related osteonecrosis, as it leads to compression of 
venous sinusoids and congestion. The venous congestion 
increases intraosseous pressure, preventing adequate arterial 
blood fl ow, eventually leading to bone infarction [ 5 ,  6 ] (see 
Fig.  34.1  below).

34.3        Literature Review 

34.3.1     Introduction 

 Many studies have sought to better understand the patho-
physiology of osteonecrosis and, by extension, nonopera-
tive interventions targeting the disease process itself. Most 
of the early research involves basic science studies on cell/
tissue or animal models, but more recently, human clinical 
studies have been conducted. Several animal model s have 
been developed to evaluate various treatment strategies. 
Intramuscular injection of methylprednisolone has been 
used to develop steroid-induced osteonecrosis in primarily 
rabbit [ 7 ] models. However, other animal models have been 
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 developed including mouse [ 8 ], rat [ 9 ], pig [ 10 ], and chicken 
[ 6 ] models. These animal models have been used to study 
the molecular mechanisms of osteonecrosis and assess the 
usefulness of several therapies over the last few decades. 

 Lipid-lowering drugs such as statins decrease the inci-
dence of steroid-induced osteonecrosis [ 11 ,  12 ]. Other stud-
ies have also shown that the simultaneous use of anticoagulants 
along with lipid-lowering agents can decrease the prevalence 
of steroid-induced osteonecrosis in rabbits [ 13 ,  14 ].  

34.3.2     Statins: Pros and Cons 

 Statin s are 3-hydroxy-3-methylglutaryl coenzyme A (HMG- 
CoA)  reductase inhibitors whose mechanism of actions is 
competitive inhibition of HMG-CoA reductase, the rate- 
limiting step in cholesterol biosynthesis. They occupy a por-
tion of the binding site of HMG-CoA, blocking access of this 
substrate to the active site on the enzyme [ 15 ]. They are very 
common lipid-lowering drugs that have a wide variety of 
indications. Most common among these are dyslipidemia 
and coronary artery disease. Despite their success and popu-
larity, statins like most drugs provide health benefi ts with 
some degree of risk, and risk–benefi t assessments require 
ongoing review as new data become available. 

 Pros: Statins are safe lipid-lowering agents that have 
a wide range of benefi ts. A large FDA clinical trial has 
recently been conducted to look at the safety of statins. In 
this JUPITER study [ 16 ], the authors found that the partici-
pants previously considered to have low cardiovascular risk 
had clinically important health improvements with a hazard 
rate 44 % lower than that of the placebo group for myocar-
dial infarction, stroke, arterial revascularization, hospital-
ization for unstable angina, or death from cardiovascular 
causes. A meta-analysis of 13 randomized statin trials with 
91,140 participants showed an odds ratio of 1.09 for a new 
diagnosis of diabetes [ 17 ]. These studies suggest that the net 
cardiovascular benefi t for people at high cardiovascular risk 
strongly favors statin use and that even patients with lower 
cardiovascular risk benefi t greatly from these drugs. 

 Cons: It has been suggested that statins may lead to an 
increased risk of developing diabetes. The JUPITER study [ 16 ] 
showed that the hazard ratio for newly diagnosed diabetes was 
increased 25 % in the rosuvastatin group than in the placebo 
group [ 18 ]. However, as mentioned in the “Pros” section, other 
studies have shown that effect is very modest and primarily 
involves patients who were prone to developing diabetes. With 
regard to side effects that have been reported with statins, the 
FDA has determined that statins appear to be associated with a 
very low risk of serious liver injury, muscle injury (unless lov-
astatin is taken at high doses with other medications), and cog-
nitive changes [ 19 ]. Recently, Mansi et al. tried to determine 
whether statin use is associated with musculoskeletal condi-
tions, including arthropathy and injury [ 20 ]. They found that 
statin use is associated with an increased likelihood of diagno-
ses of musculoskeletal conditions, arthropathies, and injuries. 
This study did not imply any causality but is very interesting 
given the context of it being considered a nonoperative modal-
ity in the management of osteonecrosis (Table  34.1    ).

34.3.3        Effect of Steroids on Stem Cell 
Morphology, Adipogenesis, and Bone 
Histology 

 The association between steroid therapy and the develop-
ment of osteonecrosis has been observed since 1957 [ 21 ]. 
However, the pathophysiology behind this relationship has 
been  elucidated in the past couple of decades. Stem cell  studies 
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  Fig. 34.1    Proposed pathogen-
esis of nontraumatic 
osteonecrosis       

   Table 34.1    Pros and cons of statin use   

 Pros  Cons 

 Safe 
 Lowers cholesterol 
 Decreased risk of MI, 
stroke 
 Decreased risk of arterial 
revascularization, 
hospitalization for unstable 
angina, or death from 
cardiovascular causes 

 Possible small increased risk of 
diabetes 
 Very low risk of serious liver injury, 
muscle injury, and cognitive changes 
 Increased likelihood of diagnoses of 
musculoskeletal conditions, 
arthropathies, and injuries 
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have played an integral role in understanding the pathophysi-
ology of steroid-induced osteonecrosis. Early studies with 
a cloned cell, D1, from the bone marrow have indicated that 
steroid-induced fatty changes in the bone marrow may be the 
mechanism whereby nontraumatic osteonecrosis occurs [ 22 ]. 
The effects of steroids on a cloned bone marrow cell showed 
that steroids produced adipogenesis and stimulated fat-specifi c 
gene, 422(aP2), expression which was dose dependent [ 23 ]. 
Other studies have shown that steroids decrease collagen syn-
thesis and osteoblastic gene expression [ 24 ]. A study by Wang 
et al. developed a steroid-induced osteonecrosis model by 
treating pluripotential cells with dexamethasone and observ-
ing that these cells began to differentiate into adipocytes and 
expressed a fat-specifi c gene, whereas the expression of type I 
collagen and osteocalcin messenger ribonucleic acid decreased 
[ 25 ]. Kabata et al. found histological evidence of osteonecrosis 
fi rst occurred 1–2 weeks after initial steroid [ 26 ]. At the same 
time there were signifi cantly abnormal elevations in serum lip-
ids, which persisted for between 1 and 2 weeks after the ini-
tial corticoid treatment. This study shows that osteonecrosis 
appears in rabbits shortly after steroids are fi rst administered 
and that osteonecrosis in rabbits is chronologically associated 
with the onset of hyperlipidemia. This supports the occurrence 
of intraosseous fat embolism as a cause of osteonecrosis. 

 One can deduce from these studies that steroids increase 
fat accumulation in the marrow cavity leading to decreased 
blood infl ow, increased intraosseous pressure, producing an 
intraosseous compartment syndrome, and leading to isch-
emia and nontraumatic osteonecrosis.  

34.3.4     Effects of Statins on Stem Cell 
Morphology, Adipogenesis, and Bone 
Histology in Steroid-Induced 
Osteonecrosis Models 

 A landmark study by Cui et al. showed that lovastatin inhib-
ited steroid-induced fat-specifi c gene expression, 422(aP2), 
and counteracted the inhibitory effects of steroids on osteo-
blastic gene expression [ 6 ]. In addition, when lovastatin was 
administered with steroids, less adipogenesis was observed 
and no bone death. Another study showed that lovastatin 
inhibited steroid-induced fat gene expression and counter-
acted the inhibitory effect of steroids on osteoblastic gene 
expression [ 26 ]. Li et al. helped elucidate the mechanism by 
which statins counteract steroid-induced osteonecrosis and 
osteoporosis [ 27 ]. They found that lovastatin enhanced 
osteoblast differentiation as assessed by a 1.8 times increase 
in expression of bone cell and fat cell transcription factors 
Cbfa1/Runx2 and by a 5 times increase in osteocalcin pro-
moter activity. By enhancing osteoblast gene expression and 
inhibiting adipogenesis, the authors postulate that lovastatin 
may shunt uncommitted osteoprogenitor cells in the marrow 
from the adipocytic to the osteoblastic differentiation path-
way. Iwakiri et al. found that simvastatin and pravastatin 

signifi cantly reduced the incidence of steroid-induced 
osteonecrosis in rabbits via histological analysis of femurs 
[ 28 ]. Pengde et al. corroborated Iwakiri’s fi ndings by histo-
logical analysis of femora and humeri. Pathological exami-
nation showed less serious adipogenesis and bone death in 
the statin group. In addition the size and area of the fat cells 
in the bone marrow were signifi cantly smaller in the statin 
and normal saline groups than in the placebo group. This 
study showed that in an animal model, lovastatin can inhibit 
adipogenesis and decrease the rate of osteonecrosis [ 11 ]. 
Nishida et al. also found that statins (pitavastatin) decreased 
the incidence of steroid-induced osteonecrosis via histologi-
cal analysis in rabbits and that the size of the bone marrow 
fat cells was smaller in the statin-treated group [ 29 ]. The 
data suggest pitavastatin has the potential to lower the inci-
dence of steroid-induced osteonecrosis in rabbits. 

 These results indicate that steroid-induced adipogenesis 
in the bone marrow may contribute to osteonecrosis and that 
statins (esp. lovastatin) may be helpful in preventing the 
development of steroid-induced osteonecrosis.  

34.3.5     Effects of Statins and Anticoagulants 
on Osteonecrosis 

 Kang et al. looked at the effects of the combined treatment 
with an anticoagulant  (enoxaparin ) agent and a lipid- lowering 
agent (lovastatin) on prevention or decrease in the occurrence 
of steroid-induced osteonecrosis in rabbits [ 13 ]. Hematological 
examination for serum lipid levels and prothrombin time was 
carried out, and both femora and humeri were examined his-
topathologically for the presence of osteonecrosis. The inci-
dence of osteonecrosis in the combined enoxaparin + lovastatin 
group (15 %) was signifi cantly lower than that observed in 
the no-treatment group (68 %). The incidence in the enoxapa-
rin-only and lovastatin-only groups was also signifi cantly 
lower than that in the no-treatment group (31 and 35 %). The 
fat cell sizes of the bone marrow in both enoxaparin-only and 
lovastatin-only groups were lower than in the no-treatment 
group. The prothrombin time was prolonged and plasma lipid 
levels were reduced in the combined enoxaparin + lovastatin 
group during the study. This study showed that the combina-
tion treatment with an anticoagulant agent and a lipid-lower-
ing agent can reduce the incidence of steroid-induced 
osteonecrosis in rabbits. Future evaluation in clinical practice 
is necessary, taking into account the deleterious effects of 
Lovenox therapy when not otherwise clinically indicated.  

34.3.6     Clinical Effects of Statins 
on Osteonecrosis 

 One of the earlier clinical studies was performed by Pritchett 
et al. who looked at whether the use of statins affects later 
development of osteonecrosis in patients receiving steroids 
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[ 12 ]. They examined the records of 284 patients who were 
taking statins at the time they were started on high-dose ste-
roids and were followed to determine whether osteonecrosis 
had developed. After a minimum of 5 years, only 1 % from 
the group had osteonecrosis develop. This 1 % incidence is 
much less than the 3–20 % incidence usually reported for 
patients receiving high-dose steroids. Although a retrospec-
tive case series, this paper suggests that statins may offer 
some protection against having osteonecrosis develop when 
steroid treatment is necessary. 

 Another study by Pritchett explored the effects of fi sh oils 
and statins on lipid composition in the bone marrow and joint 
fl uid in patients having total joint replacements [ 30 ]. Statins 
reduced the amount of lipid by 22 % in patients with osteo-
porosis, 26 % in patients with osteoarthritis, and 41 % in 
patients with osteonecrosis compared with pretreatment lipid 
levels in the same patients. Interestingly, lipid profi les of dis-
turbed marrow and joint fl uid from patients who took statins 
or dietary fi sh oil showed an increase in the proportion of 
unsaturated fatty acids and longer-chain fatty acids relative 
to pretreatment profi les. This study further supported the 
notion that lipid-lowering agents have the ability to change 
the amount and character of bone and joint lipids. 

 Ajmal et al. analyzed their prospective renal transplant 
database to determine if statin usage reduces the incidence of 
corticosteroid-related osteonecrosis [ 31 ]. They identifi ed 
2,881 renal transplantation patients who met the entry crite-
ria. Among 338 patients on statins, 15 (4.4 %) developed 
osteonecrosis, versus 180 of 2,543 (7 %) patients who were 
not on statins. 

 Over the span of two decades, numerous studies have 
been conducted to better understand the pathogenesis of 
steroid- induced osteonecrosis. In addition, studies have spe-
cifi cally looked at the effect of lipid-lowering agents 
( primarily statins) on the development, progression, and 
severity of osteonecrosis. The majority of these studies are 
cellular or animal model based with only a few studies look-
ing at case series of human patients. These studies have 
helped elucidate the pathophysiology of steroid-induced 
osteonecrosis and have shown the benefi cial role lipid-lower-
ing agents can play in preventing or blunting the progression 
of osteonecrosis.   

34.4     Summary 

 Osteonecrosis is a debilitating disease process with many 
causes. Systemic steroid use is a signifi cant risk factor for the 
development of osteonecrosis. Statins are lipid-lowering 
agents that dramatically reduce lipid levels in blood and tis-
sues. As a result, the effect of lipid-lowering agents on the 
development and progression of osteonecrosis has been an 
interesting area of research. 

 Most of the early research on this topic consists of basic 
science studies on cell/tissue or animal models, but more 
recently, human clinical studies have been conducted. Basic 
science research has helped us understand the pathophysiol-
ogy of osteonecrosis and suggest therapies that can be trans-
lated to clinical application. This research has progressed 
rapidly over the past two decades, and these advances offer 
promise for the future treatment of osteonecrosis. 

 One of the factors that limit the systemic evaluation of the 
effectiveness of the treatments is the lack of an animal model 
that replicates the natural history and progression of osteone-
crosis in humans. Moreover, since the majority of research 
on the use of statins in patients with osteonecrosis is either 
bench research or research on animal models, the need for 
human studies is needed before any strong recommendations 
are made for or against the use of statins as an adjunct ther-
apy in the management of osteonecrosis. The few human 
studies in the literature are level 3 or 4 studies. There are no 
double-blinded randomized controlled trials looking at the 
preventive and therapeutic effects of statins on osteonecrosis 
and these studies are needed before widespread recommen-
dations can be made. 

 Based on the current literature on this topic, patients on 
systemic steroid therapy and those with a high lipid profi le 
are encouraged to strongly consider statin therapy. There are 
no recommendations for or against the use of statins in 
patients with a low lipid profi le and those with traumatic or 
extravascular causes of osteonecrosis.     
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35.1            Introduction 

 The cause for osteonecrosis (ON) is still largely unknown 
and might in fact be multifactorial [ 1 – 3 ]. Multiple theories 
exist and almost all lead to impaired osseous blood fl ow with 
subsequent bone and marrow cell death. In cases of steroid- 
and alcohol-induced ON, current research points towards a 
predominance of adipogenic over osteogenic differentiation 
of mesenchymal stem cells, leading to osteocyte death and 
impaired remodeling with fatty atrophy of the subchondral 
bone [ 4 ,  5 ]. The foundation for the vascular insult theory is 
thought to be either from a traumatic disruption of the vascu-
lature, from stenosis (i.e., compression), or from occlusion 
(i.e., thromboembolic event) [ 6 ]. After the initial ischemic 
event, necrosis of the cancellous bone and adjacent bone 
marrow ensues. This leads to an activation of signaling path-
ways that cumulate in an infl ammatory response. 
Macrophages and osteoclasts home to the site of acute necro-
sis and initiate a resorption phase. In cases where only a 
small area of bone is involved, creeping substitution  will 
replace the necrotic bone and the process will likely resolve 
without any clinically signifi cant sequelae. If, however, the 
area of necrosis exceeds the size that can be regenerated 
through creeping substitution, then osteoclastic resorption 
can lead to structural compromise with the detrimental result 
of collapse. At this fi nal stage of osteonecrosis, regenerative 
treatment options are futile and replacement of the involved 
joint is most commonly the last option. It is estimated that 

about 5–12 % of total hip arthroplasties are performed for 
sequelae of osteonecrosis of the femoral head [ 7 ,  8 ]. Current 
research focuses on the development of regenerative strate-
gies that could lead to an osteogenic response during the pre- 
collapse state. Growth factors are the main target of this 
research. If we understand how to control the choice between 
proliferation and differentiation, then theoretically we will 
have the ability to expand what might be a limited population 
of progenitor cells within the site of osteonecrosis, induce 
their timely differentiation, and thus restore the function of 
the involved bone segment. 

 Recent publications suggest that BMPs are among the 
most attractive targets for such therapeutic interventions [ 9 ]. 
In this chapter, we will introduce the concept of BMP- 
induced bone regeneration during the repair of osteonecrotic 
lesions and will discuss current preliminary basic science 
and clinical trials.  

35.2     Osteonecrosis and Bone 
Morphogenetic Proteins 

 Bone morphogenetic proteins (BMPs)  were discovered by 
Marshall Urist in 1965 [ 10 ]. Since then, seven BMPs have 
been identifi ed; six of these belong to the transforming 
growth factor beta superfamily [ 11 ,  12 ]. BMPs have become 
the focus of recent investigations with the goal to stimulate 
bone formation by adding exogenous growth factors. It is 
now clear that BMPs achieve their dramatic effect by induc-
ing cells to adopt a chondrogenic fate and depositing an 
extracellular matrix rich in proteoglycans [ 13 ]. The result-
ing cartilaginous callus is then slowly replaced by bone 
through the process of endochondral ossifi cation, which 
appears to be independent from the BMP response [ 12 ]. 
Besides this best known and understood role, BMPs play a 
role in a variety of cell fate decision involving chondrocytes, 
osteoblasts, and osteoclasts. The latter have been the source 
of recent debate, as new data showed a BMP-dependent 
activation of osteoblast-dependent osteoclastogenesis via 
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the RANKL- OPG pathway. This increased osteoclastogen-
esis results in bone resorption rather than bone deposition, 
and therefore, a revision of the traditional understanding of 
the BMP pathway in clinical therapeutics may be warranted 
[ 14 ,  15 ]. 

 Currently there are two BMP formulations (BMP-2 
(Infuse, Medtronic) and BMP-7 (OP-1, Stryker)) approved 
by the FDA for treatment of acute open fractures of the tibial 
shaft, for spinal fusion procedures (BMP-2), and for treat-
ment of recalcitrant long bone nonunions (BMP-7). The use 
of BMPs in orthopedic surgery otherwise is off-label. We 
have searched the current literature for evidence suggesting 
that BMPs have been used for the treatment of pre-collapse 
osteonecrosis. 

 As described above, osteonecrosis is thought to be the 
result of a microvascular insult, which then leads to bone and 
marrow necrosis. This sequence of pathologic events offers 
three distinct targets as therapeutic approaches: lack of (1) 
angiogenesis, (2) viable progenitor cells within the defect, 
and (3) osteogenic stimulus to the few remaining progenitor 
cells in the periphery of the lesion. 

 Cui et al. proposed an experiment in which all three defi -
cits were targeted with a simple experimental strategy [ 16 ]. 
They suggest the use of genetically engineered bone marrow 
stromal cells, carrying VEGF and BMP-6 genes, to enhance 
angiogenesis and osteogenesis in necrotic bone using a 
chicken ON model . By delivering genetically engineered 
progenitor cells, they not only supply the needed growth fac-
tors but also the cellular machinery required to establish the 
bony regenerate. Unfortunately, the results of these proposed 
experiments are not yet published and therefore can only 
provide basis for speculations. As with all gene therapy 
approaches, this idea will need rigorous preclinical testing 
followed by extensive clinical trials prior to an approval for 
the common treatment of osteonecrosis. 

 There are, however, attempts of mimicking and simplify-
ing the abovementioned approach by administering the puri-
fi ed protein into the area of osteonecrosis. Recent data 
suggest that BMP not only induces osteogenesis but also acts 
as a very potent stimulator of angiogenesis  [ 17 ]. This effect 
is achieved through osteoblast-derived vascular endothelial 
growth factor A expression. Thus, addition of BMP to the 
site of osteonecrosis would potentially induce angiogenesis 
through the effect of VEGF expression, followed by 
increased osteogenesis , which is a direct BMP-dependent 
mechanism. This strategy addresses two of the three main 
therapeutic hurdles that we are facing in the treatment of ON. 
Wang et al. published their results using this approach in a 
murine model of ON [ 18 ]. In detail, they set out to test 
whether rhBMP2 was able to penetrate into the area of 
necrosis and, if so, could promote angiogenesis and creeping 

substitution of the nonviable bone. They fi rst tested three dif-
ferent rhBMP-2 carriers, all containing hydroxyapatite and 
poly (D,L-lactide-co-glycolide)(PLGA65/35), in which the 
BMP protein is either contained within microspheres or teth-
ered to the outside of spheres at different concentration. By 
using a murine model, in which a fragment of necrotic bone 
was interposed into a tibial defect, they showed that the 
higher concentration of rhBMP-2 (2,000 ng) tethered to the 
outside of the microsphere lead to a daily release of approxi-
mately 80 ng/ml per day. This release concentration resulted 
in a strong angiogenic response within the necrotic bone and 
a subsequent solid callus formation around the fragment. 
Despite this signifi cant healing response in this model, there 
are clear differences between this model and the clinical pre-
sentation of ON. ON of the subchondral bone presents a 
slightly different environment than the tibial defect with 
intercalary necrotic segment model that is presented by the 
authors. There is abundant evidence that suggests that BMPs 
act on osteochondral progenitor cells that reside within the 
cambial layer of the periosteum [ 13 ,  19 ], but until now, there 
is no published evidence that BMPs activate osteoprogenitor 
cells within the bone marrow. Considering this caveat, other 
experimental designs that mimic the condition of osteone-
crosis more closely will be needed. 

 Several animal models for osteonecrosis exist, but only a 
few recapitulate the various aspects of the early histopatho-
logical features combined with the late macroscopic collapse. 
Experimental models in goat [ 20 ], rabbit [ 21 ], and emu  [ 22 ] 
have been published, and all have in common that osteone-
crosis was created by ligation of the vascular supply to the 
femoral head in addition to deep-freezing of the cancellous 
bone of the femoral head with liquid nitrogen. In these mod-
els, ON occurs reliably and leads to subsequent collapse of 
the subchondral bone. This feature allows the investigators to 
not only investigate the early effect of BMP treatment but 
also to ensure that the BMP-induced bone regenerate pro-
vides a mechanically stable scaffold for maintenance of joint 
congruity. Tang et al. [ 23 ] employed the abovementioned 
goat model to evaluate if hBMP-2-gene-modifi ed bone mar-
row stromal cells can be utilized for the treatment of ON of 
the femoral head. Three weeks after establishment of ON in 
the femoral head, core decompression was performed, and 
the defect was fi lled with either β-tricalcium phosphate 
loaded with BMP-2-gene-modifi ed bone marrow mesenchy-
mal stem cells or β-TCP with β-gal-gene-modifi ed bone mar-
row mesenchymal stem cells. Sixteen weeks after surgery, 
femoral heads in both groups maintained their original shape 
without any signs of collapse. Histology revealed lamellar 
bone formation in the BMP group, compared to some fi brous 
tissue in the β-gal group. Biomechanical analysis revealed a 
signifi cant difference between the two groups with a higher 
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maximum compressive strength and Young’s modulus in the 
BMP-2 group. This study provides sound evidence that 
BMP-2 gene therapy  provides a feasible, and most impor-
tantly, successful approach in the prevention of subchondral 
collapse due to ON. 

 Ischemic necrosis of the femoral head is the cause of Legg-
Calvé-Perthes disease , a condition affecting 4–31/100,000 
children worldwide [ 24 ]. Since the fi rst description by Legg, 
Calve, and Perthes in the early 1900s, signifi cant research has 
been performed in an attempt to understand the cause and 
its natural history and to devise possible treatment option. 
Recent nonoperative treatment includes bisphosphonates, 
which inhibit osteoclastic resorption of the necrotic femo-
ral head [ 25 ]. This potential delay in resorption is thought to 
allow osteoblasts to lay down an osteoid matrix and stabilize 
the necrotic area before collapse can occur. In a piglet model, 
both systemic and intraosseous bisphosphonates were shown 
to delay remodeling; however, intraosseous administration 
was shown to be more effective, even as a single dose [ 26 –
 28 ]. This effect was attributed to the lower bioavailability of 
the IV drug in the necrotic, and therefore avascular, femoral 
epiphysis. Histology of these femoral heads showed a lack 
of osteoclastic resorption in the necrotic epiphysis, but also a 
lack of osteoblasts and osteoid matrix. The next logical step 
therefore was to add a growth factor to the bisphosphonate 
injection. This would theoretically inhibit remodeling of the 
necrotic epiphysis and at the same time induce osteogenesis 
and angiogenesis. Vandermeer et al. published their results 
on a combination therapy consisting of ibandronate and bone 
morphogenetic protein-2 (BMP-2) [ 29 ]. They tested if this 
therapy can preserve the shape of the femoral head and stimu-
late new bone formation in an immature pig model of isch-
emic osteonecrosis. Histological analysis showed increased 
trabecular bone in the ibandronate-BMP-2 group compared 
to the saline group. Trabecular volume, thickness, and osteo-
blast number were all signifi cantly increased, whereas the 
osteoclast number was signifi cantly reduced in response to 
the ibandronate-BMP- 2 injection. These data provide pre-
liminary evidence that a combination of antiresorptive and 
anabolic agents can not only improve bone healing but also 
decrease deformity following ischemic osteonecrosis. In 
addition, local delivery into the lesion allows for a lower dose 
of the bisphosphonates and restricts the growth factor to the 
site of interest. In this study, however, the investigators found 
some evidence of heterotopic ossifi cation (HO) in the hip cap-
sule. It is unclear if this HO formation was due to the extrava-
sation of the BMP into the joint or from the trauma associated 
with the surgically induced ON of the head, which could 
possibly make the pericapsular tissues more receptive to the 
BMP. The leakage of BMP into the joint could theoretically 
be avoided by performing the injection through the greater 

trochanter into the neck and head instead of passing the nee-
dle through the joint space into the femoral head. The major 
advantage of the above-described bisphosphonate/BMP treat-
ment  approach is the relative ease of administration without 
much anticipated postsurgical pain and immobilization.  

35.3     Summary 

 The ultimate goal of nonoperative and operative treatment of 
osteonecrosis is preservation of the joint space and mainte-
nance of the bony architecture. Recent advances in basic sci-
ence have opened new avenues including antiresorptive and 
anabolic regimens. Thus far, there is preliminary evidence, at 
least in animal models, that bone resorption can be delayed 
by administration of bisphosphonates and that regeneration 
of the necrotic area can be enhanced by BMP treatment. This 
recent research suggests new treatment options that could 
potentially make a signifi cant impact on the outcome of 
patients with osteonecrosis.     
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36.1            Introduction 

 Nontraumatic osteonecrosis (ON) is one of the most debili-
tating skeletal complications, yet the cause of the disease 
remains controversial. Each year, 10,000–20,000 new cases 
are diagnosed in the United States alone [ 1 ,  2 ], and about 
half of the total hip replacement cases in Taiwan were the 
result of debilitating osteoarthritis from ON [ 3 ]. Moreover, 
with the majority of the disease population comprising 
younger patients with late diagnosis, this leads to severe 
socioeconomic burdens and increased suffering on the part 
of the patient, beyond the problems of early loosening and 
multiple procedures [ 1 ]. 

 Several pharmacological agents that have been used 
to treat ON of the hip include statins [ 4 ,  5 ], anticoagulants 

[ 6 ,  7 ], prostacyclin [ 8 ,  9 ], and bisphosphonates [ 10 – 14 ]. The 
theoretical benefi t of statins is based on the association of 
increased fat cell size with an increased risk of the develop-
ment of ON of the hip [ 15 ,  16 ]. Anticoagulants may inhibit 
the aggregation of platelets and enhance blood fl ow to isch-
emic bone areas [ 6 ]. Prostacyclin may promote bone regen-
eration on a cellular or systemic level [ 9 ]. Bisphosphonates, 
which inhibit osteoclastic activity, may decrease the inci-
dence of femoral head collapse [ 10 – 12 ,  14 ]. 

 At the present time, there is no effi cient pharmacological 
treatment for ON. The reparative process at the junction 
between living and necrotic bone frequently leads to osteo-
chondral sequestration. This phenomenon remains as the 
main reason for the collapse of the joint surface with joint 
destruction [ 11 ].  

36.2     Bisphosphonates  (BPs) and 
Alendronate  (Aln) 

 BPs are currently the most widely used treatment of common 
skeletal disorders such as osteoporosis, metastatic bone dis-
ease, and Paget’s disease of bone. The P–C–P moiety is 
responsible for the strong affi nity of the bisphosphonates for 
the skeleton. BPs containing a basic primary nitrogen atom 
in an alkyl chain (as in Aln) were found to be 10- to 100-fold 
more potent than those without nitrogen [ 17 ]. 

 BPs are selective uptake in the skeleton preferentially at 
sites with increased bone remodeling and slow release from 
bone. BPs are currently administered either orally or intrave-
nously. Oral BPs are absorbed throughout the entire gastro-
intestinal (GI) tract by paracellular transport with better 
absorption from segments of the tract with larger surface 
areas [ 18 ]. The absorption of BPs is very low, and the most 
widely used nitrogen-containing BP (N-BP), Aln, has an 
absorption of about 0.7 % [ 19 ]. BPs have high affi nity for 
bone mineral and can prevent calcifi cation both in vitro and 
in vivo. The main uptake of BPs in the skeleton is on the 
mineral surfaces in bone, taking them into close extracellular 
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contact with osteoclasts [ 20 ]. BPs have been shown to 
 interfere with osteoclast recruitment, differentiation, and 
action. During bone resorption by osteoclasts, the acidic pH 
in the resorption lacuna leads to the dissociation of BP from 
the bone mineral surface, followed by intracellular uptake of 
the BP into osteoclasts by fl uid-phase endocytosis [ 21 ]. 
Since only osteoclasts can acidify the bone surface to release 
bone- bound BPs, osteoclasts are the only cell type capable of 
internalizing substantial amounts of these drugs in vivo [ 22 ]. 
Following internalization, bisphosphonates seem to act as 
analogs of pyrophosphate and interfere with intracellular 
metabolic pathways required for normal cell function. Aln 
disrupts the formation of the cytoskeletal actin ring in polar-
ized, resorbing osteoclasts [ 23 ]. 

 Nitrogen-containing bisphosphonates are inhibitors of the 
mevalonate pathway , a pathway for the production of 
 cholesterol and isoprenoid lipids such as isopentenyl pyro-
phosphate (IPP), farnesyl pyrophosphate (FPP), and geranyl-
geranyl pyrophosphate (GGPP) [ 24 ]. FPP and GGPP are 
required for the posttranslational modifi cation (prenylation) 
of small GTPases such as Ras, Rho, and Rac, which are pre-
nylated at a cysteine residue [ 25 ]. Small GTPases are impor-
tant signaling proteins that regulate a variety of cell processes 
important for osteoclast function, including cell morphology, 
membrane ruffl ing, traffi cking of endosomes, and cell sur-
vival (i.e., prevention of apoptosis) [ 26 ]. Inhibition of the 
mevalonate pathway, leading to loss of prenylated proteins 
and/or accumulation of unprenylated proteins, could there-
fore account for most of the various effects of N-BPs on 
osteoclasts [ 24 ]. Loss of geranylgeranylated proteins causes 
disruption of actin rings, inhibits bone resorption, and stimu-
lates osteoclast apoptosis [ 27 ].  

36.3     The Anabolic Effect of Alendronate 
on Bone Metabolism 

 Aln is one of the most commonly used bisphosphonates for 
osteoporosis treatment [ 28 ]. Aln suppresses osteoclast activity 
by inhibiting the activity of farnesyl pyrophosphate synthetase. 
Some studies reveal that bisphosphonates increase prolifera-
tion, stimulate differentiation toward the osteoblastic lineage, 
and enhance mineralization in stem and osteoblastic lineage 
cells. Recent studies suggest that Aln enhances the osteogen-
esis of osteoblasts and bone marrow mesenchymal stem cells 
(BMSCs) [ 29 – 31 ]. Im et al. showed that Aln enhanced the 
expression of osteogenic marker genes and the activity of alka-
line phosphatase (ALP) in human osteoblasts [ 31 ]. Von Knoch 
et al. [ 30 ] and Duque et al. [ 29 ] reported that Aln enhanced the 
proliferation and osteogenesis of human BMSCs (hBMSCs). 
We also found Aln acts as an osteo-inductive factor to stimulate 
the osteogenic differentiation of human adipose-derived stem 
cells (hADSCs) for bone regeneration [ 32 ]. In vivo studies 

showed that BPs promote early osteoblastogenesis in mice [ 33 ] 
and increase the expression of osteoblast differentiation mark-
ers and improve calvarial wound closure in rats [ 34 ]. Besides, 
Aln prevented the increase in osteoblast and osteocyte apopto-
sis induced by glucocorticoids in mice [ 35 ,  36 ]. Aln were also 
shown to inhibit osteocyte apoptosis induced by fatigue cyclic 
loading in rats [ 37 ].  

36.4     Application of Aln in ON 

 Even though ON is the result of various conditions, the com-
mon fi nal pathway leading to collapse of the femoral head is 
an uncoupling of the rates of osteoclastic bone resorption and 
osteoblastic bone regeneration. Lai et al. reasoned that by 
inhibiting the activity of the osteoclasts, collapse of the femo-
ral head might be delayed or even prevented. They evaluated 
the effect of Aln in preventing early collapse of the femoral 
head in patients with nontraumatic ON. Forty patients with 
Steinberg stage II or III ON and a necrotic area of >30 % (class 
C) were randomly divided into Aln and control groups of 20 
patients each. Placebo or 70 mg of Aln orally per week for 25 
weeks was prescribed. Two years later, only 2 of 29 
 femoral heads in the Aln group collapsed, whereas 19 of 25 
femoral heads in the control group collapsed ( p     < 0.001). One 
hip in the Aln group underwent total hip arthroplasty (THA), 
whereas 16 hips in the control group underwent total hip 
arthroplasty ( p  < 0.001). The result was promising because Aln 
appeared to prevent early collapse of the femoral head in the 
hips with Steinberg stage II or IIIC nontraumatic ON [ 11 ]. 
Nishii et al. reported Aln group had a lower incidence of col-
lapse and worsening of hip pain than patients in the control 
group. On serial radiographs, collapse was observed in 6 of 13 
hips in the control group and in 1 of 20 hips in the Aln group. 
They concluded Aln has the potential to prevent collapse of 
the femoral head, even with extensive necrosis, presumably by 
inhibiting bone resorption in the necrotic region [ 12 ]. Agarwala 
et al. reported the result of clinicoradiological analysis of 395 
hips with ON treated with oral Aln for 3 years with a mean 
follow-up of 4 years (1–8). They found patients treated with 
Aln had an improvement in the clinical function, a reduction 
in the rate of collapse, and a decrease in the requirement for 
total hip replacement, compared with those with no treatment 
given. This improvement was particularly marked if the treat-
ment is begun in the pre- collapse stages of the disease [ 13 ].  

36.5     The Randomized, Double-Blind, 
Placebo-Controlled Trial of Aln on ON 

    Because the anti-catabolic and potential anabolic effect of 
Aln in the previous clinical studies, we hypothesized that 
Aln can delay or prevent the progression of the reparative 
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process and then reduce the need of THA in patients who 
have ON. We conducted a multicenter, randomized, double-
blind, placebo-controlled trial to prove or disprove Aln’s 
ability to delay or prevent the progression of the reparative 
process. The primary object of this study was to determine 
the cumulative incidence of THA and time to event after 
treatment with Aln or placebo during the study period. The 
secondary objects were to determine the cumulative inci-
dence of progression of femoral head collapse and time to 
event; to assess the change in the stage using X-ray and the 
necrotic area as assessed by MRI after a 2-year treatment 
period or before THA with Aln or placebo; and to assess the 
change in HHS and Short Form-36 after treatment with Aln 
or placebo during the study period. The primary endpoint 
was prosthetic arthroplasty as the end of survival   . When the 
patients still had intractable pain more than 1 month after 
treatment with analgesia after the collapse of femoral head, 
THA was suggested. The primary goal was to evaluate 
whether Aln can decrease the need for THA in patients with 
nontraumatic ON of the femoral head. The secondary goal 
was to evaluate whether Aln can decrease the progression of 
ON. The tertiary goal was to evaluate whether Aln can 
improve quality of life [ 38 ]. 

 All the patients presented with University of 
Pennsylvania System stage IIC and IIIC ON of the femoral 
head. Exclusion criteria were as follows: (1) being under 20 
years of age; (2) prior bisphosphonate use; (3) having con-
traindications to the use of Aln; (4) unwillingness or inabil-
ity to provide informed consent; (5) a history or evidence of 
metabolic bone disease (other than postmenopausal bone 
loss) including but not limited to hyper- or hypoparathy-
roidism, Paget’s disease, osteomalacia, renal osteodystro-
phy, or osteogenesis imperfecta; (6) having received 
anabolic steroids and glucocorticoids for more than 2 
weeks within the 6 months prior to the start of the study; (7) 
pregnant or lactating women; (8) severe cardiac disease and 
a history of recent (within 1 year) major upper gastrointes-
tinal disease; (9) the presence of cancer(s) with known 
metastasis of the bone; (10) bilateral hip replacements; and 
(11) those with a serum creatinine level > 1.6 mg/dL. When 
the patients who had bilateral hip replacements met the 
inclusion criteria, two hips were counted in the statistics. 
Each treatment group of patients received oral Aln (70 mg) 
[Fosamax® 70 mg tablets, MSD] or a placebo weekly for 
104 weeks. In addition, all patients received daily oral cal-
cium (500 mg) and vitamin D (400 IU), as a supplement. In 
the end, there were 52 patients whose data were assessed 
for the study results. There was no statistical signifi cance 
between the two groups in terms of demographics and the 
distribution of baseline severity of bilateral hip collapse in 
the radiographic evaluation [ 38 ]. 

 At the end of this study, 4 of 32 hips in the treatment 
group, i.e., 13.06 % (95 % C.I. of cumulative incidence, 

1.1–25.0 %), received THA, while 5 of 33 hips in the pla-
cebo group, i.e., 15.6 % (95 % C.I. of cumulative inci-
dence, 3.0–28.2 %), underwent THA ( p  = 0.837) 
(Fig.  36.1 ). At the end of the study, 21 of 32 hips in the 
treatment group and 20 of 33 hips in the placebo group had 
progressed ( p  = 0.636) (Table  36.1 ). In the MRI evalua-
tion, there was no difference between the groups 
(Table  36.2 ). There was no difference in the HHS between 
the groups at the beginning and the end of this study. In 
addition, the difference in the HHS between the groups 
during the study was not signifi cant. There was no differ-
ence between the groups at the beginning and the end of 
the study, and    the difference during the study in all dimen-
sions of the Short Form-36 except the decrease in the 
dimension of vitality which was obvious in the Aln group 
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  Fig. 36.1    Comparison of alendronate and placebo       

   Table 36.1    Radiographic evaluation (University of Pennsylvania 
System)   

  Fosamax  
 Stage  0  I  IIC  IIIC  IV  V and VI  THA 
 Baseline  –  –  20  12  –  –  – 
 Follow-up  0  0  11  11  9  1   4     
  Placebo  
 Stage  0  I  IIC  IIIC  IV  V and VI  THA 
 Baseline  –  –  25  8  –  –  – 
 Follow-up  1  0  14  9  9  0   5  
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at the end of the study ( p  = 0.029) (Table  36.3 ). Our results 
overthrew the null hypothesis in the primary, secondary, 
and tertiary goals [ 38 ].

      Our primary goal was to evaluate whether Aln can 
decrease the need for THA. Both surgical and nonsurgical 
approaches have been developed to preserve the joint and are 
used in an attempt to arrest the progression of disease, as 
well as to offer pain relief [ 39 ,  40 ]. Maintenance of the 
 femoral head shape and articular surface, and halting the pro-
gression of the disease, appears to be one of the preferred 
methods of avoiding arthrosis of the hip joint. Surgical 
 treatments with osteotomies and/or bone grafts that restore 
and revive the femoral head provide excellent long-term 

   Table 36.2    MRI evaluation and Harris Hip Score   

 % of the area of 
osteonecrosis in 
femoral head  Alendronate ( N )  Placebo ( N )   p -value    a  

 Baseline  47.0 ± 19.4 (32)  45.8 ± 19.4 (30)  0.6262 
 End of study/
THA/withdrew 

 37.9 ± 19.9 (26)  38.8 ± 16.6 (22)  0.8920 

 Difference  −6.6 ± 11.9 (26)  −6.6 ± 13.9 (19)  0.5170 
 95 % C.I.  −11.4 to −1.8  −13.3–0.1 
  Harris Hip Score 
(subject no.)  

 26  26 

 Baseline  78.1 ± 12.5  76.6 ± 15.2  0.6804 
 Follow-up  79.3 ± 14.2  83.8 ± 12.8  0.2435 

   a There is no statistical signifi cance in any item between two groups  

   Table 36.3    Short    Form-36    Dimension  Alendronate  Placebo   p -value a  

  N   31  28 
 Baseline  Mean ± SD  Medium  Mean ± SD  Medium 
 Physical functioning  60.3 ± 24.8  60.0  58.0 ± 28.1  55.0  0.7388 
 Role limitation due to physical problem  46.0 ± 40.4  50.0  50.9 ± 44.9  62.5  0.6588 
 Bodily pain  58.5 ± 20.5  57.5  56.6 ± 24.2  62.5  0.7401 
 General health  56.0 ± 17.8  55.0  53.4 ± 20.5  55.0  0.6074 
 Vitality  60.5 ± 20.3  55.0  52.3 ± 23.7  52.5  0.1598 
 Social functioning  70.2 ± 24.7  75.0  65.6 ± 26.3  68.8  0.4972 
 Role limitation due to emotional problem  58.1 ± 44.7  66.7  60.7 ± 43.6  83.3  0.8188 
 Mental health  65.5 ± 17.0  68.0  61.6 ± 21.5  64.0  0.4310 
 Total score  59.2 ± 18.6  55.9  57.0 ± 21.9  60.1  0.6788 
  N   30  28 
 The end of study/THA/withdrew  Mean ± SD  Medium  Mean ± SD  Medium 
 Physical functioning  55.0 ± 26.2  52.0  56.1 ± 27.2  55.0  0.8742 
 Role limitation due to physical problem  37.5 ± 43.4  0.0  38.4 ± 42.7  12.5  0.9374 
 Bodily pain  58.1 ± 20.4  57.5  63.3 ± 18.6  67.5  0.3140 
 General health  51.0 ± 20.4  45.0  50.8 ± 23.8  50.0  0.9731 
 Vitality  53.5 ± 18.1  50.0  54.8 ± 20.1  52.5  0.7931 
 Social functioning  64.2 ± 20.2  68.8  63.8 ± 24.4  50.0  0.9556 
 Role limitation due to emotional problem  50.0 ± 47.7  50.0  53.6 ± 46.6  62.5  0.7743 
 Mental health  60.7 ± 15.9  60.0  61.1 ± 19.5  60.0  0.9189 
 Total score  53.3 ± 20.2  53.7  54.7 ± 21.9  61.3  0.8011 

 Difference of dimension  Alendronate  Placebo   p -value a  
  N   30  28 

 Mean ± SD  Mean ± SD 
 Physical functioning  −5.8 ± 26.3  −1.9 ± 30.8  0.6024 
 Role limitation due to physical problem  −10.0 ± 43.8  −12.5 ± 45.4  0.8318 
 Bodily pain  −1.3 ± 21.2  6.7 ± 22.4  0.1656 
 General health  −5.8 ± 19.8  −2.6 ± 22.6  0.5621 
 Vitality  − 8.5  ±  18.9 *  2.5 ± 18.2  0.0288 
 Social functioning  −7.9 ± 21.4  −1.7 ± 20.6  0.2718 
 Role limitation due to emotional problem  −10.0 ± 51.9  −7.1 ± 39.9  0.8160 
 Mental health  −5.8 ± 17.4  −0.42 ± 14.4  0.2027 
 Total score  − 6.9  ±  19.3 *  −2.2 ± 15.4  0.3137 
  * p  < 0.05, tested by Signed Rank test 
  a Tested by Wilcoxon Rank sums test  
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results [ 1 ,  39 ,  41 – 43 ]. Medication that prevents the early col-
lapse of the osteonecrotic femoral head is an attractive treat-
ment. Using Aln in an attempt to slow down the bone 
remodeling process had been reported by Lai et al. [ 11 ]. In a 
randomized, control, prospective study, they showed the 
effectiveness of Aln in delaying or even avoiding THA in 
pre-collapse femoral heads. In the study by Agarwala et al., 
THA was circumvented with early use of Aln in pre-collapse 
femoral heads [ 10 ,  13 ]. In terms of our primary goal, the 
result was different from the above studies [ 11 ,  13 ]. We did 
not fi nd any obvious effect of Aln in decreasing the possibil-
ity of receiving THA. Hip arthroplasty for ON is dependent 
on the patient’s pain severity and functional needs; therefore, 
the disease status and the functional demand of the patient 
are very important factors in terms of treatment options. It is 
important that any decision to perform arthroplasty should 
be supported by robust clinical information. A double-blind 
design is very important because the disease course some-
times involves subjective judgment by the investigator and 
the expectations of individual patients when making deci-
sions concerning undergoing surgical treatment. No standard 
criteria for the timing of surgical treatment have been defi ned. 
A meta- analysis of the outcomes of protected weight bearing 
in 819 patients demonstrated a failure rate of >80 % at a 
mean of 34 months [ 44 ]. Even though all patients had a large 
lesion (>30 %) in our study, we found a very low incidence 
of THA (13.06 % in the Aln group and 15.60 % in the pla-
cebo group) due to the collapse of the femoral head, as com-
pared with the previous literature [ 1 ,  40 ,  44 – 48 ]. In our 
study, all patients received daily oral calcium (500 mg) and 
vitamin D (400 IU). There is no report about the therapeutic 
effects of calcium and vitamin D. We are not certain of the 
reasons for the low incidence of THA and progression of 
disease in the placebo group. Because there is no data about 
the natural course of ON in the Taiwanese population, we are 
not certain as to whether there might be a racial difference in 
the natural course of ON. As such, there was a numerical 
reduction in the rate of THA in the Aln group compared with 
placebo that did not achieve statistical signifi cance; this was 
likely because the study was originally designed to detect a 
between-group difference based on event rates of 35.7 % 
(10/28) and 3.4 % (1/29) in the placebo and Aln groups, 
respectively. 

 Our secondary goal was to evaluate whether Aln can 
decrease the progression of ON in image studies. Early 
studies showed overall clinical progression rates of 77–98 % 
and radiographic progression rates of 68–75 %, with an 
average of 3 years of follow-up [ 47 ,  48 ]. Our results are 
somewhat different from the above studies, with a low stage 

progression rate (37 % in the Aln group and 42 % in the 
placebo group). On the other hand, when the size and loca-
tion of the lesion are large enough (>30 %), there is concern 
about potential collapse [ 49 ], and preventive surgery would 
provide a better chance of reviving the necrotic head and 
preserving hip function. Nam et al. reported excellent results 
(near 100 % survival) for small lesions (<30 %) followed 
more than 5 years, among asymptomatic lesions in ON of 
the femoral head [ 50 ]. According to their survival analysis, 
about 90 % of median (30–50 %) and more than 85 % of 
large (>50 %) asymptomatic lesions survived at the second 
year of follow-up [ 50 ]. Their results are somewhat similar to 
ours, but in our study, all lesions were symptomatic. The 
prognosis may be different for asymptomatic versus symp-
tomatic lesions. 

 There were some limitations in our study. First, the sam-
ple size was not large, and this may have led to inadequate 
power to detect differences. The number of patients who 
have not been exposed to Aln is less than before after some 
studies found that Aln was effective in the treatment of ON; 
therefore, it is not easy to perform a trial with a very large 
sample size of patients who did not use Aln in the past 2 
years. Besides, the events of THA are much less than we 
expect from the result of the previous study [ 11 ]. The less 
events of THA further decrease the power of this study. In 
addition, not all patients received an MRI evaluation, and 
this may have led to a smaller sample size in terms of MRI 
evaluation and thus less discrimination power. Finally, 
although surgeons may have a consensus at the time of THA, 
it is not easy to standardize practice in every situation, and 
this may lead to some differences in decisions concerning 
THA.  

36.6     Summary 

 In conclusion, in this study we used randomized, double- 
blind, placebo-controlled treatment for ON. There was no 
signifi cant pharmacological function of Aln in terms of the 
need for THA, disease progression, and life quality. The 
esophageal or gastric irritation caused by the oral prepara-
tions is an established adverse effect. Other adverse events 
like osteonecrosis of the jaw (ONJ) and subtrochanteric frac-
tures have attracted attention mainly because of their unclear 
pathophysiology [ 51 ]. Because of the potent inhibitory effect 
of Aln on osteoclast and subsequently on bone remodeling, 
we do not suggest the use of Aln in young patients with ON. 
Further study for the medical treatment of ON is still 
required.     
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37.1            Introduction 

 Femoral head osteonecrosis is an ischemic necrosis of sub-
chondral bone and bone marrow due to posttraumatic or non-
traumatic causes. Nontraumatic femoral head necrosis 
affects mainly young people and leads to early destruction of 
the hip joint. However, the orthopedic surgeon is facing the 
challenge of treating the hip joint of a young person. 
Arthroplasty in young age has the risk of many future revi-
sions, so that diagnosis should be made in the very early 
stage of FHN, preferably ARCO stage 1.  

37.2     The Different New Therapies 

37.2.1     Stem Cell Therapy  

 In the scientifi c literature, there are growing indications that 
the additive application of bone marrow aspirate concen-
trate (BMAC)  as a part of core decompression increases the 
local osseous potency within the femur head necrotic area [ 1 ]. 
In this disease, it is suggested that not only the affected  femoral 

head osteonecrosis range but the entire proximal femur of 
patients with osteonecrosis contains signifi cantly less mesen-
chymal progenitor cells [ 2 ].    However, it is unclear whether 
this observation is the result of disturbed femoral head blood 
perfusion or if the primary reduction of progenitor cells in the 
femoral head is an independent risk factor for the development 
of femoral head osteonecrosis. With the use of BMAC on over 
100 patients with local bone healing disorders, they have high 
osteogenic potential of this cell therapy [ 3 ]. Eighteen hips in 
ARCO stage 1 and 2 were part of a controlled double-blind 
study on core decompression only compared with additional 
implantation of autologous mononuclear bone marrow stem 
cells from the anterior iliac crest [ 3 ]. In this pilot study, they 
reported  clinical and MRI results after 24 months. 5 of 8 hips 
developed to ARCO stage 3 after treatment with pure core 
decompression, whereas only 1 of 10 hips with additional stem 
cell transplantation progressed to ARCO stage 3. In addition 
to the direct cell application via a cannula or a hollow drill bit, 
this form of therapy can be combined with autologous spon-
giosa graft . Here too, the transplanted autologous spongiosa 
graft is incubated for a defi ned period of time with suspension 
mononuclear cells. To what extent this technique, especially 
medium and long term in ARCO stage 2, would improve the 
prognosis of affected patients still needs to be investigated in 
prospective clinical trials. Due to the lack of long-term results 
from such studies, and even sparser data, stem cell therapy is 
promising, but still classifi ed as experimental therapy of femo-
ral head osteonecrosis.  

37.2.2     Intravenous Iloprost 

 In early FHN stages, pain relief and improvement of the 
Harris hip score were reported after application of intrave-
nous iloprost  administration, a prostacyclin analogue [ 4 ]. 
MRI fi ndings during follow-up showed a decrease in the 
extent of bone marrow edema. However, this clinical study 
in 95 patients also stated that there is no benefi t from iloprost 
treatment in advanced stages of FHN.  
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37.2.3     Extracorporeal Shock Wave Therapy 

 We rarely fi nd valid studies on the benefi ts of extracorporeal 
shock wave therapy (ESWT)  in the treatment of femoral 
head necrosis. Wang et al. found, at a mean follow-up of 25 
months, that 79 % of the hips examined clinically and on 
MRI improved, 10 % unchanged, and 10 % were worse [ 5 ]. 
They found a superiority of ESWT versus combined core 
decompression and non-vascularized fi bular grafting at an 
average follow-up of 25 months.    Heller and Niethard advised 
in their meta-analysis on the application of ESWT for mus-
culoskeletal indications to use a differentiated application of 
the energy density [ 6 ].    Because of only few studies of higher 
levels of EBM, application of ESWT in the treatment of 
osteonecrosis is not proven.  

37.2.4     Bisphosphonates 

 In a clinical-radiological follow-up of 395 femoral head 
necrosis in Ficat stages 1–3 on an average of 4 years, good 
results have been reported after alendronate administration 
[ 7 ]. All patients in this study were given 10 mg alendronate 
daily combined with 500–1,000 mg of calcium and 400–
800 IU of vitamin D3. In 92 % of patients, a satisfactory 
clinical result was achieved. They needed no total hip 
replacement.    In 2 % of Ficat-1, 8 % of Ficat-2, and 33 % of 
Ficat-3-hips total hip replacement was implanted. 
   Radiologically, 12.6 % of Ficat-1-hips and 55.8 % of Ficat-
2-hips collapsed on average of 4 years. Jaw necrosis has been 
reported as a complication of bisphosphonate therapy [ 8 ].  

37.2.5     Future Therapy Methods: 
Vasodilatation 

 We could show that steroids have a vasoconstrictive effect on 
lateral epiphyseal arteries of the femoral head which could 
lead to ischemia and subsequent necrosis [ 9 ]. In an experi-
mental study we investigated the preventive effect of a nitrate 
patch on steroid-related bone necrosis in the Yamamoto rab-
bit model  [ 10 ]. New Zealand White Rabbits (male; 3–4.5 kg 
bodyweight) were injected with 20 mg/kg bodyweight meth-
ylprednisolone (GC group;  n  = 6). Control animals ( n  = 6) 
were treated with phosphate-buffered saline. A third group 
(GC + N;  n  = 6) additionally received a nitrate patch 
(0.675 mg/day). Four weeks after i.m. methylprednisolone 
injection, the animals were sacrifi ced. For histology and 
immunohistochemistry, tissue samples were fi xed in 3 % 
paraformaldehyde, embedded in paraffi n, sectioned, 
dewaxed, and stained with Ladewig. For quantifi cation of 

empty lacunae, a histologic sign of FHN, histomorphometry 
was performed. Histomorphometry revealed a signifi cant 
increase of empty lacunae in glucocorticoid-treated animals 
compared to controls and GC + N-treated animals. No sig-
nifi cant difference in empty lacunae count was detected 
between the GC + N group and controls. HE staining revealed 
the different osteocyte amount in the GC versus GC and 
nitrate patch-treated groups. This study demonstrates an 
increased number of empty osteocyte lacunae representing a 
pathologic feature of osteonecrosis, in the GC group. Less 
empty lacunae were counted in the GC animals after addi-
tional treatment with a nitrate patch. This fi nding suggests 
that nitrate co-treatment  has the potential to prevent steroid- 
associated FHN.   

    Conclusion 

 Considering the variety of today’s existing treatment 
methods, the damage of the chosen technique should, in 
our opinion, be weighed up against the patient’s age and 
the supportive therapy method afterwards. Flexion oste-
otomy, e.g., makes future hip arthroplasty diffi cult. 

 Nontraumatic osteonecrosis can lead to secondary 
arthritis and cause destruction of the hip joint. Often, 
young patients are affected. The etiologic risk factors are 
steroids, alcohol abuse, sickle cell anemia, lupus erythe-
matosus, infl ammatory bowel disease, Caisson disease, 
Gaucher disease, chemotherapy, and contralateral femo-
ral head. Doctors should make an early diagnosis FHN, 
and the patients need to be referred much earlier to the 
orthopedic surgeon knowledgeable about FHN and its 
early stages. ARCO stage 1 is detectable by MRI, is still 
reversible, and can be treated by a core decompression. 
As for the other stages, there are various treatment meth-
ods available which should be discussed in detail with the 
patient.     
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38.1            Introduction 

 Osteonecrosis of the femoral head is a poorly understood 
disease with a wide range of etiologies. It has been shown to 
affect mostly patients in the third and fourth decades of life 
[ 1 – 3 ]. Some of the known risk factors include corticosteroid 
use, excessive alcohol intake, radiation therapy, chemother-
apy, renal transplant recipients, systemic lupus erythemato-
sus, human immunodefi ciency virus infection, and sickle 
cell disease (Table  38.1 ) [ 4 – 9 ]. The most commonly used 
classifi cation systems used for staging are the Ficat and 
Arlet, the Association Research Circulation Osseous classifi -
cation (ARCO), and the Japanese Orthopaedic Association 
(Table  38.2 ).

    The goal of management is early diagnosis in the precol-
lapse stage and to prevent progression to collapse. Although 
various pharmacological and biophysical treatment strate-
gies have been suggested for the prevention and treatment of 
disease progression, the management of osteonecrosis con-
tinues to be challenging [ 2 ]. Additionally, bone-preserving 
procedures such as bone grafting, osteotomies, and core 
decompression have been proposed to avoid the need for 
total joint arthroplasty. 

 Core decompression  has been used commonly for the 
treatment of smaller-sized precollapse lesions [ 10 – 12 ]. This 
technique was initially developed by Ficat and Arlet [ 13 ]. 
The procedure was postulated to be effective because it was 
believed that the pathogenetic mechanism of osteonecrosis 
was an elevated intraosseous pressure causing extravascular 
compression of the blood vessels within the femoral head. 

It was therefore postulated that early treatment with decom-
pression would relieve intraosseous pressure of the femoral 
head, thereby restoring normal vascular fl ow [ 14 ]. The general 
pathophysiology of osteonecrosis of the hip is proposed to be 
disruption of the microcirculation to the femoral head. The 
additional mechanisms leading to vascular disruption are pos-
tulated to be due to direct vascular interruption from trauma or 
from intravascular occlusion by thromboembolic events or fat 
emboli [ 15 – 17 ]. The following sections address preoperative 
planning, indications, surgical techniques, rehabilitation, and 
the outcomes reported in literature for core decompression.  

38.2     Preoperative Planning and 
Indications for Core Decompression 

 Formulating a treatment plan should be based on clinical fac-
tors. Patients generally present with groin pain, trochanteric 
symptoms, or nonspecifi c hip pain. The treatment plan 
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  Direct risk factors  
 Trauma – fracture, dislocation 
 Sickle cell disease 
 Human immunodefi ciency virus infection 
 Chemotherapy 
 Radiation 
  Indirect risk factors  
 Corticosteroids 
 Alcohol abuse 
 Tobacco use 
 Systemic lupus erythematosus 
 Myeloproliferative disorders 
 Gaucher’s disease 
 Organ transplant 
 Renal failure 
 Coagulation abnormalities 
 Pregnancy 
 Genetic factors 
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should be tailored to the patients’ age, the presence of medi-
cal comorbidities, and the activity level. 

 Radiographic factors should also be taken into consid-
eration, as core decompression is generally recommended 
for patients without advanced arthritis or subchondral col-
lapse. Early stage (Ficat and Arlet Stage I and II), smaller-
sized lesions with a combined necrotic angle of less than 
200° have been demonstrated to have more favorable 
results with this procedure [ 18 – 20 ]. Since the disease is 
often bilateral, a thorough evaluation for contralateral joint 
involvement should be conducted as well    [ 14 ,  21 – 23 ] 
(Fig.  38.1 ).

38.3        Surgical Technique 
(Authors’ Experience) 

 Currently, all of these procedures are performed using fl uo-
roscopic guidance. The conventional core decompression 
involves one to three large diameter drilling. The area of the 
lesion should be identifi ed on radiographs or magnetic reso-
nance imaging (MRI) scans to identify stage 1 Ficat and 
Arlet disease. The position of the femoral head should be 
identifi ed prior to preparing and draping the hip. The initial 
tract made for the core decompression should be above the 
superior level of the lesser trochanter, which minimizes the 

   Table 38.2    Ficat and Arlet staging   

 Ficat and Arlet  Association Research Circulation Osseous (ARCO)  Japanese Orthopaedic Association 

 Stage  Findings  Stage  Findings  Stage  Findings 

 I  Normal X-ray  0  Normal hip  1  Demarcation line 
 II  Diffuse cystic/sclerotic lesions  1  MRI fi ndings only  2  Early femoral head fl attening 
 III  Crescent sign (subchondral fracture)  2  Focal osteoporosis, cystic lesions, sclerosis  3  Cystic lesions 
 IV  Femoral head collapse, acetabular 

involvement 
 3  Crescent sign (subchondral 

fracture) 
 4  Acetabular involvement 

  Fig. 38.1    MRI and X-ray features of osteonecrosis       
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risk of developing a stress fracture of the femur. With the 
guide wire in place, an 8–10-mm wide cannulated trephine is 
generally used (Fig.  38.2 ). Subsequently, the necrotic bone is 
removed with a burr (Fig.  38.3 ). The Steinberg modifi cation 

to the traditional core decompression involves the removal of 
three bone cores from the single initial hole made for the 
procedure. Through a lateral approach a trephine is used to 
remove an 8-mm core of bone from the center of the lesion. 
Subsequently, two 6-mm bone cores are removed from the 
lesion’s periphery through the same entry site. Then, viable 
bone is grafted into the central core region of the femur.

    An alternative to the conventional core decompression is 
multiple drilling , which consists of small diameter core 
tracts. Under fl uoroscopic guidance the pin is slowly 
advanced until it comes in contact with the lateral cortex 
above the lesser trochanter and is subsequently passed 
through the femoral neck and into the femoral head to the 
site of the lesion.  

38.4     Rehabilitation 

 Protective 50 % weight-bearing is recommended for 4–6 
weeks postoperatively with the use of a cane or other ambu-
latory aids. After this period, the patient can be advanced to 
full weight-bearing without the use of aids as tolerated. 
Standard rehabilitation should include hip abductor strength-
ening and range of motion exercises. Patients are discour-
aged from engaging in high-impact activities for a minimum 
of 10–12 months postoperatively. However, if after this time 
there is no radiographic evidence of collapse, the patients are 
allowed to resume all prior activities.  

38.5     Outcomes of Core Decompression 

38.5.1     Core Decompression 

 In 1985 Ficat et al. reported favorable outcomes in 133 
patients who were treated with core decompression for early 
stage lesions. The survivorship was 94 % for patients who 
had stage I disease and 82 % for patients who had stage II 
disease [ 24 ]. Fairbank et al. reported similar outcomes in 128 
hips (90 patients) undergoing core decompression for Ficat 
and Arlet stage I, II, and III disease. At a mean follow-up of 
11 years, the survivorship was reported to be 88 % for stage 
I, 72 % for stage II, and 26 % for stage III disease [ 25 ]. A 
study by Steinberg et al. reviewed the outcomes of core 
decompression with bone grafting in 406 hips for osteone-
crosis of the femoral head. At a mean follow-up of 29 
months, 18 of 65 hips (28 %) with stage I disease, 45 of 133 
hips (34 %) with stage II disease, 3 of 13 hips (23 %) with 
stage III disease, and 45 of 92 hips (49 %) with stage IV 
disease required a hip replacement [ 26 ]. However, a study by 
Markel et al. reported poorer outcomes in 53 hips with the 
use of core decompression. At a mean follow-up of 4 years, 
the survivorship was reported to be 45 % for stage I, 38 % for 
stage IIa, 14 % for stage IIb, and 25 % for stage III disease 
[ 22 ]. See Table  38.3  for a summary of results.
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  Fig. 38.2    Core decompression       
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  Fig. 38.3    Eight to ten millimeter of tissue removed after core       
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   A review by Mont et al. compared the outcomes of core 
decompression versus nonoperative management for osteo-
necrosis of the hip. This study of 42 reports found that of the 
1,206 hips treated with core decompression, satisfactory 
results were reported in 63.5 % of hips when compared to 
22.7 % in the nonoperative management group of 819 hips 
[ 20 ]. A more recent systematic literature review by Marker 
et al. [ 36 ] demonstrated that techniques for core decompres-
sion prior to 1992 led to signifi cantly inferior outcomes 
when compared to those after 1992. Modern techniques 
yielded signifi cantly lower rates of additional surgery (mean 
30 %; range, 39–100 %) when compared to older techniques 
(mean 41 %; range, 29–85 %;  p  < 0.05). However, this analy-
sis revealed that it may not be due solely to better surgical 
techniques, but rather to more careful patient selection. The 
review demonstrated that studies after 1992 included fewer 
patients with Ficat and Arlet stage III disease ( p  < 0.001), 
which could have contributed to better clinical outcomes. 
Core decompression in patients with Ficat and Arlet stage III 
disease is more likely to lead to higher rates of failures and 
additional surgeries. Therefore, careful patient selection 
could result in more favorable results following core 
decompression.  

38.5.2     Multiple Drilling 

 The conventional core decompression can lead to complica-
tions, due to the large canal that is formed, such as subtro-
chanteric fractures and inadvertent penetration of the femoral 
head. The risks associated with this technique have led sur-
geons to develop multiple drilling as an alternative method to 
relieve intraosseous pressure, venous congestion, and restor-
ing normal vascular fl ow in the necrotic region [ 35 ]. 

 A study by Mont et al. [ 1 ] in 2004 found that a multiple drill-
ing procedure using 2–3 core tracts with a 3-mm pin led to suc-
cessful results in 71 % (32 of 45) of hips with Ficat and Arlet 
stage I or II disease at a mean follow-up of 2 years (range, 1.7–
3.3 years). When these results were substratifi ed by disease 
stage, they found that patients who have stage I disease have a 
higher success rate than patients who have stage II disease 
(80 %; 24 of 30 hips versus 52 %; 8 of 15 hips, respectively). 

 In 2007, Song et al. reported similar successful outcomes 
of multiple drilling in 163 hips with Ficat and Arlet stage I to 
III osteonecrosis. Their results that at a mean follow-up of 
7.2 years (range, 5–11.2 years), 88 % (52 of 59) of hips with 
small- to medium-sized lesions required no further surgery. 
See Table  38.4  for a summary on multiple drilling.

   Table 38.3    Outcomes of core decompression   

 Author (year) 
 Level of 
evidence 

 Hips  Mean 
age 
(years) 

 Follow-up 
(years) 

 Survivorship (%) 

 Stage 1  Stage 2a  Stage 2b  Stage 3  Stage 1  Stage 2a  Stage 2b  Stage 3 

 Al Omran (2013) [ 23 ]  III  13  25  23  –  26  6.1  100  80  52  – 
 Lieberman et al. (2004) [ 27 ]  IV  –  15  1  1  47  4.4  –  93  0  0 
 Aigner et al. (2002) [ 28 ]  IV  30  9  –  6  41  5.7  97  44  –  33 
 Steinberg et al. (2001) a  [ 26 ]  III  65  45 b   –  13  37  48  72  66 b   –  77 
 Lavernia and Sierra (2000) [ 29 ]  IV  15  30 b   –  22  40.2  3.4  100  83 b   –  44 
 Maniwa et al. (2000) [ 30 ]  IV  10  16 b   –  –  46  7.8  100  56.4 b   –  – 
 Bozic et al. (1999) [ 31 ]  IV  12  12  2  0  38  10  92  52  20  0 
 Iorio et al. (1998) [ 32 ]  IV  7  20  6  –  41  5  71  45  33  – 
 Powell et al. (1997) [ 33 ]  IV  18  8 b   –  –  35  4  80  37 b   –  – 
 Markel et al. (1996) [ 22 ]  IV  10  32  7  4  38  4  45  38  14  25 
 Fairbank et al. (1995) [ 25 ]  IV  25  51  –  52  40  11  88  72  –  26 
 Saito et al. (1988) [ 34 ]  III  17  –  –  –  33  4  100  –  –  – 

   a Patients also underwent bone grafting 
  b Stage 2 hips  

   Table 38.4    Outcomes of multiple drilling   

 Author (year) 
 Level of 
evidence 

 Hips  Mean age 
(years) 

 Follow-up 
(years) 

 Survivorship (%) 

 Stage 1  Stage 2a  Stage 2b  Stage 3  Stage 1  Stage 2a  Stage 2b  Stage 3 

 Al Omran (2013) [ 23 ]  III  6  14  13  –  26  6.1  100  78  53.8  – 
 Song et al. (2007) [ 35 ]  IV  39  64  17  43  36.1  7.2  80  77  77  35 
 Mont et al. (2004) [ 1 ]  IV  30  15 a   –  –  42  2  80  57 a   –  – 

   a Stage 2 hips  
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   Multiple drilling has the potential to decrease intraosse-
ous pressure as much as a conventional core decompression, 
but has the added benefi t of increased accuracy in reaching 
osteonecrotic lesions. Factors which contributed to unsuc-
cessful outcomes of multiple drilling were a combined 
necrotic angle of greater than 200° and a markedly higher 
intertrochanteric intraosseous pressure.   

38.6     Summary 

 Osteonecrosis of the femoral head has been attributed to 
increased intraosseous hypertension and venous congestion. 
It is believed that core decompression may result to a 
decrease in intraosseous pressure within the femoral head 
and therefore relieve venous congestion. Patients who have 
successful outcomes generally have Ficat and Arlet stage I 
and II disease, smaller-sized lesions (<30 % femoral head 
involvement), and patients with poorer outcomes are those 
who have post-collapse or large lesions. The conventional 
core decompression has been demonstrated to have positive 
clinical outcomes; however, multiple drilling has also been 
reported to be equally effi cacious. Additionally, multiple 
drilling has been associated with a low risk of stress fractures 
and inadvertent head penetration. The studies on core decom-
pression are varied in their patient populations, in terms of 
age, gender, and disease stage, which makes it diffi cult to 
derive a statement of the effi cacy of this procedure. Further 
prospective, randomized studies are needed to compare the 
long-term outcomes of the various core decompression 
techniques.     
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39.1           Introduction 

 Mesenchymal stem cells (MSCs)  are progenitor cells from 
various tissues with the potential for self-renewal and dif-
ferentiation into multiple cell lineages. The multipotency, 
paracrine effects, and immunomodulatory properties of these 
cells make them useful for the research of cell therapy 
modalities in bone and joint diseases, particularly osteone-
crosis (ON). In addition to proliferation and differentiation, 
implanted MSCs also secrete angiogenic cytokines that may 
be signifi cant for remodeling in osteonecrosis [ 1 ,  2 ]. 

 Over the past decade, several researchers have started to 
evaluate the role of MSCs in osteonecrosis treatment. Gangji 
et al. [ 3 ] and Hernigou et al. [ 4 ] have successfully used autol-
ogous bone marrow concentrate for treatment of early stage 
ON. Both investigators have reported mid- to long-term 
favorable results. However, many questions are yet unan-
swered, and only limited information is available in the lit-
erature in terms of clinical trials and surgical techniques in 
humans using MSCs as adjunct therapies. This chapter will 
review literature related to MSC-utilizing surgical tech-
niques and explore some of the limitations of using stem cell 
therapies in osteonecrosis.  

39.2    Treatments of Osteonecrosis 
with MSCs 

39.2.1    Animal Studies 

 Advancements in the techniques of obtaining MSCs effi -
ciently from multiple tissues have prompted interest in the 
application of these cells into surgical techniques for treating 
osteonecrosis. However, the quality of the MSCs may be 

affected by underlying diseases in the host. Wang et al. [ 5 ] 
demonstrated that MSC proliferation is limited in steroid- 
induced ON of the femoral head. Bone marrow obtained 
from the proximal femur of patients with steroid-induced 
ON was compared to marrow from unaffected patients with 
femoral neck fractures, and assays demonstrated signifi -
cantly decreased mitotic proliferation of MSCs in ON 
patients. This partially explains the limited repair capacity in 
the pathogenesis of ON. Similar fi ndings were also reported 
by Hernigou and Beaujean [ 4 ]. 

 Canine [ 6 – 8 ] and other animal models such as mice [ 9 ], 
rabbits [ 10 ], and sheep [ 11 ] have been used to study MSC- 
based treatments that transplant MSCs systemically or 
locally. One study examined the survival of labeled autolo-
gous MSCs after surgical transplantation into dogs that have 
undergone traumatic ON of the femoral head [ 6 ]. The 
researchers demonstrated that the number of labeled MSCs 
and volume of trabecular bone increased signifi cantly from 
week 2 to week 12, suggesting that the implanted stem cells 
could survive and differentiate successfully into osteoblasts 
in vivo. Li et al. [ 10 ] also demonstrated the directional migra-
tion of GFP-labeled MSCs to defect sites in heat-induced 
femoral head necrosis in rabbits. 

 Evaluating surgical techniques, a recent study evaluated 
the value of using biphasic calcium phosphate ceramic scaf-
folds seeded with MSCs on inducing new bone formation in 
a canine model [ 7 ]. These scaffolds were created using a 3D 
gel-lamination technique and seeded with autologous bone 
marrow-derived MSCs in vitro, then implanted in vivo using 
a trapdoor surgical technique into the canine femoral head. 
Micro-CT scan analysis demonstrated that there was better 
osteointegration and greater compressive strength in animals 
that received the scaffolds containing MSCs. Another animal 
study evaluated the treatment of ON through a different sur-
gical method: arterial perfusion of marrow MSCs [ 8 ]. Dogs 
had ON induced by surgical hip dislocation, and autologous 
MSCs were obtained and cultured. Arterial perfusion was 
completed, and tissues were examined with digital subtrac-
tion angiography 4–8 weeks afterward. Results demonstrated 
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higher quantity and diameter of femoral head arteries in the 
MSC group than controls, and higher VEGF expression was 
also seen. 

 Other surgical techniques implementing MSCs are also cur-
rently in progress. Results from the studies above suggest 
improvements in properties such as osteointegration and angio-
genesis in the femoral head. They do not, however, demon-
strate outcomes such as functional improvement or pain relief, 
which would be better studied in human populations. Some 
animal    studies also fail to show any substantial benefi ts of 
using MSCs. Cuomo et al. [ 12 ] used human bone marrow aspi-
rate mixed with MSCs to treat critical size defects in a rat fem-
oral head and observed no signifi cant differences compared to 
the controls. This study outlines many reasons why the bench-
to-bedside translation of stem cell therapy will be diffi cult.  

39.2.2    Limitations of Animal Studies 

 The preclinical animal research above and other similar stud-
ies demonstrate generally favorable results for MSC-based 
surgical treatments for ON, and there is some promise for 
translational application to humans. However, at this point in 
time, that is the primary limitation: there are very few human 
studies regarding these therapies. For example, the scaffolds 
containing MSCs and the MSC arterial perfusion techniques 
have not yet been applied to humans to become clinically use-
ful. We will explore the human research in the next section, 
but it is important to remember one disadvantage of stem cell 
research: some of the techniques used in animals, such as 
control group sham surgery or animal sacrifi ce for histology 
and microimaging, cannot be ethically applied to human 
research. Therefore, studying osteonecrosis treatment in 
humans will require advanced in vivo imaging techniques 
such as functional MRI, microangiography, and other newer 
methods. The availability and costs of such techniques may 
be a limitation to the study of ON treatments in the future. 

 There also exists signifi cant controversy in parts of the 
world regarding the ethics of using stem cells for research, 
not only for animals, but also especially for human research. 
Each nation may have laws restricting stem cell research, or 
there may exist differences in institutional review board 
(IRB) guidelines that may inhibit the growth of meaningful 
clinical research. Although these ethical aspects are beyond 
the scope of this chapter, discussions on these topics at both 
the regional and international levels will have a profound 
impact on the progress of stem cell research.  

39.2.3    Human Studies 

 Gangji et al. [ 3 ] studied 19 patients (24 hips) with early 
stage femoral head ON prospectively. The hips were 

 allocated to either core decompression only or core 
 decompression with bone marrow cell implantation. The 
treatment outcomes, including clinical symptoms and dis-
ease progression, were evaluated with a minimum of 5 years 
follow-up. They found that bone marrow implantation 
resulted in signifi cant reduction in pain and disease progres-
sion. At 5-year follow-up, 8 of the 11 hips in the control 
group had progressed to collapse of the femoral head, 
whereas only 3 of the 13 hips in the bone marrow graft group 
had progressed to a similar stage. 

 Hernigou has pioneered bone marrow stem cell therapy 
for osteonecrosis in the last two decades [ 4 ]. In his 2009 case 
series [ 13 ], 342 patients (534 hips) ages 16–61 with early 
stage ON (Steinberg Stages I and II) were treated between 
1990 and 2000 with core decompression and autologous 
iliac crest bone marrow grafting. Marrow aspirate was con-
centrated and injected into the femoral head after core 
decompression. Outcomes included Harris Hip Score, radio-
graphic progression, changes in femoral head necrotic vol-
ume as seen on digitized MRI, and need for hip replacement. 
Patient follow-up was 8–18 years. Ninety-four out of 534 
(18 %) hips required total hip arthroplasty, but 69 (13 %) 
hips with stage I ON demonstrated total resolution of osteo-
necrosis. The remaining 371 (69 %) hips without collapse 
demonstrated reductions in mean volume of femoral head 
necrosis from 26 to 12 cm 3 . The study demonstrates that the 
best indication for this procedure is a symptomatic patient 
with pre-collapse femoral head ON. 

 Three additional clinical trials from China and India 
describe surgical treatment with core decompression (CD) 
combined with bone marrow-derived MSCs. Two separate 
research groups from China performed randomized clinical 
trials containing 8 [ 14 ] and 100 [ 15 ] patients. Control groups 
received CD only, and matched treatment groups received 
CD with  ex vivo  expanded autologous bone marrow MSCs. 
They found signifi cant differences between the groups for 
volume of necrotic area in femoral head, Harris hip score, 
and visual analog pain scores with follow-up times of 42 and 
60 months, respectively. There were no complications, and 
fewer patients required vascularized bone grafting or total 
hip arthroplasty in the MSC treatment group. Sen et al. [ 16 ] 
performed a similar study with 51 hips and found similar 
radiographic and clinical results in their patients, though 
they had a shorter follow-up of 24 months. Although these 
studies offer promising results and point toward bone 
marrow- derived MSCs as a safe, feasible surgical option for 
pre-collapse ON, they still have small sample sizes and no 
long-term follow-up beyond 5 years. Further studies with 
longer follow-up and larger sample sizes are required to 
draw defi nitive conclusions regarding the usefulness of stem 
cell therapy in ON. 

 A few other case reports and series outside of the United 
States have also utilized MSC-based treatments in humans 
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and show favorable preliminary results. One study from 
Korea describes the percutaneous injection of autologous 
adipose-derived MSCs with platelet-rich plasma and hyal-
uronic acid in two patients with femoral head ON [ 17 ]. MRI 
evaluation demonstrated mild improvement of ON, and 
patient pain scores and physical therapy progress improved. 
Pak also reported in 2012 on two additional patients with 
femoral head ON who were treated with adipose MSCs, and 
they also reported improvement in Harris Hip Scores (HHS), 
physical therapy, and pain scores postoperatively [ 18 ]. MRI 
scans suggested regeneration of medullary bone-like tissue. 
However, these are uncontrolled clinical case series with a 
small number of subjects, so further study is needed to draw 
meaningful conclusions. No histopathological assessment 
can be made, and more detailed objective clinical data is 
required.  

39.2.4    Limitations of Human Studies 

 Though a few human clinical studies have been done with 
stem cells to treat ON, certain concerns remain. It has been 
diffi cult to create and validate an animal model for ON that 
refl ects all the symptoms and indications of ON in humans. 
Moreover, there is no evidence that stem cell therapy is effec-
tive on higher stage ON and femoral head collapse. A litera-
ture review [ 19 ] suggests that the reconstructive repair is a 
slow process, taking at least 8 years to improve the HHS to a 
mean of 88 points and to decrease the percent volume of 
necrosis involvement to a mean of 20 % of the femoral head. 
Though Gangji et al. showed in a 5-year study that autolo-
gous bone marrow cells transplanted into the necrotic lesion 
might help patients with early stages of osteonecrosis of the 
femoral head [ 3 ], substantial long-term data on the effi cacy 
of transplanted stem cells is still lacking. Various studies 
have shown that bone marrow stem cell aspirates result in 
substantial reduction of necrosis and reduction of collapse, 
but randomized, controlled, prospective studies are needed 
to prove their absolute effi cacy [ 20 ]. Additionally, most of 
the promising stem cell therapy research in humans is being 
done in Europe and Asia, as getting federal approval for such 
therapies is diffi cult in the United States.   

39.3    Concerns with Stem Cell 
Transplantation 

39.3.1    Autologous Stem Cells  

 Although autologous stem cells are the best sources for such 
therapy, they pose some challenges. 

  Morbidity : The morbidity associated with harvesting 
autologous MSCs makes it an operational challenge. 

Harvesting MSCs from iliac crest and then transplanting 
them prolongs the anesthesia time a patient experiences. In 
order to obtain adequate volume of bone marrow MSCs, 
multiple aspirations through different sites may be needed, 
which increases the surgical time, additional anesthesia risk, 
and expense. These factors could have unwanted 
consequences. 

  Availability : Another major hurdle to autologous stem 
cell transplantation is the available quantity. Regarding the 
issue of available technology, immediate intraoperative pro-
cessing via density gradient centrifugation to get a higher 
concentration of cells could be utilized to overcome this 
[ 21 ]. However, the effi cacy of this procedure is not com-
pletely proven. As another option, the cells can be harvested 
and allowed to expand  ex vivo  prior to implantation, but the 
patient would need to return for a second surgery at another 
time. While such efforts require concerted laboratory work, 
the effect of cell propagation on the biological properties of 
the MSCs is yet to be ascertained. The effi cacy of using stem 
cells immediately isolated prior to transplantation compared 
to those that have been expanded  ex vivo  needs to be exten-
sively evaluated. This could have repercussions on patient 
safety, treatment effi cacy, and medical costs.  

39.3.2    Allogeneic Stem Cells 

 Allogeneic stem cells  are an alternate source for such ther-
apy. MSCs have been successfully isolated from adipose tis-
sue, and their use could negate the limitations of using 
autologous stem cells. However, allogeneic MSCs have their 
own set of concerning issues. 

  Disease Transmission : The most limiting factor is disease 
transmission. Transmission of disease from the donor to the 
host is well established in many cases of solid organ trans-
plantation, and the same holds true for cell transplantation. 
Though efforts are made to screen for disease transmission, 
the possibility still poses an impediment toward widespread 
acceptance of this therapy. 

  Immunoprivileged Status  : There is still debate about the 
viability of cells being transplanted and about their contribu-
tion to the formation of new vasculature in bone. The results 
of various in vitro and in vivo studies support the immuno-
privileged status of MSCs. However, some in vivo studies in 
MHC-mismatched animal models contradict the theory that 
MSCs do not succumb to the host immune response. Murine 
allogeneic MSCs were rejected by MHC class I and class II 
mismatched hosts, and analysis of these allogeneic cell 
implants revealed increased proportions of host-derived 
CD8+ T-cells, NKT-cells, and NK cells by comparison to 
syngeneic controls [ 22 ]. Moreover, in a rabbit critical-sized 
fracture defect model, rabbit autologous MSCs but not human 
xenogeneic MSCs enhanced fracture healing [ 23 ]. 
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Furthermore, the administration of immunosuppressive drugs 
in vivo signifi cantly improved bone formation induced by 
MSCs when compared to non-immunosuppressed groups 
[ 24 ]. Many of the preclinical studies that evaluate the effi cacy 
of stem cells are conducted in immunocompromised animals. 
Efforts to intensify the immunosuppression capability of the 
MSCs by co-delivering them with appropriate drugs might 
alleviate this concern. Additionally, there is some evidence 
that suggests that the viability of human MSCs in such immu-
nocompromised animals is a function of the immaturity of the 
cell preparation being transplanted [ 25 ]. 

 MSCs evoked signifi cant cellular and humoral responses 
when implanted in vivo, though they were found to elicit no 
lymphocyte proliferation in vitro [ 26 ,  27 ]. In previous stud-
ies, researchers observed a signifi cantly higher number of 
T-cells, B-cells, macrophages, and signifi cantly higher 
expression of T-cell-derived interferon gamma (IFN-γ) in 
Bl/6 allogeneic implants [ 28 ]. Since MHC-mismatched 
 allogeneic MSC implantation animal studies have shown 
evidence for both bone formation as well as rejection, a 
 systematic analysis to determine if MSCs are capable of 
evading MHC barriers in different mouse immune models 
and to produce a clinically relevant bone forming response is 
imperative prior to widespread clinical use.  

39.3.3    Other Concerns 

 In addition to the fact that most of the clinical trials involving 
stem cell therapies are still being validated, certain logistic 
challenges remain. These include but are not limited to the 
following:
    1.     State of cell being transplanted  – The appropriate age of 

the stem cell donor is still being examined, and depending 
on the application, the passage of the cells being trans-
planted needs to be optimized. Using Brdu staining, 
Arthur et al. [ 29 ] showed that stem cells after 8 weeks did 
not have much proliferation capability. Using such mature 
stem cells as a therapy will likely not have positive results.   

   2.     Optimizing delivery  – Various scaffolds have been 
designed to deliver these cells to treat injuries such as 
large defects in long bones and craniofacial bones, frac-
tures of long bones, vertebral disc defects, and ON of the 
femoral head. The treatment site dictates the design of the 
scaffold. However, the scaffolds used for stem cell deliv-
ery have been shown to affect the outcome of such thera-
pies. In order to establish a scaffold-stem cell combination 
as a therapy, appropriate toxicity and cell dosage studies 
will need to be done. These studies will likely have differ-
ent results in preclinical models and human trials.   

   3.     Cost  – The advanced laboratory and technical effort nec-
essary undermines fast clinical translation of this technol-
ogy, even if all the effi cacy and safety concerns are 

adequately addressed. Stem cell isolation, expansion, and 
its subsequent transplantation require substantial invest-
ment in both the laboratory and operational front.   

   4.     Legal implications  – Establishing safe manufacturing 
practices for isolating and expanding stem cells prior to 
implantation is critical. Legal and bureaucratic hurdles to 
make such practices mainstream exist, the details of 
which are beyond the scope of this chapter.          
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40.1            Introduction 

 Osteonecrosis of the femoral head (ONFH) is a bone disease 
which can affect young patients [ 1 ,  2 ]. Its late stages are 
characterized by a collapse of the femoral head due to sub-
chondral fracture. The collapsed hip usually progresses to 
secondary osteoarthritis and requires total hip replacement. 
Therefore, in the treatment of osteonecrosis the goal should 
be to prevent collapse. Osteotomies and bone grafts [ 3 – 6 ] 
were proposed to resolve this problem. However, the results 
are irregular and need to avoid full weight bearing for a long 
time. The use of cement to restore and maintain the spheric-
ity of the femoral head avoids this inconvenience    of delaying 
full weight bearing. The fi rst patient that we treated for 
osteonecrosis by injecting cement was operated in 1986 in 
the Henri Mondor Hospital and remained without arthro-
plasty until 2009. In the beginning [ 7 ], we injected low vis-
cosity cement into the femoral heads of 16 patients with 
osteonecrosis secondary to sickle cell disease. In subsequent 
report, we [ 8 ] reported treatment of 61 patients treated for 
other causes of osteonecrosis. The dominant feature observed 
was the postoperative pain-killing effect thought to be sec-
ondary to immobilization of the sequestrum and intraosseous 
pressure decompression. We noted that the more depressed 
the fracture, the more likely the chance of repeated fracture, 
even if initial cement technique  was able to reestablish the 
sphericity. This technique was used from 1986 to 2000 with 
methyl methacrylate  for more than 300 patients and was 
modifi ed to prevent late osteoarthritis in 2000 by using phos-

phocalcic cement loaded mixed with stem cells instead of 
methyl methacrylate in young people, according to the 
results obtained with autologous bone marrow injection in 
patients with stage I and stage II osteonecrosis [ 9 ]. 

 This paper describes the different surgical techniques that 
can be used to restore the sphericity of the femoral head in 
hip osteonecrosis associated with collapse, the rational for 
moving from traditional methyl methacrylate to bone substi-
tutes and stem cells, and discuss the results obtained by dif-
ferent series.  

40.2     Techniques Used to Restore 
the Sphericity of the Femoral Head 

40.2.1     Operative Technique 
with the Intra- articular Approach 

 The patient is placed in a supine position and the anterior 
capsule of the hip is exposed by a Smith-Peterson approach, 
using a skin incision from about 7 cm behind the anterior 
superior iliac spine, along the outer lip of the iliac crest and 
down over the groove between the sartorius and tensor of 
fascia lata, as described previously [ 7 ]. A capsulotomy is 
performed to expose the anterior part of the femoral head. 
Dislocation is not necessary; the exposition of the osteo-
necrosis is performed by moving the hip with the orthope-
dic Table. A pin is then driven at the junction of the living 
bone and the necrotic segment. The leverage on this pin 
elevates the necrotic bone and reduces the collapse. The pin 
is removed and replaced by a needle, through which low vis-
cosity cement is injected with a cement gun. The injection is 
completed when the shape of the femoral head is restored. 
After the operation, weight bearing is immediately permitted 
after 3 weeks. This technique is available in patients with 
a crescent line without a large collapse because the tech-
nique uses only a needle or a small    trocar. The advantages of 
this technique relate to the exposure that allows for a direct 
evaluation of the cartilage surface and underlying diseased 
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femoral head segment and allows for precise bone cement 
injection. There is no risk of intertrochanteric fracture. The 
disadvantages include the demanding technical nature of the 
procedure to perform it without dislocation. Another advan-
tage is that it can be performed with arthroscopic technique.  

40.2.2     Operative Technique with Core 
Decompression 

 Patients are placed on a table with two image intensifi ers 
with a C arm. The method involves the placement of a chan-
nel through the lateral cortex of the proximal femur. A small 
skin incision is used and a guide wire is advanced under 
fl uoroscopic guidance from the lateral cortex, through the 
femoral neck, and into the necrotic lesion within the femo-
ral head. A drill is used over the guide wire to introduce an 
opening in the lateral cortex and a trephine of 8 mm is then 
advanced through the opening, past the femoral neck, and 
into the necrotic segment of the femoral head. Depending 
on the size and location of the lesion, trephines and curettes 
of various sizes can be used to remove necrotic bone. This 
approach can also be used to perform a wider debride-
ment of the diseased bone and can address to patients with 
a more important collapse. The reduction of the collapse is 
performed by pushing the subchondral bone from the core 
track. Then the volume of bone removed (debridement) and 
the core track are fi lled with cement. The advantages of this 
approach include a simple and well-known technique and the 
absence of surgical dislocation of the hip. The disadvantages 
include the risk of postoperative fracture and the inability to 
directly visualize the joint surfaces and the inexact nature of 
removing diseased bone and replacing it with bone cement 
under fl uoroscopic guidance. The principal risk of the tech-
nique is unrecognized joint penetration with cement going 
inside the joint. That may occur because radiograph beam 
projects an equatorial dimension of the femoral head on fl uo-
roscopy as described in detail in a previous paper [ 10 ]. This 
problem of projection is compounded in the clinical setting 
by the diffi culty in obtaining clear radiographs with an image 
intensifi er.  

40.2.3     Cementing Technique Through 
a Femoral Neck Window 

 The technique is done through an anterolateral approach. 
Hueter, Watson-Jones, or Smith- Peterson approaches can be 
used to expose the anterior femoral neck where a burr hole 
(like a window) is created at the level of the junction of the 
femoral head and neck. The necrotic segment is identifi ed 
and removed with curettes and burrs through the window. 
The collapsed segment is reduced from below under direct 

visualization, and the cement injected through the window 
restores the femoral head sphericity and support the region 
of collapse. The advantages of this approach include the 
improved access to the necrotic segment and the avoidance 
of direct iatrogenic cartilage damage. The disadvantages of 
the approach include the inability to fully visualize the joint 
surfaces and the cartilage, the creation of a window defect in 
the femoral neck (with a risk of fracture), and the relative 
invasiveness of the surgical approach which is quite the same 
as for an arthroplasty.   

40.3     The Rational for Moving from Methyl 
Methacrylate to Phosphocalcic 
Cement Loaded with Stem Cells 

 From a historical point of view, methyl methacrylate was 
fi rst used to replace the cartilage with the acrylic arthroplasty 
of Judet. Secondary methyl methacrylate was used in giant 
cell tumors by Vidal; these tumors present an analogous situ-
ation to osteonecrosis because they also usually present with 
involvement to the subchondral bone and may be treated suc-
cessfully by curettage of the lesion (to subchondral bone) 
followed by packing of the cavity with methyl methacrylate. 
The published clinical and basic science success rates using 
methyl methacrylate to support cartilage are encouraging 
[ 11 – 14 ]; however, there are three concerns with potential 
adverse affects related to cement [ 15 ,  16 ]. Heat generated by 
the exothermic polymerization of the monomer  can injure 
the overlying cartilage [ 17 ]. Indeed, a thinner cement layer 
may be better for thermal bone necrosis; but correspondingly 
worse for the strength of the cement fi xation, other reasons 
such as a local cytotoxic effect of the cement monomer may 
damage to the natural structures above (cartilage) or under 
(trabecular bone); there is no incorporation with time. There 
may be alterations in the forces on the subchondral bone and 
overlying cartilage after cementation that can be the cause of 
osteoarthritis observed later in patients. 

 Mesenchymal stem cells (MSCs) are multipotent stem 
cells that can differentiate into a variety of cell types. In the 
fi eld of cell transplantation, MSCs have many advantages 
over other cell types such as easy isolation and culture, rapid 
in vitro amplifi cation, differentiation potential, and easy col-
lection.    MSCs were proposed fi rst in 1990 for the treatment 
of femoral head necrosis for stage I and stage II, by injection 
as the same time of core decompression [ 9 ].    The clinical data 
demonstrated that the implanted MSCs can not only survive 
but proliferate in the necrotic femoral head after transplanta-
tion, promoting the repair of injured femoral head [ 9 ,  18 –
 20 ]. So we mixed MSCs to phosphocalcic cement to improve 
repair of osteonecrosis. 

 The natural bone consists of an extracellular matrix with 
nano-sized apatitic minerals and collagen fi bers that support 
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bone cell functions. It is advantageous for a synthetic biomi-
metic scaffold to contain nano-apatite crystals similar to 
those in bone, together with fi bers to form a matrix that sup-
ports cell attachment, have mechanical properties similar to 
those of bone, and support cells for osteogenic differentia-
tion and bone regeneration. Bioactive calcium phosphates  
such as hydroxyapatite (HA) Ca 10 (PO 4 ) 6 (OH) 2 , tricalcium 
phosphate (TCP) Ca 3 (PO 4 ) 2 , tetracalcium phosphate 
(Ca 4 P 2 O 9 ), and dicalcium phosphate (DCP) CaHPO 4  have 
been widely applied for hard tissue substitute materials, due 
to their good biocompatibility and bioactivity [ 21 – 28 ]. Many 
studies have evidenced the excellent biocompatibility of cal-
cium phosphates (CaPs) and their favorable interaction with 
hard tissue [ 25 ,  26 ]. One of the major improvements in CaPs 
in recent years is the development of an injectable system. 
The injectable bone graft substitutes can mold to the shape of 
the bone cavity and set in situ when injected. Such systems 
shorten the surgical operation time, reduce the damaging 
effects of large muscle retraction, decrease the size of the 
scars, and diminish postoperative pain. 

 The stem cell-bone substitute construct may be promising 
for orthopedic applications. Major reconstructions can 
greatly benefi t from a paste that can be molded to the desired 
with fracture resistance and stem cell encapsulation for rapid 
bone regeneration. Xiao et al. [ 29 ] evaluated the effect of 
autologous BMSC seeded bio-derived bone materials com-
bined with recombinant human bone morphologic protein-2 
(rhBMP-2) in repairing the defect of ONFH in the rabbit. 
They found that collapse could be prevented and new bone 
formation could be generated. These novel treatment proto-
cols conform well to the concept of in vivo tissue engineer-
ing, which is also based on three essential factors: seed cells, 
various scaffolds, and cytokines in an intracorporeal envi-
ronment. Ito et al. [ 30 ] demonstrated bone formation using 
novel interconnected porous calcium hydroxyapatite ceramic 
hybridized with cultured marrow stromal stem cells derived 
from Green rat.  

40.4     Results Obtained by Different Series 

40.4.1     Acrylic Cement 

 We used low viscosity cement injected into the femoral 
heads [ 7 ] with a Smith-Petersen approach. The collapsed 
segment was reduced with a pin, then cement injected into 
the junction of the living and necrotic bone until the collapse 
of the articular cartilage has been corrected. The dominant 
feature observed was the postoperative pain thought to be 
secondary to immobilization of the sequestrum and intraos-
seous pressure decompression. Fourteen of 16 patients were 
improved clinically (some reported slight pain) at a mean 
follow-up of 5 years. Two patients required revision to total 

hip arthroplasty, both within 2 years. In subsequent follow-
 up, we [ 8 ] reported treatment of 61 patients and noted early 
failures (6 months to 1 year) in 10 patients with kidney trans-
plant or need for hemodialysis or corticosteroids. Among 38 
hips with success for greater than 5 years, fi ve required total 
hip arthroplasty due to functional and radiographic arthritis. 
We noted that the more depressed the fracture, the more 
likely the chance of repeated fracture, even if initial cement 
technique was able to reestablish the sphericity. Furthermore, 
in the long term osteoarthritis occurred, probably due to deg-
radation of the cartilage in contact with the cement. So, this 
technique, used from 1986 to 2000 with methyl methacrylate 
for more than 300 patients, was modifi ed in 2000 to use 
phosphocalcic cement loaded with stem cells instead of 
methyl methacrylate for osteonecrosis with collapse in 
young people, according to the results obtained with autolo-
gous bone marrow injection in patients with stage I and stage 
II osteonecrosis. 

 Other centers have used cementation for femoral head 
osteonecrosis.    Bresler et al. [ 31 ] reported the results of 27 
cementations with 10 failures at 1–3 years are presented. 
He used a technique using a 12 mm trephine put in place 
under arthroscopic control with injection of cement through 
a syringe. He noted the immediate pain-killing action was 
distinctly superior to classic core decompression, which they 
related to stabilization of the sequestrum. Cheng et al. [ 32 ] 
describes injecting the proximal half of the tract after core 
decompression. A prospective randomized study comparing 
core decompression alone with and without cement augmen-
tation for precollapse disease is ongoing. A prospective report 
of stage III hips with greater than 1 mm collapse showed 
87 % conversion to total hip arthroplasty at 2-year follow-up. 
Wood et al. [ 33 ] reported a series of 20 cementations. Three 
patients had a conversion to total hip arthroplasty at follow-
up from 6 months to 2 years (average = 8.7 months).  

40.4.2     Stem Cell-Bone Substitute Construct 

 The fi rst implantation of MSCs mixed with beta-tricalcium 
phosphate  was used in 2000 at the Henri Mondor Hospital 
to treat patients with collapse. At this moment 50 patients 
have been treated using concentrate bone marrow and granu-
lar types (diameter, 1–3 mm) of pure porous beta-tricalcium 
phosphate ceramics (β-TCP). The technique was done 
through an anterolateral approach using a Smith-Peterson 
approach to expose the anterior femoral neck where a window 
was created at the level of the junction of the femoral head 
and neck. The necrotic segment was removed with curettes 
through the window.    The collapsed segment was reduced 
from below under direct visualization, and the granules that 
had been soaked in bone marrow concentrate were packed 
in the femoral head to restore sphericity and support the 
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region of collapse. We found greater clinical improvement in 
patients treated with core decompression and implantation 
of porous beta-tricalcium phosphate scaffold with stem cells 
versus patients treated with methyl methacrylate. 

    Kawate et al. [ 34 ] used in 2006 autologous mesenchymal 
stem cells (MSCs) cultured with beta-tricalcium phosphate 
(β-TCP) ceramics and with a free vascularized fi bula were trans-
planted into three patients with steroid-induced osteonecrosis of 
the femoral head. About 400 mL of blood was obtained from 
the patients for serum separation 4 weeks before the surgery, 
and this serum was used for cell culture. At the same time, 
about 15 mL of bone marrow was obtained from the anterior 
iliac crest. Following 2 days of culture, nonadherent cells were 
removed and 13 mL culture medium was added. The medium 
was changed three times per week. After 10–11 days, β-TCP 
porous ceramic granules were immersed in the MSC cell sus-
pension and were cultured for 2 weeks to induce osteogenic 
differentiation. Cultured MSCs/β-TCP composite granules 
were implanted into the cavity that remained after curettage of 
necrotic bone, and fi nally, a free vascularized fi bula was grafted. 

 Sun et al. [ 35 ] reported the effect of bone marrow mono-
nuclear cells on vascularization and bone regeneration in 
steroid-induced osteonecrosis of the femoral head. 

 Yamasaki et al. [ 36 ,  37 ] used BMMNCs that were trans-
planted into the affected area of one hip using interconnected 
porous calcium hydroxyapatite (IP-CHA) in two patients, 
while the other hip was simultaneously treated with transtro-
chanteric rotational osteotomy. This case report documents 
the potential of BMMNCs with IP-CHA for bone repair at 
the lesion of osteonecrosis of the femoral head. 

 Liu et al. [ 38 ] recently reported a study where patients 
with ONFH underwent core decompression and implanta-
tion of nano-hydroxyapatite/polyamide bone fi ller with or 
without    BMMNCs. Granular porous medical nano- 
hydroxyapatite/polyamide composite bone fi lling material 
(nano-apatite composite, Sichuan National Nano Technology 
Co., Ltd, Chengdu, China) was soaked in the concentrated 
BMMNC solution for 2 min. After the BMMNC solution 
was completely absorbed, the bone fi lling particles/
BMMNCs were implanted in the bone tunnel.    Repeated fi ll-
ing and compacting of the particles was performed using a 
pushing bar. All patients with stage IIIA ONFH underwent 
reduction of the collapsed femoral head.      

   References 

    1.    Jones LC, Hungerford DS. The pathogenesis of osteonecrosis. Instr 
Course Lect. 2007;56:179–96.  

    2.    Mont MA, Hungerford DS. Non-traumatic avascular necrosis of the 
femoral head. J Bone Joint Surg Am. 1995;77:459–74.  

    3.    Baksi DP. Treatment of osteonecrosis of the femoral head by drill-
ing and muscle-pedicle bone grafting. J Bone Joint Surg Br. 1991;
73:241–5.  

   4.    Steinberg ME, Brighton CT, Steinberg DR, et al. Treatment of avas-
cular necrosis of the femoral head by a combination of bone graft-
ing, decompression, and electrical stimulation. Clin Orthop. 
1984;186:137–53.  

   5.    Steinberg ME, Larcom PG, Strafford B, et al. Core decompression 
with bone grafting for osteonecrosis of the femoral head. Clin 
Orthop. 2001;386:71–8.  

    6.    Urbaniak JR, Coogan PG, Gunneson EB, et al. Treatment of osteo-
necrosis of the femoral head with free vascularized fi bular grafting. 
A long-term follow-up study of one hundred and three hips. J Bone 
Joint Surg Am. 1995;77:681–94.  

      7.    Hernigou P, Bachir D, Galacteros F. Avascular necrosis of the fem-
oral head in sickle-cell disease. Treatment of collapse by the injec-
tion of acrylic cement. J Bone Joint Surg Br. 1993;75:875–80.  

     8.    Hernigou P. Treatment of hip necrosis by sequestrectomy and 
replacement with bone cement. Acta Orthop Belg. 1999;65 Suppl 
1:89–94.  

      9.    Hernigou P, Beaujean F. Treatment of osteonecrosis with autolo-
gous bone marrow grafting. Clin Orthop Relat Res. 2002;405:
14–23.  

    10.    Hernigou P, Manicom O, Poignard A, Nogier A, Filippini P, De 
abreu L. Core decompression with marrow stem cells. Oper Tech 
Orthop. 2004;14(2):68–74.  

    11.    Ewald FC, Poss R, Pugh J, et al. Hip cartilage supported by meth-
acrylate in canine arthroplasty. Clin Orthop. 1982;171:273–9.  

   12.    Malawer MM, Dunham W. Cryosurgery and acrylic cementation as 
surgical adjuncts in the treatment of aggressive (benign) bone 
tumors. Analysis of 25 patients below the age of 21. Clin Orthop. 
1991;262:42–57.  

   13.    Pals SD, Wilkins RM. Giant cell tumor of bone treated by curet-
tage, cementation, and bone grafting. Orthopedics. 1992;15:
703–8.  

    14.    Persson BM, Wouters HW. Curettage and acrylic cementation in 
surgery of giant cell tumors of bone. Clin Orthop. 1976;120:
125–33.  

    15.    Fukushima H, Hashimoto Y, Yoshiya S, et al. Conduction analysis 
of cement interface temperature in total knee arthroplasty. Cent Jpn 
J Orthop Surg Trauma. 2001;44:993–1003.  

    16.    Huiskes R. Heat-generation and conduction analyses of acrylic 
bone cement in situ. Acta Orthop Scand Suppl. 1980;185:43–108.  

    17.    Schatzker J, Horne JG, Sumner-Smith G, et al. Methylmethacrylate 
cement: its curing temperature and effect on articular cartilage. Can 
J Surg. 1975;18:172–5, 178.  

    18.    Gangji V, Hauzeur JP, Matos C, De Maertelaer V, Toungouz M, 
Lambermont M. Treatment of osteonecrosis of the femoral head 
with implantation of autologous bone-marrow cells. A pilot study. 
J Bone Joint Surg Am. 2004;86-A:1153–60.  

   19.    Gangji V, De Maertelaer V, Hauzeur JP. Autologous bone marrow 
cell implantation in the treatment of non-traumatic osteonecrosis of 
the femoral head: fi ve year follow-up of a prospective controlled 
study. Bone. 2011;49:1005–9.  

    20.    Wang BL, Sun W, Shi ZC, et al. Treatment of nontraumatic osteo-
necrosis of the femoral head with the implantation of core decom-
pression and concentrated autologous bone marrow containing 
mononuclear cells. Arch Orthop Trauma Surg. 2010;130:859–65.  

    21.    Brown WE, Chow LC. A new calcium phosphate water setting 
cement. In: Brown PW, editor. Cements research progress. 
Westerville: American Ceramic Society; 1986. p. 352–79.  

   22.    Drissens F, Bolton M, Bermudez O, Planell J, Ginebra M, Fernandez 
E. Effective formulation for the preparation of calcium phosphate 
hone cements. J Mater Sci. 1994;5(3):164–70.  

   23.    LeGeros RZ. Calcium phosphate-based osteoinductive materials. 
Chem Rev. 2008;108(11):4742–53.  

   24.    Rabiee SM, Mortazavi SMJ, Moztarzadeh F, et al. Mechanical 
behavior of a new biphasic calcium phosphate bone graft. 
Biotechnol Bioprocess Eng. 2008;13(2):204–9.  

P. Hernigou and G. Daltro



295

    25.    Sarkar MR, Wachter N, Patka P, Kinzl L. First histological observa-
tions on the incorporation of a novel calcium phosphate bone sub-
stitute material in human cancellous bone. J Biomed Mater Res. 
2001;58:329–34.  

    26.    Theiss F, Apelt D, Brand B, Kutter A, Zlinszky K, Bohner M. 
Biocompatibility and resorption of a brushite calcium phosphate 
cement. Biomaterials. 2005;26(21):4383–94.  

   27.    Vallet-Regí M, González-Calbet JM. Calcium phosphates as substi-
tution of bone tissues. Prog Solid State Chem. 2004;32(1–2):1–31.  

    28.    Weiss P, Layrolle P, Clergeau LP, et al. The safety and effi cacy of an 
injectable bone substitute in dental sockets demonstrated in a 
human clinical trial. Biomaterials. 2007;28(22):3295–305.  

    29.    Xiao ZM, Jiang H, Zhan XL, Wu ZG, Zhang XL. Treatment of 
osteonecrosis of femoral head with BMSCs-seeded bio-derived 
bone materials combined with rhBMP-2 in rabbits. Chin J 
Traumatol. 2008;11:165–70.  

    30.    Ito Y, Tanaka N, Fujimoto Y, et al. Bone formation using novel 
interconnected porous calcium hydroxyapatite ceramic hybridized 
with cultured marrow stromal stem cells derived from Green rat. 
J Biomed Mater Res A. 2004;69:454–61.  

    31.    Bresler F, Roche O, Chary-Valckenaire I, Blum A, Mole D, Schmitt 
D. Femoral head osteonecrosis: original extra-articular cemento-
plasty technique. A series of 20 cases. Acta Orthop Belg. 1999;65 
Suppl 1:95–6.  

    32.    Cheng E, et al. Osteonecrosis of the femoral head: the North 
American perspective. In: Bulstrode CBJ, Carr A, editors. Oxford 

textbook of orthopedics and trauma. New York: Oxford University 
Press; 2002. p. 981–91.  

    33.    Wood ML, McDowell CM, Kerstetter TL, et al. Open reduction and 
cementation for femoral head fracture secondary to avascular 
necrosis: preliminary report. Iowa Orthop J. 2000;20:17–23.  

    34.    Kawate K, et al. Tissue-engineered approach for the treatment of 
steroid-induced osteonecrosis of the femoral head: transplantation 
of autologous mesenchymal stem cells cultured with beta- tricalcium 
phosphate ceramics and free vascularized fi bula. Artif Organs. 
2006;30(12):960–2.  

    35.    Sun Y, Feng Y, Zhang C. The effect of bone marrow mononuclear 
cells on vascularization and bone regeneration in steroid-induced 
osteonecrosis of the femoral head. Joint Bone Spine. 
2009;76:685–90.  

    36.    Yamasaki T, Yasunaga Y, Ishikawa M, Hamaki T, Ochi M. Bone-
marrow- derived mononuclear cells with a porous hydroxyapatite 
scaffold for the treatment of osteonecrosis of the femoral head: a 
preliminary study. J Bone Joint Surg Br. 2010;92:337–41.  

    37.    Yamasaki T, Yasunaga Y, Terayama H, Ito Y, Ishikawa M, Adachi N, 
Ochi M. Transplantation of bone marrow mononuclear cells enables 
simultaneous treatment with osteotomy for osteonecrosis of the 
bilateral femoral head. Med Sci Monit. 2008;14(4):CS23–30.  

    38.    Liu Y, Liu S, Su X. Core decompression and implantation of bone 
marrow mononuclear cells with porous hydroxylapatite composite 
fi ller for the treatment of osteonecrosis of the femoral head. Arch 
Orthop Trauma Surg. 2013;133:125.    

40 Cement Techniques in Hip Osteonecrosis with Collapse



297K.-H. Koo et al. (eds.), Osteonecrosis, 
DOI 10.1007/978-3-642-35767-1_41, © Springer-Verlag Berlin Heidelberg 2014

41.1            Introduction 

 Osteonecrosis of the femoral head (ONFH) is a disease that 
commonly affects young adults progressing to collapse and 
osteoarthritis. Joint-preserving procedures are preferred 
treatments to prevent the progression to collapse and subse-
quent osteoarthritis [ 1 ]. Since core decompression was fi rst 
described by Ficat and Arlet [ 2 ], several head-preserving 
procedures combined with core decompression including 
vascularized [ 3 ,  4 ] or nonvascularized bone graft [ 5 ,  6 ] from 
the fi bula, iliac crest, or tibia have been performed to provide 
mechanical support and biological augmentation aiding bone 
healing [ 7 ,  8 ]. Most of these procedures, however, demon-
strated limited successful outcomes for treating ONFH in 
early stage [ 6 ,  9 ,  10 ]. Some of them are technically demand-
ing with extensive surgical time and showed donor site mor-
bidity [ 11 ]. The residual graft can prevent optimal positioning 
and canal fi t of the stem in later possible total hip arthro-
plasty (THA) after failed nonvascularized or vascularized 
fi bular or tibial grafting [ 12 ,  13 ]. On the contrary, bone 
impaction grafting is relatively simple and does not take 
extensive surgical time. It does not produce donor site mor-
bidity and does not disturb the procedure in future THA [ 14 ]. 

 In this chapter, we are going to provide historical back-
ground of bone impaction grafting as the treatment for 
ONFH. Next, technical aspects of bone impaction grafting 
will be discussed. Third, we are going to provide results of 

bone impaction grafting in the treatment of ONFH according 
to disease stage, quantifi cation, and location of the lesion, 
summarizing them as a table. Finally, we are going to sug-
gest an opinion on the future solution and application of the 
bone impaction grafting combined with additives to augment 
mechanical and biological characteristics of the graft.  

41.2     Background 

 Impaction bone graft ing as the treatment for ONFH, fi rst 
introduced by Gardeniers et al., has been originally devel-
oped from the technique of using morselized fresh-frozen 
allograft to reconstruct bone defects in revision arthroplas-
ties [ 14 ,  15 ]. The construct using this technique has shown 
suffi cient initial stability and demonstrated satisfactory long- 
term results in revision THA [ 16 ,  17 ]. The histologic evalua-
tion retrieved from 21 revision or re-revision THAs showed 
rapid revascularization of the graft, directly followed by 
osteoclastic resorption and woven bone formation on the 
graft remnant; 30 % of the graft incorporated by 6 months 
and 90 % by 10 years [ 18 ]. Although the biological environ-
ment in ONFH and composition of the construct are different 
from those in revision THA, this incorporation process can 
be augmented by using cancellous autograft which contains 
osteoprogenitor cells as well as local growth factors to induce 
the mesenchymal cells to differentiate into mature 
osteoblasts.  

41.3     Surgical Technique (Modifi ed from 
Rijnen et al. [ 14 ]) (Fig.  41.1 ) 

    A patient is placed in the supine on the fracture table with 
20° internal rotation of the leg. Gentle compression instead 
of traction is applied to press the femoral head against the 
chondral surface of the acetabulum so as to regain the sphe-
ricity and prevent the possible perforation of the femoral 
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head. Five- to seven-cm-sized lateral skin incision is made 
centered over 1 cm distal to the vastus lateralis ridge. The 
fascia lata is split in the direction of the skin incision, and the 
vastus lateralis muscle is lifted off from the lateral cortex of 
the femur following L-shaped incision of the muscle. After 
making a small cortical window 1 cm distal to the vastus 

ridge, a guide pin is inserted to the direction of the center of 
necrosis (usually superolateral) under the guidance of the 
image intensifi er and preoperative MRI (Fig.  41.1a, b ). An 
intraosseous tunnel reaching the margin of necrotic area is 
created with the use of a 9–15 mm trephine drill (Fig.  41.1c ), 
and the cancellous bone from the proximal femur is saved for 

  Fig. 41.1    At 1 cm distal to the vastus ridge, a guide pin is inserted to 
the direction of the center of necrosis under the guidance of the image 
intensifi er in the anteroposterior ( a ) and axial direction ( b ). A tunnel 
reaching the margin of necrotic area is established with the use of 
11 mm trephine drill ( c ) and the cancellous bone block from the prox-
imal femur is reserved for impaction grafting ( d ). After  central core 

biopsy, the remaining necrotic bone is completely curetted under the 
image intensifi er in two directions ( e ,  f ) followed by thorough irriga-
tion of debris ( g ). The photograph demonstrates washed and squeezed 
fresh-frozen allograft chips with a size of 7–10 mm ( h ), and they are 
impacted into the remaining void following impaction of  the cancel-
lous bone block from the proximal femur ( i )           

a b

dc
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impaction grafting (Fig.  41.1d ). For histologic evaluation, 
central core biopsy is taken from the necrotic bone, and the 
remnant necrotic bone is completely curetted or removed 
using high-speed burrs under the image intensifi er in two 
directions (Fig.  41.1e, f ). Following irrigation of debris, a 
normal cancellous bone taken during tunneling is shaped 
into bone chips with a size of 7–10 mm (Fig.  41.1g ). The 
empty space in the femoral head is fi lled with these bone 
chips, and solid impaction is applied layer by layer to cover 
the subchondral bone thoroughly. The remaining tunnel can 
be fi lled with fresh-frozen allograft [ 14 ] or autogenous iliac 
bone graft with or without additional allograft [ 19 ] depend-
ing on the surgeon’s preference in the same manner 
(Fig.  41.1h, i ). Care should be taken not to put the cortical 
window inside the lateral cortex of the femur for possible 
arthroplasty. Lastly, soft tissues including the vastus lateralis 
and fascia lata are repaired layer by layer. During 6 weeks 
after surgery, touch weight-bearing with two crutches is 
allowed followed by weight-bearing up to a maximum of 
50 % body weight in the next 6 weeks. Full weight-bearing 
is permitted using one crutch to slow down from 3 months 
after surgery [ 14 ].  

41.4     Technical Considerations 

 In addition to head-preserving procedure for ONFH, bone 
impaction grafting is now widely applied to a variety of 
orthopedic procedures such as management of osteonecrosis 
in other joints [ 20 ,  21 ], osteosynthesis for complicated 

 fracture [ 22 ] or nonunion with large segmental defects [ 23 ], 
ACL reconstruction [ 24 ], and primary arthroplasty [ 25 ]. 
Their results of bone impaction grafting are encouraging, but 
there are still much room for improvements in surgical tech-
niques and need for standardization for optimal treatment. 
Long-term results after bone impaction grafting for treating 
ONFH would be determined by proper patient selection, pro-
gression of the disease, and graft incorporation, but initial 
mechanical stability of the graft by optimal surgical tech-
nique will allow for long-term incorporation into the host 
bone without joint destruction. The understandings of the 
mechanical properties of impacted bone have recently 
increased, and despite most of these have originated from 
bench research for revision arthroplasties, some technical 
improvement can be applied to bone impaction grafting in 
the treatment of ONFH as well. 

41.4.1     Graft Preparation 

 The technique of graft preparation in bone impaction graft-
ing has been shown to be of both mechanical and biological 
importance. This technique includes graft selection and 
washing and particle size and grading. 

41.4.1.1     Choice of Allograft and Washing 
 Optimizing the fat and water content produces a stronger graft 
that is more resistant to compressive stresses, preventing the 
femoral head from collapsing until bone growth will occur 
[ 26 ]. When fresh-frozen allograft is impacted, fat, fl uid, and 
marrow particles in the marrow are either exuded or trapped in 
the space between particles. Their presence acts as lubricants 
between particles, reducing the interlocking of particles and 
allowing the graft to move more freely. Furthermore, the pres-
ence of this incompressible fl uid damps and resists compres-
sive forces during impaction, preventing the graft particles 
from moving into a compact bone [ 26 ]. Washed graft reducing 
fat content, however, has little lubricating fl uid and better con-
tact between the particles. On mechanical testing, washed 
graft demonstrated signifi cantly more resistance than those 
without washing regardless of different particle size, and thus, 
washing allowed the production of stronger impacted graft 
[ 27 ]. On the contrary, Fosse et al. compared the effect of 
impaction force, number of impaction strokes, and bone liquid 
contents on mechanical behavior and demonstrated that the 
overall major contributor on load stiffness was liquid content 
[ 28 ]. High water content decreased load stiffness during load 
because liquid fi lled up more of the pore volume surrounding 
the bone particles, while low fat content increased stiffness 
signifi cantly only during the initial phase of loading. Thus, 
they concluded that the preparation and impaction should be 
performed under dry conditions to improve the initial stability 
[ 29 ]. Recently, McKenna et al. performed mechanical shear 

i
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testing in vitro on morselized human femoral heads, varying 
the amount of fat and water to determine their optimum con-
centrations [ 26 ]. They found that reducing the fat and elimi-
nating water greatly improved the strength of bone graft. They 
concluded that the most effective means of producing a stable 
graft was fi rst washing the graft with pulsed lavage reducing 
the level of fat and subsequent squeezing the graft of its 
remaining liquid content further reducing the total volume of 
fl uid in an operative setting although it did not reach the ideal 
concentration of fat and water. 

 While washing appears to improve the mechanical proper-
ties of fresh-frozen allograft, the effect of washing on the bio-
logical properties is less clear. Washing the trabecular 
allografts may enhance graft incorporation by washing out 
immunological infl ammatory factors existing in blood, mar-
row, and fat, while it can also diminish the incorporation pro-
cess by washing out biologically active factors stimulating 
new bone formation [ 30 ]. Van der Donk et al. performed ani-
mal experiments using autograft and allograft and divided 
them into three treatment groups as those with impacted, 
rinsed and impacted, and rinsed, impacted, rinsed, and 
impacted again. After histologic analyses at 6 weeks, they 
found that new bone and total tissue ingrowth were higher in 
autograft than in allografts, especially in the nonrinsed group. 
With rinsing, total tissue ingrowth increased in the allograft 
group to approach that of autograft, while rinsing after impac-
tion did not additionally alter bone ingrowth. Thus, they con-
cluded that incorporation of allografts could be improved by 
rinsing the grafts before impaction [ 30 ]. Because autograft 
contains osteoprogenitor cells and local growth factors to 
induce the mesenchymal cells to differentiate into mature 
osteoblasts, rinsing removes benefi cial factors from the auto-
graft and leads to poorer incorporation [ 30 ]. 

 On the other hand, some authors reported that freeze- 
dried irradiated grafts  showed higher stiffness than fresh- 
frozen grafts  whatever the size of the particles [ 31 ,  32 ]. The 
brittleness of freeze-dried irradiated bone, caused by loss of 
the capacity to absorb energy in a plastic way, has been dem-
onstrated to be superior to a fresh-frozen one in a femoral 
impaction model [ 31 ]. Also, Cornu et al. explained improved 
results with freeze-dried irradiated bone due to incomplete 
rehydration and increase in the interlocking effect by increas-
ing their water content during later progressive rehydration 
because rehydration could last for longer than 1 day [ 32 ]. 
Although both fresh-frozen and freeze-dried allograft have 
demonstrated successful outcome after revision THA [ 16 , 
 17 ,  33 ], there is clearly a lack of quality data in this area, and 
well-designed clinical trials are required to help inform and 
guide practice [ 34 ].  

41.4.1.2     Particle Size 
 The impacted layer of large particles has been reported to be 
superior, as a greater magnitude of force would be required to 

deform the large particles compared to smaller particles [ 35 –
 37 ]. Xu et al. compared the mechanical properties of impacted 
graft with a size of 7–10 mm bone and a small slurry bone 
with a size of 2 mm [ 38 ]. They found that 7–10 mm bone 
grafts showed higher height, elastic modulus, and massive 
extrusion strength than those of the small slurry bone grafts. 
Also, the bone mineral density of the 7–10 mm grafts contin-
ued to increase during impaction and became higher than that 
of the small slurry bone grafts after ten impactions. Bolder 
et al. performed a gradually increasing dynamic loading 
experiment with radiostereometric analysis [ 39 ]. They found 
that large bone grafts with an average size of 9 mm produced 
by hand with a rongeur did provide more initial stability than 
those with a mean size of 2 mm produced by a bone mill. 
Therefore, considering these biomechanical studies, the use 
of large bone chips of between 8 and 10 mm appears to be 
rational to provide adequate initial stability. 

 Larger particles have a more porous bone bed between the 
graft particles, and microvascularity may depend on the graft 
porosity. Therefore, this use of the larger chips might encour-
age bone ingrowth and seems to be of benefi t not only bio-
mechanically but also biologically [ 40 ].  

41.4.1.3     Particle Grading 
 The behavior of impacted graft has been investigated largely 
using the principles of soil mechanics, and according to them, 
the mechanical properties of impacted particles are dependent 
on the particle size distribution  (grading) as well as the 
mechanical properties of the individual particle [ 27 ]. Fosse 
et al. examined the relative infl uence of different bone parti-
cle size, impaction energy, and liquid content on impacted 
bone stiffness and found that pellets with a wider range of 
particle sizes had better mechanical properties than those 
with unisized particles [ 28 ]. During impaction, large particles 
in a well-graded pellet slide in between each other, and with 
better grading, smaller granules fi ll the voids resulting in 
more compaction and less deformation. Dunlop et al. per-
formed mechanical shear testing using fresh-frozen allograft 
with differing particle size distributions. They demonstrated 
that a well-graded particle size of allograft was more resistant 
to shear force. Although these results are encouraging, the 
effects of a well-graded particle size may be less important 
than surgical technique, and the impaction may compensate 
the advantages of a well-graded chip size [ 40 ]. Biologically, 
idealized grading of particle size can make the graft more 
impacted but bring a detrimental effect on subsequent bone 
ingrowth due to decreased microcirculation [ 41 ,  42 ].   

41.4.2     Impaction Technique 

 One of the fundamental diffi culties of bone impaction graft-
ing wherever it is applied is the intraoperative decision 
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regarding how “vigorous” it should be applied and when the 
graft can be adequately impacted. The degree of impaction is 
determined by the impaction force and the number of impac-
tion strikes [ 43 ]. No specifi c guideline, however, exists to 
standardize the amount of energy transmitted to the bone 
graft and enable the surgeon to determine when the graft is 
adequately impacted. This is of clinical importance because 
subchondral perforation during surgery and progression of 
collapse was a concern in a previous study (7 %) [ 14 ]. Also 
this concern regarding fracture may lead to under-impaction 
of the graft and subsequent collapse of femoral head. Thus, 
in the absence of methods for establishing when the graft is 
adequately impacted, there should be a signifi cant learning 
curve between over-impaction causing subchondral perfora-
tion and under-impaction leading to collapse of femoral 
head. 

 Although experimental model is different from clinical 
situation and the clinical setting of impaction grafting for 
ONFH is also different from those for revision THA, 
Flannery et al. examined the threshold force using adult sow 
femurs in revision THA [ 44 ], and the threshold force before 
fracture was found to be 4 kN. This force was similar to the 
maximum force obtained from direct impaction of a slap 
hammer on the load cell, which was 3.5 kN. Fosse et al. also 
performed the same experiment using embalmed human 
femurs. The threshold force was found to be 0.5 kN and four- 
fi fths of the femurs fractured above 1.6 kN. Thus, there is 
limited information regarding adequate force in bone impac-
tion grafting. Further studies should be performed to deter-
mine the threshold force of bone impaction grafting in the 
treatment of ONFH and monitor this force in the clinical set-
ting as well. 

 Increased number of strikes can bring the particles to 
slide in between each other and induce plastic deformation. 
Obviously, stiffness in impacted morselized bone to a certain 
extent would increase by number of impactions [ 45 ]. This 
rearrangement, however, would reach plateau above which 
further strokes fail to impact for increasing stiffness of the 
graft [ 28 ]. Fosse et al. measured graft stiffness stroke-by- 
stroke [ 29 ]. They found that no signifi cant increase in stiff-
ness was achieved after fi ve strokes at the highest drop level, 
while drop level of the impaction slap hammer increased 
bone stiffness on each layer of morselized bone during 
impaction. They also compared factors affecting stiffness 
properties in impacted morselized bone one by one while 
keeping all other involved factors constant [ 28 ]. Graft with 
low water content had a major effect, while increasing the 
number of impaction strokes beyond fi ve per layer had a 
minor effect. Thus, optimal stability was achieved with dried 
and well-graded particle, but the number of heavy impaction 
strokes could be restricted. 

 Because bone graft is impacted manually with a hammer, 
the concept of “vigorous impaction” is always subjective 

[ 40 ]. Even    if the optimal magnitude of the impaction force as 
well as the number of strikes would be identifi ed, there 
always exists a risk of over- or under-impaction. Hostner 
et al. compared conventional impaction technique with an 
impaction technique using polished and rotating impactors 
[ 46 ]. They found that this new impaction technique obtained 
a more reproducible procedure and less risk for fracture and 
resulted in stability equal to that obtained with the conven-
tional technique. Recently, Putzer et al. compared two differ-
ent methods of bone impaction grafting [ 47 ]. The pneumatic 
method reduced the risk of fracture in vivo, as force peaks 
were smaller and applied for a shorter period, while results 
from manual impaction demonstrated higher variability and 
depended much on the experience of the surgeon. Thus, they 
concluded that pneumatic hammer was a suitable tool to 
standardize the impaction process.   

41.5     Results 

 To date, there have been limited outcomes available after 
bone impaction grafting in the treatment for ONFH. Rijnen 
et al. reported the fi rst clinical and radiographic outcomes in 
English after bone impaction grafting in 28 hips with ONFH 
(10 steroid induced, 4 alcoholic, 1 hereditary hyperlipid-
emia, 5 trauma related, 1 SCFE, and 7 idiopathic) (Table  41.1 ) 
[ 14 ]. Fourteen hips (50 %) already had preoperative collapse 
of the femoral head. The overall clinical success rate was 
64 %, whereas 15 hips (54 %) demonstrated radiographic 
success at an average follow-up of 43 months. Patients older 
than 30 years had a signifi cantly higher chance of a radio-
graphic failure (hazard ratio, 6.075). Thus, three patients 
with an average age of 21 years in stage 4 showed remark-
able recoveries and had good clinical results with improve-
ment of Harris hip score (HHS) from 45 points preoperative 
to 89 points postoperative, while those older than 30 years 
had a preoperative HHS of 60 points, increasing to 71 points 
postoperative. They also reported that patients with preop-
erative collapse and use of corticosteroids had worse results. 
Park et al. reported the outcome in 42 hips (15 alcoholic, 8 
steroid induced, 3 posttraumatic, and 6 idiopathic) according 
to ARCO classifi cation including stage, quantifi cation, and 
location [ 48 ]. They evaluated radiographic results using MRI 
after the procedure in 25 hips in which THA was not per-
formed at an average follow-up of 15 months (range 11–23). 
They demonstrated overall clinical and radiographic success 
rate to be 74 and 50 %, respectively. They reported that 
lesions with large involvement (>30 %) or lateral location 
were signifi cantly associated with clinical and radiographic 
failure in spite of short period of follow-up (average, 
29 months) emphasizing the importance of the location as 
well as the size of involvement. Jung et al. reported outcomes 
in 95 hips with ONFH (41 alcoholic, 42 steroid induced, and 
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12 idiopathic). The overall clinical success rate was 78 %, 
whereas 44 hips (46 %) demonstrated radiographic success 
at an average follow-up of 43 months. They also concluded 
that lesions with large involvement or lateral location were 
signifi cantly associated with radiographic failure.

41.6        Future Solution and Application 
of Bone Impaction Grafting 

41.6.1     Future Solution 

 In the literatures, there still is much discussion regarding the 
optimal treatment for the disease according to different stage, 
size, and location. Although the short-term outcome is 
encouraging, few reports using bone impaction grafting as a 
treatment for ONFH are available in English literatures [ 14 ]. 
For appropriate patient selection, more longer-term reports 
analyzing outcomes according to the disease stage, size, and 
location of the lesion will be necessary. Neither has been a 
report comparing with natural history or other type of head- 
preserving procedures such as core decompression alone, 
nonvascularized or vascularized bone graft, osteotomy, and 
electrical stimulation. Therefore, when long-term reports 
comparing with these procedures become available, the 
value of this procedure and its place in the treatment for 
ONFH will be determined. 

 Infl uence of packing density and thickness of cancellous 
graft on the graft incorporation is another concern. It still 
remains unclear whether or how these impacted grafts used 
in the femoral head for treating osteonecrosis will incorpo-
rate. Impaction can decrease the graft porosity and subse-
quent revascularization, and bone conduction may depend 
on the microporosity of the grafted impacted bone as well. 
Tagil et al. measured the mean distance which the ingrown 
bone had reached into the graft after impaction on histology 
[ 42 ]. With pressures of either 25 or 2,500 MPa, the ingrowth 
distance of the impacted bone decreased to 30 % of the 
unimpacted controls. They concluded that impaction itself 
did not have a favorable effect on the osteoconductive prop-
erties of bone graft. Therefore, more investigation regarding 
biological fate after bone impaction grafting in the femoral 
head with ONFH will be necessary.  

41.6.2     Future Application 

 Because bone impaction grafting can provide mechanical 
support and has biological advantages of bone graft, interest 
has been shown in combining this procedure with additives 
such as calcium phosphate cement [ 53 ], synthetic hydroxy-
apatite [ 54 ], demineralized bone matrix (DBM)  [ 55 ], bone 
morphogenetic proteins [ 56 ], and skeletal stem cell (SSC) 

[ 49 ] to augment mechanical and biological characteristics of 
the graft. To date, two literatures have been reported after 
bone impaction grafting combined with these additives in the 
clinical setting of treating ONFH. Rijnen et al. [ 53 ] created a 
critically sized subchondral defect model in 15 goats follow-
ing the trapdoor procedure. Defects fi lled with morselized 
cancellous bone demonstrated complete incorporation and 
remodeling to a normal trabecular structure, while in those 
fi lled with morselized cancellous bone/calcium phosphate 
cement, most of the calcium phosphate cement was resorbed 
by 12 weeks and the mixture was largely replaced by fi brous 
or fatty marrow. They concluded that the addition of calcium 
phosphate cement to cancellous bone grafts did not improve 
the process of incorporation and remodeling into new bone 
and was not suitable to use in critically sized animal model. 
Recently, Aarvold et al. impacted a concentrated pool of plu-
ripotent SSCs from the posterior iliac crest and milled 
allograft into necrotic bone in 5 femoral heads with osteone-
crosis (1 alcoholic, 3 steroid induced, and 1 idiopathic) [ 49 ]. 
They found that three patients remained asymptomatic at the 
follow-up of 22–44 months (Table  41.1 ). Two hips under-
went THA and retrieved femoral heads at 13 and 19 months 
demonstrated mature trabecular microarchitecture on histol-
ogy and on micro-CT, and bone density and axial compres-
sion strength were comparable to the trabecular bone. 
Although clinical works at present are limited to case reports 
and small clinical series, the results of these combinations to 
improve graft incorporation and regeneration appear to be 
promising [ 57 ].   

    Conclusion 

 Impaction bone grafting has been originally developed 
from the technique for reconstruction of bone defects in 
revision THA. It does not produce donor site morbidity 
and does not disturb the procedure in future THA. 
Although it is relatively simple in technique, there still 
remained a few considerations to improve initial mechan-
ical stability and biological incorporation simultaneously. 
To date, there have been limited short-term outcomes 
available after bone impaction grafting in the treatment 
for ONFH. It seems to be effective in small- or medium-
sized lesion with medial or central location in early-stage 
ONFH. However, it does not appear to be effective for 
large-sized and laterally located lesion in early-stage 
ONFH. Additives such as calcium phosphate cement and 
skeletal stem cell to augment mechanical and biological 
characteristics of the impaction graft did not improve the 
outcomes. Also, there is no report comparing with natural 
history or other joint-preserving procedures. Appropriate 
selection of patients with specifi c lesion size and location 
and stage of disease should be determined for this proce-
dure in the future.     
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42.1           Introduction 

 Osteonecrosis of the femoral head (ONFH) is a disease that 
mainly affects patients in the third and fourth decades of life, 
which often leads to femoral head collapse and subsequent 
destruction of the hip joint [ 1 ,  2 ]. Depending on the time of 
insult and the stage of osteonecrosis, many therapeutic 
options are available such as core decompression, rotational 
osteotomy, bone grafting, resurfacing of the femoral head, 
and total hip arthroplasty [ 3 ]. 

 The use of a nonvascularized tibial graft  to treat ONFH 
was described by Phemister in 1949 [ 4 ]. Subsequently, in 
1958 Bonfi glio and Bardenstein described nonvascularized 
fi bular grafting [ 5 ]. Vascularized bone grafting  for ONFH 
was fi rst described in 1978 by Meyers et al. who described 
the use of a vascularized muscle pedicle bone graft com-
bined with fresh iliac bone chips [ 6 ]. In 1980 free fi bular 
vascularized grafting was described by Judet et al. [ 7 ] and 
subsequently popularized by Urbaniak et al. in 1995 [ 8 ]. 
Since then, many studies have been published using vascu-
larized and nonvascularized bone grafting for ONFH with 
varying success rates [ 9 ].  

42.2    Bone Grafting 

 The results achieved with bone grafting have been shown to 
vary depending on the stage of osteonecrosis [ 1 ]. Furthermore, 
although it has been shown to be more successful in 

 pre- collapse and early post-collapse lesions, it has not been 
demonstrated to be effective in advanced stages [ 10 ]. 
Although the decision for bone grafting is based on preop-
erative radiographic staging, occasionally, more advanced 
stage disease may be found intraoperatively, necessitating a 
conversion to a resurfacing arthroplasty or a total hip arthro-
plasty [ 11 ]. Some of the advantages of bone grafting include 
stimulation of repair following removal of weak necrotic 
bone and decompression of the femoral head [ 1 ]. Bone grafts 
also work as a scaffold for new bone to grow and may give 
structural stability to the weakened necrotic femoral head 
[ 12 ]. Bone grafts can be divided into two broad categories 
such as vascularized and nonvascularized grafts. Vascularized 
bone grafts have many variations, but can be broadly divided 
into three categories, which are vascularized free fi bular 
grafts, vascularized iliac bone grafts, and muscle pedicle 
grafting. Various techniques described for nonvascularized 
bone grafting of the femoral head include grafting through 
the femoral neck or the head–neck junction (light bulb pro-
cedure ) [ 13 ], cortical strut grafting through a core in the 
femoral head (Phemister) [ 5 ], and grafting through the artic-
ular cartilage (trapdoor procedure ) [ 3 ]. 

42.2.1    Vascularized Bone Grafting 

 Vascularized bone grafting can be broadly divided into 
three types: The fi rst type is muscle pedicle grafting, which 
uses the muscles vasculature for blood supply [ 2 ]; second, 
vascularized fi bular grafting, which uses the vascular ped-
icle of the fi bula anastomosed to the lateral circumfl ex 
femoral artery as blood supply [ 14 ]; and, third, an iliac 
bone pedicle, which gets its blood supply from the deep 
circumfl ex iliac vessels [ 8 ]. Vascularized grafting has been 
shown to be more effi cacious than nonvascularized bone 
grafting due to a higher amount of osteocytes having ade-
quate vascularity. Furthermore, it is believed that vascular-
ized grafting maintains osteoconductive and osteoinductive 
properties.  

      Principles of Bone Grafting for 
Osteonecrosis of the Hip 
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42.2.2    Muscle Pedicle Grafting 

 This procedure entails the use of four muscles and their ped-
icles, namely, the quadratus femoris graft (posterolateral 
approach), the sartorius graft (anterolateral approach), the 
tensor fascia lata, and the gluteus medius graft (lateral 
approach) [ 2 ,  6 ,  15 ]. The decision on whether to use one or 
more muscle pedicle bone grafts (MPBG) depends mainly 
on the localization of the necrotic area in the femoral head. 
Even though the tensor fascia lata graft appears to be better 
vascularized than the sartorius graft, these two can be used if 
the anterosuperior part of the femoral head is affected. 
However, if the necrotic area is posterior, the quadratus fem-
oris or the gluteus medius muscle pedicle may be used [ 16 ]. 

42.2.2.1    Surgical Technique 
 Depending on the location of the osteonecrotic segment, the 
muscle pedicle is chosen as described previously. The mus-
cle pedicle bone graft is elevated from its bed, maintaining 
its vascular supply. Next, through an appropriate approach, 
an arthrotomy is made to expose the femoral neck. Using 
curettes or a power-assisted burr, the necrotic bone found in 
the femoral head should be excised through a window in the 
head–neck junction. Subsequently, the MPBG can be 
inserted into the defect previously created in the femoral 
neck. During mobilization of the muscle pedicle, care should 
be taken to avoid axial torsion of the vascular pedicle, so that 
the blood supply is not jeopardized [ 2 ,  6 ,  15 ].   

42.2.3    Free Fibular Vascularized Grafting 

 Free vascularized fi bular grafting is usually performed after 
a core is made to relieve pressure and remove the necrotic 
bone from the femoral head. A vascularized fi bular graft pro-
vides a nascent vascular source to aid healing of the osteone-
crotic region as well as providing structural support that may 
prevent collapse of the articular cartilage [ 9 ]. 

42.2.3.1    Surgical Technique 
 Separate teams ideally should perform this operation simul-
taneously. The proximal femur is exposed through the inter-
val between the gluteus medius and tensor fascia lata 
muscles. The lateral circumfl ex artery and vein are isolated 
as well as their ascending cervical branches. Under fl uoro-
scopic guidance, a guide pin is used to localize the center of 
the osteonecrotic lesion. Following this, cannulated reamers 
of increasing diameters between 16 and 21 mm are used to 
create a core that starts at the lateral femoral cortex (distal to 
the vastus ridge) and extends to within 3–5 mm of the articu-
lar cartilage of the femoral head [ 8 ,  14 ]. 

 The fi bular graft should be obtained from the ipsilateral 
leg and usually measures approximately 13 cm. It is  important 

to leave at least 10 cm of fi bula unharvested at each end. The 
vascular pedicle of the peroneal vessels should be left as long 
as possible and left attached to the graft. The graft can, how-
ever, be trimmed to obtain the desired length. The perios-
teum is then peeled off 3–4 mm from the insertion end of the 
graft and is fi xed to the bone to avoid stripping of the vascu-
lar pedicle during the procedure. Care should be taken to 
ensure that the core diameter exceeds the graft diameter by at 
least 2 mm to avoid compressing the vascular supply of the 
fi bula [ 17 ]. 

 A gap is created by releasing the vastus intermedius and 
lateralis, so that the lateral circumfl ex and peroneal vessels 
can be anastomosed without any tension. The graft is then 
stabilized to the proximal femur with a Kirschner wire. 
Following completion of the procedure, back bleeding from 
the base of the fi bular graft should be obtained to confi rm 
viability of the graft. See Fig.  42.1 .

42.2.4        Vascularized Iliac Bone Grafting 

 Vascularized iliac crest bone grafts is one of the many vascu-
larized procedures used in osteonecrosis of the femoral head 
for restoration of blood supply [ 18 ,  19 ]. 

42.2.4.1    Surgical Technique 
 After an incision made along the iliac crest and downward, it 
is important to identify, dissect, and ligate the fi rst few tribu-
taries of the deep circumfl ex iliac artery. A tricortical iliac 
bone graft is harvested, keeping its vascular pedicle intact. In 
addition, cortico-cancellous chips are also harvested from 
the iliac crest [ 20 ]. The joint capsule is then exposed by sep-
arating the interval between the sartorius and tensor fascia 
lata superfi cially, and the interval between the gluteus medius 
and the rectus femoralis underneath. An arthrotomy is made 
to expose the femoral neck. With a high-speed burr, under 
direct vision, the necrotic bone is excised from the anterior 
aspect of the head–neck junction. The vascularized graft 
with its pedicle is then mobilized and fi xed to the femoral 
neck after the defect is packed with cancellous bone graft.    

42.3    Nonvascularized Bone Grafting 

 Nonvascularized bone grafting has been used because can-
cellous bone graft provides an osteoconductive and osteoin-
ductive substrate for fi lling of voids left after decompressive 
procedures in the treatment of osteonecrosis of the femoral 
head. One of the limitations with nonvascularized bone graft-
ing is that it fails to improve the vascularity of the recipient 
femoral head [ 12 ]. The three basic types of nonvascularized 
grafts used in ONFH are femoral neck grafting, cortical strut 
grafting, and grafting through the articular cartilage. 
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42.3.1    Femoral Neck Grafting (Light Bulb 
Procedure) 

 In the early pre-collapse stages of the disease, the necrotic 
region of the femoral head can be replaced with cancellous 
bone graft in an effort to aid healing of the lesion. 

42.3.1.1    Surgical Technique 
 After the proximal femur is exposed, an approximate 1.0 by 
1.5 cm bone window should be made at the femoral head–
neck junction using osteotomes. Through the window previ-
ously created, a curette is used to create a cavity inside the 
femoral head and remove all of the necrotic bone found up to 
the sub-cartilage bone lamellae. Then measure the volume of 
the light bulb-shaped cavity using saline solution. The scle-
rotic bone should then be perforated using a power-assisted 
drill until bleeding bone is found. The next would be to 
obtain the bone graft which can typically be an auto-
iliac- harvested bone (cortical and cancellous bone)  combined 
with demineralized bone matrix. Subsequently, bone graft 

should be packed into layers to fi ll the light bulb-shaped cav-
ity. At last the cortical segment previously removed should 
be replaced and fi xed with one 3-mm absorbable pin [ 13 ]. 
See Figs.  42.2  and  42.3 .

42.3.2         Cortical Strut Grafting (Phemister)  

 Cortical strut grafting was fi rst described by Phemister in 
1949 [ 4 ] and is therefore commonly known as the Phemister 
procedure. It consists of drilling two cores of bone that will 
decompress the femoral head. The large surface area is pre-
sumed to act as conduit for blood vessels to grow and perfuse 
the femoral head. In addition, the bone grafts provide 
mechanical stability to prevent articular surface collapse [ 4 ]. 

42.3.2.1    Surgical Technique 
 After exposure of the greater trochanter and femoral neck, 
two 2-mm guide pins are inserted under fl uoroscopic guid-
ance with a power-assisted drill. The fi rst pin is inserted 
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  Fig. 42.1    Vascularized fi bula grafting       
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below the vastus tubercle of the greater trochanter and 
directed toward the anterior superior half of the femoral head 
until it is placed in the subchondral bone. The second pin 
should be inserted 1.5–2 cm below the previous pin and 
should aim 1 cm below the level of the subchondral cortex. 
These pins are used as a guide to drill 4–5 cm with a 7- and 
then a 9-mm cannulated drill. This will prepare the outer por-
tion of the channel. Subsequently, drilling is performed with-
out the pins at low speeds with a Phemister trephine (using 
saline to avoid overheating) through the previous channels 
until the necrotic bone is taken out. The core tissue which is 
removed during the procedure should be sent for histopatho-
logical examination. The procedure should then be repeated 
in the inferior channel. 

 To obtain the graft, there should be an adequate exposure 
of the anteromedial part of the tibia, and the periosteum 
should be vertically stripped (approximately 13 mm wide). 

With a twin-oscillating saw, a 10-mm wide graft (kept cool 
with saline), which is long enough for both channels, should 
be used. The tibial bone grafts should be trimmed to remove 
excess cancellous bone from the posterior surface and to 
achieve the desired length. The exact length of the channels 
should be measured, and the graft should be cut to accurately 
fi t the channel. The grafts are then inserted (so that the broad 
surface is in the coronal plane) and tapped until it gets to the 
subchondral plane [ 5 ,  21 ].   

42.3.3    Grafting Through the Articular 
Cartilage (Trapdoor Procedure) 

 In advanced cases, or when the articular cartilage is compro-
mised, bone grafting through a so-called trapdoor in the 
femoral head may be considered as an alternative procedure. 
The nonvascularized cortical and cancellous autografts, 
which replace the necrotic bone, may act as support for the 
subchondral bone and cartilage, as well as stimulating bone 
formation [ 3 ]. 
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  Fig. 42.2    Light bulb procedure       

Femoral head reamed
to remove necrotic bone
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42.3.3.1    Surgical Technique 
 After an adequate exposure of the hip’s capsule is obtained, it 
is incised at the superior rim of the acetabulum and peeled back 
posteriorly and anteriorly, maintaining its blood supply. Then, 
dislocate the hip and expose the area of the segmental collapse. 
Using a scalpel and an osteotome, the edges of the necrotic seg-
ment are defi ned. The necrotic segment is then removed using 
osteotomes, curettage, and power burrs, until a bleeding sur-
face and viable bone is encountered at the base of the cavity. 

 An iliac (the tibia can also be used) bone graft should be 
harvested consisting of cortico-cancellous struts and cancel-
lous bone. Depending on the size of the lesion, two to three 
cortical struts should be placed (perpendicular) in the troughs 
previously made. The remaining space in the femoral head 
should be packed with cancellous bone graft which was pre-
viously harvested. After replacing the trapdoor, it should be 
fi xed with two or three absorbable pins. The hip joint should 
then be reduced and the capsule should be sutured loosely 
[ 3 ]. See Figs.  42.4 ,  42.5 , and  42.6 .

42.4           Results of Vascularized Bone 
Grafting 

 Yoo et al. reported 89 % survivorship at a mean follow-up of 
13.9 years (range, 10–23.7 years) in 124 hips with Ficat and 
Arlet stage II or III disease [ 22 ]. Similar results were reported in 
a study of 103 hips at a mean of 5 year follow-up by Urbanik 
et al. who observed 91 and 77 % survivorship in stage II and 
stage III hips, respectively [ 8 ]. Results by Edward et al. were in 
agreement with those reported by Urbanik and Yoo [ 23 ]. 
Following 65 pre-collapse osteonecrotic hips treated with vas-
cularized bone grafting for a mean of 14.4 years (range, 10.5–
26 years), the results demonstrated that 75 % of the hips did not 
require total hip arthroplasty after 10 years. See Table  42.1  for a 
summary of studies on vascularized bone grafting procedures.

42.5       Results of Nonvascularized Bone 
Grafting 

 Nonvascularized bone grafting is typically limited to small- 
and medium-sized lesions (Ficat and Arlet stage I or II and 
ARCO stages I to IIIA) and is not indicated when decom-
pression without grafting has failed. Poor results have been 
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noted when there is a collapse of more than 2 mm, acetabular 
osteonecrosis, or cartilage delamination. 

 Several techniques have been described, with the major 
difference being in the method of inserting the graft. The 
Phemister technique inserts the graft directly through the 
bored canal and has led to mixed results, with studies report-
ing success in 36–90 % of patients after 2–7 years [ 30 – 32 ]. 
See Table  42.2  for a summary of studies on nonvascularized 
bone grafting procedures.

42.6       Summary 

 Osteonecrosis of the femoral head is multifactorial in etiol-
ogy and predominantly affects younger population. Untreated 
osteonecrosis has a high incidence of progression to collapse 
and end stage disease requiring total joint arthroplasty, once 
there is radiographic evidence of disease. Multiple surgical 
and nonsurgical strategies for joint preservation have been 
used over the years. One of the surgical strategies used is 
bone grafting, which has been described extensively over the 
past 60 years. There are two main types of bone grafting: 
vascularized and nonvascularized. Nonvascularized bone 
grafting was described initially, and even though some cases 
presented favorable outcomes, long-term outcomes were not 
always favorable. This may have been partly because the 
etiopathogenetic mechanisms involved in osteonecrosis were 
never adequately addressed. This stimulated the  development 
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  Fig. 42.6    Packing of the defect with bone grafts       

   Table 42.1    Vascularized bone grafting   

 Author (year) 
 Level of 
evidence  Stage  Number of hips  Mean age (years) 

 Mean follow-up 
(years)  Survivorship 

 Eward et al. (2012) [ 23 ]  IV  Ficat stages I and II  65  32.1  14.4  75 
 Yin et al. (2011) [ 24 ]  IV  Steinberg stages II to IV  14  34  3.3  100 
 Chen et al. (2009) [ 19 ]  IV  ARCO stages IIIA and IIIB  33  37  6.2  24 
 Sun et al. (2009) [ 25 ]  IV  Steinberg stages II to V  80  31  4.3  100 
 Babhulkar et al. (2009) [ 26 ]  IV  ARCO stages IIB and IIIC  31  32  8  96.7 
 Bakshi et al. (2009) [ 27 ]  IV  Ficat stages I to III  187  35.5  16.5  71 
 Kawate et al. (2007) [ 28 ]  IV  Steinberg stages IB to V  71  39  7  83 
 Marciniak et al. (2005) [ 29 ]  IV  Marcus-Enneking stages II to IV  101  37  8  42 
 Hasegawa et al. (1997) [ 18 ]  IV  Inoue and Ono stages I and II  31  38.3  8  70 

   Table 42.2    Nonvascularized bone grafting   

 Author (year)  Level of evidence  Stage  Number of hips  Mean age (years) 
 Mean follow-up 
(years)  Survivorship 

 Zhang et al. (2012) [ 33 ]  IV  Steinberg stages II to IV  85  31.4  2.3  85.4 
 Wei and Ge (2011) [ 34 ]  IV  ARCO stages II to III  223  33.5  2  81 
 Wang et al. (2010) [ 13 ]  IV  ARCO stages IIA to IIIA  138  32.3  2  68 
 Yuhan et al. (2009) [ 35 ]  IV  ARCO stages IIC to III A  11  37  5  73 
 Seyler et al. (2008) [ 36 ]  IV  Ficat stages II and III  39  35  3  67 
 Mont et al. (2003) [ 10 ]  IV  Ficat stages II and III  19  31  4  86 
 Mont et al. (1998) [ 3 ]  IV  Ficat stages III and IV  30  26  56  80 
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and use of multiple vascularized bone grafting techniques, 
which in addition to providing mechanical support, were 
proposed to restore the blood supply for the femoral head. 
Various studies have reported improved outcomes with vas-
cularized bone grafting procedures utilizing modern micro-
vascular techniques. Further studies are required to determine 
which of the techniques has better outcomes and can be more 
broadly and safely used.     
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43.1            Introduction 

 Osteonecrosis of the femoral head (ONFH) is a debilitating 
disease and eventually leads to collapse if left untreated. This 
condition is estimated to account for more than 10 % of the 
total hip arthroplasties (THAs) performed each year in the 
United States and more than 50 % in many Asian countries 
[ 1 – 4 ]. ONFH often affects young active patients and the inci-
dence of bilateral hip involvement is around 50–80 % [ 3 ,  4 ]. 
Even though the success rate and the intermediate term of 
prosthesis survival by using newer bearing surface are 
improving as compared to the conventional THA, preserva-
tion of the femoral head is still the goal in those young active 
patients. 

 Since ONFH is frequently found in patients between the 
ages of 20 and 50 years, many techniques to salvage the 
ONFH in young patients have been reported. Among them, 
the use of vascularized iliac bone grafting based on a pedicle 
of the circumfl ex iliac artery has become popular because it 
is in vicinity to the lesion and needs no microsurgical anasto-
mosis. It has also been successfully used for nonunion of the 
femoral neck fracture or large defects of the proximal femur. 

 In addition to the vascularized iliac pedicle bone grafts, 
there are other alternative grafts around the hip that can be 
used to repair the necrotic femoral head. The quadratus fem-
oris muscle pedicle graft  is supplied by the muscular branch 
of the lateral femoral circumfl ex artery and is commonly 
used for the repair of femoral neck fracture nonunion (Meyer 
procedure). It has been successful in femoral neck fracture 
nonunion, but it is seldom used in the ONFH repair. The rea-
son is because the graft is a posterior-based muscle pedicle 

graft, whereas the osteonecrotic lesion is usually located in 
the anterosuperior quadrant of the femoral head. Furthermore, 
there is limitation in the graft size that the mechanical 
strength of the proximal femur will be compromised if the 
donor site is too big. The gluteus minimus pedicle graft  has 
also been used in the repair of ONFH [ 5 ]. It is a relatively 
simple procedure because the surgical approach is identical 
to the direct lateral approach to the hip. The graft is supplied 
by the muscular branch of the superior gluteal artery. Care 
should be taken in the dissection of the gluteal muscles to 
avoid inadvertent injury to the vessel. By gently elevating the 
insertion of the gluteus medius muscle, the vascular pedicle 
can be found in the fat pad between the gluteus medius and 
minimus about 2–3 cm from the greater trochanter tip. By 
using oscillating saw, the entire insertion of the gluteus mini-
mus on the greater trochanter can be harvested as a cortico-
cancellous graft. The potential drawbacks of the graft are (1) 
the osteonecrosis is sometimes extended to the trochanteric 
area that the graft itself is also necrotic; (2) the harvest of the 
graft may weaken the femoral neck that additional fi xation 
may be needed; and (3) part of the hip abductor muscles are 
sacrifi ced that is less favorable for the hip function. 

 Vascularized iliac bone graft  (VIBG) has been used for 
the repair of femoral neck fracture nonunion or proximal 
femoral defi ciency [ 6 ,  7 ]. As compared with the free vascu-
larized fi bular grafting, the VIBG has been less reported in 
the literature. We and others have used VIBG for the salvage 
of the ONFH. This chapter will review the anatomy, the sur-
gical technique, the indication, the clinical results, and other 
combined technique of the VIBG.  

43.2     Anatomy 

 The blood supply to the iliac crest  is majorly contributed by 
the deep circumfl ex iliac artery (DCIA) which is arisen 
from the lateral or posterolateral aspect of the external iliac 
artery just above the inguinal ligament and opposite to the 
inferior epigastric artery (Fig.  43.1 ). Other arteries such as 
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the superior gluteal, lateral circumfl ex femoral, and super-
fi cial circumfl ex iliac artery also contribute, but the tribu-
taries are smaller in diameter. The DCIA runs upward and 
laterally between the transversalis fascia and the extraperi-
toneal fat. It gives out a number of branches in the course 
and pierces through the abdominal muscle layers to the 
inner surface of the iliac crest in the insertion of iliacus and 
transversus muscles [ 8 ].

   The external diameter of the DCIA is usually around 
2–2.5 mm and can be easily handled without microscopic 
magnifi cation. The artery runs along the inner lip of the iliac 
crest and diverts away from the upmost point of the iliac 
crest to give off multiple intramuscular branches to the ilia-
cus and anastomoses with the iliolumbar and superior gluteal 
artery. From the origin of the external iliac artery to the iliac 
crest, the vascular pedicle can be 8–10 cm in length which 
provides a versatile radius to swing around the proximal 
femur. All along its course, the DCIA is accompanied by its 
venae commitantes that drain into the external iliac vein or 
femoral vein. 

 Most of the surgeries use the DCIA as the vascular pedi-
cle because the constant position and diameter of the vessels 
make it very suitable for harvest and transplantation. In addi-
tion to the DCIA, some surgeons used the superfi cial circum-
fl ex iliac artery that travels between the fatty tissue and fascia 
in the inguinal region [ 9 ,  10 ]. It is noted that the vessels of 
the superfi cial circumfl ex iliac artery are smaller in size and 
more diffi cult to harvest.  

43.3     Surgical Technique 

 Under general anesthesia, patient is put in the supine posi-
tion with a sandbag behind the operated side of the pelvis. A 
long and curve skin incision is made on the iliac crest 8 cm 
pass the anterior superior iliac spine (ASIS), along the ingui-
nal ligament, with the distal limb extended medially to the 
hip joint (Fig.  43.2 ). The femoral artery and the vein are 
looped to identify the external iliac artery. By gentle traction 
on the external iliac artery, tributaries of the external iliac 
artery can be exposed. The superfi cial circumfl ex iliac 
 vessels and the deep circumfl ex iliac vessels are usually aris-
ing from the external iliac vessels just opposite to the origin 
of the inferior epigastric artery and could be easily traced to 
the inner lip of the iliac crest, into which feeding branches 
were sent (Fig.  43.3a ). The external and internal oblique 
abdominal muscles are cut from its insertion on iliac crest. 
Dissection of the vascular pedicle should be carefully per-
formed after opening the inguinal ligament and the transver-
salis fascia. The fi rst few tributaries behind the inguinal 
ligament can be ligated. Beyond the point of ASIA, a sleeve 
of iliacus muscles should be left on the inner lip of the iliac 
bone that encases the vascular pedicle to avoid overzealous 
dissection and inadvertent tear of the feeding vessels. A suit-
able-size bone graft is harvested with its attached vascular 
bundle and muscle sleeve (Fig.  43.3b ).

    The hip joint is exposed by using the inferior limb of the 
skin incision. Between the sartorius muscle and the tensor 
fascia latae (Smith-Petersen’s interval), the anterior hip joint 
capsule is exposed by retracting the rectus femoris medially 
and the hip abductors laterally. The anterior joint capsule is 
incised in an H-shape manner to expose the head-neck junc-
tion of the hip joint. Rotation and manipulation of the hip 

  Fig. 43.1    Superselective angiography. The deep circumfl ex iliac ( DCI ) 
artery is shown       

  Fig. 43.2    Skin incision for VIBG surgery       
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will bring the femoral head into view. A bone trough about 
1.5 cm × 3 cm is made in the femoral neck leading into the 
head using sharp narrow osteotomies (Fig.  43.3a ). Repeated 
sharp cuts along the top end of the trough open into the isch-
emia area of the femoral head. The hard and sclerotic avas-
cular bone is removed using high-speed burrs as thoroughly 
as possible. If the cartilage is cracked that can been seen 
directly from the inside, careful out-pushing of the cartilage 
shell from inside the femoral head can correct the indenta-
tion and make it more congruent with the acetabulum. 

 The void and cavity after debridement is fi lled with 
bone chips by gentle impaction of a layer of cancellous 
bone to the subchondral level. The remaining space is to be 
fi lled in with a tailored piece of iliac crest bone with its 
intact blood supply of DCIA. A tunnel below the iliopsoas 
is made by blunt dissection with the hip in fl exion. A large-
size Penrose drain is passed beneath the inguinal ligament 
along the tunnel as a channel to transfer the graft to the 
anterior aspect of the femoral neck. The entire graft is slid 
into the Penrose drain and wrapped by it. By carefully 
pushing of the graft from the inside of the iliopsoas, the 
graft can be transferred to the anterior hip with intact ped-
icle. The Penrose drain is then incised completely with 
scissor to bring out the graft. As long as the graft is trans-
ferred to the anterior hip joint, it can be trimmed to a suit-
able size to be inserted through the bone trough into the 
femoral head. The graft can be pushed into the trough to 
produce a locked-in position and additional holding 
implant is unnecessary. 

 Postoperatively, the surgically treated hip is put in a posi-
tion with 30° fl exion and neutral rotation. This posture is 
advised for approximately 1 week to relax the tension of the 

vascular pedicle. Hip motion is encouraged as tolerated. The 
patients are instructed to use double crutches to avoid full 
weight bearing on the involved limb for 6 weeks. During the 
following weeks, the amount of weight bearing can be grad-
ually increased by using a single crutch and progresses to a 
fully unassisted weight bearing by 6 months.  

43.4     Indication 

 The indications for VIBG  have not been well established in 
the literature. The factors affecting treatment results include 
staging (demonstration of the lesion by radiograph or mag-
netic resonance imaging, size of the necrotic segment, loca-
tion of lesion relative to the weight-bearing area, the amount 
of femoral head depression, and the acetabular involvement), 
risk factors (use of steroid, medical comorbidities, or sys-
temic disease), and patient-specifi c factors (age, activity 
level, or body mass). 

 In a survey of treatment modalities in the North America, 
total hip replacement is the most commonly selected treat-
ment of postcollapse ONFH, and core decompression is the 
most frequently offered treatment for symptomatic precol-
lapse ONFH [ 11 ]. Vascularized bone grafting is suggested 
by only 3–10 % of the responders who are active members of 
the professional society. It is generally agreed that a symp-
tomatic case with the lesion size more than 30 % of the fem-
oral head needs operative treatment to prevent early collapse 
of the femoral head. For asymptomatic necrotic lesions with 
an area smaller than 30 % of the femoral head, close follow-
 up without treatment appears to be adequate in most of the 
cases [ 3 ,  4 ,  12 ]. 

a b

  Fig. 43.3    Deep dissection. ( a ) The DCIA can be found opposite to the inferior epigastric artery. Two Hohmann retractors are put intra-articularly 
for exposure. A bone trough is made on the femoral neck. ( b ) VIBG with vascular pedicle       
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 In the literature, most of the studies of VIBG reported a 
mix group of hips ranging from precollapse stage to early 
postcollapse stage. In a study of 33 segmental collapse hips, 
26 ARCO stage IIIA and 7 ARCO stage IIIB, only 24 % of 
the hips treated with VIBG survived without converting to 
total hip replacement with a mean survival of 74 months. The 
authors concluded that VIBG is not indicated for the treat-
ment of ONFH with segmental collapse [ 13 ]. Other studies 
also reported similar results in postcollapse hips with a rela-
tively low successful rates [ 9 ,  10 ,  14 ,  15 ]. As a contrast, 
Babhulkar reported a clinical success rate of 95 % in 22 
ARCO III hips with a follow-up period of 5–8 years by using 
vascularized iliac pedicle grafting [ 16 ]. However, by looking 
at the illustrated cases in that report, many of the clinically 
successful cases showed radiographic collapse of the femo-
ral head. Based on the fi ndings, the rational indication for 
VIBG should be ONFH without collapse in a young active 
patient with the lesion more than 30 % of the femoral head. 
Contraindications include a segmental collapse hip, preexist-
ing thromboembolic disease, a risk of bleeding or thrombo-
cytopenia, a questionable vascular supply to the iliac graft 
due to factors such as surgery or trauma, multifocal osteone-
crosis involving the ilium, untreated inguinal or femoral her-
nia, and asymptomatic hips [ 13 ].  

43.5     Clinical Results 

 Between 1994 and 1999, the author had performed 100 
cases of VIBG in 86 patients at the author’s institute. Thirty-
nine hips in 33 patients with a minimal follow-up of 2 years 
were reported [ 17 ]. The overall clinical success rate was 
82 % and the radiographic success rate was 56 %. The rate 
of conversion to replacement arthroplasty was 10.3 %. We 
had further followed up 33 hips with preoperative segmental 
collapse lesions for 7.1 years. VIBG by using the technique 
described in this chapter had delayed the conversion to total 

hip arthroplasty by an average of 7 years in ARCO stage 
IIIA hips and by 2.9 years in ARCO stage IIIB hips [ 13 ]. 

 Eisenschenk et al. had performed VIBG in 102 hips and 
achieved 87 % clinical success rate and 56.1 % radiographic 
success rate [ 18 ]. Many other reports have been published by 
using similar technique as described in this chapter [ 14 – 23 ]. 
The clinical success rate in precollapse hips ranged from 43 
to 100 % with an average success rate around 72 % 
(Table  43.1 ). Iwata and Hasegawa had used superfi cial cir-
cumfl ex iliac vessels as the pedicle in their patients and had 
achieved a 52–74 % success rate [ 9 ,  10 ].

   In postcollapse hips, the success rate differed between 
reports with 0 % in some reports and 95 % in one report [ 16 ]. 
The majority of the reports had a success rate less than 50 %. 
In view of these, some surgeons had developed combined 
surgical procedures to improve the clinical results and to sal-
vage the segmental collapsed hips.  

43.6     Combined Technique 

 Transtrochanteric osteotomy  has been successful in hips 
where the intact articular surface is larger than 36 % of the 
femoral head and the extent of necrosis is limited [ 24 ]. For 
extensive or widely collapsed lesions, it is challenging to sal-
vage the hip by one surgical procedure. Combined technique 
of proximal femur osteotomy and vascularized iliac bone 
grafting are intended to move the necrosis away from weight- 
bearing zone and provide mechanical support with viable 
bone at the same time. It is an appealing procedure in exten-
sive and widely collapsed lesion in young patients. However, 
the combined surgical technique and procedure is more com-
plex than either technique alone. 

 Two types of transtrochanteric osteotomy combined with 
vascularized iliac grafting were reported in the literature. One 
is the combination of transtrochanteric rotational osteotomy 
and vascularized iliac grafting. In 12 hips with extensive and 

   Table 43.1    Summary of success 
rate   

 Authors  Case no. 

 Success rate 

 Follow-up (years)  Precollapse  Postcollapse 

 Iwata et al. [ 9 ]  23  17/20  0/3  1–6 
 Leung [ 19 ]  21  4/5  4/16  5–12 
 Wassenaar et al. [ 20 ]  12  3/5  2/7  4.1 
 Ishizaka [ 21 ]  31  9/18  7/13  2–11 
 Hasegawa et al. [ 10 ]  31  12/27  2/4  8 
 Feng et al. [ 22 ]  17  7/12  3/5  5.7 
 Kern et al. [ 23 ]  80  Clinical 50 %; radiographic 47.5 %  5.6 
 Pavlovcic et al. [ 14 ]  24  7/7  3/17  12 
 Yen et al. [ 17 ]  39  16/23  6/16  2–6 
 Eisenschenk et al. [ 18 ]  102  Clinical 87 %; radiographic 56.1 %  5 
 Nagoya et al. [ 15 ]  35  12/28  0/7  8.5 
 Babhulkar [ 16 ]  31  9/9  21/22  5–8 
 Chen et al. [ 13 ]  33  8/33  7.1 
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widely collapsed necrotic lesion, the combined procedure 
was effective to prevent endoprosthesis replacement in 11 
hips with a mean follow-up of 81 months [ 25 ]. In 17 hips with 
the necrosis more than two-thirds of the weight- bearing zone 
of the femoral head, the combined rotational osteotomy and 
vascularized iliac grafting prevented disease progression in 
12 hips with a mean follow-up of 51 months [ 26 ]. When com-
bining the rotational osteotomy with the vascularized iliac 
grafting, care must be taken to plan the direction of rotation 
and the position of the vascularized graft [ 27 ,  28 ]. A trough in 
the femoral neck to the necrotic femoral head needs to be 
designed properly for debridement and grafting in accordance 
to the degrees of rotation. The vascularized graft should be 
put immediately below the weight- bearing zone after rota-
tion. Temporary fi xation of the rotational osteotomy can facil-
itate the procedure. Defi nite fi xation of the rotated femoral 
head can be done after trimming and transferring the graft 
through the bone tunnel. 

 The other type of transtrochanteric osteotomy combined 
with vascularized iliac grafting is a valgus/varus and/or fl ex-
ion/extension osteotomy. It is simpler than the rotational 
osteotomy. In a series of 44 hips followed for 13.5 years, 
34 % were converted to total hip arthroplasty while 90 % 
had progressive arthritis demonstrated by radiographs [ 29 ]. 
The authors suggested that this combination technique 
should be considered only in young symptomatic patients 
with good preoperative clinical function and Ficat stage II 
disease.  

43.7     Graft Viability and Assessment Tools 

 The graft viability can be assessed postoperatively by several 
methods. Eisenschenk et al. had followed 82 patients for 
5 years. In 42 patients, a superselective angiography was per-
formed. Those angiographies showed perfusion of the grafts 
in 35 hips (83.3 %) [ 18 ]. The overall clinical success was 
achieved in 86.6 % of the patients. Although an angiography 
is a reliable tool to demonstrate the vascular pedicle after 
transplant, it is diffi cult to assess the viability of the necrotic 
femoral head and the revascularization of the necrotic lesion. 
In addition, an angiography is more invasive than other stud-
ies. Duchow et al. had used Doppler ultrasound to detect the 
blood fl ow of the VIBG [ 30 ]. However, it needs more expe-
rienced hands and is more technical demanding. 

 Nuclear medicine bone scintigraphy can also be used to 
evaluate the graft viability [ 31 ]. We had used single-photon 
emission computed tomography (SPECT ) in 9 hips treated 
by VIBG [ 13 ]. The graft viability could be confi rmed in 8 
hips (89 %). However, a SPECT can only demonstrate the 
perfusion of the graft and the femoral head. Detailed infor-
mation such as the extent of revascularization and the graft 
incorporation is diffi cult to assess by SPECT. Other nuclear 

medicine scan, such as positron emission tomography, theo-
retically can be used to evaluate the graft viability, healing, 
revascularization, and hemodynamic changes in the femoral 
head [ 32 ]. It has, however, not been reported in the 
literature. 

 In the literature, the most feasible noninvasive method to 
assess the graft viability and reparative process in the femo-
ral head is a MRI study [ 13 ,  20 ,  33 ]. It is useful in most cases 
that the VIBG could be pushed into the bone trough without 
additional metal screw fi xation. The signal intensity charac-
teristics of the grafts can be compared with the normal fat 
marrow signals. An iso- or hyperintense signal in the graft is 
considered viable. Contrast enhancement by Gadolinium can 
be used to further evaluate the enhancement of the graft and 
the surrounding environment. The graft viability had been 
demonstrated by MRI in 82–100 % of hips treated by vascu-
larized iliac grafting [ 10 ,  13 ,  18 ].  

43.8     Summary 

 To preserve the femoral head and not to replace with prosthe-
sis remains to be a challenge for the treatment of ONFH. 
VIBG with the feeding vessel of DCIA is a reliable graft 
with high rates of graft viability. The graft is corticocancel-
lous and contains red marrow to provide osteogenic and 
revascularization potentials. No microsurgical anastomoses 
are required in the operation. The clinical results in precol-
lapse ONFH are promising and can prevent or delay the total 
hip arthroplasties in most of the cases. Its use in segmental 
collapse ONFH remains controversial. To simultaneously 
transpose the intact articular surface and transfer a vascular-
ized graft to weight-bearing zone of the necrotic femoral 
head has been tried. However, the combined procedure is dif-
fi cult and complex to perform. Since the prognosis and 
 long- term survival of ONFH rely on early diagnosis and 
intervention, the mainstay of treatment goals should empha-
size on screening of patients with high risks, educate medical 
professions about the disease, and use of highly sensitive and 
accurate diagnostic tools such as MRI or PET scan to make 
early diagnosis.     
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44.1           Introduction 

 In the debate about surgical treatment for osteonecrosis of the 
femoral head (ONFH), no topic is more frequently debated 
than the use of the free vascularized fi bular graft  (FVFG) as a 
standard treatment. Pioneered by Urbaniak in 1979, the FVFG 
represents a durable, biologic means of reconstructing the fem-
oral head after removal of the osteonecrotic bone [ 1 ]. However, 
this technique has been criticized for its complexity and is only 
widely performed at several centers throughout the world. 
Small numbers of cases treated operatively, diffi culty compar-
ing uniform cases of ONFH, and the proclivity of many sur-
geons to utilize one particular operation preferentially have 
rendered direct comparison of FVFG to other techniques an 
unwieldy prospect [ 2 ]. What is agreed upon is that the goal of 
therapy should be to delay the progression of osteonecrosis as 
well as repair it. This chapter will focus upon how the FVFG 
addresses these goals, how it performs, and how it compares 
– indirectly at least – with other options such as core decom-
pression, tantalum rod instrumentation, nonvascularized bone 
grafting, and corrective osteotomies.  

44.2    Rationale 

 Although physicians have been treating osteonecrosis for 
over a century, the exact pathogenetic mechanisms associ-
ated with the development of this condition have not yet been 
thoroughly described. This places the treatment of the dis-
ease in an unfortunate position: whereas targeted therapy of 
diseases has become commonplace, those treating osteone-
crosis are left reacting to the disease as it progresses and 
treating the effects of the condition on the bone rather than 
the fundamental underlying causes. In the case of ONFH, 

Korompilias et al. have described a “heterogeneous group of 
disorders leading to a common pathway of necrosis of the 
femoral head” [ 3 ]. This common pathway involves acute 
pain from the osteonecrosis itself and is followed by struc-
tural failure of the subchondral bone leading to femoral head 
collapse and chronic pain [ 1 ]   . Most surgical therapies 
decompress and remove the area of osteonecrosis. FVFG 
purports to directly restore stability to the femoral head by 
providing a vascularized bone graft that does not depend on 
creeping substitution (as is the case with nonvascularized 
bone grafting). This direct and biologic reconstruction of the 
femoral head sets it apart from other operative treatments.  

44.3    Effi cacy 

 The fi rst questions one might ask are “Does FVFG work?” 
and “How well does it work?” The answer to these questions 
should be cautiously divided between treatment of precol-
lapse ONFH and treatment of postcollapse ONFH. For most 
operative interventions, the progression of ONFH can be 
interrupted if treatment is initiated prior to subchondral col-
lapse [ 4 ]. Treatment with the FVFG is no exception – the 
results are excellent [ 5 ]. Rates of FVFG survivorship refl ect 
successful hip preservation. When the FVFG is used to treat 
precollapse ONFH, rates of overall survivorship range from 
61 to 96 % [ 5 – 8 ]. In general, survivorship decreases with 
time. Studies evaluating outcomes with fi nal follow-up times 
of less than 5 years typically report survivorship rates in 
excess of 90 % [ 5 ]   . Although survivorship following core 
decompression is similar in many studies, some authors have 
reported lower rates of hip preservation with this technique. 
Bozic, for instance, reported a 44 % rate of salvage among 
precollapse ONFH patients treated by core decompression 
with a mean follow-up time of 10 years [ 9 ]. However, it is 
interesting to note that half of the failures in that study 
occurred in patients with cystic changes in the femoral head, 
suggesting that core decompression alone is not ideal for this 
subset of patients [ 9 ]. A simple solution to treat patients with 
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cystic changes was nonvascularized fi bular grafting. However, 
survivorship with this technique is generally poorer than the 
FVFG, ranging from 30 to 59 % with reported follow-up 
times between 5 and 7 years postoperatively [ 10 ,  11 ]. As far 
as “how well it works,” Harris Hip Scores (HHS) are excel-
lent following FVFG. For patients with long-term surviving 
FVFG (survivorship greater than 10 years), HHS are gener-
ally in excess of 80 and are comparable to HHS in patients 
treated with total hip arthroplasty (THA) [ 5 ,  12 ,  13 ]. Long-
term functional outcomes such as HHS are not well described 
for nonoperative management, core decompression, nonvas-
cularized fi bular grafting, or instrumentation with a trabecu-
lar metal implant. These relatively high levels of graft survival 
and excellent functional outcomes do not hold true when per-
formed in patients with postcollapse ONFH [ 14 – 16 ].  

44.4    Technique  

 The second inquiry about FVFG is typically a variant of the 
question “Is it worth all of the effort?” While people often 
emphasize the highly technical nature of the case, the use of 
two surgical teams (one for harvest and one for the inset), 
and the relative paucity of patients, at our institution – where 
this procedure is performed multiple times weekly – we have 
found the process to be straightforward. A multidisciplinary, 
multisurgeon “FVFG team” meets weekly to screen all 
patients presenting for consideration for FVFG. Dedicated 
teams in the operating room, the postoperative orthopedic 
fl oor of the hospital, and the physical therapy department 
facilitate smooth transitions through the various stages of 
treatment. The procedure itself is broken down into several 
different and discrete steps [ 14 ]: fi rst, under tourniquet, the 
ipsilateral fi bula is harvested through a 15-cm longitudinal 
incision beginning 10 cm distal to the fi bular head and end-
ing 10 cm proximal to the lateral malleolus. The peroneal 
vessels are identifi ed, protected, and divided after the appli-
cation of vascular clips. While this is occurring, the second 
operative team is exposing the proximal femur. This is 
accomplished through a 10–15-cm, convex-anterior, curved 
anterolateral skin incision. One-third of the incision is supe-
rior to the tip of the greater trochanter, while two-thirds are 
inferior to the tip of the greater trochanter. As the vasti are 
refl ected from their origins, the falx or aponeurotic bridge 
spanning from the femur to the rectus femoris can be seen. 
Within the adjacent fat pad, the ascending branch of the lat-
eral circumfl ex femoral artery, and its two venae comitantes 
are identifi ed and preserved for utilization as donor vessels. 
Next, under fl uoroscopic guidance, a 3-mm guide pin is 
inserted into the center of the necrotic area within the femo-
ral head. Sequential reaming starting with a 10-mm reamer 
and increasing to up to 21 mm (based on the diameter of the 
harvested fi bula) is performed. A ball reamer is then used to 

further remove necrotic bone. Locally harvested autograft is 
impacted into the reaped areas using a custom-made bone 
impactor. After these steps are complete, the fi bula is placed 
within the femoral core and secured within the core using a 
single 0.062-mm Kirschner wire. A standard microvascular 
anastomosis is performed. We typically use a coupling 
device (Microvascular Anastomotic Coupler System; 
Medical Companies Alliance, Homewood, Alabama) under 
loupe magnifi cation for the venous anastomosis. The arterial 
anastomosis is performed under an operating microscope 
using 8-0 or 9-0 Nylon monofi lament suture.  

44.5    Why Choose FVFG? 

 The last question    one might ask is “Why FVFG?” There are 
three advantages that have contributed to the FVFG being our 
choice for managing symptomatic Ficat Stage I and II hips 
that have not responded to nonoperative measures. First, the 
long-term results after this operation are excellent. In patients 
with a mean follow-up of 14.5 years, we found long- term hip 
preservation (defi ned as greater than 10 years) was achieved 
in 60 % of patients [ 5 ]   . Second, even in patients who “fail” 
long-term hip preservation and convert to total hip arthro-
plasty within a decade of their FVFG operation, the mean 
duration of hip preservation is 8.3 years. With a mean patient 
age of 32 years at the time of vascularized fi bular grafting, 
this means that the average “failure” still experiences an 
extension of the life of the femoral head and hip joint from the 
fourth decade of life to the fi fth decade of life [ 5 ]   . Third, 
patients undergoing FVFG can expect levels of hip function 
comparable to that experienced after THA but without the 
lifestyle restrictions that often accompany arthroplasty. 
Patients with successful hip preservation following FVFG are 
signifi cantly more likely to participate in impact sports or 
active events than those patients treated with arthroplasty. 
Although investigation of athletic capacity after core decom-
pression, nonvascularized bone grafting, tantalum instrumen-
tation, and corrective osteotomy has not been well elucidated, 
we believe that the vascularized fi bular graft offers an excel-
lent solution for large or cystic ONFH lesions in patients who 
wish to return to sport in a relatively short amount of time.  

44.6    Pitfalls and Risk Factors for Failure 

 There has been considerable debate and disagreement about 
what features of a patient’s ONFH should be regarded as 
poor prognostic indicators for any particular treatment. 
What is widely accepted is that patients with Ficat Stage I 
disease do very well, regardless of the treatment chosen 
[ 17 ]. Similarly, patients with advanced stage disease 
(Ficat Stage III and above) consistently experience poorer 
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outcomes across a variety of treatment choices [ 3 ,  4 ,  7 ,  12 , 
 16 ,  18 ]. While most hips that have been successfully pre-
served for a decade do not require conversion to THA in 
later years, we have reported a progressive decline in survi-
vorship beyond the 10-year mark in patients with ONFH [ 5 ]. 
We speculate that this is because idiopathic cases of ONFH 
may result from an underlying progressive disorder such as 
intraosseous hypertension that can progress even after treat-
ment. Some authors have reported advanced age to be pre-
dictive of poor outcome following FVFG [ 12 ,  18 ]   . Our 
experience and reports of other authors have not found this 
to be the case [ 5 ,  6 ,  9 ]. Berend et al. have also reported alco-
holic and posttraumatic etiologies to be strongly associated 
with failures; however, this phenomenon is largely specifi c 
to postcollapse hips [ 16 ]. In other words, there are not spe-
cifi c and defi nite contraindications to FVFG. However, sur-
geons should be careful neither to have high expectations 
for patients with advanced disease nor to treat Ficat Stage I 
patients aggressively unless they have already failed conser-
vative management.  

44.7    Summary 

 In conclusion, we continue to regard FVFG as the treatment 
of choice at our institution for patients younger than 50 years 
with symptomatic, precollapse ONFH and especially in 
those patients – regardless of age – who wish to maintain a 
high level of athletic activity. Over half of patients with pre-
collapse ONFH treated with FVFG can expect preservation 
of the hip for greater than 10 years. Those who do not have 
successful long-term preservation still typically experience 
an average of 8 years of hip preservation prior to conversion 
to arthroplasty. Functional outcomes that are equivalent to 
hip arthroplasty can be expected following this operation. 
Although technically more demanding than other operative 
treatments, this durable biologic reconstructive procedure 
can be an excellent option for treating patients with precol-
lapse ONFH.     
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45.1            Introduction 

 Osteonecrosis of the femoral head occurs in young adults. 
Total hip arthroplasty is not life-long durable in most 
patients with osteonecrosis. It is associated with high rates 
of failure due to excessive wear, osteolysis, and aseptic 
loosening [ 1 – 4 ]. This may eventually lead to a revision sur-
gery which is usually much more diffi cult than a primary 
hip replacement. Moreover, the revision surgery is associ-
ated with high rate of failure, compromised results, and poor 
quality of life. Although contemporary articulations have 
been introduced [ 5 – 7 ], their long-term results are not known 
yet. Thus, joint- preserving procedure s is desirable to avoid 
or delay total hip arthroplasty in patients with osteonecrosis. 
Transtrochanteric anterior rotational osteotomy, which was 
introduced by Sugioka  in 1972, is one of the joint-preserv-
ing procedures, which moves the necrotic portion of the 
femoral head from the weight-bearing dome to the non-
weight-bearing region [ 8 ]. 

 In this chapter, we describe indications, surgical tech-
niques, and reported results of the osteotomy.  

45.2     Indications 

 The rotational osteotomy is indicated in patients who have 
painful early-collapse osteonecrosis without narrowing of 
the joint space or acetabular involvement (Ficat stage IIB and 
III). Patients should be younger than 40 years and their body 
mass index should be less than 24. There should have an 
enough viable area in the posterior aspect of the femoral 
head as seen on midsagittal MRI scan (arc of more than 120° 
between the central vertical line of the femoral head and the 
posterior margin of the necrotic portion) (Fig.  45.1 ) [ 9 ]. This 
osteotomy is also indicated for the treatment of Perthes’ dis-
ease, insuffi ciency fracture of femoral head with a large 
extent and collapse, slipped capital femoral epiphysis, and 
primary osteoarthritis of the hip with localized erosion in the 
weight-bearing area.

45.3        Surgical Technique 

 We describe a modifi ed surgical technique by Ha et al. 
[ 10 ], which uses a Y-shaped skin incision instead of the 
original U-shaped incision and a compression hip screw 
instead of cancellous screws. The Y-shaped incision 
enables a better exposure of the anterior capsule. Sugioka 
recommended fi xing the osteotomy with two or three large 
cancellous screws. However, we have used a 120°-angled 
compression hip screw since 1999. The angled hip screw 
has several advantages compared to the cancellous screw. 
It prevents loss of fi xation and nonunion at the osteotomy 
site. It also shortens the hospital stay and allows an early 
ambulation. 

45.3.1     Surgical Pitfalls 

 A complete understanding of the anatomy of the medial fem-
oral circumfl ex artery is of critical importance for the safe 
performance of this procedure. 
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 The artery is located in the space between the quadratus 
femoris and obturator externus. During capsulotomy and oste-
otomy, extreme care should be taken not to damage this artery.  

45.3.2     Patient Positioning 

 The patient is placed in the lateral decubitus position on a 
standard operating room table with the pelvis stabilized in 
the neutral position. Intraoperative fl uoroscopy is used to 
confi rm the appropriate osteotomy line and the position of 
compression hip screw (Fig.  45.2 ).

45.3.3        Skin Incision 

 A Y-shaped skin incision is made. The posterior limb of the 
incision starts at the posterior superior iliac spine and pro-
ceeds to the greater trochanter and then extends to 10–15 cm 
distally in line with the axis of the femur. The anterior limb 
of the incision starts from the center of the greater trochanter 
to the anterior iliac spine by a length of 5–8 cm (Fig.  45.3 ). 
The length of the incision is adjusted according to the size 
and obesity of the patient.

45.3.4        Fascia Incision 

 The fascia lata and the gluteus maximus fascia are incised 
in line with the skin incision. Then gluteus maximus 

muscle fibers are bluntly divided, giving an access to the 
gluteus medius and the external rotators of the hip 
(Fig.  45.3 ).  

a b

  Fig. 45.1    The calculation of the combined necrotic angle from magnetic resonance imaging scans.  A  The angle of necrotic area in the midcoronal 
image.  B  The angle of necrotic area in the midsagittal image. The combined necrotic angle =  A  +  B        

  Fig. 45.2    The patient is placed in the lateral decubitus position and the 
pelvis is secured with holding devices and pads. The Y-shaped skin 
incision is centered at the greater trochanter. The posterior portion of 
the incision is started at a point that is level with the posterior superior 
iliac spine and along a line parallel to the posterior edge of the greater 
trochanter. The incision is extended distally to the center of the greater 
trochanter and then to a point 10–15 cm distal to the greater trochanter, 
in line with the femoral shaft. The anterior portion of the incision is 
made from the greater trochanter to the anterior superior iliac spine       
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45.3.5     Exposure of the External Rotators 
and Sciatic Nerve 

 Remove the fat tissue covering the external rotators, divide 
the trochanteric bursa, and bluntly sweep it posteriorly to 
expose the sciatic nerve along its course beneath the pirifor-
mis muscle and over the short external rotators distally. The 
nerve is protected during the operation (Fig.  45.3 ).  

45.3.6     Osteotomy of the Greater Trochanter 

 The greater trochanter is osteotomized between the gluteus 
medius and piriformis posteriorly and between the gluteus 
medius and vastus lateralis anteriorly with an oscillating saw.  

45.3.7     Exposure of the Hip Joint Capsule 
and Capsulotomy 

 Expose the superior portion of the hip joint capsule by dis-
secting the gluteus minimus from the capsule. Expose the 
posterior capsule by cutting the tendons of the piriformis and 
obturator internus at the trochanteric insertion. Expose the 
inferior capsule by cutting the quadratus femoris, superior 
gemellus, and inferior gemellus. To avoid damage to the 
medial femoral circumfl ex artery, cut the quadratus femoris, 
superior gemellus, and inferior gemellus at their muscle 
fi bers 2 cm apart from their femoral insertions. Expose the 
anterior capsule by developing the interval between the glu-
teus medius and vastus lateralis. 

 Once the complete exposure of the hip joint capsule is 
obtained, a circumferential capsulotomy is performed. 
The capsulotomy line should be about 1 cm apart from 

the acetabular rim to avoid the injury of the acetabular 
labrum. During the capsulotomy hold the capsule using 
forceps and separate it from the underlying femoral head 
to avoid the injury of the femoral head cartilage 
(Fig.  45.4 ).

45.3.8        Transtrochanteric Osteotomies  

 Make two transtrochateric osteotomies. The fi rst osteotomy 
is made about 10 mm distal to the intertrochanteric crest. The 
osteotomy line should be inclined at 20° from the line per-
pendicular to the femoral neck to place the femoral head in a 
varus angulation. The second osteotomy is made near the 
upper one-third of the lesser trochanter at 90° to the fi rst 
osteotomy line (Fig.  45.5 ).

45.3.9        Rotation of the Proximal Segment 

 The proximal fragment is rotated anteriorly by 90° with a 
care to avoid excessive stretching or damage of the medial 
femoral circumfl ex vessels (Fig.  45.6 ).

45.3.10        Fixation of Transtrochanteric 
Osteotomy 

 After rotating the proximal fragment, the guide pin is posi-
tioned with the use of a 120° fi xed-angle guide midway on 
the lateral cortex. The appropriate lag screw length and 
reaming distance are determined with the aid of 
fl uoroscopy. 

 After verifying the position and depth of the screw with 
image intensifi cation in both planes, the osteotomy is fi xed 

  Fig. 45.3    The gluteus maximus fascia is incised in line with the poste-
rior portion of the skin incision, and the muscle fi bers of the gluteus 
maximus are bluntly divided. Fibers of the fascia lata are divided in line 
with the anterior portion of the skin incision. The fat tissues covering 
the external rotators and the trochanteric bursa are removed to expose 
the sciatic nerve ( arrow ) along its course beneath the piriformis muscle 
and over the short external rotators distally       

  Fig. 45.4    After the complete exposure of the hip joint capsule, the 
joint capsule is incised circumferentially. The capsulotomy line is 1 cm 
away from the acetabular rim to protect the acetabular labrum and to 
obtain adequate rotation of the femoral head       
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using a 120° compression hip screw and plate (Solco, Seoul, 
South Korea) (Fig.  45.7 ).

45.3.11        Reattachment of the Greater 
Trochanter 

 For reattachment of the trochanteric fragment, a folding 
vertical number 16 stainless steel wire is used. One side 
of the folding vertical wire is inserted in the hole drilled 
in the lateral cortex below the abductor tubercle and the 
hole in the osteotomized trochanter, and the other side of 
folding end makes a loop at the lateral cortex. Each of the 
two ends is crossed loop in different directions, tighten-
ing the wires and tying the knots with Kirschner wire 

bow. And then the  transverse wire that is inserted in the 
hole drilled in the anteroposterior cortex and the two 
holes in the osteotomized trochanter is tightened and 
twisted (Fig.  45.8 ). After inserting a closed suction drain-
age, close the wound.

45.3.12        Postoperative Care 

 The suction drain is removed when the amount of daily 
drainage was less than 50 ml, usually 2 or 3 days after the 
operation. After then, patients are allowed to walk with pro-
tected weight bearing. Patients continue to use crutches for 
3–6 months until there is a radiological evidence of bony 
union of the osteotomy.   

a b

  Fig. 45.6    A Kirschner wire is placed in the proximal segment ( a ). The 
proximal fragment is rotated anteriorly 90° ( arrow  in  b ), with care 
taken to avoid excessive stretching of or damage to the medial femoral 

circumfl ex vessels. The rotated proximal segment is temporarily fi xed 
with use of clamps or Kirschner wires ( b )       

a b

  Fig. 45.5    The two osteotomy lines are marked with a broad straight osteotome ( a ), and the osteotomy is performed with the use of a reciprocating 
saw ( b )       
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45.4     Reported Results 

 The reported results have been quite different [ 11 – 17 ]. 
Studies from Japan and Korea reported satisfactory results 
[ 8 ,  11 – 14 ]. However, such favorable results have not been 
reproduced in Western countries [ 15 – 17 ]. The striking dif-
ference of results was thought to be mainly related to differ-
ences in body weight and body mass index between East 

Asians and Caucasians [ 15 ,  18 ]. Other contributing factors 
are the preoperative stage, size of necrosis, surgical tech-
nique, method of fi xation, and postoperative management.  

    Conclusion 

 Transtrochanteric osteotomy is an effective joint-preserv-
ing procedure in young patients with osteonecrosis. The 
success rate of the osteotomy is improved by more effi -
cient selection of patients and improved surgical tech-
nique. The procedure should be performed in early stages 
before marked collapse of the head. Viable portion of the 
femoral head should be of such a size that restoration of 
adequate weight-bearing articular surface is possible after 
the operation. Patients should be younger than 40 years 
and should have a body mass index of less than 24. We 
recommend a Y-shaped skin incision and fi xation of the 
osteotomy using a compression hip screw.     
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46.1            Introduction 

 Nontraumatic and post-traumatic osteonecrosis involving the 
femoral head related with steroid administration, alcoholic 
abuse, and neck fracture frequently occurs in young patients [ 1 ]. 

 The necrotic focus is predominantly located in the loaded 
portion of the femoral head resulting in progressive collapse 
[ 2 ]. Preservation of the joint of the femoral head necrosis is 
important in young patients to avoid some kind of joint 
replacement [ 3 – 5 ]. The joint-preserving procedures are usu-
ally effective to cases with small- or medium-sized lesions in 
early stage of the disease [ 6 ,  7 ]. However, if lesion size is 
extensive in the weight-bearing area, the femoral head will 
usually progress to collapse in many cases [ 2 ]. Some kind of 
osteotomies [ 7 ] and vascularized fi bular grafts [ 6 ] are usually 
not effective in extensive collapsed cases. Sugioka has 
reported his technique of transtrochanteric anterior rotational 
osteotomies for femoral head osteonecrosis with extensive 
lesion which might be an ideal treatment with extensive lesion 
and described favorable results [ 9 ]. However, in case of 
apparent collapse, collapsed anterior lesions are moved to the 
loaded portion below the acetabular roof in fl exed positions 
after anterior rotation resulting anteroposterior instability [ 8 ] 
and osteoarthritic change. In contrast, by means of high pos-
terior rotational osteotomy  [ 10 – 14 ] for markedly collapsed 
cases, uncollapsed anterior viable areas are transferred to the 
loaded portion below the acetabular roof in fl exed position 
receiving the load as possible advantage. 

 The author mentioned the concept, effectiveness, surgical 
technique, remodeling, and the results of high-degree poste-
rior rotational osteotomy for the treatment of extensive 
 collapsed necrotic lesions.  

46.2     Concepts and Advantage 

 The primary concept of femoral osteotomy for the treatment 
of osteonecrosis is to move collapsed necrotic lesions from 
the major weight-bearing portion. Weight-bearing forces are 
received by transferred viable area [ 1 ]. Most necrotic portions 
are located in the anterior superior portion of the femoral 
head. Anterior    rotational osteotomy developed by Sugioka [ 9 , 
 15 ] for osteonecrosis of the femoral head with extensive 
lesion is that a posterior healthy portion is moved to superior 
area on loaded portion of the femoral head. The limitation of 
anterior rotational angle  according to Sugioka is less than 
100°. There    remain many patients have large necrotic lesion 
that exceeds the indication of Sugioka. From the angiographic 
study of anterior rotational osteotomy, the posterior column 
artery branching off from the medial circumfl ex artery was 
demonstrated to be markedly stretched laterally, which may 
impair blood supply of the femoral head [ 16 ]. In contrast, the 
posterior column artery was moved and relaxed medially 
after posterior rotational osteotomy [ 10 ]. After    anterior rota-
tion, collapsed necrotic lesion is remained on anterior portion 
of the femoral head and moved to weight- bearing area below 
the acetabular roof in fl exion positions. Posterior rotational 
osteotomy including high-degree rotation might be indicated 
in cases without indication of conventional anterior rotational 
osteotomy and with advanced collapsed lesion and had 
advantages comparing with anterior rotation. 
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46.2.1     Location of Necrotic and Viable Area 
After Posterior Rotation 

 The possible advantages of posterior rotational osteotomies 
are as follows [ 10 – 14 ]:
    1.    The necrotic lesion is transferred to the medial or postero-

medial non-weight-bearing portion of the joint far away 
from high-pressure area. Postoperative uncollapsed ante-
rior viable areas are moved to the loaded portion below the 
acetabular roof in fl exed positions. After posterior rotation, 
congruency can be expected in a fl exed position of daily 
life, especially in advanced stages with apparent collapse. 
These conditions are opposite to those for the traditional 
anterior rotational osteotomy for collapsed femoral heads.   

   2.    The posterior column artery branched off from the femo-
ral medial circumfl ex artery is shifted medially and is not 
under tension and without vascular impairment by poste-
rior rotation. This has been confi rmed by angiographic 
studies [ 10 ,  16 ].    
  Thus, a high degree of posterior rotation can be performed 

even when the patients have extensive lesions which are 
beyond the scope of Sugioka’s indication for traditional ante-
rior rotation (Fig.  46.1 ).

46.3         Indications 

 Indications of posterior rotational osteotomy are as follows: 
(1) Cases with the necrotic lesion are too far advanced for 
conservative treatment, or most other joint-preserving opera-
tions are not effective. (2) Cases    with less than one-third of 
the viable posterior portion of the femoral head which are 

out of indication for conventional anterior rotational osteot-
omy. (3) In young patients with extensive collapsed lesion 
where less than one-third of anterior and posterior portion 
remain viable area, “high-degree” posterior rotational oste-
otomy might be required even if joint space narrowing 
already occurred [ 10 – 14 ]. 

46.3.1     Preoperative Assessment 

 The posterior rotational angle  and intentional varus angle 
necessary for this procedure were determined by preoperative 
assessment, mainly on radiographic fi ndings and  magnetic 
resonance imaging (Fig.  46.2 ). Lateral radiographs should 
be taken in all hips by the method described by Sugioka [ 9 ] 
to observe the location and extent of necrotic region. The 
patients are laid in supine position; radiographs of hips were 
taken in 90° of fl exion, 45° of abduction, and neutral rota-
tion. This radiograph was available for decision of indica-
tions in 90° anterior or posterior rotational osteotomy. In 
addition, anterior-posterior radiographs in a fl exed position 
were obtained. The patients are laid in supine position, and 
the affected hip was fl exed with 45° of abduction with vary-
ing degrees of fl exion [ 13 ,  14 ] (Fig.  46.3a ). Location of the 
necrotic lesion was carefully  confi rmed on radiographs in 
various fl exion positions. At that time, fl exion angle could 
reveal the posterior rotational angle. By the use of this radio-
graph, the varus angle was decided by drawing a fi gure.

    Magnetic resonance imaging can be available if the 
demarcation area between living and necrotic bone is not 
clearly visualized on radiographs. Radial    MRI (Fig.  46.3b, 
c ) was developed for decision of location of viable 

Before rotation After high degree
posterior rotation 

Flexion position after 
high degree posterior
rotation 

  Fig. 46.1    Concept and advantage of high-degree posterior rotational 
osteotomy. The necrotic lesion is moved to the medial to posteromedial 
non-weight- bearing portion of the joint by high-degree posterior 
 rotational osteotomy. Postoperative uncollapsed anterior viable areas 
are moved to the loaded portion below the acetabular roof in neutral and 

fl exed positions. After posterior rotation, congruency can be expected 
in a fl exed position of daily life, especially in advanced stages with 
apparent collapse. The posterior column artery ( arrow ) is shifted medi-
ally and is not under tension without vascular impairment by posterior 
rotation       
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necrotic area, and rotational angle, T1-weighted image, 
and T2 fat suppression image were taken perpendicular 
to the axis of the femoral neck 10° each (Fig.  46.3b ). 
MRI findings were compared with radiographic findings; 
then, posterior rotational angle and intentional varus 
angle were decided.   

46.4     Operative Technique 

 A modifi ed Southern approach [ 10 – 14 ] was used with the 
patients in the lateral position. Skin incision was per-
formed from distal to the anterior superior iliac spine and 
extended distally and posteriorly, passing through the dis-
tal portion of the greater trochanter. The fascia is incised 
in line with the skin incision. With the hip rotated inter-
nally, the short external rotators are incised at the acetabu-
lar margin. The location of the posterior column vessels 
should be carefully confi rmed. The obturator externus is 
elevated and incised, protecting nutrient vessels. The pos-
terior column vessels are situated along the obturator 
externus. The greater trochanter is osteomized and is 
refl ected proximally with the gluteus medius and mini-
mus. The complete incision of the iliopsoas tendon is nec-
essary in area attached to the lesser trochanter. The 
capsule was exposed widely; then, the capsule is incised 
circumferentially except the anteroinferior portion. 

  Method of Decision for Osteotomy Plane : The hip is 
rotated internally; position with maximum lengths of fem-
oral neck is confi rmed under image intensifi er, and then, 
one K-wire is placed into the center of the femoral neck 
through the trochanteric osteotomy [ 13 ]. Two additional 
K-wires are inserted into the intertrochanteric area, per-
pendicular to the axis of the femoral neck to decide the 
correct osteotomy plane. This technique is different from 
original technique described by Sugioka [ 9 ] (Fig.  46.4 ). A 
Steinman pin is inserted into anterior portion of the femo-
ral neck. The femoral head and neck is rotated manually to 
posterior direction. Then, the remained anteroinferior cap-
sular ligament (mainly the iliofemoral ligament) is 
detached from the femoral neck [ 13 ].

   The image intensifi er is used for the fi nal determination 
of the correct position [ 10 ,  12 ,  13 ]. Bleeding from the 
osteomized area of proximal portion should be confi rmed. 
Fixation of the transtrochanteric osteotomy is performed by 
screws and plate system designed by Atsumi [ 10 ,  12 ,  13 ]. 
For postoperative management, early motion exercises and 
isometric exercises of the quadriceps muscle were per-
formed immediately after the patients became free from 
postoperative pain. The patients were in bed for one week 
and then used a wheel chair. Partial weight bearing was ini-
tiated 5–6 weeks after operation using 2 crutches. Walking 
with 1 crutch should be continued 6 months after 
operation.  

a b

  Fig. 46.2    A 27-year-old woman having high dose of corticosteroids 
due to treatment of sclerotic lupus erythematosus. ( a ) Preoperative 
anteroposterior radiograph of her left hip showed large collapsed 

 extensive lesion. ( b ) Magnetic resonance imaging (T1-weighted image) 
coronal slice showed extensive low-intensity area below acetabular roof       
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a

c

b

  Fig. 46.3    Radial MRI and AP radiographs in a fl exed position in the 
patient of Fig.  46.2 . ( a ) AP    radiograph in 120° fl exion with 45° of 
abduction showed anterior viable area that is moved to loaded portion. 
( b ) Radial    MRI was developed for decision of location of viable, 

necrotic area, and rotational angle was taken perpendicular to the axis 
of the femoral neck 10° each. ( c ) Radial MRI equivalent of 120° poste-
rior rotation indicated the anteroinferior viable portion implied by nor-
mal intensity       

46.5     Calcar Remodeling 

 After high-degree posterior rotational osteotomy, anterolat-
eral porotic portion is moved to medial neck. Atsumi and 
Kuroki described calcar remodeling  after this procedure by 
AP radiographs. Calcar remodeling was partially observed in 
61 % 1 year after operation. The entire calcar remodeled in 
56 % 2 years after operation. Three years after operation, the 
calcar remodeling was completed [ 10 ] (Figs.  46.5a  and  46.6 ).

46.6         Prevention of Re-collapse 

 Atsumi et al. reviewed the results of 35 hips affected by non-
traumatic osteonecrosis with apparent extensive collapsed 
lesions of the femoral head in 28 young patients (mean age: 
28 years) with 8-year follow-up [ 12 ]. All hips were not indi-
cated for Sugioka’s anterior rotational osteotomy. 

 Collapse was progressed in all hips showing greater than 
3 mm of collapse on AP radiographs. Joint space narrowing 
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Osteotomy line

Neck axis

Original (Sugioka) Modified (Astumi)

a b

Neck axis

Osteotomy line

  Fig. 46.4    Method of decision for osteotomy plane. The hip is rotated 
internally; position with maximum lengths of the femoral neck is con-
fi rmed under image intensifi er; then, one K-wire is placed into the cen-
ter of the femoral neck through the trochanteric osteotomy. Two 
additional K-wires are inserted into the intertrochanteric area, 

 perpendicular to the axis of the femoral neck to decide the correct oste-
otomy plane ( b ). This technique is different form original technique 
described by Sugioka. The osteotomy plane described by Sugioka ( a ) is 
oblique to the femoral neck axis       

a b

  Fig. 46.5    Following    radiographs of Figs.  46.2  and  46.3 . ( a ). 120° 
posterior rotation was performed. AP radiograph taken 6 months after 
operation showed that collapsed lesion with subchondral fracture was 
moved to the medial portion. Note the spherical viable area was placed 

on the loaded portion below the acetabulum. Calcar was remodeled in 
part. ( b ) 45° fl exion AP radiograph taken at the same time. Anterior 
viable area was seen below the acetabulum       
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was already observed on seven hips. All hips were treated by 
posterior rotational osteotomy (mean posterior rotational 
angle: 131°). 

 The anterior non-collapsed viable area was moved to the 
weight-bearing area below the acetabular roof after poste-
rior rotation. This was confi rmed by using 45° fl exion posi-
tion anterior-posterior radiographs showing anterior 
spherical portion (Figs.  46.5a, b ). The extent of the viable 
area corresponding to the weight-bearing portion below the 
acetabular roof on conventional anterior-posterior 
 radiographs was almost equivalent to the extent on the 45° 
 fl exion anteroposterior radiographs. On the fi nal follow-up 
AP radiographs, re-collapse were prevented in 94 % with 
 adequate viable area.  

46.7     Remodeling 

 The necrotic lesion is transferred to the medial or posterome-
dial non-weight-bearing portion. 

 Respherical contour with medial collapsed portion and 
disappearance of subchondral fracture moved by high-degree 
posterior rotational osteotomy is one of the characteristic 

remodeling (Figs.  46.5  and  46.6 ). Measurement was per-
formed that showed the greatest collapse area of the medial 
femoral head in 28 hips treated by high-degree posterior 
rotational osteotomy. The methods of Steinburg et al. [ 17 ] 
were used in part. The mean ratio of medial collapse of the 
femoral head was 18.4 % less than 6 months after operation 
and 8.3 % 3 years 3.4 % at fi nal follow-up (mean, 8.5 years) 
after operation [ 14 ]. The ratios were equivalent between 
nontraumatic and traumatic cases. 

 Subchondral fracture disappeared on 68 % 3 years after 
operation and on 92 % at fi nal follow-up [ 14 ]. Of the 
improvement of the acetabular subchondral roof for the 
seven hips with apparent joint space narrowing before oper-
ation, the shape of the acetabular roof was reformed by 2 
years after the procedure in all seven hips. At fi nal follow-
up anterior-posterior radiographs, the joint space was 
increased, when comparing it before the procedure, and 
maintained [ 12 ]. These results showed apparent remodeling 
occurred after high-degree posterior rotational osteotomy.  

46.8     Discussion 

 Joint preservation of femoral head osteonecrosis in young 
patients is widely recognized for orthopedic surgeons. 
However, if the patients have the extensive lesion in the 
weight-bearing area, collapse usually occurs within a short 
period [ 2 ]. 

 In cases with extensive collapsed necrotic lesions, various 
types of prosthetic replacement should be performed even if 
patients are young although the results of prosthetic replace-
ment for young patients are controversial [ 3 – 5 ]. In cases of 
no apparent collapse, Sugioka’s conventional anterior rota-
tional osteotomy may be effective if the posterior large via-
ble area still remains [ 9 ,  15 ]. However, if the patients have 
apparent collapse, anterior instability occurs after anterior 
rotation. Anterior collapsed lesion is moved to the loaded 
portion below acetabular roof on fl exion producing instabil-
ity [ 8 ]. In contrast, the anterior viable area transferred by 
high- degree posterior rotation can be moved to the loaded 
portion below acetabular roof. The authors demonstrated 
using 45° fl exion AP radiograph that anterior viable was 
placed in the weight-bearing area below the acetabular roof 
[ 12 ]. Collapsed necrotic lesion was moved to the medial or 
posteromedial portion implying low-pressure area. After 
high-degree posterior rotational osteotomy, containment and 
congruency between the femoral head and the acetabulum 
were improved not only in the neutral position but also in 
fl exion of daily activities. With these reasons, the prominent 
remodeling might be able to occur after high-degree poste-
rior rotational osteotomy resulting in joint preservation for 
young patients.  

  Fig. 46.6    3 years after operation of a case of Figs.  46.2  and  46.3 . AP 
radiograph disclosed spherical contour of the medial femoral head and 
disappearance of medial subchondral fracture. Secondary collapse was 
prevented; calcar remodeling was complete. She is free from pain and 
has good range of motion (fl exion was 140°; abduction was 30°)       
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46.9     Summary 

 The author believes that this operation may delay the pro-
gression of degeneration if adequate viable area can be 
placed under the loaded portion of the acetabulum. 
Remodeling of the collapsed lesion and the degenerative 
acetabular subchondral roof might be one of the important 
factors for preserving the joints. High-degree posterior rota-
tional osteotomy might be effective in young patients with 
extensive collapsed necrotic lesion of the femoral head.     
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47.1            Background of the Transtrochanteric 
Curved Varus Osteotomy  

 Osteonecrosis (ON) of the femoral head often occurs in ado-
lescents and in middle-aged patients. Accordingly, joint pres-
ervation may be one of the ideal options, when a surgical 
treatment is considered. We believe the principles of the treat-
ment of ON are (1) to eliminate the shear stress from the 
necrotic region and to prevent a progression of collapse and 
(2) to obtain joint realignment of the femoral head subluxated 
due to collapse. To satisfy these principles, we have performed 
transtrochanteric curved varus osteotomy for ON patients who 
have an intact non-collapsed lesion in the lateral part of the 
femoral head. The purpose of this curved varus osteotomy is 
to move the necrotic lesion medially and then to bring the 
intact lateral articular surface into a weight- bearing position. 

 Originally, the varus wedge osteotomy  was developed for 
the treatment of hip osteoarthritis [ 1 ], which later was 
adapted for the treatment of osteonecrosis by Merle 
d’Aubigne et al. [ 2 ] and Kerboul et al. [ 3 ]. This varus wedge 
osteotomy, however, has some disadvantages, such as caus-
ing elevation or lateral displacement of the greater trochan-
ter, potential possibility of nonunion or delayed union, and 
leg length discrepancy (ranging from 29 to 38 mm) [ 4 – 6 ]. 

 In order to overcome these problems, Nishio developed a 
transtrochanteric curved varus osteotomy, which is per-
formed between the greater and the lesser trochanters 
(Fig.  47.1 ) [ 7 ]. In this transtrochanteric curved varus osteot-
omy, the leg length discrepancy has been reported to range 
from around 0.5–20 mm [ 8 – 11 ], and good clinical and radio-
logical outcomes have been reported (success rate is around 
90 %) [ 8 – 11 ].

47.2        Indication of the Curved 
Varus Osteotomy 

 This procedure is indicated in cases with a residual intact 
area in the lateral part of the femoral head with an intact area 
ratio to the acetabular weight-bearing area of 33.6 % or more 
in a maximum abduction position (Fig.  47.2 ), since patients 
who had more than 33.6 % of the intact articular surface of 
the femoral head postoperatively had been reported to have a 
good clinical outcome (Figs.  47.3  and  47.4 ) [ 11 ]. Therefore, 
patients who had the prospect of obtaining more than 34 % 
intact articular surface on preoperative AP hip radiograph in 
maximum abduction were indicated for this operation. To 
prevent adduction contracture, cases in which the hip joints 
could not be abducted more than 20° are not indicated.

47.3          Operative Procedures 

47.3.1     Operative Position 

 Osteotomy is performed in a complete lateral decubitus posi-
tion. Since an image will be used during the operation, secure 
fi xation should be achieved so as to obtain an accurate 
anteroposterior radiograph of the pelvis.  

47.3.2     Skin Incision 

 A 15–20-cm lateral longitudinal incision is made from the 
proximal end of the greater trochanter to the distal end.  

47.3.3     Expansion of the Hip 

 An incision is made on the deep fascia of the thigh and on 
the iliotibial band as well. The thin membranes or synovial 
capsules around the greater trochanter are incised with the 
lower extremities in a medial rotation position so that the 
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 intertrochanteric crest is exposed. The lesser trochanter is 
exposed subperiosteally, and the intertrochanteric crest is 
also elevated along the planned osteotomy line. During this 
process, care should be taken not to damage the nutrient ves-
sels  supplying the femoral head in the medial intertrochan-
teric crest. Since osteotomy is performed from the posterior 
side, forward expansion is not required.  

47.3.4     Osteotomy Guide Setting 

 The varus osteotomy guide is posteriorly applied to the lateral 
intertrochanteric crest slightly distal end to the center of the 
lesser trochanter. Care should be taken to ensure that the cen-
tral part of the guide is inserted 5 mm away from the intertro-
chanteric crest to be fi xed with two pieces of cortex screw 

Transtrochanteric Curved Varus Osteotomy

  Fig. 47.1    Transtrochanteric curved varus osteotomy is performed 
between the greater and the lesser trochanters, which has a merit to 
prevent elevation of the greater trochanter, lateral displacement of the 
femoral shaft which causes gluteus medius and minimus muscle 

 disorders, delayed union or nonunion at the site of osteotomies, and leg 
length discrepancy, which has been commonly observed after wedge 
varus osteotomies       

Indications for Varus Osteotomy

A-P Abduction

  Fig. 47.2    Cases who have a 
residual intact area in the lateral 
part of the femoral head with an 
intact area ratio to the acetabular 
weight-bearing area of 33.6 % or 
more in a maximum abduction 
position ( red arrow : borderline 
between necrotic and intact area)       
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(Fig.  47.5 ). Also, the greater trochanter and its base should be 
suffi ciently thick. The position should be reconfi rmed on an 
image, and it should be adjusted as needed; the knee joint 
fl exed to 90° and the lower leg parallel to the X-ray incident 
direction is the accurate median position (Fig.  47.6 ).

47.3.5         Osteotomy 

 After partially removing the adhesion of the gluteus medius, 
osteotomy is performed with a reciprocator in a curved fash-
ion from the tip of the greater trochanter along the guide with 

careful attention to the depth and direction. When osteotomy 
is performed from the lesser trochanter side, the relatively 
soft bone of the greater trochanter side remains, and there is 
a risk that this bone may break.  

47.3.6     Varus Control by Moving 
the Proximal Fragment 

 The moving distance determined during preoperative plan-
ning should be marked on the distal and the proximal bone 
fragments by using a chisel. The lower extremity is set in a 
medial rotation–adduction position by towing it so that the 
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  Fig. 47.3    The postoperative intact area ratio of the articular surface of 
the femoral head to the weight-bearing area of the acetabulum on post-
operative anteroposterior ( AP ) radiographs. Point  B  is determined by 
drawing a perpendicular line from the midpoint of  A  (the edge of the 
acetabulum) and  C  (the lowest point of the teardrop) to the acetabular 
roof. Point  D  represents the lateral edge of the load-bearing portion. 
Point  E  represents the medial edge of the intact articular surface of the 
femoral head. The postoperative intact area ratio is expressed as 
 D – E / A – B . The planned varus angle is confi rmed during surgery by 
measuring the moving distance of proximal femur ( d ), which was cal-
culated preoperatively (Reproduced with permission and copyright© of 
the British Society of Bone and Joint Surgery [ 11 ])       
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  Fig. 47.4    Kaplan-Meier survival curve shows the radiological survival 
rate based on the postoperative intact area ratio of 33.6 %. The endpoint 
is the time when the progression of collapse was observed (Reproduced 
with permission and copyright© of the British Society of Bone and 
Joint Surgery [ 11 ])       
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Posterior View of the left hip

  Fig. 47.5    The varus osteotomy guide is posteriorly applied to the lat-
eral intertrochanteric crest slightly distal end to the center of the lesser 
trochanter. Care should be taken to ensure that the central part of the 
guide is inserted 5 mm away from the intertrochanteric crest to be fi xed 
with two pieces of cortex screw.  GT  greater trochanter,  LT  lesser tro-
chanter,  VL  vastus lateralis       
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osteotomy site is expanded and then the osteotomy section of 
the lesser trochanter, which is located at the inferomedial 
margin of the central bone fragment, is grappled with a sharp 
retractor to be towed toward the head so that the bone frag-
ment is in a varus position. The gluteus minimus muscle is 
isolated from the joint capsule at the proximal end of the 
greater trochanter, and a part of the anterior joint capsule of 
the proximal bone fragment and the adhesion of the lesser 
trochanter of the iliopsoas muscle are resected to facilitate 
translation. The proximal bone fragment is translated till the 
points marked on the proximal and distal bone fragments 
meet, and then the extremity in a medial rotation position is 
relieved to be reduced. Since the sharp retractor is slippery at 
this moment, care should be taken not to damage the nutrient 
vessels in the intertrochanteric crest.  

47.3.7     Fixation of Bone Fragments 

 A longitudinal incision is made on the lateral great muscle 
and expanded so that a plate can be inserted. A Steinmann pin 
and guide pins for fi xing different plates are inserted into the 
proximal and the distal fragments, respectively, and they are 
provisionally fi xed there. Confi rmation is made on the basis 
of the varus angle, the position of pins, and the direction and 
length of the pins on an image. First, the proximal side is 
fi xed with a large lag screw to prevent rotation. Subsequently, 
fi xation is achieved with a plate. Following these procedures, 
reconfi rmation is made on the basis of the planned varus 
angle, the length of screws, and their position on an image.  

47.3.8     Wound Closure 

 A drain is left, and then layer-by-layer suturing is 
performed.   

47.4     Clinical Results [ 10 ] 

 Between January 1993 and March 2004, a transtrochanteric 
curved varus osteotomy was performed on 42 hips in 36 ON 
patients (6 patients had operation on both hips). The patients 
included 15 men and 21 women with a mean age at the time 
of surgery of 34 years (range 15–68 years). All patients were 
followed up at least 1-year intervals, and the mean duration 
of follow-up was 5.9 years (range 2.0–12.5 years). 

 Thirty-two hips were classifi ed as steroid-related dis-
eases, 4 were secondary to excessive alcohol consumption, 2 
were post-traumatic, and 4 were idiopathic. 

 According to the classifi cation of the Japanese 
Investigation Committee of Health and Welfare [ 12 ], 37 hips 
were classifi ed as stage 3A, 4 as stage 3B, and one as stage 
4. The localization of the affected necrotic lesion [ 12 ] was 
type B in one hip, type C1 in 36, and type C2 in 5. 

 The mean preoperative Harris hip score was 64.0 ± 10.7 
(mean ± standard deviation) points, which improved to 88.7 ± 8.5 
points at the fi nal follow-up (Fig.  47.7 ). More than 34 % of the 
postoperative intact area ratio was obtained in 41 of the 42 hips 
(Fig.  47.8 ), and the mean postoperative intact area ratio was 
53.0 % (range 30–81 %). Only 2 of the 42 hips developed osteo-
arthritic changes during the follow-up period. One case is a 
27-year-old female, who had only 30 % postoperative intact area 
ratio. The hip pain recurred 2 years after the operation, followed 
by progressive collapse, which resulted in undergoing total hip 
arthroplasty (THA). The other case is a 37-year-old male, who 
had 45 % postoperative intact articular surface. However, 
2 years after the operation, mild osteoarthritic changes occurred 
but neither hip pain nor progression of a collapse on radiographs 
was noted, and this patient is being followed up [ 10 ].

    A mean varus angulation  of 25.0°(range 12–38°) was 
obtained (10–15° in 2 cases, 16–20° in 11 cases, 21–25° in 10 
cases, 26–30° in 11 cases, 31–35° in 6 cases, and 36–40° in 2 
cases, respectively). No increase in the varus angulations was 

  Fig. 47.6    The guide position should be reconfi rmed on an image, and 
it should be adjusted as needed; the knee joint fl exed to 90°and the 
lower leg parallel to the X-ray incident direction is the accurate median 
position       
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  Fig. 47.7    Preoperative and fi nal follow-up Harris hip score. The mean 
preoperative Harris hip score was 64.0 ± 10.7 points, which improved to 
88.7 ± 8.5 points at the fi nal follow-up examination (Wilcoxon signed- 
rank test;  n  = 42,  p  < 0.0001) (Reproduced with permission and copy-
right© of the British Society of Bone and Joint Surgery [ 10 ])       
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observed in any cases during the follow-up period [ 10 ]. The 
postoperative leg length discrepancy showed a very strong 
correlation with the ratio of varus angulation (Pearson’s cor-
relation coeffi cient;  n  = 42,  r  = 0.9530,  p  < 0.0001) (Fig.  47.9 ).

47.5        Discussion 

 A curved varus osteotomy is performed in patients with an 
intact area ratio of approximately 34 % in a maximum abduc-
tion position. During curved varus osteotomy, collapsed 

necrotic areas can be moved medially so that the intact area, 
which remains in the lateral portion, supports load. This pro-
cedure is considered to be an effective joint-preserving 
modality with a relatively low surgical stress for patients 
with an intact area ratio to the weight-bearing area of 1/3 or 
higher in a preoperative maximum abduction position. 

 This curved varus osteotomy has been designed to prevent 
elevation of the greater trochanter (Trendelenburg limp ), lateral 
displacement of the femoral shaft which causes gluteus medius 
and minimus muscle disorders, delayed union or nonunion at 
the site of osteotomies, and leg length discrepancy, which has 
been commonly observed after wedge varus osteotomies [ 4 – 6 ]. 
There have been several reports which investigated the good 
clinical results of a transtrochanteric curved varus osteotomy 
[ 9 – 11 ,  13 ]. Leg length discrepancy has been reported to range 
from 0.5 to 20 mm in transtrochanteric curved varus osteotomy 
[ 8 ,  9 ] compared with 29–38 mm in varus wedge osteotomy [ 6 ]. 
Recently, Ikemura fi rst reported the correlation between the 
varus degree and the leg length discrepancy (Fig.  47.9 ) [ 10 ]. 
This paper seems to be a useful preoperative information for the 
ON patients who are scheduled to undergo transtrochanteric 
curved varus osteotomy and have some concerns regarding the 
postoperative leg length discrepancies.     
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48.1            Introduction 

 Severely collapsed or advanced osteonecrosis requires total 
hip arthroplasty (THA). When a THA is performed for osteo-
necrosis (ON), problems with polyethylene wear can arise in 
the medium and long term [ 1 – 3 ]. Furthermore, the wear rate 
of conventional polyethylene and the prevalence of osteolysis 
associated with THA in younger patients with osteonecrosis of 
femoral head are unacceptably high at the midterm follow-up 
[ 1 – 3 ]. The factors that contribute to high failure rates include 
a relatively young age, long life expectancy, higher activity, 
increased body weight, and poor quality of the femoral bone. 
Therefore, the minimization of wear is essential for improving 
the results of THA in these populations. More durable articula-
tions have been introduced, such as highly cross-linked poly-
ethylene-on-metal articulation [ 4 ], metal-on-metal articulation 
[ 5 ], and ceramic-on-ceramic articulation [ 6 ].  

48.2     Main Text 

 Ceramic-on-ceramic articulation  was developed and intro-
duced by Boutin in the 1970s [ 7 ] and later was popularized 
worldwide by Mittelmeier [ 8 ]. The advantages of a ceramic 
bearing surface in THA are hardness, wettability, fl uid fi lm 

lubrication, inertness, and a high oxidation level, which theo-
retically should provide scratch resistance, increased implant 
longevity, and biocompatibility. However, as was experienced 
for fi rst-generation metal-on-metal articulations, early experi-
ences of early generation alumina ceramic bearings were dis-
appointing, because of design issue and inadequate material 
properties, such as low density and a coarse microstructure 
[ 6 ,  9 ]. Poor designs, such as conically threaded “monobloc”  
or spherical press-fi t cups, were problematic with respect 
to prosthesis-bone integration [ 6 ,  9 ]. Furthermore, because 
of inadequate material properties, early generation ceramic 
bearings showed higher rates of acetabular component loos-
ening, and ceramic component fracture, and isolated exam-
ples of accelerated bearing surface wear [ 6 ,  9 ]. 

 These early designs are now being replaced by modu-
lar systems with taper fi xation of metal-backed alumina 
components, and these newer designs have shown better 
midterm outcomes [ 10 ,  11 ]. In addition, since 1990, many 
improvements have been adopted to produce third-generation 
ceramics, such as hot isostatic pressing, laser marking, and 
nondestructive proof-testing [ 12 ]. Furthermore, grain size has 
been reduced from 4.2 to 1.8 μm, and burst strength improved 
from 46 to 65 kN. Furthermore, ceramic is biocompatible, 
which precludes concerns regarding metal ion release. For 
these reasons, it is hoped that advanced high- quality alumina 
ceramic bearings with excellent tribological properties are a 
durable option for THA in young active patients [ 6 ,  13 – 18 ]. 

 Although few studies on ceramic-on-ceramic THA have 
been conducted in patients with osteonecrosis, results may 
be similar to those of young active patients. 

 Nich et al. reported the long-term results of ceramic-
on- ceramic THA in patients with ON. Fifty-two ceramic-
on- ceramic THAs were performed in 41 patients with ON 
(mean age, 41 years; age range, 22–79 years). At an average 
follow- up of 16 years (range 11–24 years), no osteolysis was 
observed and no wear was detected. With revision for aseptic 
loosening as the end point, the survival rates of acetabular 
and femoral components were 88.5 and 100 % at 10 years, 
respectively [ 19 ]. 
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 Kim et al. used plain radiography and computed tomog-
raphy (CT) to investigate 93 cementless THAs performed 
using alumina-on-alumina ceramic bearings in 64 young 
patients with femoral head osteonecrosis. At follow-up vis-
its conducted at least 10 years after surgery, no hip required 
revision or showed aseptic loosening, and CT demonstrated 
no acetabular or femoral osteolysis [ 20 ]. 

 Although no case of ceramic fracture occurred in these 
series, ceramic fracture  is a well-recognized problem [ 16 , 
 21 ]. Recent studies have described that third-generation 
ceramic bearing can be also fractured [ 10 ,  22 ,  23 ]. 

 Ha et al. reported that ceramic liner fracture can occur 
after third-generation alumina-on-alumina cementless THA 
[ 24 ]. One hundred and forty-four cementless alumina-on- 
alumina THAs were performed in 17–78-year-old patients, 
69 % of whom had AVN. The acetabular component con-
sisted of an alumina liner (BIOLOX forte, CeramTec AG, 
Plochingen, Germany) housed in a polyethylene shell (Lima, 
Udine, Italy), which was housed in a porous titanium-coated 
hemispheric cup (SPH CONTACT, Lima). This sandwich- 
type acetabular  component was designed to reduce the rigid-
ity of the ceramic-on-ceramic bearing by inserting a layer 
of polyethylene between the ceramic liner and metal shell. 
Ceramic liner fractures occurred in fi ve hips (3.5 %) at a 
mean of 35 months (range, 24–48 months) postoperatively. 
These fi ve patients were fi tted with a more anteverted cup 
than the remainder. Furthermore, in three patients fracture 
apparently occurred during squatting, resulting in hyper-
fl exion and wide hip abduction. Thus, early ceramic liner 
fracture was associated with impingement associated with 
excessive anteversion of the acetabular cup in patients who 
habitually squat. For this design of acetabular component, 
fracture problems were attributed to impingement between 
the metal neck and the ceramic liner during squatting. 

 Koo et al. also reported that ceramic head fracture can 
occur after third-generation alumina-on-alumina THA [ 25 ]. 
Three hundred and fi ve patients (359 hips), who had under-
gone cementless alumina-on-alumina THA at four partici-
pating centers using the 28-mm BIOLOX forte femoral head 
and a BIOLOX forte liner, were evaluated at a mean of 45 
months postoperatively. It was found that 5 (1.4 %) ceramic 
head fractures occurred during normal daily activities at a 
mean of 22.6 months postoperatively and were associated 
with one design of a short-neck modular alumina femoral 
head in this study. On the other hand, the following caus-
ative factors have been suggested by others, such as compo-
nent design, material properties of ceramic components, and 
manufacturing defects, including cone-trunnion mismatch 
and ceramic material deterioration [ 13 ,  26 ,  27 ]. 

 Lee et al. evaluated 16 patients that underwent reop-
eration more than 1 year after previous third-generation 
ceramic-on- ceramic THA, with respect to impingement 
[ 28 ]. In this study, 4 (25 %) of the 16 revision cases showed 

impingement. Retrieved alumina liners showing evidence of 
impingement were examined visually and by scanning elec-
tron microscopy (SEM) . One of the 4 retrieved liners exhib-
ited multiple microcracks, and cross-sectional SEM revealed 
a microcrack propagating deep into the ceramic liner. These 
fi ndings suggest that metal neck-to-ceramic impingement in 
ceramic-on-ceramic THA can cause microcracking of the 
ceramic liner. 

 Baek et al. reported noise after third-generation ceramic-
on- ceramic THA in patients with ON. These authors prospec-
tively evaluated 71 ceramic-on-ceramic THAs in 60 patients 
with ON (mean age, 39.1 years; age range, 18–49 years). 
After average follow-up of 7.1 years (range, 6–9 years), 13 
patients (14 hips, 20 %) reported noise in the hip. However, 
no osteolysis was observed, no revision was required, and no 
ceramic fracture occurred during follow-up [ 29 ]. 

 Lee et al. reported long-term outcomes for third- 
generation alumina-on-alumina bearings in 88 consecu-
tive cementless alumina-on-alumina THAs performed in 
18–65-year-old patients, 50 % of whom had AVN [ 17 ]. At 
last follow-up evaluations, mean WOMAC score was 12.9 
points (range, 0–44 points). Twelve (14 %) of the 88 hips 
produced an intermittent clicking sound and one squeaking. 
Another patient that reported an audible squeak during sway-
ing sideward could not reproduce the noise during the out-
patient evaluation. The remaining total hip prostheses were 
completely problem-free. At an average follow-up of 11 
years (range, 10–11.8 years), no osteolysis was observed and 
no wear was detectable. Two hips required a bearing change 
because of ceramic head fracture. The cumulative survival 
rate at 10 years was 99.0 % (95 % confi dence interval, 97.0–
100 %) when implant revision for any reason was considered 
as the end point. 

 Byun et al. reported the results of third-generation 
ceramic-on-ceramic THA in active young patients with ON. 
They evaluated 56 ceramic-on-ceramic THAs in 41 patients 
of mean age 25.6 years (range 16–29 years). At an average 
follow-up of 7.7 years (range, 6–8.5 years), no osteolysis 
was observed and no revision was required. Furthermore, no 
ceramic fracture occurred during follow-up [ 30 ]. 

 Solarino et al. reported the long-term results of third- 
generation ceramic-on-ceramic THA in patients with ON. 
These authors used a large ceramic head ball (32 mm) for 
68 ceramic-on-ceramic THAs in 61 patients with ON (mean 
age, 49.9 years; range, 29–72 years). At an average follow-
 up of 12.9 years (range, 11–15 years), two revisions have 
been performed for one periprosthetic infection and one 
excessive abduction of acetabular component, respectively. 
No ceramic fracture or osteolysis was observed [ 31 ]. 

 The    possibility of ceramic failure, noise, and impinge-
ment between the metal neck and the ceramic liner remains 
to be major concerns when ceramic bearing surfaces are used 
in THA [ 24 ,  25 ], despite advancement made in the  quality 
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of third-generation alumina ceramic bearings [ 12 ,  14 ]. 
Nevertheless, these studies show that the results of third- 
generation alumina-on-alumina THA are satisfactory for 
long-term follow-up in ON patients [ 19 ,  20 ,  28 – 43 ]. 

 At present, research and design efforts are targeted toward 
the developments of alumina-zirconia composite implants 
[ 44 ,  45 ]. Zirconia toughened alumina designs could improve 
fracture resistance, while maximizing biocompatibility and 
minimizing particulate wear debris [ 32 ]. 

 Better implant designs and new ceramic materials and 
advanced surgical techniques have produced promising 
long-term results that may minimize the negative impact of 
high activity in patients with ON.     
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49.1            Introduction 

 The treatment of patients with osteonecrosis (ON) of the 
femoral head has changed over the last 30 years from the 
concept of saving the femoral head at all costs to the more 
recent concept of treating symptomatic femoral head col-
lapse, in the setting of ON, with total hip arthroplasty. 
Approximately 20,000 patients are diagnosed in the United 
States with ON of the femoral head every year [ 1 ] with the 
average age at presentation being 38 years. Although femo-
ral head core decompression, with or without bone grafting, 
for the early stages of ON is still performed with reasonable 
success, it plays no role in the patient with collapse. Free 
vascularized bone grafting of the femoral head and neck 
has been shown to have marginally superior results to core 
decompression in the treatment of pre-collapse lesions [ 2 ]; 
however, results are much better when used for lesions with 
early collapse, but subsequent THA can be less successful 
as a result [ 3 ]. Proximal femoral redirectional osteotomies 
are described in the treatment of ON of the femoral head; 
however, these are technically demanding surgeries with 
signifi cant associated complications and can make any sub-
sequent THA more diffi cult [ 4 ]. These osteotomies should 
be reserved for the much younger patient with modest-sized 
lesions [ 5 ]. 

 Younger patients with end-stage hip arthritis secondary to 
ON were traditionally offered a range of surgical options 
including resection arthroplasty, resurfacing arthroplasty, 
and arthrodesis; however, there were multiple limitations 
and complications related to these options. The average age 
of a patient undergoing THA as a result of ON is approxi-
mately 40 years. These patients are typically more active and 

have a higher demand on their hip prosthesis. This high level 
of activity with repetitive loading especially in the adoles-
cent and young adult patient group has previously lead to 
mixed results post-THA [ 6 ]. Overall improvement in bearing 
surfaces and prosthetic design as well as operative tech-
niques and better instrumentation has made THA a more 
favorable option in the treatment of those patients with ON 
of the femoral head.  

49.2     Total Hip Arthroplasty in the Young 
Patient: Alternative Bearings 

 Surgical techniques, cementless fi xation methods, and bear-
ing surfaces have all improved greatly in the area of total hip 
arthroplasty. Osteolysis as a result of polyethylene wear par-
ticles resulting in premature failure of the prosthesis with 
associated bone loss has led to the consideration of alterna-
tive articulating or bearing surfaces in the younger patient 
population. 

 The development of severe and painful hip arthritis in the 
younger patient can occur as a result of ON, infection, Legg-
Calvé-Perthes disease, slipped capital femoral epiphysis, or 
femoroacetabular impingement. THA is performed in 
patients with ON when conservative measures have been 
exhausted. Traditionally the demand placed on the hip pros-
thesis by the younger patient has led to accelerated failure 
[ 7 ] making this surgical option less attractive. Higher load-
ing cycles and increased requirements on the longevity of the 
implants in younger patients have traditionally led the ortho-
pedic surgeon away from THA as a treatment option for ON 
of the femoral head [ 8 ,  9 ]. High wear rates and subsequent 
osteolysis associated with conventional ultrahigh-molecular- 
weight polyethylene (UHMWPE) have prompted the need to 
search for alternative bearing surfaces in younger patients 
[ 10 ]. Alternative bearing surfaces include ceramic on 
ceramic (COC), metal on metal (MOM), ceramic on metal 
(COM), and highly cross-linked polyethylene. 
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49.2.1     Ceramic on Ceramic  

 COC bearing surfaces in THA were approved by the Food 
and Drug Administration for use in the United States in 
2003 and were available in Europe since the 1970s [ 11 ]. 
Ceramic bearings have low surface roughness and as a result 
have a low coeffi cient of friction, which lends itself to 
exceedingly low wear rates. However, there are complica-
tions specifi cally associated with the use of COC articula-
tions with head fracture and liner fracture rates at 
0.004–1.4 % and 0.01–2.0 %, respectively. Squeaking, 
which can be early or late [ 12 ], is deemed to be a multifacto-
rial problem that occurs in 0.48–7.0 % and may be improved 
using more recently developed alumina matrix composite 
ceramics [ 13 ].  

49.2.2     Metal on Metal  

 MOM bearing surfaces have been used with some success in 
younger patients in the treatment of end-stage arthritis sec-
ondary to ON [ 14 ]; however, some authors would advise 
against this practice due to increase stress placed on the bone 
cement interface on the femoral side [ 15 ]. A MOM bearing 
can also be facilitated in these patients by way of a stemmed 
femoral component. Advantages of MOM bearings include 
initial postoperative joint stability, as a result of the bigger 
head sizes, and in resurfacing the femoral bone stock can be 
preserved. The use of MOM articulations are currently prov-
ing divisive among orthopedic surgeons with concerns over 
adverse soft tissue reactions, metal ion release, and carcino-
genic risk [ 16 ,  17 ].  

49.2.3     Ceramic on Metal 

 COM articulations represent an alternative hard bearing in 
the treatment of young patients with ON; however, there 
may be a concern regarding the level of metal ions pro-
duced [ 11 ].   

49.3     Highly X-Linked Polyethylene  

 Aseptic loosening and acetabular component wear are the 
leading causes of late revision in THA. The revision burden 
in THA is predicted to increase by 137 % (97,000 revisions) 
in the United States by the year 2030. Newer cementless 
THA fi xation techniques have allowed hip replacement sur-
gery to be more successful in the treatment of young patients 
with ON [ 18 ,  19 ]. However, the success of the procedure 
has been limited by the use of conventional polyethylene 
(UHMWPE) as part of the bearing surface [ 20 ] due to the 
high wear rates and subsequent osteolysis requiring revision. 

 Highly cross-linked UHMWPE has rapidly become the 
polyethylene of choice for use in THA as it has enhanced 
wear-resistant properties over its conventional counterparts. 
Ionizing radiation is used to increase the number of cross- 
links in the manufacturing process thereby reducing the 
amount of polyethylene wear debris created during cyclical 
loading of the prosthetic joint [ 21 ]. Reduction in wear rates 
have been as great as 80 % when compared to conventional 
polyethylene for the 28 and 32 mm head sizes [ 22 ]. 

 Increased cross-linking of polyethylene was initially 
achieved either by chemical means or more reliably by using 
high doses of radiation; however, these fi rst-generation tech-
niques did not use any post-treatment to prevent later oxida-
tion. Second-generation cross-linking uses thermal techniques 
to reduce the number of free radicals and demonstrate excellent 
wear characteristics [ 23 ]; however, there have been isolated 
reports regarding fracture of the polyethylene liner. Current 
third-generation techniques were introduced around 2006/2007 
and use    gamma-rays in place of electron beam irradiation. 
Subsequent annealing of the polyethylene is used by all of the 
current manufacturers; however, there are different techniques 
described to “quench” the free radicals in order to prevent post-
manufacture oxidation. Some highly cross-linked polyethylene 
has shown a dramatic decrease in wear rates when compared 
to a conventional polyethylene from the same company 
(Table  49.1 ). The Zimmer longevity liner (Zimmer, Warsaw, 
Indiana) showed a steady-state wear rate that was eight times 
lower than the conventional Zimmer UHMWPE [ 24 ].

   Table 49.1    Comparison of highly cross-linked polyethylene liners with their conventional (UHMWPE) liners   

 Study  UHMWPE a  (mm/year)  Highly x-linked (mm/year)   P  value 

 Thomas et al. b  [ 24 ]  0.037  0.025  0.007 
 Geerdink    et al. c  [ 25 ]  0.142  0.088  0.007 
 McCalden et al. d  [ 26 ]  0.051  0.003  0.006 
 Mutimer et al. e  [ 27 ]  0.26  0.05  <0.001 

  Although different wear measurement parameters were used in the different studies, the important comparison is between the conventional poly-
ethylene and its highly cross-linked counterpart 
  a UHMWPE: conventional ultrahigh-molecular-weight polyethylene 
  b Thomas et al. (Zimmer, Warsaw, Indiana). Zimmer longevity vs conventional Zimmer poly liner. Measurement: steady-state linear wear rate 
  c Geerdink et al. (Stryker Orthopaedics, Mahwah, NJ). Duration vs conventional Stryker poly liner. Measurement: linear wear rate 
  d McCalden et al. (Zimmer, Warsaw, Indiana). Zimmer longevity vs conventional Zimmer poly liner. Measurement: femoral head penetration in 
years 1–5 post implantation 
  e Mutimer et al. (DePuy, Warsaw, IN). Highly cross-linked Marathon vs conventional Enduron poly liner. Measurement: linear wear rate  

P. O’Toole and J. Parvizi



351

49.4        Current Performance of Highly 
X-Linked Polyethylene in Younger 
Patient Population 

 Highly cross-linked polyethylene liners can be coupled with 
either cobalt chromium or ceramic femoral head prostheses 
to form a “hard on soft” bearing . Over the last decade or so, 
there has been a huge interest in the use of highly cross- 
linked polyethylene liners to help decrease and prevent wear 
particles and their sequelae. This is particularly true in 
patients suffering from ON of the femoral head, who tend to 
be younger and more active at the time of THA. Highly 
cross-linked polyethylene liners are an obvious choice for 
the younger patient as osteolysis has been reported in up to 
60 % of young patients, at 5 years, treated with conventional 
UHMWPE [ 28 ,  29 ]; however, there is little clinical or in vivo 
evidence supporting the use of highly cross-linked polyeth-
ylene in younger patients. 

 Osteolysis is one of the most important factors affecting 
the longevity of a total hip replacement. Osteolysis is uncom-
mon with wear rates of <0.1 mm/year [ 30 ]; however, wear 
rates of >0.2 mm/year can cause 100 % failure of THAs, 
with wear rates of >0.15 mm/year putting the hip at risk over 
time [ 31 ]. Initial early and midterm results of highly cross- 
linked polyethylene are promising, showing excellent wear 
rates and low levels of osteolysis. Nikolaou et al., in a pro-
spective study, randomized patients to three groups with dif-
ferent bearing surfaces in each group, cobalt chrome on 
UHMWPE, cobalt chrome on highly cross-linked polyethyl-
ene, and COC bearings. They concluded that there were no 
signifi cant differences in radiological outcomes or hip out-
come scores at 5 years, but did show a signifi cant difference 
in wear rates between the UHMWPE and the highly cross- 
linked version [ 32 ]. All patients were <65 years of age with 
a mean age of 53 years, while the majority of these patients 
were diagnosed with primary osteoarthritis, ON represented 
the next largest group. 

 Younger patients are more active post-THA and may also 
participate in manual labor postoperatively. As THA tech-
niques are improving and prosthetic design as well as 
cementless fi xation technology is becoming more robust, the 
indications for THA are expanding to include younger and 
more active patients. A ceramic on highly cross-linked poly-
ethylene bearing was used in patients under the age of 30 
years with results showing no osteolysis or aseptic loosening 
at a mean follow-up time of 10.8 years [ 33 ], using a Marathon 
liner (DePuy, Warsaw, Indiana). The range of wear rates for 
highly cross-linked polyethylene in the literature varies from 
0.002 to 0.15 mm/year [ 34 ,  35 ]; however, the majority of 
studies do not specifi cally look at the younger patient. 
Trousdale et al. [ 36 ] investigated the relatively long-term 
outcome in 54 hips in patients <50 years of age. Although 
the patient numbers were low, survivorship was 100 % using 
highly cross-linked polyethylene liners. 

 While the average age of the ON patient undergoing THA 
is approximately 40 years, the majority of studies dealing 
with the midterm results of highly cross-linked polyethylene 
in younger patients have primary osteoarthritis as the most 
common pathology requiring THA. However, despite this, as 
younger patients will cyclically load their hip prosthesis and 
will be more active, it is fair to draw comparisons from these 
studies for young patients requiring THA for ON. 

 Patients with ON requiring THA have always been a chal-
lenging group to treat. The main reason for this is that the 
outcome post-THA in this group has been poor owing to the 
high demands placed on the prosthesis. Cementless fi xation 
has continued to develop and now offers an excellent form of 
fi xation for both the femoral and acetabular components in 
this group. The durability of a cementless THA in a patient 
with ON has been shown to be excellent and comparable to 
that of the general population and may even surpass its 
cemented counterpart [ 37 ]. 

 The long-term effects, in patients with ON, of the altered 
mechanical properties of the highly cross-linked polyethyl-
ene liners remain unknown, but there is short-term 5-year 
follow-up data to suggest that the clinical and radiological 
results are promising for this patient population [ 38 ]. Kim 
et al. showed a polyethylene linear penetration rate of 
0.05+/−   0.02 mm/year with no aseptic loosening or osteoly-
sis in 73 hips treated with THA for ON in a population with 
an average age of 45.5 years and a mean follow-up of 
8.5 years [ 39 ].  

49.5     Complications of Highly 
Cross-Linked Polyethylene 

 Highly cross-linked polyethylene is only in use long enough 
to show early to midterm results; however, these initial 
results are so promising that if they are to continue, the lon-
gevity of a cementless THA may increase dramatically. For 
the same reason there is a question mark over the mechanical 
properties of these liners with time. The wear characteristics 
and the risk of liner fracture and failure are different for the 
different manufacturing techniques. Although it is presumed 
that there is a minimum liner thickness that should be adhered 
to, this measurement may be different for different highly 
cross-linked polyethylene liners. Keeping the liner thickness 
>6 mm to prevent fracture has been advocated by some 
authors [ 33 ]. 

 When the in vivo studies cannot be relied upon, during the 
recent introduction of these new polyethylene liners, in vitro 
studies can be used to simulate long-term loading of a pros-
thesis; however, these studies can result in catastrophe when 
there is a mismatch between the in vitro and in vivo wear 
characteristics [ 40 ,  41 ]. 

 Retrieval analyses of highly cross-linked polyethylene 
liners have also revealed that cracks may exist especially 
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near notches in the unsupported rims of some particular lin-
ers [ 42 ]. The majority of modern liners have a similar design, 
and it is not yet known whether these cracks may propagate 
to cause catastrophic liner failure.  

49.6     Summary 

 ON of the femoral head is a relatively common condition. 
The pre-collapse or early stages can be treated successfully 
with core decompression. Once collapse is present, and the 
patient’s symptoms are signifi cant, then a modern cement-
less THA with a highly cross-linked polyethylene liner is an 
excellent choice. Initial and midterm results with these liners 
are encouraging, and the longevity of a THA in this high- 
demand group may increase. Recent reports of trunnion- 
related pathology may be decreased or eliminated by using a 
modern ceramic femoral head prosthesis.     
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50.1            Introduction 

 Although total hip arthroplasties (THAs) have been 
extremely successful, survivorship of THAs in young 
patients with osteonecrosis of femoral head has been limited 
by aseptic loosening and osteolysis secondary to wear and 
particulate polyethylene debris [ 1 – 4 ]. Highly cross-linked 
polyethylene (HXLPE)  has been introduced to decrease 
osteolysis secondary to polyethylene wear debris genera-
tion, thereby increasing long-term survivorship of the THAs 
[ 5 – 7 ]. There are a variety of types of HXLPE sold world-
wide today. 

 Three versions of intentionally HXLPE    have been histori-
cally used in THA; one of those types have been chemically 
cross-linked, while the other two were cross-linked using 
high doses of irradiation. Retrospective wear measurements 
and anecdotal results of more than 10 years are    available; 
Wroblewski [ 7 ] reports in his 10-year data a wear rate of 
0.037 mm/year, a reduction of 75 % versus conventionally 
sterilized PE. Oohnishi [ 8 ] and Grobbelaar [ 9 ] report 20-year 
results with similar reduction in wear rate. Nevertheless, the 
historical cross-linking methods used the standard steriliza-
tion technology of those days and, therefore, were subopti-
mal. Gamma irradiation sterilization in inert gas was 
introduced in 1986 [ 10 ], and since the late 1990s, the second 

generation of HXLPE has been used successfully as bearing 
surfaces using two thermal methods to reduce the free radi-
cals generated during the cross-linking process. Despite a 
dramatic reduction in wear and positive clinical results with 
the second-generation HXLPE [ 11 ], it was necessary to 
compromise between oxidation resistance and preservation 
of toughness, which has been addressed by various manufac-
tures in different ways. Second-generation HXLPE have 
been used on a limited basis as bearing surfaces for total 
knee replacement (TKR), and there is limited clinical infor-
mation on their success but no reports of failures of tibial 
inserts. Nevertheless, isolated reports of fracture of remelted 
HXLPE hip liners have been reported [ 12 ,  13 ], and degrada-
tion due to oxidation remains a long-term concern. 

 The newest third generation of HXLPE  has been intro-
duced in 2005/2007 to address the defi ciencies of the previ-
ous generation by usage of enhanced technologies to 
minimize the compromise made with second-generation 
materials. All new-generation HXLPE are now irradiated by 
gamma rays instead of electron beam. To retain the mechani-
cal properties, the annealing procedures are used for all 
materials on the market, while for the quenching of the free 
radicals, two different methods are used. One uses a sequen-
tial irradiation/annealing process repeated three times (×3), 
others incorporate vitamin E as radical scavenger in various 
amounts and process into the HXLPE. 

 Alumina ceramic bearings offer the advantage of 
improved lubrication, smoother surface fi nish, and improved 
resistance to scratching and are biologically inert com-
pounds. Ceramic femoral heads therefore have substantial 
tribologic advantages over metal femoral heads and result in 
much lower wear and osteolysis [ 14 ]. Furthermore, alumina 
ceramic-on-highly cross-linked polyethylene bearing in total 
hip arthroplasty would reduce more polyethylene wear and 
osteolysis. 
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 We investigated whether cementless total hip arthroplas-
ties using alumina ceramic-on-second generation of highly 
cross-linked polyethylene bearings would improve hip score 
and functional activity and reduce the incidence of polyeth-
ylene wear, osteolysis, and aseptic loosening.  

50.2     Materials and Methods 

 From February 2000 to April 2002, the senior author per-
formed 146 consecutive total hip arthroplasties using alu-
mina ceramic-on-highly cross-linked polyethylene 
(Marathon, DePuy, Warsaw, Indiana) in 133 patients. The 
study was approved by our institutional review board, and 
all patients provided informed consent. Twelve patients 
were lost to follow-up (before 2 years), leaving 121 patients 
(133 hips) in this study. 

 There were 82 men and 39 women. The average age at the 
time of the index arthroplasty was 36.9 years (range, 
20–50 years). The average weight of the patients was 67.8 kg 
(range, 47–98 kg). The average height was 164.8 kg (range, 
147–189 kg), and the average body mass index was 24.9 kg/
m 2  (range, 18.8–30.5 kg/m 2 ). The preoperative diagnosis was 
osteonecrosis of femoral head in all hips. All hips with osteo-
necrosis of femoral head had Ficat and Arlet stage III or IV 
[ 15 ]. The presumed cause of osteonecrosis was ethanol abuse 
in 85 patients (70 %), idiopathic in 31 patients (26 %), and 
steroid use in fi ve patients (4 %). The average follow-up was 
11.6 years (range, 10.5–12.8 years). 

 All operations were performed through a posterolateral 
approach. A cementless Duraloc 100 or 1,200 series acetabu-
lar component with a highly cross-linked polyethylene liner 
of 28 mm inner diameter was used in all hips. The solid ace-
tabular component was fi xed with a press fi t only in 122 hips 
(92 %), and one or two screws were inserted for supplemental 
fi xation of the cups with screw holes in the remaining 11 hips 
(8 %). All patients received an Immediate Postoperative 
Stability (IPS; DePuy, Leeds, United Kingdom) femoral com-
ponent with a 28 mm alumina forte ceramic femoral head. 
The femoral component was inserted with a press-fi t tech-
nique. The largest broach that would fi t the metaphysis was 
used. The IPS femoral component is an anatomical metaphy-
seal-fi tting titanium stem with a polished and tapered distal 
stem, designed to provide fi xation in the metaphysis only, 
thereby avoiding metal-to-bone contact below this point. The 
proximal 30 % of stem was porous coated with sintered tita-
nium beads, with a mean pore size of 250 μm to which a 
hydroxyapatite coating was applied to a thickness of 30 μm. 

 The patients were allowed to stand on the second postop-
erative day, and they progressed to full weight bearing with 
crutches as tolerated. They were advised to use a pair of 
crutches for 4 weeks and walk with a cane thereafter if 
required. 

 Clinical follow-up was performed at 3 months and 1 year 
and yearly thereafter. Harris hip score [ 16 ] and Western 
Ontario and McMaster Universities Osteoarthritis (WOMAC) 
[ 17 ] score were determined before surgery and at each fol-
low- up examination. Patients subjectively evaluated thigh 
pain on a 10-point visual analog scale (0 = no pain; 10 = severe 
pain). The level of activity of the patients after the total hip 
arthroplasty was assessed with the activity score of the 
University of California, Los Angeles (UCLA) [ 18 ]. 

 Radiographic follow-up was performed at 3 months and 
1 year and yearly thereafter. A supine anteroposterior 
 radiograph of the pelvis with both hips in neutral rotation 
and 0° of abduction was made for every patient. Consistent 
patient positioning was ensured with the use of x-ray frame. 
Cross- table lateral radiographs were also made of each hip. 

 Femoral bone type was determined in preoperative radio-
graphs using Dorr’s classifi cation  [ 19 ]. Defi nite loosening of 
the femoral component was defi ned if there was a progres-
sive axial subsidence of >2 mm or varus or valgus shift of 
>2° [ 20 ]. A femoral component was considered to be possi-
bly loose when there was a complete radiolucent line sur-
rounding the entire porous-coated surface on both the 
anteroposterior and lateral radiographs [ 20 ]. Defi nite loosen-
ing of the acetabular component was diagnosed when there 
was a change in the position of the component (>2 mm verti-
cally and/or medially or laterally) or a continuous radiolu-
cent line wider than 2 mm on both the anteroposterior and 
the lateral radiographs [ 20 ]. 

 Penetration of the polyethylene liner was measured with 
AutoCAD 2013 (Autodesk, Inc., Sauslito, California [ 21 ]), 
by three observers who was blinded to the clinical results. 
The observers made three measurements in each radiograph. 
A ScanMaker 9600XL fl at-bed imaging scanner (Microtek, 
Carson, California) digitized the anteroposterior radiograph 
of the pelvis as two-dimensional grayscale arrays of 12-bit 
(256-gray-level) integers. The scanning resolution was 600 
pixels per square inch (psi). Penetration of the head into the 
polyethylene liner was determined annually from anteropos-
terior pelvic radiographs. The amount of head penetration 
into the polyethylene liner on radiographs made 3 months 
postoperatively was considered to be the “zero position.” 

 The presence and location of areas of osteolysis in the 
acetabulum and in the femur were recorded in the anteropos-
terior and lateral radiographs according to the system of 
DeLee and Charnley [ 22 ] and Gruen et al. [ 23 ], respectively. 
The length and width of osteolytic lesions were measured, 
and the area was expressed in square centimeters. 

 Computed tomography of one or both hips was performed 
at 1 week after the operation and at fi nal follow-up to deter-
mine osteolysis. We developed an algorithm to address the 
beam hardening artifacts, as well as to measure the volume 
of osteolytic lesions. We then developed a segmentation 
algorithm to segment the lytic lesions from image data and to 
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measure their volumes. Computed tomographic images were 
acquired using Siemens AG (Munich, Germany) with 1 mm 
collimation, a pitch of 1.5, and a 14–22 cm fi eld of view. The 
raw data was reconstructed for 1 mm slices. The area within 
5 cm from the prosthesis-bone interface in all directions was 
evaluated. The volume of osteolysis was calculated by 
VirtualScopics (Rochester, New York). 

 Survivorship analysis was performed with the Kaplan- 
Meier method [ 24 ] with revision for any reason as one end 
point and revision due to mechanical failure (clinical and 
radiographic evidence of aseptic loosening) at the time of 
follow-up as the other end point. We determined differences 
in continuous variances (Harris hip score and range of 
motion) between preoperative and postoperative results 
using Student’s paired  t -test and in categorical variances 
(details of functional evaluation and deformity according to 
the Harris hip score) and limb length between preoperative 
and postoperative evaluations using chi-square test. 
Univariate regression analysis was used to evaluate the rela-
tionship, if any, between osteolysis and the variables of age, 
gender, weight, diagnosis, the duration of follow-up, and 
acetabular inclination and anteversion. The level of signifi -
cance was set at  p  < 0.05.  

50.3     Results 

 Preoperative Harris hip score was improved signifi cantly 
( p  = 0.005). The mean preoperative Harris hip score was 44.3 
points (range, 6–55 points), which was improved to 96 points 
   (range, 85–100 points) at 11.6-year follow-up. Preoperative 
functional activity was improved signifi cantly ( p  = 0.001) at 
11.6-year follow-up. The ability to put on footwear and to 
cut toenails and to use stairs and public transportation was 
improved markedly at 11.6-year follow-up. Preoperative 
WOMAC score was 65.3 points (range, 52–82 points), and it 
was improved to 13 points (range, 9–14 points) at 11.6-year 
follow-up. 

 Activity level of patients was improved very much after 
the operation. Many patients were quite active despite our 
admonitions to avoid activities involving high impact, follow-
ing the total hip arthroplasty. The preoperative UCLA activity 
score was 2 points (range, 1–3 points), which was improved 
to 6.5 points (range, 5–10 points) at 11.6-year follow-up. 

 No hip had aseptic loosening of any acetabular or femoral 
component. All hips had Dorr type A or type B bones. The 
mean inclination and anteversion of acetabular component 
was 43.2° (range, 35–45°) and 21° (range, 19–25°), respec-
tively. All acetabular and femoral components were fi xed by 
bone ingrowth. Calcar rounding off was observed in all hips, 
but no hip had stress-shielding-related proximal femoral 
bone resorption. No hip had ceramic femoral head or acetab-
ular liner fracture. 

 The mean total amount of HXLPE linear penetration was 
0.381 ± 0.298 mm (range, 0.000–1.296 mm), and mean 
annual penetration rate was 0.033 ± 0.002 mm per year 
(range, 0.000–0.111 mm per year). Normal accuracy of mea-
surement of this system was 0.001 mm. The chance-cor-
rected kappa coeffi cient that was calculated to determine 
interobserver agreement of hip  scoring and wear measure-
ment was between 0.81 and 0.87. We noted that increased 
head penetration into polyethylene during the fi rst postoper-
ative year suggested the bedding-in period. At 11.6-year 
follow-up, four hips were an outlier for the so-called osteoly-
sis threshold  of 0.10 mm per year [ 26 – 29 ], with remaining 
129 polyethylene liners having a penetration rate below this 
level. In the four hips with an outlier for the osteolysis thresh-
old, there was no evidence of acetabular or femoral osteoly-
sis. With the numbers available, univariate regression 
analysis did not demonstrate that age, gender weight, activ-
ity, cup inclination, or cup anteversion had any infl uence on 
polyethylene linear penetration. 

 Radiographs and computer tomographic scans demon-
strated that no acetabular or femoral osteolysis was detected 
in any hip at 11.6-year follow-up (Fig.  50.1 ).

   Two hips (1.5 %) were dislocated 3 and 5 days, respec-
tively, after the operation and were treated successfully with 
a closed reduction and an abduction brace for 3 months. No 
further dislocation was observed in these hips until 11.6-year 
follow-up. No hip had a revision or aseptic loosening of ace-
tabular and/or femoral component. Kaplan-Meier survival 
analysis, with revision as the end point for failure, showed 
that the rates of survival of both acetabular and femoral com-
ponents at 11.6 years were 100 % (95 % confi dence interval, 
98–100).  

50.4     Discussion 

 Survivorship of total hip arthroplasty in young patients is 
poorer than in older patients. Young patients may have 
acquired hip disease from a multitude of different causes 
and have different activity levels. The majority of patients in 
our series continue to participate in high-demand activities, 
including moderate to heavy manual labor. These disease 
entities (osteonecrosis) and the level of activity did not seem 
to affect the longevity of fi xation of acetabular and femoral 
components in these young cohorts. We believe that several 
factors were responsible for our good results: improved 
design (the proximal canal-fi tting design of the femoral 
stem including pronounced lateral fl are, anteroposterior 
buildup, and short and narrow polished distal stem) and sur-
gical technique for implantation of the cementless stem, the 
strong trabecular bone in young patients, utilization of an 
alumina ceramic femoral head with HXLPE liner, and small 
and light patients. 
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  Fig. 50.1    Radiographic and computed tomographic evaluation of 
osteolysis of left hip of a 46-year-old man with osteonecrosis of femo-
ral head. ( a ) An anteroposterior view of left hip before the operation 
shows sclerotic lesion in the femoral head. ( b ) An anteroposterior view 
of the left hip made 7 days after surgery reveals that Duraloc 100 series 
cementless acetabular component and IPS femoral component are fi xed 
in a satisfactory position. ( c ) An anteroposterior view of the left hip 

made 12 years after surgery shows that acetabular and femoral compo-
nent are fi xed in a satisfactory position. Calcar round off is observed. 
There is no evidence of radiolucent line, polyethylene wear, or osteoly-
sis around the acetabular or femoral component. ( d ) Computed tomo-
graphic scanning of left hip taken 12 years after the surgery reveals no 
evidence of osteolysis around the acetabular or femoral components         

a b

c
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 Our results are consistent with other studies [ 20 ,  25 ,  28 –
 36 ]. In one study with a minimum 5-year follow-up, the wear 
rate of the HXLPE liner was 0.029 mm per year and 
0.065 mm per year for conventional polyethylene [ 29 ]. In 
another study with a minimum 7-year follow- up, the mean 
steady-state wear rate of highly cross-lined polyethylene was 
0.005 mm per year (95 % confi dence interval, ±0.15 mm per 
year) [ 35 ]. McCalden et al. [ 36 ] reported    that the mean fem-
oral head penetration rate in the fi rst through fi fth years in 
patients treated with the HXLPE was 0.003 mm per year 
(95 % confi dence interval, ±0.027 mm per year). Using 
edge-detection techniques  at 4 years, the rate for HXLPE 
wear was 0.007 mm per year and 0.174 mm per year for con-
ventional polyethylene [ 31 ,  32 ]. 

 Bitsch    et al. [ 32 ] reported, after a mean follow-up of 
5.8 years (range, 5.0–7.7 years), that the mean femoral head 
penetration was 0.031 mm per year (range, 0.04–0.196 mm 
per year) in hips with a Marathon HXLPE (DePuy, Warsaw, 
Indiana) and 0.104 mm per year (range 0.04–0.196 mm per 
year) in hips with an Enduron polyethylene liner (DePuy). 
Osteolysis was not observed in any of hips with a Marathon 
HXLPE. Engh et al. [ 33 ] reported    a reduction in the mean 
wear rate for Marathon HXLPE of 95 % (0.01 ± 0.12 mm per 
year) compared with Enduron liners (0.19 ± 0.12 mm per 
year). Kim et al. [ 35 ] observed that the mean Marathon 
HXLPE penetration rate was 0.05 ± 0.02 mm per year and no 
hip had aseptic loosening or osteolysis in young patients 
with femoral head osteonecrosis. In all but four patients in 
our study, the penetration rate of Marathon HXLPE was 
below the osteolysis threshold (0.1 mm per year). No detect-
able osteolysis using plain x-ray and computed tomography 

was observed in any hip in our study, which is consistent 
with other studies [ 29 ,  32 ,  33 ]. 

 The fi rst generation of HXLPE had documented reduc-
tions in fatigue, tensile, and toughness properties [ 30 ]. In the 
current series, no hip had polyethylene liner fracture. We 
believe that the use of adequate thickness of acetabular poly-
ethylene liner (thicker than 6 mm) and satisfactory position 
of acetabular component led to absence of polyethylene liner 
fracture. 

 There has been some concern that smaller wear particles 
are produced with HXLPE than with conventional polyethyl-
ene, leading to a higher functional biologic activity    [ 37 ,  38 ]. 
However, in our 11.6-year follow-up data, no evidence of 
acetabular or femoral osteolysis was observed. A longer 
follow-up is necessary to make conclusions about the bio-
logic activity of HXLPE. 

 While there is a risk of ceramic femoral head fracture, the 
risk was low enough to go undetected in our small series and 
was outweighed by the excellent 11.6-year outcomes in a 
highly active, young group of patients. 

 There are some limitations of this study. First, the hip 
scoring system and the measurement of polyethylene wear 
are prone to interobserver variability. However, the chance- 
corrected kappa coeffi cient that was calculated to determine 
interobserver agreement of hip scoring and wear measure-
ment was between 0.78 and 0.85. Second, there is some 
potential for bias as this is one technique and does not have 
a control or comparison group. Finally, the follow-up was 
not long enough to make conclusions regarding the theoreti-
cal advantage of alumina ceramic-on-HXLPE bearing. 
Strengths of this study are completeness and length of 

d

Fig. 50.1 (continued)
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 follow-up as well as consistency of clinical and radiographic 
examinations. 

 Our data suggest that the current generation of cementless 
acetabular and femoral components with alumina ceramic-
on- HXLPE bearing has been functioning well, with no oste-
olysis at a 10.5-year minimum and average of 11.6-year 
follow-up in young patients with osteonecrosis of femoral 
head. While the long-term survival of implants and preva-
lence of HXLPE wear and osteolysis remain unknown, the 
midterm data are promising.     
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51.1            Introduction 

    The typical patient affected by osteonecrosis (ON) of the hip 
joint ranges in age from 20 to 50 years [ 1 ], and men are 
 usually more prone to idiopathic ON than women [ 2 ]. Also, 
bilateral involvement is quite frequent [ 3 – 5 ]. Acute discom-
fort is felt by the patient when necrotic bone no longer per-
forms its support function and a subchondral fracture or 
collapse occurs [ 6 ]. Accurate staging of the disease is essen-
tial to select the appropriate treatment option, and many sur-
gical procedures exist for the treatment of ON of the femoral 
head. A treatment algorithm can be defi ned, which will take 
into consideration (1) the age of the patient, (2) the develop-
ment stage of the disease, and (3) the clinical and survivor-
ship results of various procedures available to the treating 
physician. Here, we can see that this treatment algorithm is 
not set in stone as the evolution of surgical techniques can 
alter outcomes, possibly reducing the usefulness of a proce-
dure while expanding the indications for another. Several 
staging systems exist [ 7 – 10 ] and some may be preferred in 
the description of the early stages of the disease, but we 
believe that the Ficat and Arlet classifi cation provides the 
essential information to treat patients who may be best 
treated with one type of hip arthroplasty [ 7 ]. 

 In this chapter, an overview of popular treatment options 
for hip ON will be given, and the senior author’s clinical 
results with hemiresurfacing, full resurfacing, and THR will 
be presented.  

51.2     Non-prosthetic Operative Treatments 

 All the operative treatments commonly elected for ON of the 
hip joint aim to (1) relieve pain and (2) restore the congru-
ence of the articular surfaces whether natural or artifi cial. 
Generally speaking, as long as the femoral head has not col-
lapsed, there is a chance that a conservative non-prosthetic 
solution might be suffi cient to achieve both these objectives 
by reestablishing blood fl ow to the femoral head. 

 Core decompressions  have been performed since the 
1960s, but there is still a paucity of studies reporting long- 
term results of this procedure [ 11 ]. However, it is clear that 
the effi cacy of core decompression is limited to Ficat stage I 
and II ON [ 12 ] in consideration of the high rates of progres-
sion of the disease leading to the need for arthroplasty in hips 
with Ficat grade III or higher [ 13 ]. The surgical technique 
used for core decompression has evolved including using 
smaller, multiple drill holes or using bone grafts, but the 
improvement observed in the last 15 years may to some 
extent be a factor of patient selection by the surgeons per-
forming the procedures [ 14 ]. 

 Free vascularized fi bular grafting    (FVFG)  was initially 
utilized for all stages of disease but most would now agree 
that the procedure’s morbidity and quality of results do not 
justify the procedure in Ficat stage III or IV because restora-
tion of the sphericity of the head and damaged cartilage 
repair are not possible and prosthetic solutions are prefera-
ble. The probability for conversion to THA within 5 years is 
lower for precollapsed hips (Ficat stages I and II) with 
increasing likelihood up to ~30 % in Ficat stages III and IV 
[ 15 – 17 ]. The indications for FVFG are even controversial 
for stages 1 and II because of safety and effi cacy issues. 
Complications include ankle pain, motor weakness, sensory 
abnormalities, and a 2.5 % rate of subtrochanteric fractures 
[ 18 ,  19 ]. It has also been shown that patients who undergo 
FVFG can have diminished success with THA and THR 
later in life when needed because the grafted bone hinders 
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optimal placement of the femoral component [ 20 ]. Therefore, 
it is important to carry out a careful preoperative staging with 
attention to age, duration of symptoms, and radiographs to 
ensure good outcomes in these patients [ 21 ]. Eward et al. 
[ 22 ], however, reported hip preservation lasting greater than 
10 years in the majority of 65 hips, and those who were even-
tually revised had hip preservation at a mean duration of 8 
years. The results in other series have been less favorable. 

 Circa 2005, a new procedure was introduced that had for 
objective to restore blood fl ow and femoral head structural 
support by insertion of a threaded rod featuring trabecular 
tantalum porous coating  (Osteonecrosis Intervention 
Implant, Zimmer, Warsaw, IN). Several preliminary studies 
reported encouraging results [ 23 – 25 ]. However, the latest 
clinical report showed a high (44 %) conversion rate to total 
hip arthroplasty 4 years after the procedure [ 26 ], and several 
cases of femoral neck fracture have been reported [ 27 ,  28 ]. 
In addition, the main characteristic of this procedure is the 
implantation of a device that is diffi cult to remove when 
comes the time to proceed with hip arthroplasty, in the event 
of a collapse of the femoral head. The need to resect the fem-
oral neck to extract the device [ 29 ] precludes performing any 
type of resurfacing arthroplasty (even though the patients are 
usually still young when this happens) and can complicate 
the implantation of a conventional total hip device [ 30 ]. 

 Our belief is that stage one requires no immediate treat-
ment other than periodical follow-up. The results of simple 
bone grafting seem to be equivalent to those of FVFG and 
may even be preferable considering the high morbidity asso-
ciated with FVFG. Nonetheless, our preference goes to low 
morbidity procedures for symptomatic patients such as 
hemi- or full resurfacing which remains bone conserving in 
anticipation of a possible revision in these young patients. 
The results of cancellous head grafting are also unpredict-
able with insuffi cient midterm success [ 31 – 33 ] even with the 
adjunction of bone morphogenetic protein [ 34 ].  

51.3     Prosthetic Solutions 

 Unfortunately, the currently dominant prosthetic solution for 
ON is conventional total hip arthroplasty, despite the success 
of more bone-conserving and better bone-preserving 
alternatives. 

51.3.1     Hemiresurfacing : The Forgotten 
Procedure 

51.3.1.1     Rationale for Hemiresurfacing 
 In the 1980s, the high failure rates of metal-on-polyethylene 
resurfacings [ 35 ] and THR [ 36 ] in young patients with Ficat 
stage III or early stage IV ON prompted the use of hemire-

surfacing (resurfacing of the femoral head only) in cases 
where the acetabular cartilage damage was not severe. The 
absence of bearing material in hemiresurfacing eliminates 
failures associated with wear products [ 37 ]. Consequently, 
loosening of the device is extremely rare, and the only antici-
pated adverse outcome is the inevitable acetabular cartilage 
wear over time.  

51.3.1.2     Indications for Hemiresurfacing 
 Hemiresurfacing is a bone-preserving and “time-buying” 
alternative to THA particularly suited for very young patients 
with Ficat stage II or III osteonecrosis of the femoral head 
and occasionally for a very young patient with early stage IV 
(but minimal acetabular cartilage changes). This method 
should be considered as part of a lifetime treatment plan for 
young patients despite the potentially better initial perfor-
mance of full resurfacing or conventional total hip arthro-
plasty. Very young patients are likely to need revision surgery 
no matter what prosthetic solution is opted for, but hemire-
surfacing is the only one to delay the insertion of an acetabu-
lar component and an artifi cial bearing susceptible to release 
wear particles. 

 The indications include young patients (now generally 
less than 25 year) with Ficat II or III who have normal, grade 
I or no more than grade II cartilage changes (absence of any 
full thickness cartilage loss) [ 38 ]. We do include hips with 
“whole head” lesions, which, after subsequent debridement, 
retain at least some circumferential cylindrically reamed 
portion of the head. Bone preparation and cement technique 
(including cementing the metaphyseal stem in components 
that feature one) are critical. From our experience, hemire-
surfacing is not indicated in heavy patients (BMI > 30), 
workman’s compensation cases, or those who must work 
standing and walking on hard cement fl oors. Our early unsat-
isfactory results with these patients are the justifi cation for 
such exclusion criteria.  

51.3.1.3     Methods and Materials 
   Patient Demographics 
 Our fi rst 54 hips in 46 patients underwent hemiresurfacing 
for osteonecrosis of the femoral head between 1981 and 
2004 and have been followed a minimum of 8 years. Risk 
factors for the development of ON were diverse in this group 
and distributed as follows:

   Steroids 24 (45 %)  
  Alcohol 11 (20 %)  
  Trauma 13 (24 %)  
  No dominant risk factor (idiopathic ON) 4 (7 %)  
  Gaucher’s disease 2 (4 %)    
 There were 4 hips rated Ficat stage II, 44 hips rated Ficat 

stage III, and 4 hips rated early Ficat stage IV. The average 
age of the patients was 34.2 (range, 18–51). Thirty-four 
patients were male (74 %) and 12 were female (26 %). 
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Twenty-three patients had bilateral disease (50 %), among 
which 8 were treated with bilateral hemiresurfacing (5 one- 
stage and 3 two-stage procedures). Six hips (11 %) had 
undergone at least one previous surgery including 3 core 
decompressions, 1 Bonfi glio graft, and 2 free vascularized 
fi bular grafts (in one patient) [ 21 ]. At last follow-up, 6 
patients had died of causes unrelated to the surgery. The 
demographics of our cohort of patients treated with hemire-
surfacing are summarized in Table  51.1 .

   In our series, three different materials were used to replace 
the femoral head: titanium (11 hips), alumina ceramic (11 
hips), and cobalt-chromium (32 hips). The titanium and alu-
mina components were custom-made by Zimmer Inc. 
(Warsaw, IN) and Kinamed Inc. (Newbury Park, CA), 
respectively. Two of the CoCr components were femoral 
shells from THARIES hip resurfacing systems (Zimmer 
Inc., Warsaw, IN), while the remaining 30 were Conserve® 
femoral resurfacing components (Wright Medical 
Technology Inc., Arlington, TN). All components were 
cemented with the exception of one alumina component that 
was press fi t. A posterior approach was used in the last 37 
hips, while the fi rst 17 were resurfaced through a posterolat-
eral approach with a trochanteric osteotomy. The details of 
the surgical technique used have been previously described 
[ 39 – 41 ], but it is useful to emphasize the need to completely 
remove the necrotic bone from the reamed femoral head in 
order to limit the bone-cement interface to vascularized bone 
only.   

51.3.1.4     Results of Hemiresurfacing 
   Clinical Scores 
 The average UCLA hip scores all improved signifi cantly 
( p  < 0.001) between preoperative and last follow-up visits. 
The pain score increased from 4.8 ± 1.8 to 8.4 ± 1.7, the walk-
ing score from 5.8 ± 1.8 to 8.9 ± 1.4, the function score from 
5.2 ± 1.6 to 7.9 ± 2.0, and the activity score from 4.2 ± 1.3 to 
5.9 ± 1.3. The mean postoperative Harris hip score was 
82.3 ± 12.4 (range, 54–100). In this series 13 patients (13 
hips, 24 %) reported incomplete pain relief (highest UCLA 
pain score of 7 or less). We found a weak but signifi cant 
negative correlation in male patients between weight at the 
time of surgery and the maximum UCLA pain score reported 

during the follow-up period ( r  = −0.38,  p  = 0.022). Patients 
weighing 77 kg or less had a mean pain score of 9.0 (range, 
5–10) while patients heavier than 77 kg had a mean score of 
7.4 (range 5–10). This difference was signifi cant ( p  = 0.006).  

   Conversions and Survivorship 
 Twenty-nine hips have now been revised in this series at a 
mean time of 100.8 months (range, 3–278 months) most for 
cartilage wear [ 27 ]. There was one each revised for sepsis 
and enigmatic pain at 3 and 12 months. Most failed hemire-
surfacing procedures were revised to conventional stem-type 
total hip replacements with 4 exceptions: Two hips (2 
patients) with ceramic hemiresurfacing components received 
a metal-on-metal hip resurfacing devices (Conserve®Plus   , 
Wright Medical technology Inc., Arlington, TN) after 
removal of the alumina femoral component, one hip with a 
CoCr femoral component had a custom cross-linked PE liner 
cemented on the acetabular side now 10 years post-op, and 
one hip with a super fi nished CoCr component (the current 
Conserve®Plus device, available in 2 mm increments) was 
converted to a metal-on-metal resurfacing by inserting the 
Conserve®Plus porous-coated monoblock acetabular compo-
nent of the corresponding size. The overall Kaplan-Meier 
survivorship of this series was 79.3 % (95 % confi dence 
interval 65–88 %) at 5 years, 56.4 % (95 % CI 39–70 %) at 
10 years, and 26.3 % (95 % CI 12–43 %) at 15 years. The 
comparative survivorship curves generated by type of mate-
rial used revealed no signifi cant difference in favor of any of 
the materials (logrank test  p  = 0.6628) as shown in Fig.  51.1 . 
We found no association between survivorship and the fol-
lowing variables: gender, age at surgery, Ficat stage, acetab-
ular cartilage grading, component size, and patient weight at 
the time of surgery.

51.3.1.5         Discussion 
 The clinical scores showed considerable variability, and this 
result has also been observed by others [ 42 ]. Some patients 
often report incomplete pain relief during the fi rst few 
months after the procedure but this typically abates over time 
due to “accommodation” although these patients rarely 
become as pain free as those receiving a full replacement. 
When the acetabular cartilage fi nally wears out, pain may 
reappear. However, the longest survivor is a woman with 
SLE who is now 31 years post-op with no increase in symp-
toms. Although her joint space has somewhat narrowed, the 
patient’s UCLA hip scores remain high with 9, 7, 8, and 6 for 
pain, walking, function and activity, respectively. Weight 
appears to be related to the magnitude of pain relief, and this 
was observed particularly in our male patients. Our current 
recommendation is to reserve this procedure to lighter 
patients, in particular if the acetabular cartilage has already 
been somewhat compromised. However, the diffi culty to 
predict the postoperative clinical scores requires that the 

   Table 51.1    Demographics of the patients operated with hemiresurfac-
ing secondary to osteonecrosis   

 Male and female combined 

 Age (years)  34.2 (18–51) 
 Weight (kg)  74.6 (40–120) 
 Femoral component size (mm)  49.2 (40–54) 
 Charnley class 
  A  17 (37 %) 
  B  22 (48 %) 
  C  7 (15 %) 
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patient understands the benefi t of delaying the implantation 
of an artifi cial bearing material. Seven of our patients have 
been implanted with a hemiresurfacing on one side and a full 
resurfacing on the contralateral side. Five of these hemire-
surfacing have been revised at a mean follow-up time of 
59.6 months (range, 11–109) which is less than the mean 100 
months of all the revised hips. A possible explanation is that 
the patients who can compare the hemiresurfacing side with 
another prosthetic joint are more likely to request a revision 
because the pain relief is not as good on the hemiresurfacing 
side. 

 The survivorship of hemiresurfacing does not match that 
of other prosthetic treatments (i.e., full resurfacing or con-
ventional THA) but fi ts within acceptable ranges for a “time- 
buying” procedure with extremely low morbidity destined to 
restore the patient’s lifestyle without compromising bone 
stock in anticipation of an inevitable revision surgery. It was 
our belief that hard bearing surfaces such as cobalt- chromium 
or alumina would reduce the friction against the acetabular 
cartilage and eliminate the metallic debris possibly gener-
ated by the relatively soft titanium alloy component (our fi rst 
hemiresurfacing device). Our comparative survivorship 
results show that femoral head material has no effect on the 
durability of the procedure. The advantage of the ceramic is 
that it can be cracked and removed without loss of bone, and 
full resurfacing has been successful in 2 patients for over 15 
years after such revision. Unfortunately, ceramic compo-
nents are not now available but would be my choice if still 
available. With our relatively small series, there has not 
been an association between survivorship gender, age, or 
Ficat stage, acetabular cartilage grading, component size, or 

patient weight, and this illustrates the diffi culty to profi le the 
ideal candidate for the procedure. We do believe that the 
long-term survival of some of these prostheses had to do 
with how precisely these implants were fi tted to the acetabu-
lar cartilage in patients with relatively low activity levels. 

 When reoperation was needed, revision to either full 
 surface or total hip replacement was easy and much like a 
primary replacement because of bone stock preservation, 
because of intact intramedullary canals, and because there 
was no debris-induced granuloma. It is important to note that 
a regular radiographic follow-up of the patients with hemire-
surfacing devices is needed because once the acetabular car-
tilage is worn, a rapid migration of the femoral head through 
the acetabulum can occur, leading to bone loss and therefore 
negating one of the main advantages of hemiresurfacing. The 
histological response has been very benign with a few mac-
rophages and some metallic debris scattered throughout a 
predominantly loose connective tissue despite signifi cant 
burnishing of some titanium alloy components. 

 At the beginning of the series, in 1981, our indications for 
hemiresurfacing included patients in their 40s or even 50s or 
with advanced cartilage defects because there was no alter-
nate conservative prosthetic solution available with demon-
strated potential for durability. However, because of the 
recent success of our metal-on-metal resurfacing series for 
osteonecrosis [ 43 – 45 ], our indications for hemiresurfacing    
have narrowed to very young with a well-preserved joint 
space. We do not include heavy patients anymore, consider-
ing that the results of full hip resurfacing are excellent in this 
patient population [ 46 ]. In addition, hemiresurfacing 
 components once available in 1 mm increments for 

Kaplan-Meier survival estimates, by material
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  Fig. 51.1    Comparative 
Kaplan-Meier survivorship curve 
by femoral head material used in 
hemiresurfacing procedures 
between 1981 and 2004. There 
was no signifi cant superiority of 
any material (logrank test 
 p  = 0.6628)       
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 optimal precision fi tting to the acetabulum are now only 
manufactured in 2 mm increments because of cost-effi ciency 
concerns. However, they are fi nished so that an acetabular 
component can be inserted, provided there is enough 
 acetabular bone stock.  

51.3.1.6     Summary for Hemiresurfacing 
 From our experience and that of others, we can conclude that 
it is unrealistic to expect a pain relief and survivorship results 
comparable to that of full resurfacing or conventional THA 
in every case. The patients who could benefi t from hemire-
surfacing are very young and should be fully informed and 
accept the “time-buying” objectives before undergoing 
 surgery. A surprisingly long durability has been demon-
strated in some patients, which may have been favored by 
low activity levels without participation in sports.   

51.3.2     Full Hip Resurfacing  

51.3.2.1     Rationale for Full Hip Resurfacing 
 Primary hip replacement surgery is such a successful proce-
dure that the percent of young patients seeking this type of 
treatment is increasing every year worldwide [ 47 ]. Although 
the durability has been impressive for some patients, 

 conversion to THR may still be necessary for others. However, 
full hip resurfacing is a bone-conserving procedure that will 
provide complete pain relief and preserve both bone quality 
[ 48 ,  49 ] and quantity [ 50 ] for an eventual revision surgery.  

51.3.2.2     Indications for Full Hip Resurfacing 
 Full hip resurfacing should be considered in patients about 
25 years of age or over with Ficat III ON or younger with 
advanced Ficat III or IV ON with extensive cartilage dam-
age. A recent publication showed that the size of the lesion 
does not alter the survivorship results of hip resurfacing [ 51 ] 
even though previous work with fi nite element analysis pre-
dicted adverse biomechanical effects after resurfacing in 
presence of large femoral defects [ 52 ]. In our series, decision 
was made from the beginning to include very large lesions as 
long as most of the cylindrically reamed bone was intact cir-
cumferentially. Figure  51.2  shows an example of large 
defects associated with longstanding osteonecrosis of the 
femoral head in a patient who received a Conserve®Plus hip 
resurfacing device.

51.3.2.3        Methods and Materials 
   Patient Demographics 
 From our series of 1,366 hips (1,097 patients), 100 hips (82 
patients) received a Conserve®Plus hip resurfacing system 

a b

  Fig. 51.2    ( a ) Anteroposterior    radiograph of a 46-year-old bus driver 
with a history of sickle cell disease and Ficat stage IV osteonecrosis of 
the left hip. The femoral head defects were extensive as shown on the 
intraoperative photograph of the femoral head after preparation (inset   ). 

( b ) Twelve years after surgery, the components show perfect interfaces 
with the bone, and the patient’s UCLA hip scores are 10, 10, 10, and 8 
for pain, walking, function, and activity, respectively       
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(Wright medical Technology, Inc.) for a diagnosis of arthritis 
secondary to osteonecrosis of the femoral head. The risk 
 factors for the development of ON were distributed as 
follows:

   Steroids 34 (34 %)  
  Trauma 23 (23 %)  
  Alcohol 7 (7 %)  
  Sickle cell disease 1 (1 %)  
  No dominant risk factor (idiopathic ON) 35 (35 %)    
 There were 22 hips rated ON Ficat stage III and 78 rated 

Ficat stage IV. 
 The average age of the patients was 41.2 (range, 14–64). 

Most of the patients were male (67/82, 81.2 %). 
 From this cohort, 36 patients had bilateral disease (44 %). 

However, excluding the 23 patients with post-trauma (all 
unilateral), the incidence of bilaterality was 61 %. There 
were 4 patients with a contralateral hemiresurfacing, 18 with 
bilateral full metal-on-metal resurfacing (one of them with 
one device from another manufacturer), 3 with a contralat-
eral conventional THR, and 7 with a contralateral core 
decompression. Thirty-six hips (36 %) had undergone at 
least one previous surgery: 21 had a core decompression, 3 
had a hemiresurfacing, 9 had been pinned, 2 had previous 
free vascularized fi bula graft, and 1 had a Judet graft. 

 The demographics of this group of patients are shown in 
Tables  51.2a  and  51.2b .

    The percentage of large defects was the highest of any 
etiologic group undergoing metal-on-metal hip resurfacing 
with only 15 % having none or a defect size of 1 cm or less.   

51.3.2.4     Surgical Technique 
 The surgical technique used in this series for preparation 
of the femoral head is quite similar to our current technique 
for hemiresurfacing and has been described in detail in a 

 previous publication [ 45 ]. In this series, 55 hips (55 %) 
were implanted with the femoral metaphyseal stem 
cemented [ 53 ].  

51.3.2.5    Results of Full Hip Resurfacing 
   Clinical Scores 
 The average UCLA hip scores all improved signifi cantly 
( p  < 0.0001) between preoperative and last follow-up visits. 
The pain score increased from 3.6 ± 1.5 to 9.3 ± 1.1, the walk-
ing score from 5.8 ± 1.6 to 9.5 ± 1.1, the function score from 
5.3 ± 1.6 to 9.3 ± 1.4, and the activity score from 4.2 ± 1.4 to 
7.0 ± 1.6. The postoperative Harris hip score was 91.9 ± 11.3.   

51.3.2.6    Conversions to THR and Survivorship 
 There were four conversions to THR in this series. Three 
were consecutive to a loosening of the femoral component at 
23, 61, and 85 months (hips #6, #25, and #455) and one 
 secondary to a loosening of the acetabular component at 56 
months. 

 In addition, one patient with poor bone quality who 
underwent one-stage bilateral procedures required a revision 
of the acetabular component after this one protruded through 
the acetabular wall 3 days after surgery. This complication 
was attributed to over-reaming with new very sharp “bear 
claw” reamers on the fi rst side of a bilateral simultaneous hip 
resurfacing. 

 Using any cause for revision as end point, the Kaplan- 
Meier survivorship results for this group of patients were the 
following (Fig.  51.3 ):
    5 years: 96.6 % (95 % confi dence interval 90–99 %)  
  10 years: 93.6 % (95 % CI 85–97 %)    

 We also computed the Kaplan-Meier survivorship results 
for this group of patients using femoral failure only as end 
point. This analysis yielded a 98.9 % survivorship at 5 years 
(95 % CI 92–100 %) and a 95.8 % survivorship at 10 years 
(95 % CI 87–99 %).  

51.3.2.7    Discussion 
 From the results shown above, it is safe to say that the etiol-
ogy of osteonecrosis is a good indication for hip resurfacing 
when performed with optimal technique. Both survivorship 
and clinical scores match those obtained with idiopathic 
osteoarthritis [ 43 ,  54 ] and other etiologies [ 45 ]. Our survi-
vorship results even surpass those of conventional THR for 
osteonecrosis listed in the 2012 Australian National registry 
report (AOANJRR) which shows a 91.8 % survival at 10 
years [ 55 ]. Two aseptic femoral component loosenings 
occurred in hips that were implanted with our early surgical 
technique, before the use of suction, and additional drill 
holes was implemented [ 56 ]. Two hips show radiolucencies 
around the metaphyseal stem but these have been stable and 
asymptomatic for over 11 years. There has been no femoral 
component loosening in the 55 hips with a cemented metaph-
yseal stem. Since 2005, several studies have suggested that 

   Table 51.2a    Demographics    of the patients operated with full 
 resurfacing for arthritis secondary to osteonecrosis   

 Male and female combined 

 Age (years)  41.2 (14–64) 
 Weight (kg)  81.9 (46–116) 
 Femoral component size (mm)  46.7 (36–54) 
 Cysts >1 cm  85 (85 %) 
 Charnley class 
  A  42 (51 %) 
  B  33 (40 %) 
  C  7 (9 %) 

   Table 51.2b    Distribution of hip bone quality by femoral defect size   

  n   % of hips 

 Good bone – no defect  6  6 % 
 Defects 0–1 cm  9  9 % 
 Defects 1–2 cm  42  42 % 
 Defects 2–3 cm  43  43 % 
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hip resurfacing may be a viable option for patients with 
 femoral head osteonecrosis but none has offered long-term 
results to this day [ 43 ,  44 ,  57 – 59 ]. In the present report, 
 follow- up time ranged from 1 month to 16 years, providing 
meaningful Kaplan-Meier survival estimates at 10 years. 

 The question of how much femoral head involvement can 
be accepted for a resurfacing procedure remains, and both 
Mont and Revell suggested <33 % of the head as a guideline. 
Our results confi rm with long-term follow-up those of 
Nakasone [ 51 ] and suggest that the extent of femoral head 
defects should not be a limitation as long as the procedure 
remains technically possible and the biomechanics of the 
reconstructed hip are sound. 

   Summary 
 Osteonecrosis of the hip presents specifi c challenges when 
performing hip resurfacing because of the large defects 

often present and fi lled with yellowish, friable necrotic 
bone. This necrotic bone must be completely removed 
down to the underlying white hard reparative bone to 
ensure proper component fi xation and durability. Cementing 
the metaphyseal stem maximizes the fi xation area. Our 
results with the Conserve®Plus device highlight that hip 
resurfacing should be the treatment of choice for young 
patients up to the age of 65 with Ficat stage III and IV 
osteonecrosis.    

51.3.3     Conventional Total Hip Arthroplasty  

51.3.3.1    Rationale for THA 
 Conventional (stem type) THA has been the gold standard 
for the treatment of hip osteonecrosis because of an estab-
lished reliability in pain relief and longevity. However, we 

  Fig. 51.3    Comparative Kaplan-Meier survivorship curve by procedure 
used in the treatment of patients with hip osteonecrosis between 1981 
and 2012. There was no signifi cant difference between MMRA and 

THA (logrank test  p  = 0.3707) while both MMRA and THA were more 
durable than hemiresurfacing (logrank test  p  = 0.0001)       
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believe that THA should only be performed in patients 
old enough that there is reasonable certainty the  procedure 
will outlast the patient’s lifetime. Because revisions of 
conventional THA are often technically difficult, have 
poor survivorship (83.8 % at 5 years) [ 55 ], and are associ-
ated with an increased complication rate compared with 
primary surgeries, it is our strong belief that THA is bet-
ter reserved as the last element of a lifetime treatment 
plan.  

51.3.3.2    Indications for THA 
 In our center, recommendations for a primary THA 
have been made to patients with hip ON when hip 
 resurfacing was not an option (either for technical reasons 
or limited insurance coverage) or when the patient was old 
enough that a conventional THA was likely to outlive the 
patient.  

51.3.3.3    Methods and Materials 
   Patient Demographics 
 Between 1981 and 2004, 42 patients (47 hips) received a pri-
mary THA for the treatment of hip ON. The mean patient 
age at the time of surgery was 58.4 years (range, 20–83). The 
cohort consisted of 22 men and 20 women. At the time of 
review, 21 patients (25 hips) had died of causes unrelated to 
the surgery. The hips were reconstructed with a variety of 
implants combining 15 cementless and 32 cemented stems. 
The bearing materials used included high-density polyethyl-
ene (36 hips), cross-linked polyethylene (4 hips), and metal-
on- metal (7 hips). The mean femoral head size was 31.2 mm 
(range, 28–54).   

51.3.3.4    Results of THA 
   Clinical Scores 
 At last follow-up, the mean UCLA activity scores were 
9.0 ± 1.5 for pain, 8.4 ± 1.9 for walking, 7.3 ± 2.4 for function, 
and 5.2 ± 1.4 for activity.   

51.3.3.5    Conversions and Survivorship 
 Four hips (4 patients) underwent revision surgery at a mean 
time of 87.8 months (range, 34–152) in this cohort. The rea-
sons for revisions included sepsis (1 hip – 34 months after 
surgery), wear of the polyethylene liner (1 hip – 109 months 
after surgery), and aseptic loosening (2 hips – one acetabular 
at 55 months and one femoral at 152 months). 

 The Kaplan-Meier survivorship was 94.2 % (95 % confi -
dence interval 79–98 %) at 5 years, 88.3 % (95 % CI 
66–96 %) at 10 years, and 80.3 % (95 % CI 52–93 %) at 15 
years. These fi gures are certainly on the conservative side 
because of the large number of patients who died before 10 
years of follow-up (15 hips in 13 patients), therefore lower-
ing the survivorship value and increasing the width of the 
95 % confi dence interval.  

51.3.3.6    Discussion 
 The clinical scores of this series of patients who received 
a THA show good pain relief and walking, function, and 
activity scores consistent with those of an older population. 
There is no doubt that the procedure was benefi cial to all, 
especially considering that this group of patients was overall 
less demanding of the reconstruction than the typical young 
patient with Ficat II or IV ON. However, in this group, 4 
patients (4 hips) underwent revision surgery, among which 2 
had a subsequent re-revision. Considering that these 2 
patients were relatively young (46 and 57 years of age at the 
time of primary surgery), one would wonder if these patients 
would not have better benefi tted from a resurfacing as a pri-
mary operation.    

51.4     Comparative Evaluation of the Three 
Prosthetic Solutions 

 This comparison is certainly limited in its applications 
because the three populations in which hemiresurfacing, full 
resurfacing, and THA were used differ signifi cantly in terms 
of age and activity levels, refl ecting the senior author’s 
approach to the treatment of ON. However, we believe that it 
still presents some value for the surgeon trying to establish a 
treatment algorithm for the wide range of patients presenting 
with ON. 

51.4.1     Clinical Scores 

 Pain scores were greater for MMRA compared with 
 hemiresurfacing ( p  = 0.0003) while we found no signifi cant 
difference between MMRA and THA ( p  = 0.2288) or hemire-
surfacing and THA ( p  = 0.1119). 

 Walking scores were greater for MMRA compared with 
both hemiresurfacing ( p  = 0.005) and THA ( p  = 0.0001) while 
there was no signifi cant difference between hemiresurfacing 
and THA ( p  = 0.1516). 

 Similarly, function scores were greater for MMRA com-
pared with both hemiresurfacing ( p  = 0.0001) and THA 
( p  = 0.0001) while there was no signifi cant difference 
between hemiresurfacing and THA ( p  = 0.2081). 

 Finally, activity scores were greater for MMRA compared 
with both hemiresurfacing ( p  = 0.0001) and THA ( p  = 0.0001) 
but also greater for hemiresurfacing compared with THA 
( p  = 0.0175). 

 Pain relief is clearly better for MMRA and THA as com-
pared with hemiresurfacing, and this is unlikely to be the 
refl ection of differences between the patient population. 
However, if walking, function, and activity scores were bet-
ter in the MMRA group compared with the hemiresurfacing 
group, this could be interpreted as a consequence of the 
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 difference in pain relief while the difference in walking 
 function and activity between MMRA and THA is likely an 
effect of the normal aging process.  

51.4.2     Survivorship (Fig.  51.3 ) 

 The survivorship curve for hemiresurfacing showed 
 signifi cantly shorter times to revision compared with both 
MMRA (logrank test  p  = 0.0001) and THA (logrank test 
 p  = 0.0001). However, this is to be expected for this time-
buying procedure which we now restrict to lighter patients in 
the under 25-year age group. 

 We found no signifi cant difference in survivorship 
between MMRA and THA (logrank test  p  = 0.3707).  

51.4.3     Current Treatment Recommendations 

    Stage I: Observation if the hip is asymptomatic.  
  Stage II: If asymptomatic, continue with observation. 
 If symptomatic, the practical options are: 
 Core decompression. Multiple small core tracks [ 14 ] are less 

likely to weaken the head and lead to collapse. 
 Hemiresurfacing if patient <25 years of age and perfect fi t 

can be achieved.  
  Stages III and IV: 
 Hemiresurfacing if patient <25 years of age with good carti-

lage and close to or perfect fi t can be achieved (<1 mm 
difference in roundness of the prosthetic ball size to the 
acetabular cavity). 

 Full hip resurfacing. 
 Total hip arthroplasty for patients >65 years of age or in case 

of a total head necrosis that precludes performing hip 
resurfacing.      

51.5     Surgical Technique for Hip 
Resurfacing Arthroplasty 

 The success of hip resurfacing arthroplasty in patients with 
advanced Ficat stages (III or IV) ON heavily relies on a care-
ful application of surgical techniques. The challenge is 
essentially to utilize as much viable bone from the femoral 
head as possible instead of just resecting the entire problem 
area as in the implantation of a THR. 

51.5.1     Templating  

 We use 20 % magnifi ed templates which are placed over 
both the AP and Johnson lateral radiographs which have an 
approximate magnifi cation comparable to an analog X-ray 

taken at a tube to cassette of 40 in. The template is 
 oriented so that the metaphyseal stem forms approximately 
anatomical 135–140º angle with the femoral shaft on the AP 
radiograph. The 5-mm dotted lines help determine the opti-
mal point of entry for the pin with respect to the ligamentum 
teres. The dotted lines which are parallel to the neck indicate 
how much bone the reamer will take away and how close the 
reamer will come to the external surface of the femoral neck. 
For patients with ON, careful templating allows to anticipate 
how much of the femoral head and neck will be available for 
component fi xation after all the necrotic lesion has been 
removed.  

51.5.2     Centering the Pin: A Key Step 

 The Conserve®Plus instrumentation provides two methods 
of insertion for the pin: one uses the pin-centering guide and 
the other the “lollipop.” With the pin-centering    guide, the 
angle fi nder is positioned so that the pin forms an angle 
which follows approximately the main axis of the femoral 
neck, and the entry point of the pin is consistent with the 
location determined by templating. A Steinman pin (3.2 mm) 
is then inserted 3–5 cm deep, using the guide to keep the 
determined alignment during insertion. With the lollipop 
guide pin system, a measurement of the neck width is made 
using a caliper or notch guide and the lollipop of appropriate 
size is selected. The device is then aligned and the head is 
marked with the electrocautery. The hip is then rotated 90º in 
the other plane and a similar mark is made. 

 After pin insertion, the cylindrical reamer gauge for the 
anticipated fi nal femoral head size is used to check the posi-
tioning of the pin and that there is suffi cient clearance around 
the neck to ensure that the femoral neck will not be notched 
during cylindrical reaming. Repositioning of the pin can be 
achieved if needed using the relocator guide. In patients with 
ON, relocating the pin is often necessary because preserving 
the viable bone takes precedence over following the prede-
termined orientation suggested by the template. To more 
accurately assess the fi nal size the femoral component, use 
the ring gauge internal dimension. This will establish the 
fi nal size of the component for hemiresurfacing, while in 
general the size may be smaller for the full resurfacing in 
order to save acetabular bone stock.  

51.5.3     Cylindrical Reaming 

 An oversized reamer (2–3 sizes larger than the fi nal antici-
pated size) is selected to debulk the femoral head, irrigating 
copiously to avoid seizing. Smaller reamers are then used 
similarly down to ~1 size greater than the fi nal anticipated 
size from the template and verifi ed size by the ring gauge 
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measurement. Carefully avoid notching the superior neck. 
After this initial reaming, the remaining anterior capsule can 
be more easily excised which will facilitate the positioning 
of the femoral head into a muscle pocket superiorly and ante-
riorly (which is smaller than if the head had not been deb-
ulked) to provide wide access to the acetabulum (the leg is 
then extended and slightly internally rotated). If a full hip 
resurfacing is performed, then the acetabular cavity is pre-
pared and the socket inserted. 

51.5.3.1    Final Femoral Preparation 
 After implantation of the acetabular component, the femoral 
head is delivered again, the neck elevator repositioned, and 
the pin reinserted through the last cylindrical reamer used. A 
fi nal check is useful before reaming to the fi nal size. The 
location of the pin may be changed to optimize the fi nal 
reaming and maximize surface area for fi xation and offset. 
To minimize impingement, the pin may be moved superiorly 
to produce more lateral offset. After fi nal reaming, the saw 
cutoff guide is positioned covering all the reamed bone at the 
head-neck junction and the resection of the dome performed 
with a saber or oscillating saw. The tower alignment guide is 
positioned fl ush with the top of the cutoff guide. A starter 
drill is selected to make the fi nal hole for the tapered metaph-
yseal stem based on the chosen method of stem fi xation: one 
or two sizes deeper if the stem is to be cemented and one size 
under if press fi t. A chamfer guide of the corresponding size 
is then inserted into the drilled hole and the fi nal shape of the 
femoral head obtained with the chamfer reamer. An “eye” 
vidrape can be placed over the head prior to chamfer reaming 
to collect bone debris. 

 The femoral head trial is used for a fi nal check of the 
femoral head shape and should rotate freely to leave room 
for a 1 mm cement mantle. All cystic material and soft tis-
sue should be curetted out and burred, and additional fi xa-
tion holes made in both the dome and the nonporous 
chamfered areas. This is the most important phase for 
patients with ON of the femoral head because ALL    yellow-
ish necrotic bone needs to be removed to provide a sound 
and vascular basis for the cementing of the femoral compo-
nent. Multiple drill 1/8 in. (~3 mm) holes are placed in the 
dome and chamfered areas. For the hard and relatively avas-
cular areas, the holes should be drilled into areas of bleeding 
bone. Short 2–3 mm holes should be drilled into the base of 
cystic areas.   

51.5.4     Femoral Head Cementation 

 After jet lavage and irrigation with duo-biotic, a suction tip is 
then inserted through the stem hole. A second suction is 
inserted in the lesser trochanter. The bone-cement interface 
needs to be clean and dry at the time the cement is applied, 

until it has cured. A CO 2  blow-dry carbo-jet   ™ (Kinamed 
Inc., Camarillo, CA) is useful to dry the fi eld and to identify 
any tissue which would prevent intimate contact of the 
cement to bone. A small amount of bone cement (Surgical 
Simplex P, Howmedica Inc., Rutherford, NJ) in the liquid 
state is poured into the femoral component and smeared to 
provide a thin layer to cover all of the metal. When the 
acrylic reaches the doughy stage, it is hand-pressurized into 
the cylindrical portion of the head. Additional cement is 
hand-pressurized down the central hole if the stem is to be 
cemented. The femoral component is inserted until complete 
seating and pressure maintained until the cement has set. 
Excess cement should be trimmed carefully so that acrylic is 
not pulled out from the interface. 

 2,000–3,000 cc of saline and 1,000 cc of antibiotic solu-
tion are used for a fi nal irrigation. This phase is important as 
it contributes to maintain the temperature low under the fem-
oral component and prevent possible thermal necrosis. 

 Currently, our recommendation for the acetabular compo-
nent is the new Biofoam® socket (Wright Medical Technology 
Inc., Arlington, TN) which features a uniform head coverage 
>166° across all sizes to avoid any wear issues so long as 
they are implanted with an angle of abduction of 42° ± 10° 
and anteversion of 15° ± 10°. The technique of reaming and 
impaction should be followed carefully to provide enough 
stability to ensure long-lasting durability [ 60 ].      
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52.1            Introduction 

 Patients with osteonecrosis of the femoral head (ONFH) are 
often in their third to fi fth decade of life. If their collapse is 
suffi ciently advanced, or if they have failed preservative treat-
ment, they become candidates for arthroplasty approaches to 
management. In our practice, if this is radiographically an 
obvious stage IV or V disease (University of Pennsylvania 
Classifi cation) or have collapse demonstrated on CT (not 
MRI), they would fi t into this category. As these patients are 
young, may be very active, and are likely to face more than 
one surgical intervention for the involved hip in their lifetime, 
less aggressive approaches to bone removal in arthroplasty, 
such as modern day resurfacing arthroplasty (RSTHA) , may 
be appealing. This chapter will combine the literature’s and 
authors’ experience in evaluating the use of RSTHA for 
ONFH and provide guidance as to when this approach is 
likely to work predictably and when other options might 
prove more predictable. The authors will show this and other 
alternative approaches as a strategy for addressing long-term 
success in the young patient with ONFH.  

52.2     Indications  

 ONFH is found in up to 14 % of those that undergo total hip 
arthroplasty (THA) for end-stage disease of the hip joint. 
This number includes those who experience ONFH late in 
life (where the etiology is often related to arteriolar compro-
mise) and those who experience ONFH related to infl amma-
tory arthropathy and corticosteroid usage. The patient 
population affected is likely to have diminished bone density 

and perhaps smaller head sizes, both characteristics that put 
them at greater risk for failure of RSTHA. As a general rule, 
both of these groups are best treated with standard THA 
approaches, whether cemented, hybrid, or uncemented 
arthroplasty. Thus, the majority of the population of ONFH 
patients who might be considered candidates for RSTHA 
will be young males with either alcohol-related (ETOH) or 
idiopathic ONFH. In addition, the current understanding of 
RSTHA in general suggests that males under age 65 with 
femoral head diameters ≥50 mm are likely to have the best 
outcomes of RSTHA [ 1 ] and are the preferred group of 
patients for whom this arthroplasty approach should be 
considered. 

 The above criteria represent the general indications for 
consideration for RSTHA as applied to the patient population 
that experiences ONFH. In addition, there will be disease- 
specifi c indications. For these indications, the etiology of 
the disease may play a role (as above) and the quantitative 
involvement and location of the lesion might play a role. 
Therefore, it is our belief    that the surgeon should be selec-
tive about the population of the ONFH patient who becomes 
a candidate for RSTHA and should carefully classify the 
patients’ femoral head involvement (using the modifi ed Ficat, 
ARCO, or University of Pennsylvania classifi cation system 
and consider adding the Japanese Orthopaedic Association’s 
(JOA) classifi cation of surface involvement), before choos-
ing to use RSTHA as an arthroplasty choice. As a general 
rule, any lesion over 1 cm 3  suggests a level of involvement 
that is too large to provide suffi cient bone support for the 
femoral head component. The surgeon should also be aware 
of the likelihood of periarticular osteopenia related to the 
infl ammatory component of the hip with ONFH. This could 
affect acetabular component stabilization and perhaps the 
femoral head resurfacing component as well. 

 We do not believe there is a role for isolated resurfacing 
of the femoral head in early collapse disease, where the ace-
tabulum has a normal radiographic appearance and perhaps a 
normal clinical appearance intraoperatively. There is suffi -
cient literature (see below) to suggest that the histological 
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abnormality of the acetabular cartilage is suspected [ 2 ,  3 ] 
and that the clinical performance of isolated femoral head 
resurfacing and hemiarthroplasty is less satisfactory than 
THA as it relates to short- and long-term outcomes.  

52.3     Technical Aspects of Implantation 

 The technique for predictable resurfacing arthroplasty has 
been well documented in the literature, and the reader is 
referred to the references listed. It is appropriate to follow 
the guidelines of implantation of the device chosen and to be 
certain of the appropriate technical steps to ensure proper 
placement of the device. In addition, the surgical approach 
may infl uence the potential for damage to the blood supply 
of the femoral neck, and use of modifi ed posterolateral 
approaches or an anterior approach is recommended [ 4 – 7 ]. 

 Acetabular reaming and positioning must take into 
account the possibility of signifi cant osteopenia of the ace-
tabular bone bed, as well as the desire to be conservative in 
the removal of bone. On the femoral side, in addition to 
being careful to preserve the blood supply to the remaining 
femoral head and neck, reaming of the upper femur must be 
precise, and cysts or necrotic areas must be debrided. In a 
suitable candidate for resurfacing, the reaming process will 
likely remove most of the necrotic segment, and a small 
defect, less than 1 cm 3 , may require particulate grafting, if 
any. If the lesion size remains greater than 1 cm 3 , it is best to 
consider abandoning the procedure and proceed with THA. 
Amstutz however has had good success with his device in 
this subpopulation of patients with ONFH, with a technique 
that involves cementing the femoral stem [ 8 ]. Other devices 
might not perform well with this approach. He is an expert in 
this technique with a broad experience in performing it.  

52.4     Results 

52.4.1     General Comment 

 The published results of RSTHA for ONFH are mixed, with 
some experts suggesting that the failure rate in patients with 
ONFH is suffi ciently greater than the OA patient of similar 
characteristics that an alternative approach should be used, 
while others remain enthusiastic about its role for this sub-
population of patients. Femoral head resurfacing, in isolation, 
has shown unsatisfactory results and has been abandoned as 
an alternative for the osteonecrosis (ON) patient in the USA.  

52.4.2     Results of Resurfacing for ON 

 We have reported an initial and early experience with RSTHA 
for ONFH as a subset of the population initially studied as a 
requirement of premarket approval (PMA) process for a 

 specifi c resurfacing device introduced in to the USA in 2007 
[ 9 ]. One thousand one hundred and forty-eight patients were 
implanted with a third-generation metal-on- metal (MOM) hip 
resurfacing system as part of this US multicenter investiga-
tional device exemption (IDE) study. Of these, 116 subjects 
had a preoperative diagnosis of ON. As we had seen differ-
ences in component survival between those patients with a 
diagnosis of OA and those with a diagnosis “other than OA,” 
we were concerned that the ON patient population might rep-
resent a very specifi c group with a high risk – despite the 
appeal of applying this treatment approach to the young male 
patient that is a portion of the population that experiences ON. 
It was our hypothesis that by comparing the OA group to the 
ON group (a subset of the non-OA group) the Kaplan-Meier 
survival estimates would be signifi cantly lower for the ON 
group. That was not what we encountered, however, as the 
survival estimates were not signifi cantly different (95.9 and 
95.8 % at 24 months for OA and ON, respectively,  p  = 0.46). 
Comparing the Ficat stages III and IV to the OA population 
(there were a few Ficat stage II hips) also did not show a sig-
nifi cant difference in implant survival (95.9 % OA and 96.1 % 
ON III/IV at 24 months,  p  = 0.57). We concluded that, at least 
in the short term, resurfacing arthroplasty appeared to be a 
reasonable option for patients with ON  if     judgments of implant 
size, patient gender, and size of femoral defi ciency were taken 
into consideration. That    population is not available to study at 
longer term. Required postmarket surveillance is available for 
only a limited number of this group, although we personally 
have experienced 3 late failures of RSTHA in 2 patients with 
bilateral hips: 1 due to femoral loosening and 2 late acetabular 
loosening (Figs.  52.1  and  52.2 ).

    Several new reports have shed more light on the long- 
term behavior of RSTHA in the ON patient, although the 
results are confl icting. Gross and Liu [ 10 ] reviewed their 
fi ndings in 122 hips with ON, matching them for surgical 
date, gender, size, and component type with 122 OA hips in 

  Fig. 52.1    Ten years post-RSTHA for ON on the  right side  
(pre-revision)       
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their extensive database. Using revision for any reason as an 
endpoint, their survivorship rate at 10 years was 88 % for the 
ON hips and 100 % for the OA hips. They noted no failures 
when uncemented femoral components were used in the ON 
patients ( N  = 47). They concluded that the ON patient might 
not be a suitable candidate for RSTHA. 

 Woon et al. [ 11 ] evaluated RSTHA in patients with diag-
nosis posttraumatic OA (PTOA) versus patients with posttrau-
matic ON (PTON – an ON population that may behave slightly 
differently than idiopathic ON, but of interest nonetheless). 
They report on 63 patients, 43 of whom had PTOA and 19 
with PTON. At an average of 87.2 months follow-up, survival 
rates were 95 % at 8 years for the PTOA group and 91 % for 
the PTON group, not a statistically signifi cant difference. 

 Several shorter-term follow-up reports from outside the 
USA report satisfactory outcomes for their patients using 
RSTHA for ON. Madadi et al. [ 12 ] retrospectively assessed 
outcomes for “end-stage ON” in 28 patients and compared 
them to 24 patients using RSTHA for OA. While there were 
differences in mean age between the populations (47.9 for 
OA population versus 30.9 for ON population), they found 
no differences in clinical and functional results as measured 
by Harris Hip Scores between the two groups at an average 
of 41 months follow-up. Bose and Baruah [ 13 ] reported on 
96 RSTHA in 71 patients at mean follow-up of 5.4 years 
(4.0–8.1), with cumulative survival rate of 95.4 %. They do 
not provide a comparative study group, but do report the 
importance of optimum positioning and describe their neck-
capsule- preserving modifi cation of the posterolateral 
approach, raising the issue of surgical approach and tech-
nique to the discussion of success of RSTHA. He    et al. [ 14 ] 
provide their experience in 37 patients (43 hips) for ARCO 
stage 3A, 3B, 3C, and 4 ON, with the ability to follow the 
results in 40/43 hips with mean follow-up of 32.4 months. 
They have no revisions at that time point (survival 100 %) 
with 37 excellent and 3 good results (Harris Hip Scores). 

 Large database assessments through joint registries have 
also been used to comment on the appropriateness of RSTHA 
for the ON patient. Corten and Macdonald [ 1 ] note that over-
all cumulative revision rates are higher at 5 years for RSTHA 
than THA (3.7 % versus 2.7 %) pointing out that the diagno-
ses “other than primary OA” bear a higher risk of early revi-
sion of RSTHA versus THA. Cuckler [ 15 ] notes a 7.2 % 
cumulative 9-year revision rate in the Australian registry, 
argues that rate, as well as other concerns of femoral neck 
erosion and metal-on-metal articulation complications, 
should encourage surgeons to use RSTHA with caution, and 
notes that “hip resurfacing is contraindicated in cases of 
avascular necrosis especially with cysts >1 cm in diameter.” 

 In a unique article focusing on RSTHA for ONFH in 
patients under 25 years of age, Sayeed et al. [ 16 ] identifi ed 
17 patients with 20 RSTHA, with a mean follow-up of 
62 months (range 32–103 months). They compared this 
group to a matched population of 16 patients (20 hips) with 
THA (mean follow-up 61 months) and 78 patients (87 hips) 
with RSTHA who were over the age of 25. They noted 100 % 
survivorship for the study population at 7.5 years, with a 
93.3 % for the THA population at that same time interval, 
and a 94 % survival for the group of RSTHA over 25 years 
of age. They concluded that the results were similar for all 
three groups.   

52.5     Revision of Resurfacing for ON 

 There    are several issues of concern that relate to revision of 
RSTHA: the size of the necrotic defect, how it is addressed, 
and its effect on implant support; the blood supply to the 
femoral neck and the infl uence of surgical approach; the 
incidence of post-implantation ON and perhaps cementation 
approaches; and the results of revision of failed resurfacing. 

52.5.1     Size of the Necrotic Defect 

 There are few studies that have predictably quantifi ed the 
size of lesions in the series of patients studied. Most discus-
sions refer to “>1 cm 3 ” as the defect size that is the limit 
beyond which RSTHA becomes inappropriate. Only 1 study 
has examined actual defect size before and after preparation 
of the femoral head for resurfacing [ 17 ]. In 33 patients with 
39 hips they used three-dimensional MRI templating to esti-
mate lesion size before and after machining and followed 
their patients for a mean of 8 years. According to their esti-
mates, the mean percentage of ON in the bony bed was 5 % 
smaller after machining, and they found no difference in 
implant survival between small and large lesions. This led 
them to conclude that “neither the residual osteonecrosis vol-
ume… after femoral head machining nor the total amount of 
osteonecrosis before femoral head machining had signifi cant 
infl uence on the survival of hip resurfacing.” Similarly, 

  Fig. 52.2    Post-revision RSTHA for acetabular loosening on  right side ; 
8 years post-RSTHA for ON on the  left side  doing well       
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He et al. [ 14 ] noted no difference in short-term results when 
using a quantifi able staging system. Gross and Liu [ 18 ] eval-
uated 117/939 RSTHA that demonstrated femoral head cysts 
>1 cm at time of surgery. These were bone grafted using 
shavings from acetabular reamings (as opposed to fi lling 
with bone cement). They used a computer algorithm to com-
pare results at a minimum of 24 months with those with no 
cysts identifi ed at surgery. Early femoral failure was identi-
fi ed in 3/117 (2.6 %) versus 0/117 (0 %) in the control group, 
which was not statistically different. Two of three (2/3) fail-
ures were femoral neck fractures and 1/3 was a femoral com-
ponent loosening. They suggest bone grafting as a possible 
approach to those femoral heads with cysts >1 cm 3 . Amstutz 
[ 8 ] has recommended cementing the stem in patients with 
signifi cant cyst formation/bone defi ciency and has shown 
reasonable results of RSTHA using his device.  

52.5.2     Femoral Head Blood Flow/ON 

 In the broader literature of RSTHA, there is concern regarding 
the infl uence of the surgical approach on the viability of the 
proximal femoral blood fl ow, and those would be pertinent 
to discussions relative to RSTHA for ON. However, histo-
logical evaluation of retrieved femoral heads at time of revi-
sion RSTHA suggests that ON itself is minimally involved 
in the loosening or failure process and that necrosis that is 
seen is most likely the result of upper femoral remodeling and 
accompanying loosening. This may not be the case for femo-
ral neck fracture after RSTHA, as a recent report of 19 hips 
retrieved after fracture of the femoral head was compared 
with femoral heads retrieved at THA for OA and ON (con-
trols) and for 13 retrieved RSTHA for other reasons. In the 
THA controls, 9 % of OA hips had empty osteocyte lacunae 
versus 85 % for ON hips, and the retrieved implants follow-
ing fracture showed 71 % empty lacunae versus 21 % empty 
lacunae in those retrieved for other reasons ( p  < 0.001). The 
authors believe that these fi ndings indicate established ON 
related to compromised blood supply to the femoral neck, 
which they attribute to surgical trauma (surgical approach). 

 A recent article from Falez et al. [ 19 ] is an in vitro study 
suggesting that cement technique and cement type (high ver-
sus low viscosity) may be critical to failure – with polar con-
centration of cement – most commonly seen with low viscosity 
cement, being particularly harmful. Similar concerns regard-
ing cementation are reported by Krause et al. [ 20 ].  

52.5.3     Revision RSTHA 

 One of the arguments used to justify RSTHA is that the revi-
sion is straightforward and results in a successful arthro-
plasty that does not differ from a primary THA. There are 
two concerns that question the validity of that argument. The 

fi rst is that many proponents of RSTHA have felt that the 
revision would be conversion to THA, leaving the MOM 
acetabular component in place and revising to a large diam-
eter THA with MOM bearings. Recent increased concerns 
regarding failure of those devices and concerns for taper cor-
rosion now make that a less desirable alternative for the 
young active patient. Although many current patients with 
large head MOM THA are doing very well without compli-
cation, enthusiasm for this approach to THA has diminished 
signifi cantly. 

 The second is the result of the revision RSTHA itself. De 
Smet and colleagues [ 21 ] reviewed their single surgeon 
experience with revision RSTHA over the period of 2001–
2010. In 113 revisions evaluated at “midterm,” 11 patients 
(9.7 %) suffered complications, of which 6 have required a 
subsequent revision. Most of these revisions were done for 
malpositioning of components with associated wear-induced 
metallosis.   

52.6     Results of Isolated Femoral Head 
Resurfacing 

 Femoral head resurfacing (FSR)  without acetabular compo-
nent placement would have some appeal in the young patient 
population that often is affl icted with ON and indeed is still 
used in the very young patients by one of the lead proponents 
of RSTHA (Amstutz HC, 2011, personal communication). Its 
success has been variable, however, and for most US surgeons, 
this approach has been abandoned. Adili and Trousdale [ 22 ] 
reported the Mayo Clinic results in 2003 (before RSTHA was 
available in the USA other than through IDE assessment). 
They reported 29 FHR in 28 patients implanted from February 
1997 to April 2000. In patients with mean age of 31.6 (range 
12–48), they showed clinical improvement to a mean Harris 
hip score of 79.3. Overall survivorship was 75.9 % at 3 years. 
They note that “the majority of patients were satisfi ed with 
the procedure but outcomes are unpredictable.” 

 Squire et al. [ 2 ] reported their results in 37 FSR implanted 
between 1997 and 2003. They judged failure as Harris hip 
pain scores of ≤20, or revision to THA. Their overall failure 
rate was 64.8 % (24/37 hips), with 15/24 failed because of 
revision surgery and 9/24 failed because of poor pain relief. 
They concluded that FSR “for ON is an unpredictable proce-
dure” and no longer includes this approach in the treatment 
of the ON patient at their institution.  

52.7     Summary 

 Hip arthroplasty for the young patient with ON represents a 
viable alternative for the patient with femoral head collapse 
when all other nonoperative strategies have been exhausted. 
Given that these patients are young and may have a life 
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expectancy well beyond the expected life span of the device 
implanted, it is natural that the surgeon treating these patients 
will look for alternatives that are somewhat more conserva-
tive in approach and provide failure mechanisms that provide 
predictable approaches to revision treatment with substan-
tially positive outcomes. 

 The senior author has taken care of young patients with 
ON of the femoral head for more than 30 years. He has long 
believed that arthroplasty approaches for ON behave simi-
larly to those done for comparable young patients with OA, 
either primary or secondary, and he has become familiar with 
the failure patterns of all devices in these patients. He believes 
that it is important to have a philosophy about arthroplasty 
management in the young patient, and he believes it very 
important to include the patient and, if appropriate, family 
members, thoroughly in the discussion of available treat-
ment options. He believes that none of the currently available 
arthroplasty approaches can be expected to last the lifetime 
of a patient with a life expectancy of 30 years or more, and 
while it may, both the patient and surgeon should recog-
nize that a subsequent operation is likely. This then requires 
both surgeon and patient to understand the failure poten-
tials and revision needs of all arthroplasty approaches and 
work with the patient to determine which approach is most 
reasonable for that patient. Figures  52.3  and  52.4  demon-
strate this approach for a patient now 20+ years since initial 

arthroplasty and show one of the many possible approaches. 
Resurfacing THA for the properly selected patient can repre-
sent one form of this type of approach.
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53.1            Introduction 

 Osteonecrosis of the hip is an incapacitating condition that 
often affects patients in their second to fi fth decades of their 
lives. It is estimated that about 10,000–20,000 patients are 
diagnosed with this condition every year in the United States. 
When this condition affects multiple skeletal structures, the 
debilitation is even more magnifi ed.  

53.2     Defi nition and Etiopathogenesis 

 Multifocal osteonecrosis  is defi ned by simultaneous or 
sequential involvement of three or more separate anatomic 
sites [ 1 ,  2 ]. For example, involvement of the hip, knee, and 
shoulder or disease involving the shoulder, knee, or ankle 
would qualify as multifocal osteonecrosis. However, affec-
tion of both hips and knee joints should not be classifi ed as 
multifocal osteonecrosis as it involves only two separate ana-
tomic regions. It is a rare clinical condition, which is found 
to occur in approximately 3 % of patients with osteonecrosis 
[ 1 ,  2 ]. Typically, most patients have about six joints involved. 
However, recent reports suggest higher incidence of multifo-
cal involvement than have been previously reported because 
many of these lesions were clinically silent [ 3 ,  4 ]. Several 
risk factors are known to be associated with the development 
of osteonecrotic lesions at multiple sites (see Table  53.1 ).

   Although corticosteroid use is often reported as the most 
common risk factor  in 90 % of patients with multifocal 
osteonecrosis, other associated conditions include renal 

 failure, alcohol abuse, infl ammatory bowel disease, systemic 
lupus erythematosus, human immunodefi ciency virus infec-
tion, coagulation abnormalities (e.g., antithrombin III defi -
ciency, protein S defi ciency, factor V Leiden mutation, or 
increased activity of plasminogen activator), multiple sclero-
sis, Sjogren’s syndrome, sickle-cell disease, leukemia, and 
lymphoma. However, due to paucity of reports and a high 
incidence of asymptomatic lesions, our understanding of the 
true incidence of multifocal osteonecrosis in various indi-
vidual disease conditions is limited. Nevertheless, one study 
on 200 patients with sickle-cell disease reported that multi-
focal involvement occurred in 44 % of patients (87 out 200 
patients) [ 4 ]. While the underlying pathoetiology in the 
development appears to be multifactorial (e.g., venous 
hypertension, altered fat metabolism, mechanical stress, and 
primary cell death), recent reports suggest that familial 
thrombophilia, hypofi brinolysis, and genetic polymorphisms 
of the endothelial nitric oxide synthetase (e.g., 4a and 
T-786C) causing reduction in nitric oxide production may 
play a role [ 3 ]. 

 Osteonecrosis is considered a well-recognized complica-
tion during the maintenance phase following treatment of 
acute lymphoblastic leukemia (ALL) and non-Hodgkin’s 
lymphoma. A higher incidence of lesions in the lower 

      Multifocal Osteonecrosis 

              Samik     Banerjee     ,     Bhaveen     H.     Kapadia     ,     Jeffrey     J.     Cherian     , 
    Julio     J.     Jauregui     , and     Michael     A.     Mont    

  53

        S.   Banerjee       •     B.  H.   Kapadia       •     J.  J.   Cherian       •     J.  J.   Jauregui      
   M.  A.   Mont      (*) 
  Department of Orthopaedic Surgery ,  Rubin Institute for Advanced 
Orthopedics, Center for Joint Preservation and Replacement, 
Sinai Hospital of Baltimore ,   2401 West Belvedere Avenue , 
 Baltimore ,  MD   21215 ,  USA   
 e-mail: bashb02@gmail.com; bhaveen.k@gmail.com; 
jjaicherian@gmail.com; juljau@gmail.com; 
mmont@lifebridgehealth.org, rhondamont@aol.com  

   Table 53.1    Risk factors associated with multifocal osteonecrosis   

 Risk factors for multifocal osteonecrosis 

  1. Corticosteroid use 
  2. SLE 
  3. Sickle-cell disease 
  4. HIV infection 
  5. Alcohol abuse 
  6. Multiple sclerosis 
  7. Coagulation disorders 
  8. Infl ammatory bowel disease 
  9. Organ transplant recipients, e.g., renal, liver 
 10. Malignancy/chemotherapy 
 11. Sjogren’s syndrome/infl ammatory arthritis 
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extremities compared to upper extremities with a predilec-
tion towards bilateral involvement. Multifocal involvement 
is also found to be more common in this population than 
previously reported, with 82 % of patients affected in one 
series who had undergone whole-body screening MRI 
 following chemotherapy for acute lymphoblastic leukemia 
[ 5 ,  6 ]. This increase in incidence is potentially related to pro-
longed use of high-dose dexamethasone in the recent chemo-
therapeutic regimens and low threshold for ordering MRI 
scans in chemotherapy patients complaining of musculoskel-
etal symptoms. A complex interplay of pathogenetic factors 
such as suppression of bone formation, expansion of intra-
medullary adipocytes causing elevated intraosseous pres-
sure, and secondary marrow ischemia has been postulated to 
predispose these patients to develop osteonecrosis. In a large 
retrospective study on 111 patients, Mattano et al. reported 
that a higher incidence of osteonecrosis was found in the age 
group between 10 and 20 years compared to younger chil-
dren who were below 10 years of age [ 5 ]. This was poten-
tially related to the improved buffering of the intraosseous 
pressure by the immature bone prior to the epiphyseal clo-
sure. In contrast to more recent reports, they found a 6 % 
incidence of multifocal osteonecrosis in their patients.  

53.3     Location of Involvement and Clinical 
Features  

 Typically, when long bones are involved, it affects the epiph-
yseal region, although less commonly it can involve the 
metaphysis and the diaphysis [ 7 ]. In multifocal osteonecro-
sis, femoral head involvement is found to occur most com-
monly, followed by the knee, shoulder, and talus. Less 
common sites of involvement include the elbow (the trochlea 
and the capitellum), wrist (distal radius and other carpal 
metacarpal heads), and tarsal bones such as the cuboid, cune-
iform, and the navicular bone. In two large reports on multi-
focal osteonecrosis, it was found that the mean number of 
skeletal sites involved was found to vary between 5.2 and 6.3 
[ 2 ,  4 ]. Majority of the patients with multifocal disease pres-
ent in the early pre-collapse stage of the disease (Ficat-Arlet 
stages 1 and 2), with either hip symptoms or multiple joint 
pain (Table  53.2 ).

   Flouzat-Lachaniete et al., in a study on 200 patients with 
osteonecrosis at multiple skeletal sites, due to sickle-cell dis-
ease, reported that 25 % of patients ( n  = 49) had multifocal 
disease [ 4 ]. Multifocal disease was found to occur more 
commonly in sickle-cell SS genotype followed by SC and 
Sβ +  genotypes. The high incidence of multifocal involve-
ment found in this series was attributed to the routine use of 
MRI scans for screening. The authors also reported that 
90 % of patients with shoulder and 95 % with knee involve-
ment had evidence of multifocal disease. When patients 

present initially with osteonecrotic involvement of joints 
other than the hip (e.g., shoulder, ankle, or knee), a high 
index of suspicion for multifocal disease should be sus-
pected, and routine imaging of the hips is advised. In this 
situation, the incidence of multifocal involvement was 
reported to be approximately 50 %, in one study [ 2 ]. 
Similarly, Orlic et al., in a study of 62 patients, who had 
alcohol- related osteonecrosis found that 6 % (5 out of 62 
patients) had multifocal involvement [ 13 ]. However, the 
dose and the duration of alcohol intake that predisposed 
patients to multifocal involvement were not adequately 
defi ned. 

 Patients typically present with insidious onset and slowly 
progressive joint pain which increase with activity and 
weight bearing. The time period from onset of symptoms 
and the loss of joint function varies considerably and can 
range from months to years. In the later stages of the disease, 
rest pain and reduction in the range of motion often occurs, 
leading to substantial loss of function. The severity of pain 
varies from initially mild to severe when substantial joint 
destruction has taken place.  

53.4     Diagnosis 

53.4.1     Radiographs 

 Initial radiographic investigations should always include 
standard plain fi lm radiographs of the affected site, in two or 
more orthogonal planes. In the early stages of the disease, 
radiographs can either be normal or show signs of mixed 
sclerosis and lysis. Occasionally, bone infarction is present 
in the meta-diaphyseal region as evidenced by multiple, 
incomplete, linear, sclerotic lines.  

53.4.2     Bone Scan 

 Typically, in the early stages, due to increased vascularity in 
the region surrounding the osteonecrotic region, a bone scan 
shows reactive increase in the uptake of the tracer. The avas-
cular region itself shows a cold spot (photopenic defect). 
However, the ability to detect a cold spot by planar scintigra-
phy decreases within a few weeks as a result of increased 
background activity. This prevents the differentiation 
between osteonecrosis and other causes of increased activity 
[ 14 ]. Historically, studies evaluating the effi cacy of bone 
scans over radiographs found that bone scans were more sen-
sitive than plain fi lms [ 15 ]. In a study of 36 patients with 
systemic lupus erythematosus, Conklin et al. evaluated the 
sensitivity of bone scans and radiographs for the detection of 
steroid-induced osteonecrosis [ 15 ]. The authors found that 
24 out of 27 joints (89 %) with elevated pressures had 
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 abnormal scans, while 11 out of 27 joints (41 %) with ele-
vated bone marrow pressures had abnormal radiographs 
[ 15 ]. However, most recent literature do not support the use 
of bone scanning as a diagnostic imaging modality for the 
diagnosis of osteonecrosis over magnetic resonance imaging 
due to its slower sensitivity. The current authors do not rec-
ommend using this imaging for screening of osteonecrosis.  

53.4.3     Single-Photon Emission 
Computerized Tomography 

 These scans provide three-dimensional imaging of radioac-
tivity in the target tissues. Sequential imaging can separate 
out overlying and underlying areas of radioactivity, thereby 
providing better image contrast, superior lesion detection, 
and localization. Collier et al. in a study of 20 hips compared 
the effi cacy of single-photon emission tomography (SPECT) 
bone scintigraphy, radionuclide angiography, and planar 
bone scintigraphy in diagnosing osteonecrosis [ 16 ]. The 
authors found higher sensitivity with SPECT (85 %) com-
pared to the planar imaging (55 %). However, artifacts from 
the bladder can obscure the images of the femoral head 
resulting in lower sensitivity compared to magnetic reso-
nance imaging. With the advent of multi-head cameras that 
lead to shorter acquisition times and improved image resolu-
tion, the sensitivity of this modality in diagnosing multifocal 
osteonecrosis has improved. 

 More recently SPECT has been combined with bone scin-
tigraphy for improved accuracy in detecting osteonecrotic 
lesions in the hip region. Ryu et al. compared the diagnostic 
sensitivity of MRI (1.5 T scanner) and bone scan with 
SPECT in a study of 24 renal transplant patients with osteo-
necrosis of the hip [ 17 ]. The authors reported that combining 
bone scan with SPECT improved the sensitivity of this imag-
ing modality to 100 % compared to 66 % with MRI in this 
selected group of patients. This may be related to the 
increased skeletal uptake of Tc-99 m methylene diphospho-
nate in the bone surrounding the osteonecrotic region provid-
ing a better contrast leading to an earlier diagnosis compared 
to magnetic resonance scans. Nevertheless, despite these 
improvements, magnetic resonance imaging has currently 
superseded SPECT as the initial diagnostic imaging for 
osteonecrosis due to advantages of lack of radiation and 
detection of other concurrent hip pathologies.  

53.4.4     Magnetic Resonance Imaging 

 MRI is the most sensitive and specifi c imaging modality cur-
rently available for the diagnosis of osteonecrosis. Initial 
studies also found that low-fi eld MRI and bone scans were 
equally sensitive in diagnosing osteonecrotic lesions. 

However, recent evidence suggests that the specifi city, sensi-
tivity, and accuracy of high-strength (1.5–3 T) MRI in diag-
nosing osteonecrosis are considerably higher. Mont et al. in 
a comparative study evaluated the sensitivity of bone scans 
and MRI in multifocal disease. The authors found that the 
sensitivity of diagnosing multifocal disease was 100 % with 
MRI compared to 45 % with bone scan. The sensitivity with 
bone scans were higher for hip and knee lesions and later 
stages of the disease compared to the shoulder and ankle 
lesions and early-stage disease. 

 Despite the advantages, the time taken for scanning and 
the high costs were the main deterrents against its use for 
screening of multifocal osteonecrosis. Khanna et al. evalu-
ated the effectiveness of a rapid sequence imaging protocol 
for the diagnosis of osteonecrotic lesions in 172 hips in 92 
patients [ 18 ]. The authors found marked agreements between 
limited and full sequence MRI in 98.8 % cases (177 out of 
179 hips;  k  = 0.97) for detecting and determining the extent 
of osteonecrosis [ 18 ]. Since then multiple authors have 
reported that rapid sequence imaging with improved proto-
cols of whole-body STIR sequences are effective in the 
screening of multifocal disease. Recently, Miettunen et al. 
evaluated the incidence of osteonecrosis using whole-body 
MRI in 11 pediatric patients who complained of musculo-
skeletal pain following chemotherapy for acute lymphoblas-
tic leukemia [ 6 ]. The authors found that 9 out of 11 patients 
(82 %) had multifocal involvement. A high incidence of 
osteonecrotic lesions were found in proximity to the knee, 
with 89 % (8 out of 9 patients) of patients having lesions in 
the distal femur, while 78 % had disease affecting the proxi-
mal tibia. However, only 22 % (2 out of 9 patients) of patients 
had osteonecrotic lesions in the hip. Similarly, Tania et al. in 
their report of a 13-year-old patient with chemotherapy- 
induced multifocal osteonecrosis found that whole-body 
MRI STIR sequences provided excellent quality images and 
were an effective screening tool for detection of multifocal 
disease. However, further studies are needed to evaluate 
whole-body MRI STIR sequences as a screening tool for 
multifocal osteonecrosis. 

 Early lesions show an area of hypointense signal intensity 
in both T1and T2W images. Various patterns of signals have 
been reported with these early lesions such as homogenous 
(well-defi ned lesions), inhomogeneous (large irregular areas 
of decreased signal intensity), and ring patterns (area of 
decreased intensity surrounded by relatively normal inten-
sity). The double-line sign on T2W images has been reported 
by many authors as the most consistent MRI feature of osteo-
necrotic lesions. This consists of an outer rim of low signal 
intensity (sclerotic bone) with an adjacent inner rim of high 
signal intensity (vascularized granulation tissue) with ser-
pentine borders. 

 The optimal method of screening for both symptomatic 
and asymptomatic multifocal lesions has been debated in 
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 literature. Plain radiographs are considered nonsensitive 
tests for diagnosis of asymptomatic multifocal disease. 
Despite this, one approach could be obtaining a focused skel-
etal survey of the painful joints as the initial investigation 
followed by joint-specifi c MRI of the symptomatic joints if 
plain radiographs were found to be inconclusive. The other 
approach could be a whole-body MRI with STIR sequences 
followed by focused joint-specifi c MRI or bone scintigraphy. 
However, the superiority of one approach over another in the 
early detection of lesions remains to be proven. Nevertheless, 
further imaging of the contralateral side is recommended 

when osteonecrosis is diagnosed on one side due to the high 
incidence of bilaterality (70–100 %) reported with this con-
dition    [ 2 ,  4 ] (Fig.  53.1 ).

53.5         Management 

 The goal of management of multifocal disease is early diag-
nosis and treatment of the osteonecrotic lesions to prevent 
progression to collapse and end-stage arthritis. Regular fol-
low- up of high-risk patients with low thresholds for 

a b

c

  Fig. 53.1    ( a ) T1W sagittal image showing osteonecrotic lesion in the 
distal tibia of a 25-year-old lady with corticosteroid-induced multifocal 
osteonecrosis. ( b ) Involvement of the medial cuneiform in the same 

patient in T2W MRI. ( c ) T1W coronal images showing osteonecrosis in 
the subchondral region of the distal femur in the same patient       
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 cross- sectional imaging may detect asymptomatic lesions at 
an earlier stage of the disease. The treatment varies accord-
ing to the stage of the disease for each joint. For early-stage 
(Ficat- Arlet stages 1 and 2) symptomatic disease, joint-pre-
serving procedures such as core decompression, multiple 
drilling, vascularized, and nonvascularized bone grafting are 
usually advised. Less optimal outcomes are reported with 
joint- conserving procedures when substantial collapse 
(>2 mm) of more than 50 % involvement of the joint surface 
has occurred. Late-stage disease (Ficat stages 3 and 4) often 
requires a total joint arthroplasty for relief of symptoms. For 
meta- diaphyseal involvement, intramedullary reaming has 
been advised to stimulate a healing response [ 7 ].  

    Conclusion 

 Recent evidence suggests that a higher incidence of mul-
tifocal involvement can occur with known risk factors like 
corticosteroid use, alcohol abuse, HIV infection, and 
sickle-cell disease. A low threshold for whole-body pla-
nar imaging with magnetic resonance scanning may be 
necessary for early diagnosis and follow-up evaluations, 
when clinical suspicion remains high. The goal of treat-
ment should be to diagnose these lesions at an early stage 
to avoid progression to collapse. Management of individ-
ual lesions should be based on the stage of the disease, 
with total joint arthroplasty reserved for end-stage 
disease.     
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54.1            Introduction 

 Osteonecrosis of the humeral head (ONHH)  is thought to 
occur when the vascularity of the proximal part of the 
humerus is impaired. An ascending branch of the anterior 
circumfl ex artery on the anterolateral aspect of the humeral 
head is a principal blood supply to the humeral head 
(Fig.  54.1 ). The ascending branch of the anterior circumfl ex 
(the arcuate artery)  enters the proximal humerus at the supe-
rior end of the bicipital groove or by way of its branches into 
the adjacent greater and lesser tuberosities [ 1 ,  2 ]. Once the 
arcuate artery becomes intraosseous, it pursues a tortuous 
posteromedial course just below the epiphysis. Although a 
posterior circumfl ex artery branch can be the second supply, 
few anastomoses exist once the artery becomes intraosseous. 
The existence of only one principal artery and the tortuous-
ness of the subchondral arterioles are the reasons for the vul-
nerability of the vascularity of the humeral head to 
impairment due to trauma and thromboembolic events. 
Traumatic ONHH can be seen after humeral neck fractures, 
shoulder dislocations, or surgery of the shoulder [ 3 – 5 ]. 
However, the majority of ONHH related to humeral neck 
fractures is quickly revascularized with creeping substitution 
without collapse, and the clinical impact of ONHH in frac-
ture cases is relatively small compared to the fracture itself. 
Therefore, this chapter focuses on nontraumatic ONHH.

54.2        Etiology and Pathogenesis 
of Nontraumatic ONHH  

 Nontraumatic ONHH is an uncommon disease. Before 
steroid- induced osteonecrosis had been recognized, 
 nontraumatic osteonecrosis was thought to be caused by 

 vascular occlusion due to systemic diseases such as 
Gaucher’s disease, sickle-cell disease, caisson disease, and 
collagen vascular diseases [ 6 – 9 ]. In 1960, Heimann and 
Freiberger [ 10 ] fi rst reported in the English literature two 
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cases with nontraumatic ONHH that occurred in four 
patients with osteonecrosis of the femoral head (ONFH) 
after high-dosage corticosteroid therapy for pemphigus and 
thrombotic thrombocytopenic purpura. Cruess et al. reported 
three cases of ONHH after steroid treatment for renal trans-
plantation in 1968 [ 11 ]. Two of the three cases also had 
ONFH, while the third had no other site of osteonecrosis. 
After that, the number of reports about steroid-induced 
ONHH increased [ 12 ,  13 ], and steroid is the most frequently 
observed etiology of nontraumatic ONHH nowadays. 
Steroid-induced ONHH often manifests itself as multiple or 
multifocal osteonecrosis with an incidence of 3 % in osteo-
necrosis patients [ 14 ]. The shoulder is one of the major 
affected sites of osteonecrosis, secondary to the hip and knee 
[ 15 ]. Although the correlation between corticosteroids and 
osteonecrosis has been well described, the pathogenesis 
remains unclear. Corticosteroid administration may induce a 
fatty liver with possible systemic fat embolism [ 16 ,  17 ]. It 
may also increase the size of intraosseous adipocytes leading 
to an increase in the intraosseous pressure [ 18 ], which in turn 
may lead to ischemia causing osteonecrosis. The interval 
between corticosteroid administration and the onset of shoul-
der symptoms is variable, ranging from 6 to 18 months [ 19 ]. 

 Excessive alcohol intake may cause osteonecrosis in a 
pathomechanism similar to steroid-induced osteonecrosis 
[ 20 ,  21 ]. In patients who had medical treatment for excessive 
consumption of alcohol, the incidence of osteonecrosis was 
reported to be 5.3 %. Eighty-nine percent of lesions devel-
oped in the femoral head, while 11 % of lesions developed in 
the humeral head [ 22 ]. Multiple foci of osteonecrosis were 
found in 6.1 % of the patients. When excessive alcohol intake 
was combined with steroid administration, more bone sites 
including femoral heads and humeral heads can be involved 
with osteonecrosis [ 23 ]. 

 Increased blood coagulability is another etiology of 
osteonecrosis, and there is a report of ONHH associated with 
multi-foci osteonecrosis in a patient with type I congenital 
antithrombin III defi ciency [ 24 ]. Idiopathic ONHH is 
extremely rare, and it has been recently reported in an ado-
lescent amateur swimming athlete [ 25 ].  

54.3     Diagnosis and Staging 

 The maximum weight-bearing of the shoulder during daily 
activities is generally smaller than that of the hip. In addition, 
the glenoid can withstand greater deformity than the 
 acetabulum because of its less conforming morphology. 
Furthermore, compensatory motion at adjacent joints pre-
serves considerable shoulder motion and function despite 
glenohumeral joint destruction and stiffness. Therefore, 
patients with ONHH frequently do not show symptoms 
until collapse of the humeral head [ 26 ]. The usual complaint 

is a gradual onset of pain during joint movement. There is 
usually no pain at rest, and night pain is not a prominent 
complaint early in the course of ONHH. Later, a click during 
joint movement may be heard, which is usually painful [ 27 ]. 
This results from joint incongruity, a cartilage fl ap, or a large 
loose body. Passive range of motion is preserved until rela-
tively late. 

 Plain radiographs are essential for the diagnosis of 
ONHH and its staging. True anteroposterior and axillary 
radiographs are usually obtained, and 40° posterior 
oblique radiographs in internal and external rotation may 
also be helpful. Experience with ONFH has shown the 
value of a staging system based upon the radiographic 
appearance of bony changes, and ARCO staging can be 
applied to ONHH. However, adaptation of Ficat-Arlet 
classifi cation to the humeral head by Cruess  [ 27 ] is the 
most widely used. 

 The preradiologic stage (stage I) shows no abnormality 
on radiographs. Magnetic resonance imaging (MRI) or 
radionuclide imaging [ 28 ] is required for diagnosis 
(Fig.  54.2 ). The diagnostic MRI signs of osteonecrosis are 
similar to those observed in femoral head osteonecrosis. 
Stage I osteonecrosis appears on MRI as linear bands 
of low signal on both T1- and T2-weighted images that 

  Fig. 54.2    Stage I ONHH. A coronal MR image on a spoiled gradient- 
recalled echo pulse sequence (SPGR; TR/TE = 14/2.3 ms) of bilateral 
shoulders ( top ) shows a low-intensity band in the humeral heads. 
Anteroposterior bone scintigrams of bilateral shoulders ( bottom ) show 
increased bone uptake in the coracoid process and the acromioclavicu-
lar joint and marginal increased bone uptake in the bilateral humeral 
heads       
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 represent reactive bone at the margins of the infarct. A 
 double-line sign representing bands of alternating high and 
low signal intensity can be observed in some patients on 
T2-weighted images. The scintigraphic appearance of early 
osteonecrosis is a photopenic zone corresponding to the 
necrotic segment. Increased radionuclide uptake accompa-
nies revascularization and repair, producing a “cold in hot” 
pattern in ONFH [ 28 ]. However, the cold area is not always 
apparent because the necrotic lesions in ONHH are shal-
lower than the lesions commonly seen in ONFH. A mar-
ginal increase in bone uptake in the humeral head is a sign 
of ONHH.

   The early radiologic stage (stage II) may show an osteo-
lytic area in the portion of the humeral head that articulates 
with the glenoid at 90° of abduction. Sclerosis can be also 
seen, and it may be wedge shaped or mottled and diffuse. 
However, these radiologic changes are not often apparent 
before collapse of the humeral head. The differential diagno-
sis of a lucent lesion includes bone cyst, benign or malignant 
bone tumor, and infection. Extensive resorption of the sub-
chondral bone can lead to a subchondral fracture seen as a 
“crescent” sign even under ordinary forces transmitted across 
the shoulder joint (stage III). Massive collapse of the humeral 
head then develops (Fig.  54.3 ). The articular cartilage may 
separate from the underlying bone after collapse and, occa-
sionally, may become detached and turn into a loose body. 
With extensive collapse, humeral head incongruity can lead 
to early degenerative changes (stage IV). Advanced collapse 
of the humeral head and arthritic changes of the glenoid 
then reveal a humeral head with a totally distorted shape, 

subchondral sclerosis of the glenoid, osteophytes, loss of 
joint space, and cystic changes in the entire glenohumeral 
joint (stage V).

54.4        Extent of Lesions and Natural Course 

 Large lesions in ONHH and collapsed-stage cases on plain 
radiographs tend to have poor prognoses. Several studies 
suggest the extent of a necrotic lesion on radiographs corre-
lates with the prognosis and with the results of surgical treat-
ment in patients with corticosteroid-related ONHH or 
traumatic ONHH [ 29 – 31 ]. The necrotic angle which was 
originally described for the hip adapted to ONHH to quantify 
the size of the lesion. Outlines of the lesions on AP and lat-
eral radiographs were traced and the arc of the surface 
involving the necrosis was measured using a goniometer. 
These two angles were added to derive a combined necrotic 
angle. These studies reported that large lesions in ONHH and 
patients with collapse on plain radiographs tend to have poor 
prognoses. However, accurate evaluation of a lesion on 
radiographs is diffi cult at best and impossible at stage I. MRI 
is superior to radiographs in the early detection of necrotic 
lesions as well as in evaluating the extent and location of 
lesions [ 32 ,  33 ]. Early diagnosis and understanding of the 
natural history are important for joint-preserving treatment 
planning. When the necrotic angles are evaluated on MRI 
(Fig.  54.4 ), lesions with a necrotic angle  of 90° or less both 
on the mid-oblique-coronal and mid-oblique-sagittal planes 
have a very small risk of collapse. In the case of lesions with 

a b c d

  Fig. 54.3    Plain radiographs of ONHH. No radiologic abnormality is seen in stage I ( a ). An early sign of subchondral fracture is seen in stage III 
( b ). Flattening of the humeral head follows ( c ), and fragmentation of the necrotic lesion may be seen later ( d )       
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necrotic angles between 90° and 100°, collapse will occur 
but will not progress to osteoarthritis, followed by reparative 
reaction on plain radiographs. In the case of larger lesions 
with necrotic angles of more than 100° on mid-oblique- 
coronal and mid-oblique-sagittal planes, collapse seems 
inevitable followed by degenerative arthritis of the shoulder 
[ 32 ]. Another MRI study shows that the stage at initial visit, 
occurrence of pain, and continuation of peak doses of corti-
costeroids predicted progression of the disease in asymptom-
atic shoulders, whereas in symptomatic shoulders, extent 
and location of lesions were the main risk factors for pro-
gression [ 33 ].

54.5        Treatment  

 Although clinical symptoms and etiology of ONHH play 
a critical role in the treatment of each patient, staging is 
the most objective criterion in determining the most 

 appropriate treatment. Conservative treatment can be 
 effective in stages I and II (precollapse stages), when 
patients’ symptoms are relatively mild. This is also consid-
ered for patients with minimal collapse and symptoms or for 
patients with limited physical demands. To prevent joint 
stiffness from disuse, physical therapy should include full 
passive range of motion and pendulum exercises without 
active overhead exercises. Administration of analgesics and 
nonsteroidal anti- infl ammatory drugs may ease patient pain 
and increase comfort in everyday activities. Overall, the goal 
of conservative treatment is to relieve pain, restore normal 
range of motion, and delay the progression of the disease. 
When symptoms persist, and collapse progresses despite 
conservative treatment, surgical interventions including core 
decompression, vascularized bone grafting, arthroscopic 
debridement, and shoulder arthroplasty are considered. 

 Mont et al. fi rst described the surgical technique for core 
decompression of the humeral head [ 34 ]. They made a small 
incision in the anterior axillary fold just above the pectoralis 
major tendon, reaching the proximal humerus with blunt dis-
section in the deltopectoral groove. A cannulated reamer was 
then inserted into the lesion lateral to the bicipital groove 
over a guide-wire pin under fl uoroscopic guidance. The lat-
est study by Mont et al. includes 63 shoulders in 43 patients 
with an average follow-up of 10 years. Preoperative Ficat- 
Arlet stage I disease had 15 of 16 (94 %) successful out-
comes, and stage II had 15 of 17 (88 %) successful outcomes. 
Stage III had 16 of 23 (70 %) successful results, and stage IV 
had one of seven (14 %) successful results. They recommend 
core decompression for stages I, II, and III when conserva-
tive treatment fails. In contrast, L’Insalata et al. reported that 
humeral head drilling was not effective in preventing clinical 
or radiographic progression in stage III ONHH. The effec-
tiveness of core decompression versus conservative treat-
ment for humeral head necrosis stages I and II is not clear in 
the literature, although patients with stage I or stage II 
ONHH and intolerable pain are possible candidates for core 
decompression. 

 There are a few case studies of arthroscopic treatment for 
ONHH. Removal of loose bodies and joint debridement for 
steroid-induced ONHH successfully improved the patient’s 
functional status through relief of pain, improved range of 
motion, and elimination of locking [ 35 ]. Repositioning of 
the joint cartilage and bone engraftment from an iliac crest 
through her humeral head from under the greater tuberosity 
with shoulder arthroscopy was tried for stage IV ONHH, and 
the patient wore an abduction brace for 8 weeks after the 
operation to hold the joint surface in its new position. 
Considerable improvement of the functional status of the 
shoulder by relieving pain and increasing range of motion 
was obtained at 2 years’ follow-up [ 36 ]. Another study of 
arthroscopic debridement for ONHH revealed that relief of 
pain and improved range of motion were obtained in stage III 

  Fig. 54.4    The necrotic angles of ONHH on MRI. The center of the 
humeral head was defi ned as point  O , and two end points of the necrotic 
lesion on the joint surface were defi ned as points  A  and  B  on mid-
oblique- coronal and mid-oblique-sagittal SPGR images of the humeral 
head. The necrotic angle was calculated as the angle AOB       
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ONHH with episodes of locking [ 37 ]. A recent paper 
 presented the case of endoscopically guided thorough 
 debridement of the humeral head combined with nonvascu-
larized bone grafting of the residual cavity and stabilization 
and concomitant arthroscopy [ 38 ]. 

 The indications for shoulder arthroplasty in ONHH are 
similar to those for degenerative shoulder diseases with 
severe pain and dysfunction for which conservative treat-
ment is unsatisfactory. Shoulder arthroplasty that is either 
hemiarthroplasty (humeral head replacement) or total shoul-
der arthroplasty (TSA) seems to be the most reliable surgical 
treatment for ONHH. Age is a major concern in shoulder 
arthroplasty, and several surgeons have questioned the dura-
bility of prosthetic implants, stressing the necessity for mul-
tiple shoulder revisions in young patients. In patients aged 50 
years and younger, Sperling et al. have reported success rates 
of 84 and 73 % for TSA and hemiarthroplasty, respectively, 
in a 15-year follow-up period [ 39 ]. In this study, however, 
the indications of shoulder arthroplasty were mostly the 
sequelae of trauma and rheumatoid arthritis. The number of 
patients with ONHH in the series was small (5 %). Only 
small series are available in the literature regarding shoulder 
arthroplasty for ONHH. Little difference was noted between 
hemiarthroplasty and TSA in terms of pain relief and range 
of motion in the early studies [ 40 – 42 ]. In recent studies with 
shoulder arthroplasty for ONHH, progressive glenoid ero-
sion or preoperative glenoid destruction is one of the main 
causes of failure when hemiarthroplasty is used [ 43 ,  44 ]. On 
the other hand, Feeley et al.    showed that TSA had a higher 
complication rate and decreased mobility compared to hemi-
arthroplasty [ 45 ]. The authors recommended that TSA 
should be reserved for patients with stage V ONHH. 
Therefore, further studies are needed to clarify the indica-
tions for TSA and hemiarthroplasty and design and material 
improvements for the glenoid component may be necessary 
to provide longevity and good shoulder function for young 
patients with ONHH.  

54.6     Summary 

 Osteonecrosis of the humeral head (ONHH) is thought to 
occur when the vascularity of the proximal part of the 
humerus is impaired. Traumatic ONHH can be seen after 
humeral neck fractures, shoulder dislocations, or surgery of 
the shoulder. However, the majority of ONHH related to 
humeral neck fractures is quickly revascularized with creep-
ing substitution without collapse, and the clinical impact of 
ONHH in fracture cases is relatively small compared to the 
fracture itself. Nontraumatic ONHH is an uncommon dis-
ease. Before steroid-induced osteonecrosis had been recog-
nized, nontraumatic osteonecrosis was thought to be caused 
by vascular occlusion due to systemic diseases such as 

Gaucher’s disease, sickle-cell disease, caisson disease, and 
collagen vascular diseases. Since Heimann and Freiberger 
fi rst reported two cases with steroid-induced ONHH, the 
number of reports about it increased, and steroid is the most 
frequently observed etiology of nontraumatic ONHH nowa-
days. Steroid-induced ONHH often manifests itself as mul-
tiple or multifocal osteonecrosis with an incidence of 3 % in 
osteonecrosis patients. The shoulder is one of the major 
affected sites of osteonecrosis secondary to the hip and knee. 
Plain radiographs are essential for the diagnosis of ONHH 
and staging. However, MRI is useful for the early diagnosis 
of ONHH and evaluation of the extent of the necrotic lesion. 
Staging is the most objective criterion in determining the 
treatment methods. Conservative treatment can be effective 
in stages I and II (precollapse stages), when patients’ symp-
toms are relatively mild. When symptoms persist and col-
lapse progresses despite conservative treatment, surgical 
interventions including core decompression, vascularized 
bone grafting, arthroscopic debridement, and shoulder 
arthroplasty are considered.     
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55.1            Introduction 

 Osteonecrosis (ON) of the knee is second to the hip as the 
most common location [ 1 ] and presents in two major forms: 
spontaneous and secondary ON. Spontaneous ON of the 
knee (SPONK)  was fi rst identifi ed as a separate entity by 
Ahlback et al. in 1968 [ 2 ] with no identifi able cause. 
Secondary ON is due to identifi able causes most commonly 
steroids and alcohol. Some authors include arthroscopic-
associated ON with secondary causes, while others identify 
it as a separate disease entity. Despite the different clinical 
presentations of each of these forms, disease severity is 
 classifi ed using the same systems and treatment algorithms 
composed of the same approaches.  

55.2     Etiology  

 SPONK does not have a specifi cally identifi ed etiology. The 
leading theories are trauma and vascular insuffi ciency [ 3 ]. 
Trauma refers to insuffi ciency and microfractures in sub-
chondral bone weakened by osteoporosis [ 4 ]. One study 
found signifi cantly lower bone mineral densities of the femo-
ral neck of SPONK patients than in osteoarthritis; however, 
they did not fi nd a difference in the densities of the medial 
femoral condyle or medial tibial plateau [ 5 ]. The basis of the 
vascular theory is that an insult to the blood fl ow to the con-
dyle leads to edema that hinders blood fl ow further. This 
cycle ends with ischemia to the bone [ 4 ]. Research has found 
that intraosseous pressures are higher in the medial condyle 

of SPONK than in the lateral condyle and also relative to 
both condyles for patients with osteoarthritis. In cases where 
revascularization restores blood fl ow, there is a chance for 
the lesions to heal as long as collapse has not occurred 
already [ 4 ]. Despite these theories, one pathology study of 
biopsy samples of bone from SPONK patients found only 
one sample of 22 had evidence of necrotic bone [ 6 ]. There is 
confl icting data on the cause of SPONK, but insuffi ciency 
fractures are the leading theory. 

 Secondary ON has been shown to be caused by a variety 
of factors including hematologic/oncologic (e.g., sickle-cell 
disease), rheumatologic (e.g., systemic lupus erythemato-
sus), infectious disease (e.g., HIV), hyperbarism, metabolic 
disorders (e.g., Gaucher’s disease), steroids, and alcohol [ 3 , 
 7 – 9 ]. Hematologic factors may promote the formation of 
clots and prevent their lyses and consequently leading to dis-
rupted blood fl ow and ON. Some studies have found that 
patients with hereditary hypercoagulable diseases were dis-
proportionately found among patients with ON [ 9 ]. Although 
many rheumatologic diseases are treated with steroids, they 
have higher than expected rates of ON suggesting that the 
disease process may predispose patients to develop ON. 
Infectious disease is also on the differential for ON, and 
research has found that HIV may lead to it and is associated 
with the duration of infection and antiretroviral treatment 
[ 8 ]. Although the mechanisms remain unknown, hyperba-
rism is thought to lead to elevated intracortical pressure and 
consequently to ON [ 9 ]. Many metabolic disorders such as 
Gaucher’s disease can lead to increased intraosseous pres-
sures by altering the composition of the marrow [ 10 ]. 

 Steroids have been studied extensively to elucidate the 
mechanism leading to ON. Although there are reports that 
total dosing of even 480 mg can lead to ON, it is more com-
monly seen among patients taking chronic daily doses of at 
least 20 mg a day [ 11 ]. Multiple possible factors have been 
identifi ed in steroid-induced ON. In vivo studies have dem-
onstrated that prolonged steroid treatment can cause apopto-
sis of osteoclasts and osteoblasts. At the same time, steroids 
may prolong osteoclast lifespan leading to greater bone 
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resorption. Steroids also divert stromal cells to become adi-
pocytes instead of osteoblasts. Another mechanism is that 
steroids lead to greater hypercoagulability by affecting endo-
thelial cells and hindering clot lysis. Fat emboli are another 
possible explanation of disrupting blood fl ow [ 9 ]. After caus-
ing disruption of blood fl ow and death to bone cells, steroids 
can hinder angiogenesis and prevent bone reparative pro-
cesses. Genetic research has found that patients with certain 
forms of the P450 enzyme may be more prone to ON from 
steroid use. Similar fi ndings have been found for patients 
with certain varieties of apolipoproteins B and A1 [ 9 ]. 
Alcohol may lead to ON by directly killing osteocytes. Other 
possible explanation is that it promotes the development of a 
fatty liver and the risk for fat emboli [ 9 ]. 

 The use of mechanical debriders, lasers, and radiofre-
quency ablation is believed to cause arthroscopic-associ-
ated ON  [ 3 ]. Usually the lesion is in the medial femoral 
condyle, and the lateral condyle is the second most com-
monly seen site [ 10 ]. It is theorized that a pathologic sub-
chondral fracture leads to edema from a combination of the 
injury and the arthroscopy fl uids [ 10 ]. In the case of radio-
frequency ablation, it is theorized that thermal energy 
applied near the cartilage causes damage leading to ON [ 3 ]. 
ON usually presents as a sudden onset of pain 24 weeks 
after arthroscopy but is reported to range from 4 to 92 
weeks [ 10 ]. Among arthroscopic-associated ON, there has 
been one case report of lateral femoral condyle ON [ 12 ] 
months after ACL reconstruction. The authors theorized 
that a combination of bone bruising to the lateral femoral 
condyle from the initial trauma in conjunction with the 
drilling of the femoral tunnel led to intramedullary hemor-
rhage and disrupted blood fl ow [ 7 ]. 

 These various pathways of bone injury and necrosis may 
later join together to form a common route for degenerative 
changes at the knee joint. If new bone formation cannot keep 
pace with resorption of the damaged bone, the bone may col-
lapse. This collapse may lead to further degenerative changes 
including deformity and articular cartilage damage. Due to 
this theorized mechanism, it is thought that bisphosphonates 
may slow resorption and avoid the collapse [ 13 ]. They will 
be discussed at a later point.  

55.3     Epidemiology  

 SPONK is seen in females in a 3–1 ratio, and it also seen in 
patients who are older than 60 years old [ 14 ,  15 ]. For patients 
presenting with medial knee pain, 3.4 % of those greater than 
50 years old and 9.4 % of those greater than 65 years old 
have SPONK [ 10 ]. It is most frequently seen in the medial 
condyle but has been reported to occur in the lateral condyle 
in up to 8 % of cases [ 4 ]. SPONK has also been reported to 
occur in the medial tibial plateau in 2 % of cases [ 12 ]. 

 Secondary ON is generally seen in younger patients, 
usually younger than 50 years old [ 13 ]. Although a variety 
of causes lead to secondary ON, steroids is the most com-
mon etiology and together with alcohol accounts for 90 % 
of cases [ 9 ,  10 ]. In the femoral head, rates of steroid ON 
have been reported to range from 16.5 to 31.9 % [ 16 ], 
whereas alcohol has been associated with much lower rates 
of ON in the femoral head (<0.3 %) [ 16 ]. Estimates put the 
incidence of secondary ON of the knee to be 10 % of hip 
ON [ 10 ]. Shigemura et al. looked for ON in the knee in a 
population of patients who already had ON of the hip due 
to alcohol or steroids. They chose this population because 
of the relative rarity of ON of the knee and often asymp-
tomatic presentation. They found that only 18.3 % of 
patients with alcohol- induced hip ON also had knee ON, 
while it was 54.9 % for patients with steroid-induced hip 
ON [ 16 ]. This study also reported that approximately a 
third of the lesions were located in the femoral lateral con-
dyle, which was the most common location. They also 
found that ON of the knee was more likely to be seen with 
bilateral femoral head ON suggesting that ON of the knee 
occurs in more severe disease [ 16 ]. However, most of these 
ON lesions in the knee were asymptomatic in this popula-
tion [ 16 ]. Sickle-cell patients are reported to have an annual 
incidence of 3.6 % for knee ON [ 10 ]. 

 In one study of arthroscopic-associated ON due to RF 
ablation, they found a 4 % (2/50) risk of developing ON. The 
average size of the lesion in these two patients was 27.5 % of 
the condyle [ 3 ]. This estimate may be on the high end, since 
a large number of arthroscopies are performed each year and 
ON is a relatively rare complication [ 10 ].  

55.4     Clinical Findings 

 Ahlback et al. reported that SPONK patients had a “sudden 
and violent onset of pain,” where patients could identify the 
exact moment the pain started [ 2 ] That moment may be asso-
ciated with a minor accident [ 14 ]. The pain generally contin-
ued to persist and often increases in severity. The pain 
improved when weight bearing was avoided, and worsened 
with activity. The pain also worsened at night [ 2 ,  14 ]. Night 
pain has been reported in 21–58 % of patients [ 17 ]. Some of 
the other associated symptoms included stiffness, swelling, 
and catching. Patients seen more than a year after the devel-
opment of symptoms often had instability and bowing of the 
knee. On exam, these patients had localized tenderness to the 
medial knee especially at the medial femoral condyle [ 2 ]. 
Although the medial femoral condyle is most often associ-
ated with SPONK, there are case reports of it occurring in 
the lateral femoral condyle [ 4 ]. They could have an effusion, 
with a normal to slightly decreased range of motion [ 2 ]. 
Secondary ON has an insidious onset of pain, rather than the 
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sudden onset found in SPONK. Also, it often affects multi-
ple joints (>80 %), is bilateral, and affects multiple locations 
within the same joint [ 1 ,  10 ,  18 ].  

55.5     Classifi cation Systems  

 Multiple classifi cation systems have been developed for 
SPONK. Nonetheless, they have been applied to secondary 
ON as well. The different systems have many similarities, 
but none has become the standard for use in ON. As a result, 
interpreting and comparing literature results can be diffi cult 
due to the lack of a common standard. 

 Soucacos et al. developed a classifi cation system for 
SPONK based primarily on radiographic fi ndings since clin-
ical fi ndings can be similar across the stages they identifi ed. 
Stage I (incipient stage) has normal plain radiographs, may 
have normal MRI, and has positive bone scans. The 
T2-weighted MRI images can be prognostic in those patients 
where normal images usually do not progress, while those 
with abnormalities suggest the disease will worsen. These 
patients can have symptoms for 6–8 weeks and then may 
resolve. Usually, these patients progress to the second stage 
2–4 months after symptom onset. Stage II has radiographic 
fi ndings of fl attening of the medial femoral condyle. At 
3–6 months after symptom onset, the disease can progress to 
stage III, which is notable for a radiolucent lesion on radio-
graphs. This radiolucent lesion is called a crescent/rim sign 
and is due to necrosis of the subchondral bone and concur-
rent articular cartilage damage. By 9–12 months after symp-
tom onset, stage IV develops and it indicates worsened 
subchondral bone and articular cartilage damage that can 
cover the entire diameter of the medial condyle [ 14 ]. 

 Another classifi cation system for SPONK was modifi ed 
from the Ficat and Arlet system for femoral head ON by 
Koshino and reported by Motohashi et al. [ 19 ]. This sys-
tem was based on plain radiographs, where Stage 1, the 
initial stage, demonstrates no changes on radiographs and 
the patient has pain. Stage 2 is the avascular stage where 
radiolucency develops and there is sclerosis nearby it. 
Once the sclerosis surrounds the radiolucency, stage 3, the 
developed stage, is reached. Stage 4 is the degenerative 
stage where osteophytes and sclerosis are seen on both 
sides of the joint [ 19 ]. 

 Aglietti et al. modifi ed and expanded Koshino’s classifi -
cation system to include 5 stages. Stage I remained the same. 
A new Stage II was developed that is an intermediate of 
Koshino’s Stage 1 and 2 where there is some fl attening of the 
weight-bearing condyle. Aglietti’s Stage III is similar to 
Koshino’s Stage 2. Stage IV in Aglietti’s system has features 
of Stage 3 and also had subchondral collapse into a calcifi ed 
plate. Secondary degenerative signs are apparent in Aglietti’s 
Stage V and Koshino’s Stage 4 [ 20 ]. 

 Another aspect of classifying lesions is based on the size. 
Multiple systems have been developed to measure the lesion 
size, but none has been validated [ 10 ]. The ones mentioned 
below do have research suggesting they can be prognostic of 
disease progression. 

 Muheim and Bohne proposed measuring ON lesion sizes 
by calculating the product of the maximum width of the 
lesion on the anteroposterior and lateral radiographs [ 21 ]. 
Another approach was taken by Lotke et al., who looked at 
the anteroposterior radiograph and measured the percentage 
of the maximum transverse width of the condyle that the 
lesion occupied [ 22 ]. Mont et al. modifi ed the use of the 
Kerboul angle from the femoral head for use in the knee. An 
angle with the vertex at the physeal scar and sides corre-
sponding to the sides of the lesion are drawn on the antero-
posterior and lateral radiographs. The sum of these angles is 
calculated to determine the size of the lesion. Small lesions 
measured <150°, medium lesions measured 151–249°, and 
large lesions were greater than 250°. Mont et al.’s study 
found that large lesions had signifi cantly worse outcomes 
than the medium and small lesions [ 1 ].  

55.6     Natural History  

 Soucacos et al. suggests that SPONK progresses along the 
four stages of their classifi cation system to end in severe 
degenerative knee arthritis in 9–12 months. In cases of Stage 
I or II, disease with a small lesion of 0.24 cm 2  the disease 
may regress and resolve on its own [ 14 ]. Lotke et al. reported 
that small lesions of <45 % of the condylar width or less than 
3.5 cm 2  do well with conservative treatment with resolution 
of symptoms at least initially. It is unknown whether these 
patients will develop degenerative changes later on. For 
patients with large lesions of >50 % of the condylar width or 
>5 cm 2 , they continue to get progressively worse leading to 
end-stage degenerative joint changes [ 23 ]. Yates et al. looked 
at patients with stage I SPONK and found that older patients 
(68 years old) tended to continue to worsen while younger 
patients (59 years) tended to have resolution. They report 
that this was not statistically signifi cant, but suggest that age 
may be a factor in worse outcomes [ 17 ].  

55.7     Imaging 

 In evaluating a patient with new onset of knee pain, the fi rst- 
line imaging acquired are plain radiographs including stand-
ing anteroposterior, fl exed posteroanterior, lateral, and 
sunrise views (Fig.  55.1 ). Further workup of a patient with 
suspected ON is MRI versus bone scan. Generally, MRI is 
the preferred imaging technique because it offers good sensi-
tivity and specifi city and it can easily measure lesion sizes 
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(Figs.  55.2 and 55.3 ). In addition, it can evaluate for other 
diagnosis on the differential including meniscus and liga-
mentous injuries. Some practitioners prefer bone scintigra-
phy because it may be more sensitive in detecting marrow 
edema, but it is not specifi c for ON. This sensitivity has been 
contested in the literature with reports suggesting it may not 
be as sensitive as previously reported [ 10 ]. In addition, it is 
not able to measure lesion sizes.

    The initial fi nding that can fi rst be identifi ed on MRI is 
bone marrow edema that is not visible on CT or radiographs. 
MRI’s main limitation is that it may not detect an ON lesion 
for 4–6 weeks after symptom onset. This time frame is called 
the “window period” [ 3 ]. The other limitation of MRI is if it 
demonstrates bone marrow edema, it may be attributable to 
other causes including osteochondritis dissecans, bone 
bruise, or reactive processes [ 10 ]. 

 End-stage ON shares many of the radiographic fi ndings 
of severe osteoarthritis, and cases of ON may be misclassi-
fi ed as osteoarthritis. Fortunately, at that stage treatment is 
the same for both disease processes [ 12 ]. 

 Aratake et al. looked at the use of fl uoride PET imaging to 
evaluate SPONK. They found that fl uoride PET scans could 
detect SPONK and measure lesions with comparative accu-
racy to radiographs and MRI. Further research will be needed 
to determine if it or other imaging techniques will provide 
additional prognostic or diagnostic information [ 18 ].  

55.8     Diagnosis 

 The diagnosis of SPONK is heavily based on the history 
with sudden onset of pain with no identifi able etiology for 
ON. Secondary ON will have an identifi able cause in the 
patient’s history. Imaging helps confi rm the diagnosis, but in 
the early stages, the fi ndings on imaging are not specifi c. 
Osteochondritis dissecans is on the differential, but it is 
more often found in patients younger than 25 years old and 
located to a single condyle without affecting other parts of 
the joint. Also, imaging would demonstrate the separation of 
articular cartilage with subchondral bone [ 1 ]. Other causes 
of knee pain could include meniscus and ligament injuries 
that would present with other clinical and imaging fi ndings 
[ 10 ]. Osteoarthritis can have similar symptoms, but it usu-
ally has a more chronic and progressive onset of pain. 

 There are studies being conducted to fi nd additional 
markers for SPONK such as serum or synovial fl uid markers. 
Synovial levels of chondroitin 6-sulfate have been found to 
be signifi cantly greater in cases of SPONK than medial com-
partment osteoarthritis. Studies evaluating serum markers 
such as bone-specifi c ALP, osteocalcin, procollagen type I 
N-terminal propeptide, and C-terminal cross-linking telo-
peptide did not have any difference between osteoarthritis 
and SPONK [ 24 ]. Further research may be able to identify 
other markers either in synovial fl uid or serum that can help 
distinguish osteoarthritis from ON. Although with the cur-
rent treatment options, the clinical utility of distinguishing 
the two remains to be seen.  

55.9     Treatment  and Clinical Results 

55.9.1     General Principles 

 Treatment of osteonecrosis of the knee depends on the extent 
of disease. Early lesions may be treated with nonoperative or 
joint-preserving techniques. Advanced osteonecrosis may 
require a joint replacement [ 25 ]. Historically, the treatment 
options for osteonecrosis of the knee include conservative 
management, arthrotomy with curettage, high tibial 

  Fig. 55.1    Anteroposterior radiograph of the knee demonstrating a 
radiolucent (osteonecrosis) lesion ( orange circle ) of the medial femoral 
condyle with collapse of the weight bearing portion       
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 osteotomy, and arthroplasty [ 20 ]. Conservative options 
include weight loss, analgesics, isometric quadriceps exer-
cises [ 20 ], and protected weight-bearing with assistive 
devices [ 26 ]. Traditionally, these options have been reserved 
for patients with small osteonecrotic lesions with mild symp-
toms. Muheim and Bohne recommended conservative treat-
ment for patients with small osteonecrotic lesions less than 
3.5 cm 2  in area and tibia1 osteotomy with arthrotomy for 
those with large osteonecrotic lesions exceeding 5 cm [ 19 , 
 21 ]. Initial treatment for patients diagnosed with osteonecro-
sis involves conservative management for at least 3 months 
duration [ 26 ]. Arthrotomy with curettage is performed in 
cases with large lesions [ 20 ]. These patients have minimal 
osteoarthritic changes and no signifi cant knee deformity. In 
cases of signifi cant varus deformity of the knee, high tibial 
osteotomy may be performed [ 20 ]. The ideal correction is to 
obtain a femorotibial angle of 170° (10° valgus) [ 20 ]. 
Arthroplasty is reserved for large lesions with degenerative 
changes and possible malalignment of the knee [ 20 ]. 

 Modern techniques are also focused on joint-preserving 
therapies prior to arthroplasty [ 26 ]. Patients that remain 
symptomatic after at least 3 months of conservative man-
agement may undergo diagnostic arthroscopy of the 
affected knee. If diffuse chondral lesions and subchondral 
collapse are noted, chondroplasty and debridement of loose 
tissue can be performed 26. If intra-articular pathology 

such as meniscal lesions is found, appropriate debridement 
and meniscectomy are performed [ 26 ]. After diagnostic or 
therapeutic arthroscopy, percutaneous core decompression 
of the osteonecrotic lesion may be performed using a small-
diameter drill bit through an extra-articular approach [ 26 ]. 
Focal chondral defects can be treated with osteochondral 
autologous transfer from less weight-bearing regions of the 
articular cartilage of the knee [ 26 ]. Patients who remain 
symptomatic despite repeat core decompressions, or who 
progress to condylar collapse despite joint-preserving sur-
gical treatment, are indicated to undergo total or unicom-
partmental knee arthroplasty (UKA) [ 26 ]. A recent 
systematic review of the literature between 1999 and 2012 
showed that among joint-preserving procedures, core 
decompression prevented additional surgical treatment in 
pre-collapse knees with a failure rate of 10.4 %. Autogenous 
and osteochondral grafts decreased the need for additional 
surgery in both pre-collapse 0 % and post-collapse knees 
10.5 % [ 27 ].  

55.9.2     Bisphosphonates 

 Bisphosphonates, such as alendronate, have been used suc-
cessfully to treat osteonecrosis of the femoral head, as they 
may prevent bone resorption during the reparative phases of 

  Figs. 55.2 and 55.3    Coronal MRI images suggestive of osteonecrotic regions in the distal femur and the proximal tibia       
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osteonecrosis [ 25 ]. Another bisphosphonate, neridronate, is 
used primarily for the treatment of Paget disease and osteo-
porosis [ 25 ]. Corrado et al. [ 28 ] explored the use of this med-
ication as a nonoperative treatment for osteonecrosis of the 
knee. Their patient had reduced pain and swelling after 2 
months of this medication combined with analgesics. Their 
treatment protocol included 100 mg/day of aspirin, 0.5 μg of 
calcitriol, and 25 mg/month of intramuscular neridronate. 
An MRI scan obtained 2 months after initiation of treatment 
showed decreased bone marrow edema and reduction in the 
size of the necrotic lesions.  

55.9.3     Antitumor Necrosis Factor Alpha 
(Anti-TNF-Alpha) Agents 

 Tumor necrosis factor alpha (TNF-alpha) has been identifi ed 
as the compound that regulates production of interleukin-1 in 
rheumatoid arthritis which can be treated with anti-TNF- 
alpha medications such as adalimumab [ 29 ,  30 ]. A case 
report demonstrates that a 54-year-old man with monoarticu-
lar rheumatoid arthritis and osteonecrosis of the left knee, 
who failed corticosteroids and systemic treatment, was given 
a 40-mg intra-articular injection of adalimumab, and 1 week 
later, pain and stiffness resolved and range of motion 
improved. The patient was given a second injection 15 days 
later, and an MRI taken 1 month thereafter showed healing 
of the osteonecrotic lesion [ 31 ]. 

 Although the role of anti-TNF-alpha medications in 
osteonecrosis is not understood, they may affect the cyto-
kines responsible for the osteoclast progenitor cell regulation 
[ 29 ]. In this case, it is diffi cult to determine whether the 
change in MRI fi ndings represents resolution of an osteone-
crotic lesion or only bony edema associated with degenera-
tive changes [ 25 ].  

55.9.4     Core Decompression 

 Jacobs et al. were the fi rst to describe the treatment of osteo-
necrosis of the knee using core decompression [ 32 ]. However, 
prior to the knee, core decompression was used successfully 
in the treatment of osteonecrosis of the hip [ 33 ]. Marulanda 
et al. used core decompression and modifi ed the procedure 
with the percutaneous drilling of 3-mm holes in each of 61 
knees (38 patients; average follow-up, 3 years; range, 
2–4 years) [ 34 ]. They reported a 92 % (56 knees) successful 
clinical outcome, which they defi ned as a postoperative Knee 
Society score of 80 or more points. Two knees with poor 
outcomes were treated with total knee arthroplasty (TKA) 
and had postoperative Knee Society scores of 90 and 91 
points. Of the remaining three knees with poor outcomes, 
two were treated with bilateral arthroscopic debridement and 

one with a bone grafting procedure. At the latest follow-up, 
however, these three knees were still categorized as having 
poor outcomes (Knee Society scores <80 points). The 
authors reported low rates of complications and morbidity 
with core decompression [ 34 ].  

55.9.5     Biologic Substitutes 

 A new technique combines artifi cial bone grafting and core 
decompression for selected patients with SPONK [ 35 ]. In 
this study, there were strict primary and secondary indica-
tions for identifying which patients were to receive this pro-
cedure. Primary indications included a diagnosis of SPONK 
in the medial femoral condyle and a femorotibial angle 
between 173° and 179°. A secondary indication was a 
patient’s inability to undergo TKA or high tibial osteotomy 
because of other diseases. The authors treated 12 patients 
with this combination approach, which involved decompres-
sion and grafting, using a calcium hydroxyapatite ceramic 
device with an interconnected porous structure (IP-CHA; 
NEOBONE®, Toshiba Ceramics Company, Tokyo, Japan). 
The lesions were curetted, and grafting was accomplished 
with the artifi cial bone plugs in a mosaicplasty fashion. After 
an average 2-year follow-up, 12 patients had a statistically 
signifi cant improvement in the Japanese Orthopedic 
Association score assessing pain on walking, pain on ascend-
ing or descending, range of motion, and joint effusion. MRI 
scans showed smooth surfaces between the bone graft and 
the femur in nine (75 %) of 12 patients. There was, however, 
no histologic evaluation for the presence of osteonecrosis 
[ 35 ]. Larger study groups and long-term follow-up are 
required before the combination of core decompression (a 
proven technique) with artifi cial bone grafting can be consid-
ered an option of choice 

 Adachi et al. described a similar treatment for a patient 
with corticosteroid-induced osteonecrosis [ 36 ]. In addition to 
building the bony scaffold, clinicians added tissue- engineered 
cartilage and autologous bone graft. That patient had two 
large defects, one each on the medial and lateral femoral con-
dyles. Cartilage was harvested from the unaffected knee, and 
2.0 × 106 chondrocytes were extracted, embedded in atelocol-
lagen solution (3 % type I collagen; Koken Co., Ltd., Tokyo, 
Japan), and allowed to culture for 25 days. The bony defects 
were grafted using a hydroxyapatite scaffold with intercon-
nected pores, and autologous mesenchymal stem cells har-
vested and prepared from the iliac crest were added. The 
tissue-engineered cartilage was used to repair the lesion of the 
medial femoral condyle; the lateral defect was treated with 
interconnected porous calcium hydroxyapatite ceramic 
implants alone. One year after the procedure, the lesions were 
evaluated arthroscopically. The medial lesion had fi lled in, 
whereas the lateral lesion ( without the tissue-engineered 
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 cartilage) had not. Histologic  evaluation showed fi brous and 
cartilaginous tissue from the medial condyle construct, but it 
appeared to be defi cient in proteoglycans compared with nor-
mal cartilage. At the 2-year follow-up, MRI showed smooth 
congruous tissue covering the medial condyle, and the patient 
reported a reduction in pain and a full return of function. 

 These techniques are still early in development. However, 
they may prove to be useful adjuncts to the current joint- 
preserving options available.  

55.9.6     Arthroplasty 

 The orthopedic community is excited about the prospects of 
UKA in osteonecrosis of the knee [ 26 ,  37 ]. Parratte et al. 
reviewed the records of 30 consecutive patients, seen over 13 
years, who had osteonecrosis of the knee and who had been 
treated with UKA [ 37 ]. 21 knees had spontaneous osteone-
crosis, and 10 knees had secondary osteonecrosis. Cemented 
metal-backed prostheses (Miller-Galante; Zimmer, Warsaw, 
Indiana) were used in all patients. No patients were lost to 
follow-up, and all showed a statistically signifi cant improve-
ment in postoperative Knee Society Knee and Function 
scores. At 12-year follow-up, the survival rate for the 31 
knees, based on a Kaplan-Meier survivorship analysis was 
96.7 ± 3 %, with one revision because of aseptic loosening. 
The revision was a conversion to a TKA that occurred 30 
months after the initial surgery, resulted in a knee with no 
additional complications. The study showed excellent results 
with this technique, but its fi ndings are limited because it 
was a retrospective review without a control group [ 37 ]. 
Further refi nements in the technique and instrumentation 
associated with UKA may lead to great strides in the treat-
ment armamentarium for osteonecrosis of the knee.      

   References 

          1.    Mont MA, Baumgarten KM, Rifai A, Bluemke DA, Jones LC, 
Hungerford DS. Atraumatic osteonecrosis of the knee. J Bone Joint 
Surg Am. 2000;82(9):1279–90.  

        2.    Ahlback S, Bauer GC, Bohne WH. Spontaneous osteonecrosis of 
the knee. Arthritis Rheum. 1968;11(6):705–33.  

         3.    Cetik O, Cift H, Comert B, Cirpar M. Risk of osteonecrosis of the 
femoral condyle after arthroscopic chondroplasty using radiofre-
quency: a prospective clinical series. Knee Surg Sports Traumatol 
Arthrosc. 2009;17(1):24–9.  

        4.    Ohdera T, Miyagi S, Tokunaga M, Yoshimoto E, Matsuda S, Ikari 
H. Spontaneous osteonecrosis of the lateral femoral condyle of the 
knee: a report of 11 cases. Arch Orthop Trauma Surg. 
2008;128(8):825–31.  

    5.    Akamatsu Y, Mitsugi N, Hayashi T, Kobayashi H, Saito T. Low 
bone mineral density is associated with the onset of spontaneous 
osteonecrosis of the knee. Acta Orthop. 2012;83(3):249–55.  

    6.    Mears SC, McCarthy EF, Jones LC, Hungerford DS, Mont MA. 
Characterization and pathological characteristics of spontaneous 
osteonecrosis of the knee. Iowa Orthop J. 2009;29:38–42.  

     7.    Shenoy PM, Shetty GM, Kim DH, Wang KH, Choi JY, Nha KW. 
Osteonecrosis of the lateral femoral condyle following anterior cru-
ciate ligament reconstruction: is bone bruising a risk factor? Arch 
Orthop Trauma Surg. 2010;130(3):413–6.  

    8.    Nixon SA, O’Brien KK, Rubin G. Nonsurgical management of 
severe osteonecrosis of the knee in an HIV-positive patient: a case 
report. Case Rep Infect Dis. 2011;2011:935041.  

          9.    Powell C, Chang C, Gershwin ME. Current concepts on the patho-
genesis and natural history of steroid-induced osteonecrosis. Clin 
Rev Allergy Immunol. 2011;41(1):102–13.  

                 10.    Mont MA, Marker DR, Zywiel MG, Carrino JA. Osteonecrosis of 
the knee and related conditions. J Am Acad Orthop Surg. 2011;
19(8):482–94.  

    11.    Gortz S, De Young AJ, Bugbee WD. Fresh osteochondral allograft-
ing for steroid-associated osteonecrosis of the femoral condyles. 
Clin Orthop Relat Res. 2010;468(5):1269–78.  

      12.    Jung KA, Lee SC, Hwang SH, Kim DS, Kim TK. Spontaneous 
osteonecrosis of the knee involving both the medial femoral con-
dyle and the medial tibial plateau: report of three cases. Knee Surg 
Sports Traumatol Arthrosc. 2008;16(8):759–62.  

     13.    Kraenzlin ME, Graf C, Meier C, Kraenzlin C, Friedrich NF. Possible 
benefi cial effect of bisphosphonates in osteonecrosis of the knee. 
Knee Surg Sports Traumatol Arthrosc. 2010;18(12):1638–44.  

        14.      Soucacos PN, Xenakis TH, Beris AE, Soucacos PK, Georgoulis A. 
Idiopathic osteonecrosis of the medial femoral condyle. 
Classifi cation and treatment. Clin Orthop Relat Res. 1997;341:
82–9.  

    15.    Banzer W, Hubscher M, Schikora D. Laser-needle therapy for spon-
taneous osteonecrosis of the knee. Photomed Laser Surg. 2008;
26(4):301–6.  

        16.    Shigemura T, Nakamura J, Kishida S, et al. The incidence of 
alcohol- associated osteonecrosis of the knee is lower than the inci-
dence of steroid-associated osteonecrosis of the knee: an MRI 
study. Rheumatology (Oxford). 2012;51(4):701–6.  

     17.    Yates PJ, Calder JD, Stranks GJ, Conn KS, Peppercorn D, Thomas 
NP. Early MRI diagnosis and non-surgical management of sponta-
neous osteonecrosis of the knee. Knee. 2007;14(2):112–6.  

     18.    Aratake M, Yoshifumi T, Takahashi A, Takeuchi R, Inoue T, Saito 
T. Evaluation of lesion in a spontaneous osteonecrosis of the knee 
using 18 F-fl uoride positron emission tomography. Knee Surg 
Sports Traumatol Arthrosc. 2009;17(1):53–9.  

      19.   Motohashi M, Morii T, Koshino T. Clinical course and roentgeno-
graphic changes of osteonecrosis in the femoral condyle under con-
servative treatment. Clin Orthop Relat Res. 1991;266:156–61.  

          20.    Aglietti P, Insall JN, Buzzi R, Deschamps G. Idiopathic osteonecro-
sis of the knee. aetiology, prognosis and treatment. J Bone Joint 
Surg Br. 1983;65(5):588–97.  

     21.    Muheim G, Bohne WH. Prognosis in spontaneous osteonecrosis of 
the knee. investigation by radionuclide scintimetry and radiogra-
phy. J Bone Joint Surg Br. 1970;52(4):605–12.  

    22.   Lotke P, Abend J, Ecker M. The treatment of osteonecrosis of the 
medial femoral condyle. Clin Orthop Relat Res. 1982;171:109–16.  

    23.    Lotke PA, Ecker ML. Osteonecrosis of the knee. J Bone Joint Surg 
Am. 1988;70(3):470–3.  

    24.    Berger CE, Kroner A, Kristen KH, Minai-Pour M, Leitha T, Engel 
A. Spontaneous osteonecrosis of the knee: biochemical markers of 
bone turnover and pathohistology. Osteoarthritis Cartilage. 
2005;13(8):716–21.  

       25.    Goddard MS, Khanuja HS. Osteonecrosis of the knee. Curr Orthop 
Pract. 2009;20(1):65–72.  

           26.    Duany NG, Zywiel MG, McGrath MS, et al. Joint-preserving surgi-
cal treatment of spontaneous osteonecrosis of the knee. Arch 
Orthop Trauma Surg. 2010;130(1):11–6.  

    27.       Lieberman JR, Varthi AG, Polkowski 2nd GG. Osteonecrosis of the 
knee – which joint preservation procedures work? J Arthroplasty. 
2014;29(1):52–6.  

55 Knee Osteonecrosis



402

    28.    Corrado A, Quarta L, Errico S, Cantatore FP. Successful treatment 
of avascular bone necrosis of the knee with neridronate: a case 
report. Rheumatol Int. 2007;27(9):891–3.  

     29.    Joosten LA, Helsen MM, Saxne T, van De Loo FA, Heinegard D, 
van Den Berg WB. IL-1 alpha beta blockade prevents cartilage and 
bone destruction in murine type II collagen-induced arthritis, 
whereas TNF-alpha blockade only ameliorates joint infl ammation. 
J Immunol. 1999;163(9):5049–55.  

    30.    Elliott MJ, Maini RN, Feldmann M, et al. Randomised double- 
blind comparison of chimeric monoclonal antibody to tumour 
necrosis factor alpha (cA2) versus placebo in rheumatoid arthritis. 
Lancet. 1994;344(8930):1105–10.  

    31.    Kobak S. Osteonecrosis and monoarticular rheumatoid arthritis treated 
with intra-articular adalimumab. Mod Rheumatol. 2008;18(3):290–2.  

    32.    Jacobs MA, Loeb PE, Hungerford DS. Core decompression of the 
distal femur for avascular necrosis of the knee. J Bone Joint Surg 
Br. 1989;71(4):583–7.  

    33.    Hungerford DS, Zizic TM. II. the treatment of ischemic necrosis of 
bone in systemic lupus erythematosus. Medicine (Baltimore). 
1980;59(2):143–8.  

     34.    Marulanda G, Seyler TM, Sheikh NH, Mont MA. Percutaneous 
drilling for the treatment of secondary osteonecrosis of the knee. 
J Bone Joint Surg Br. 2006;88(6):740–6.  

     35.    Deie M, Ochi M, Adachi N, Nishimori M, Yokota K. Artifi cial bone 
grafting [calcium hydroxyapatite ceramic with an interconnected 
porous structure (IP-CHA)] and core decompression for spontane-
ous osteonecrosis of the femoral condyle in the knee. Knee Surg 
Sports Traumatol Arthrosc. 2008;16(8):753–8.  

    36.    Adachi N, Ochi M, Deie M, Ishikawa M, Ito Y. Osteonecrosis of the 
knee treated with a tissue-engineered cartilage and bone implant. 
A case report. J Bone Joint Surg Am. 2007;89(12):2752–7.  

      37.    Parratte S, Argenson JN, Dumas J, Aubaniac JM. Unicompartmental 
knee arthroplasty for avascular osteonecrosis. Clin Orthop Relat 
Res. 2007;464:37–42.    

K.E. Ponnusamy et al.



403K.-H. Koo et al. (eds.), Osteonecrosis,
DOI 10.1007/978-3-642-35767-1_56, © Springer-Verlag Berlin Heidelberg 2014

56.1            Introduction 

 Osteonecrosis of the talus (ONT)  refers to the death of 
 osteocytes and subsequent structural changes leading to talus 
collapse and secondary ankle joint osteoarthritis. ONT is a 
rarer disease than osteonecrosis of the femoral head (ONFH); 
however it is a signifi cant clinical challenge with an uncer-
tain long-term prognosis [ 1 ,  2 ]. In this chapter, we review 
osteonecrosis of the talus, describing incidence and etiology, 
blood supply, clinical presentation, diagnostic imaging, 
 classifi cation, and treatment.  

56.2     Incidence and Etiology 

 Epidemiologic studies reporting the incidence and etiology 
of osteonecrosis of the talus are limited [ 2 ]. The major causes 
of osteonecrosis of the talus are associated with trauma, 
especially talus fracture [ 3 ,  4 ]. Nontraumatic osteonecrosis 
is reported as steroid induced [ 5 ,  6 ], resulting from alcohol 
abuse [ 6 ], systemic lupus erythematosus [ 7 ], hyperuricemia 
[ 8 ], renal transplantation [ 9 ], sickle cell anemia [ 10 ,  11 ], 
hyperlipidemia [ 12 ], and pancreatitis [ 7 ]. We report the inci-
dence and etiology of osteonecrosis of the talus divided into 
“traumatic” and “nontraumatic.” 

56.2.1     Traumatic Osteonecrosis 

 The most common causes of osteonecrosis of the talus are trau-
matic, especially talar neck fracture . Hawkins et al. [ 3 ] reported 
53 % of talar neck fractures develop osteonecrosis of the talus. 

They reported that a Hawkins type 1 is a  nondisplaced talar 
neck fracture and has 0–15 %  osteonecrosis of the talus risk 
while type 2 is a talar neck fracture associated with a subluxation 
or a dislocation of the subtalar joint and has a 20–50 %. Type 3 
is a talar neck fracture associated with subluxation or dislocation 
of the subtalar and ankle joint and has a 90 % risk, and type 4 is 
a talar neck fracture associated with subluxation or dislocation 
of the subtalar, ankle, and talonavicular joints and has a 100 % 
risk of osteonecrosis [ 3 ]. Canale and Kelly also reported a high 
rate of osteonecrosis: 52 % of 71 talar neck fractures [ 4 ]. 
Furthermore, they reported that increased displacement and 
fracture grading by Hawkins’ classifi cation of talar neck fracture 
were associated with an increased risk of osteonecrosis [ 4 ]. 
Vallier et al. [ 13 ] reported that 38 % of 38 patients who under-
went surgery of the talar body developed osteonecrosis. Six of 
these patients, however, had concomitant fractures of talar neck.  

56.2.2     Nontraumatic Osteonecrosis 

 Several nontraumatic causes have been described. Delanois 
et al. [ 5 ] reported that 20 of 24 patients had a history of cor-
ticosteroid use. In that study, four patients had a history of 
regular alcohol use and 16 had immunologic disorders, 
including systemic lupus erythematosus, scleroderma, dia-
betes mellitus, and multiple sclerosis. Other disorders that 
have been associated with osteonecrosis of the talus include 
hyperlipidemia [ 12 ], hyperuricemia [ 8 ], renal transplanta-
tion [ 9 ], sickle cell anemia [ 10 ,  11 ], and pancreatitis [ 7 ]. 
Furthermore, iatrogenic osteonecrosis of the talus also has 
been reported following hindfoot surgery, such as arthrosis 
and triple arthrodesis [ 2 ] (Table  56.1 ).

56.3         Blood Supply of the Talus  

 The blood supply comes mainly from the extraosseous and 
the intraosseous circulation [ 14 ,  15 ]. The extraosseous 
 circulation, with contributions from the anterior tibial, 

      Osteonecrosis of the Talus 

           Kyoung     Min     Lee     ,     Sung     Hun     Won     , 
and     Moon     Seok     Park    

  56

        K.  M.   Lee       (*) •     S.  H.   Won       •     M.  S.   Park      
  Department of Orthopaedic Surgery , 
 Seoul National University Bundang Hospital , 
  Seongnam   463-707 ,  South Korea   
 e-mail: oasis100@empal.com; orthowon@gmail.com; 
pmsmed@gmail.com  

mailto:oasis100@empal.com
mailto:orthowon@gmail.com
mailto:pmsmed@gmail.com


404

 posterior tibial, and peroneal artery, forms a vascular extraos-
seous ring around the talar neck and sinus tarsi [ 14 ,  15 ]. The 
artery of the tarsal canal, a branch of the posterior tibial 
artery, provides the main blood supply to the body of the 
talus [ 16 ,  17 ] (Fig.  56.1 ). Deltoid and posterior tubercle 
branches from the posterior tibial artery enter the medial 
talar body and posterior tubercle, respectively [ 15 ]. The 
artery of the sinus tarsi, a branch of the peroneal artery, runs 
from lateral to medial inferior to the talar neck and eventu-
ally anastomoses with the artery of the tarsal canal to form a 
vascular “sling” beneath the neck of the talus [ 2 ]. The dorsa-
lis pedis artery contributes to several branches that enter the 
talus through the superior neck [ 16 ]. The intraosseous anas-
tomoses are variable among individuals and may explain 
why some patients develop osteonecrosis of talus and while 

others do not [ 15 ,  18 ]. A complete intraosseous anastomosis 
between all regions of the talus has been found in 60 % of 
talar  anatomic specimens [ 14 – 16 ]. The talar head has an 
 abundant vasculature, supplied primarily by the anterior 
 tibial artery [ 14 ,  16 ].

56.4        Clinical Presentation 

 Clinicians should obtain information from patients by  careful 
history taking of trauma, medical history, steroid use, 
 systemic disease, and immunologic disorders. In early 
 precollapse period, patients complain of their ankle pain pre-
dominantly [ 2 ]. With more advanced disease, articular 
 collapse can lead to mechanical symptoms, such as locking 
and catching. Physical examination may be unremarkable, 
especially in early precollapse period. In postcollapse period, 
however, a joint effusion and joint line tenderness usually 
can be detected. In severe cases that are characterized by 
talar dome collapse, range of motion is limited and varus or 
valgus malalignment may be present [ 2 ].  

56.5     Diagnostic Imaging 

56.5.1     Radiographs 

 Despite the advent of more advanced imaging modalities, 
radiographs still play a critical role in the evaluation of osteo-
necrosis of the talus [ 2 ]. The body’s response to osteonecro-
sis is an attempt at repair by means of reossifi cation, 
revascularization, and resorption of necrotic bone [ 19 ]. At 
initial radiography, necrotic bone and the surrounding viable 
bone are equal in opacity, and early stages can be missed 
[ 20 ]. As time passes and hyperemia results, healthy bone is 
resorbed and subsequently becomes osteopenic [ 20 ]. 
Conversely, the lack of blood supply in necrotic bone pre-
vents its resorption, making necrotic bone appear more radi-
opaque than the surrounding osteopenic bone. At that point, 
radiographic evidence of osteonecrosis becomes apparent. 
The opacity of necrotic bone continues to increase as reos-
sifi cation occurs and new bone is laid down over necrotic 
trabeculae. This process accounts for the typical sclerotic 
image seen in osteonecrosis of the talus. In addition to reos-
sifi cation, revascularization and resorption also tend to occur 
around necrotic bone. When these processes occur, a radio-
lucent rim becomes apparent around the area of osteonecro-
sis [ 19 ,  21 ]. Radiographs are especially useful following 
open reduction and internal fi xation of displaced talar neck 
and body fractures [ 2 ]. Hawkins’ sign is characterized by 
subchondral osteopenia on anteroposterior or mortise radio-
graphs [ 3 ]. Typically, it is present at 6–8 weeks and results 

   Table 56.1    Etiological factors associated with osteonecrosis of the 
talus   

 Etiology 

 Traumatic 
  Talar neck fracture 
  Talar body fracture 
 Nontraumatic 
  Steroids 
  Alcohol 
  Systemic lupus erythematosus 
  Hyperuricemia 
  Renal transplantation 
  Sickle cell anemia 
  Hyperlipidemia 
  Pancreatitis 
  Iatrogenic 

  Fig. 56.1    Blood supply of the talus       
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from the resorption of subchondral bone in the setting of 
 disuse and a suffi cient vascular supply [ 3 ]. Canale and Kelly 
evaluated the reliability of Hawkins’ sign at 12 weeks 
 postoperatively in 49 patients [ 4 ]. They found that 20 of 26 
(77 %) fractures that did not have subchondral osteopenia 
developed osteonecrosis. However, one of 23 cases that had 
a positive Hawkins’ sign went on to osteonecrosis. Thus 
Hawkins’ sign is a reliable indicator of talar viability and its 
presence serves as an early negative predictor of osteonecro-
sis [ 2 – 4 ]. The absence of Hawkins’ sign, however, does not 
confi rm osteonecrosis, because it has greater sensitivity than 
specifi city [ 2 – 4 ].  

56.5.2     MRI 

 MR imaging is the most sensitive technique for detecting 
osteonecrosis of the talus, especially in the early stages [ 20 ]. 
In addition, MR imaging is considered more anatomically 
detailed and accurate than radiographs and scintigraphy in its 
ability to identify the extent of talar body involvement [ 22 ]. 
On MR imaging, osteonecrosis of the talus typically is 

 characterized by low signal on T1-weighted images [ 2 ]. 
On T2-weighted images, osteonecrosis produces a mixed 
and variable appearance that depends on the contents of the 
 avascular region [ 2 ]. However, MR imaging non-contrast 
enhanced is a problem due to the confusing picture of bone 
edema and ONT having a similar appearance [ 23 ]. We rec-
ommend MR imaging with contrast such as gadolinium 
enhancement for accurate diagnosis on early stage of ONT 
and should be combined with the clinical fi ndings.  

56.5.3     Computer Tomography 

 Computer tomography (CT) scans also reveal characteristic 
osteonecrosis of the talus patterns and can be used to confi rm 
radiographic fi ndings. The CT arthrogram is a especially 
helpful method to evaluate the volume and location of the 
remaining dead bone and associated cartilage damage [ 23 ]. 
Coronal CT of the talus is required for viewing the articular 
surface of the talar dome to rule out subtle depression, 
 collapse, and fragmentation, especially at preoperative 
assessment [ 20 ] (Fig.  56.2 ).

a b

  Fig. 56.2    ( a ) Both ankle anteroposterior radiograph while standing of 
a 33-year-old woman who had a 1-year history of pain in the ankle and 
loss of motion. She was receiving steroids for systemic lupus erythema-
tosus more than 10 years with 12.5 mg qd. She underwent total hip 
arthroplasty bilaterally, because of the osteonecrosis of the femoral 
head. There is a collapse of the talus and joint space narrowing, sub-
chondral sclerosis of the tibia on her left ankle (stage IV osteonecrosis, 

according to the system of Ficat and Alert modifi ed for the ankle by 
Mont), and focal radiolucent lesion, subchondral cyst, and subcondral 
sclerotic change of the talus were shown in her right ankle (stage II). 
( b ) Coronal CT scan of the left ankle shows collapse of the articular 
surface of the talar dome, vertical and horizontal split fracture extend-
ing from the talar dome into the talar body. Also there is sclerotic line 
within the talar body that represents necrotic bone       
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56.6         Classifi cation  

 Mont et al. [ 24 ] classifi ed osteonecrosis of the talus with the 
system of Ficat and Arlet, as modifi ed for the ankle. A stage 
I is characterized by normal radiographs, whereas stage II 
disease is characterized by cystic or osteosclerotic lesions, 
normal talar contour, and no subchondral fracture. With 
stage III disease there is a crescent sign or subchondral col-
lapse, and with type IV disease, arthritic changes are present. 
The investigators used this staging system as a general guide 
to treatment and divided cases into either “precollapse 
 disease” (stages I and II) or “postcollapse disease” (stages III 
and IV). 

 Thordarson et al. [ 22 ] went on to develop a classifi cation 
system of osteonecrosis that is based on the amount of talar 
body involvement on MR imaging. Type A has homoge-
neous signal throughout the body of the talus, type B has 
signal changes in up to 25 % of the body of the talus, type C 
has 25–50 %, and type D has more than 50 %. This system 
was used to guide postoperative weight bearing following 
open reduction and internal fi xation of talar neck fractures. If 
less than 25 % of the body was involved (type A or B), 
weight bearing was advanced as tolerated. If more than 25 % 
of the body was involved (type C of D), protected weight 
bearing for upward of 6 months was recommended.  

56.7     Treatment 

56.7.1     Conservative Treatment 

 The presence of osteonecrosis of the talus before collapse is 
initially treated nonoperatively. The nonoperative treatment 
options include applying a short-leg cast, ankle-foot orthosis 
with analgesics, and no weight bearing [ 25 ]. Some previous 
studies recommend extended non-weight bearing [ 3 ,  26 ]. 
Others have recommended a patella tendon bearing brace 
until reconstitution of the talar body is complete [ 27 – 29 ]. 
However, because the creeping substitution of the talar body 
can require 36 months to occur, patient compliance is rarely 
possible for 36 months [ 1 ,  30 ]. Penny et al. [ 31 ] reported that 
weight bearing on sclerotic and osteonecrosis of the talus 
poses no danger for talar dome collapse and found no rela-
tion between poor results with osteonecrosis of the talus and 
time of non-weight bearing. Therefore, the current consen-
sus is to permit weight bearing as soon as tolerable.  

56.7.2     Surgical Treatment 

 Several treatment options are available for osteonecrosis 
of the talus. However, surgical treatment options for 
 symptomatic osteonecrosis of the talus are limited. These are 
core decompression,    allograft reconstruction, vascularized 

 autograft reconstruction for early precollapse stage, and 
arthrodesis and arthroplasty for late postcollapse stage [ 24 , 
 25 ,  32 – 38 ]. 

56.7.2.1     For Early Precollapse Stage 
   Core Decompression 
 Core decompression is a surgical treatment for the early 
stage of osteonecrosis. The rationale for core decompression 
is that it decreases intraosseous pressure and may immedi-
ately relieve the associated pain [ 25 ]. Mont et al. [ 24 ] 
reported on 17 ankles who had core decompression for 
symptomatic osteonecrosis of the talus before collapse, with 
82 % having an excellent or good outcome. The authors 
 concluded core decompression is a viable method of treat-
ment for symptomatic osteonecrosis of the talus before col-
lapse. Recently Marulanda et al. [ 39 ] reported that the 
percutaneous drilling technique appears to be a satisfactory 
method for treating osteonecrosis of the talus and is associ-
ated with low operative morbidity.  

   Allograft Reconstruction 
 Osteonecrosis of the talus involving only the talar dome with 
ankle joint arthritis can be addressed with fresh osteochon-
dral total ankle allograft transplantation [ 1 ]. Gross et al. [ 33 ] 
reported nine cases of osteochondral defects of the talus 
treated with fresh osteochondral allograft transplantation. All 
underwent partial talar allograft transplantation and the sur-
vival rate at 11 years was six out of nine patients. Jeng et al. 
[ 34 ] reported 29 patients that underwent bipolar osteochon-
dral allograft, including two patients with osteonecrosis of 
the talus treated, and had 50 % success rate. However, there 
are no long-term results for talar allograft survival rates.  

   Vascularized Autograft Reconstruction 
 Hussl et al. [ 35 ] reported use of a vascularized bone graft 
from the iliac crest for revascularization of the talus in post-
traumatic osteonecrosis. Gilbert et al. [ 36 ] reported 14 fresh- 
frozen cadaver lower extremities and were able to identify a 
consistent blood supply to the distal fi bula, cuboid, and cune-
iforms I and III with reliable nutrient arteries. The transverse 
pedicle branch of the proximal lateral tarsal artery reached 
and supplied the cuboid in every specimen. The fi rst cunei-
form was found to be supplied by the middle pedicle branch 
of the distal medial tarsal artery. Basically, the same is true 
for the next pedicle of the transverse branch to the third 
cuneiform off the distal lateral tarsal artery. The fourth 
potential vascular pedicle was a transverse segment of the 
anterior lateral malleolar artery to the lateral malleolus. The 
identifi cation of these new rotational vascular pedicle bone 
grafts could help to treat osteonecrosis of the talus using a 
vascularized bone graft. Zhang et al. [ 37 ] reported on the 
curative effect of vascularized bone graft in the treatment of 
24 cases, with success rate of 83.3 % at 3–5 years follow-up. 
There are no long-term results yet.   
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56.7.2.2     For Late Postcollapse Stage 
   Arthrodesis 
 Ankle arthrodesis is a reliable treatment for osteonecrosis of 
the talus with collapse in cases where symptoms are isolated 
to the ankle joint [ 32 ,  40 ]. Suffi cient talus bone stock follow-
ing debridement of the osteonecrosis is required for adequate 
fi xation of the ankle joint [ 1 ]. Structural defects of the talus 
are fi lled with a structural auto- or allograft. Standard fi xa-
tion for ankle arthrodesis includes multiplanar screws or 
plate fi xation [ 1 ]. Prior study report a union rate of 96 % with 
anterior plate fi xation [ 1 ]. Antegrade nailing of the ankle 
joint has been described, but with suboptimal results because 
of bad fi xation in the talus [ 1 ]. External fi xation has also 
been used to achieve an ankle fusion [ 41 ]. A recent system-
atic review of intermediate and long-term outcomes of ankle 
arthrodesis noted that nonunion was observed in 10 % of the 
patients treated with ankle arthrodesis and 9 % of the 
 arthrodesis group underwent revision [ 42 ]. Thus, recently, 
higher success rates have been achieved using various 
 techniques. Success of ankle arthrodesis also depended on 
patient factors. Ankle arthrodesis is technically challenging 
for osteonecrosis of the talus comorbid rheumatoid or osteo-
arthritis because of the diffi culty in achieving well-vascular-
ized bony surfaces for fusion [ 32 ]. Frey et al. [ 43 ] reported 
that eight of nine patients showed nonunion. Another study 

also showed low fusion rate, 38 % in such patients [ 44 ]. 
Therefore ankle arthrodesis is technically demanding and 
requires a longer period of immobilization for patients with 
rheumatoid or osteoarthritis compared with other patients 
[ 32 ,  43 ,  44 ]. In cases of severe talus collapse, tibiocalcaneal 
arthrodesis with talectomy and tibiotalocalcaneal arthrodesis 
were some kind of methods for hindfoot arthrodesis [ 45 ]. 
Tibiocalcaneal arthrodesis was needed to remove the entire 
talar body, so without structural grafting, this method has 
poor results because it shortens the leg [ 45 ,  46 ].  

   Ankle Arthroplasty 
 Ankle arthroplasty requires a stable and solid bony surface to 
support the implant over time. Complete debridement of the 
necrotic bone will often prevent a standard ankle arthroplasty 
[ 1 ]. Historically, osteonecrosis of the talus is accepted as a 
contraindication of ankle arthroplasty, because of the high 
rate of talar component subsidence, especially with the 
Agility prosthesis (Depuy, Warsaw, IN) [ 47 ,  48 ]. However, 
with the development of newer generations of prostheses 
that have improved surface coverage of the talus, osteonecro-
sis of the talus is no longer a contraindication of ankle 
 arthroplasty [ 49 – 51 ] (Fig.  56.3 ). Ankle arthroplasty is a 
recent alternative to fusion for osteonecrosis of the talus but 
long- term outcomes are not yet reported. Harnroongroj and 

a b c

  Fig. 56.3    ( a ) Left ankle anteroposterior radiograph of 13-year-old boy 
who had a talar fracture and a medial malleolar fracture on his left 
ankle. He underwent open reduction and internal fi xation. ( b ) Six years 
later, his left ankle had a collapse of the talus and joint space narrowing 

(stage IV osteonecrosis, according to the system of Ficat and Alert 
modifi ed for the ankle by Mont). ( c ) At 1 year after total ankle arthro-
plasty, anteroposterior radiograph of the left ankle showed a stable 
bone-implant interface with no evidence of loosening or subsidence       
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Vanadurongwan [ 38 ] reported satisfactory results of talar 
body prosthetic replacement in 14 of 16 patients, with aver-
age follow-up of 9.5 years. A recent systemic review studies 
about intermediate and long-term outcomes of total ankle 
arthroplasty reported that the 5-year implant survival rates 
ranged from 78 to 85.9 %, the 10-year survival rates were 
71–77 %, and the revision rates ranged from 7 to 11.1 %, 
with the main reason for revisions being aseptic loosening 
(5.2–28 %) [ 42 ]. These studies showed that the 5- and 
10-year survival rates were acceptable. However, the failure 
rate was still high. We recommend that while ankle arthro-
plasty is one treatment option for osteonecrosis of the talus, 
clinicians should be careful in selecting the appropriate 
indications.

56.8           Summary 

 Despite the development of diagnostic tools and surgical 
treatment, osteonecrosis of the talus remains a challenging 
problem for clinicians, because it has unclear and partially 
understood natural history, pathophysiology, and long-term 
outcomes of treatment. Further study is necessary to under-
stand this complex disorder fully. However, it is clear that 
most osteonecrosis of talus is traumatically induced in asso-
ciation with talar neck and body fractures, and other sys-
temic disorders may cause osteonecrosis of the talus. 
Clinicians should obtain information from patients by care-
ful history taking. Furthermore, it is best treated at early pre-
collapse period with conservative methods such as casts and 
braces with non-weight bearing. Once prolonged non-weight 
bearing has failed, another treatment option should be con-
sidered, such as core decompression, or bone grafting. At the 
late postcollapse period, arthrodesis or arthroplasty should 
be considered.     
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57.1           Introduction 

 Osteonecrosis of the lunate or Kienböck’s disease  is an entity 
that has been recognized for over a century. It was fi rst 
described by the Austrian radiologist, Robert Kienböck, and 
is characterized by progressive pain and dysfunction of the 
wrist typically without any history of acute trauma. In this 
chapter, we will discuss the known pathophysiology, clinical 
evaluation, imaging, and treatments available.  

57.2    Anatomy and Pathophysiology 

57.2.1    Anatomy  

 The lunate is located in the center of the proximal carpal row 
and articulates proximally with the radius and the triangular 
fi brocartilage complex (TFCC). It articulates distally with 
the capitate and hamate. Cadaveric studies have shown the 
blood supply to vary considerably. In one particular study, 
80 % of the time the lunate was supplied by both the palmar 
and dorsal arches, while in the other 20 % of cases, the lunate 
was supplied from the palmar side alone [ 1 ]. The dorsal 
blood supply is provided by branches of the dorsal intercar-
pal and radiocarpal arches. The palmar surface of the lunate 
is supplied by branches of the palmar radiocarpal arch, ante-
rior interosseous artery, and ulnar recurrent artery [ 2 ]. This is 
particularly relevant considering one of the main theories 
concerning the etiology of the disease process is vascular. 

 There are several theories concerning the cause of 
Kienböck’s disease. As mentioned, a vascular etiology has 
been purported as one of the leading possibilities. Several 
cadaveric studies have been performed which show the vas-
cular intraosseous arborization or branching to vary as does 

the proportion of volar and dorsal vascular supply [ 1 ,  2 ]. 
Lunates with limited intraosseous branching or a single arte-
rial blood supply are in theory more vulnerable to avascular 
necrosis due to the lack of collateral blood fl ow. 

 Another proposed cause of osteonecrosis in the lunate is 
sluggish venous outfl ow causing an intraosseous compart-
ment syndrome. A cadaveric study identifi ed a dense plexus 
of veins that exists at the palmar and dorsal periosteal face of 
the lunate that could potentially be an area where a backfl ow 
of venous drainage occurs [ 3 ]. 

 A third long-standing theory involves the biomechanics 
of wrist motion [ 4 ,  5 ]. Necrosis may occur through the com-
pressive forces from the capitate and the radius. Repetitive 
loads causes microfractures that eventually lead to progres-
sive collapse of the lunate. A predisposition to collapse may 
be present due to the varying anatomy. An ulnar-negative 
variant wrist is also thought to be correlated with necrosis of 
the lunate secondary to the increased height of the radius 
increasing force transmission across the radiolunate joint [ 5 ]. 
Similarly, decreased radial inclination has also been shown 
to be associated with lunate necrosis [ 5 ,  6 ]. 

 Systemic conditions that lead to hypercoagulability such 
as sickle cell anemia, kidney disease, and chronic steroid use 
may also increase the risk of osteonecrosis through sluggish 
blood circulation [ 5 ,  6 ]. 

 Although there remains no consensus on the exact etiol-
ogy of lunate osteonecrosis, it is likely due to a combination 
of wrist biomechanics, vascular anatomy, and systemic 
conditions.  

57.2.2    Clinical Evaluation 

 Patients typically present with complaints of dorsal wrist 
pain and weakness. There is often no history of trauma. 
Kienböck’s disease usually affects adult males from age 20 
to 40 years old. It is rarely bilateral and similarly rare in chil-
dren. On exam, patients may have tenderness upon palpation 
at the dorsal wrist over the lunate. They may have decreased 
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wrist fl exion and extension with pain at the extremes of 
motion. Grip strength may also be affected and will com-
monly be noticeably weaker than the unaffected side.  

57.2.3    Imaging and Classifi cation 

 The diagnosis is usually made on plain fi lms and possibly 
advanced imaging, which form the basis for staging and 
treatment. Plain radiographs are used to evaluate the lunate 
as well as important related wrist anatomy, including radial 
inclination, ulnar variance, carpal height, and radioscaphoid 
angle. 

 The classifi cation scheme most commonly used is the 
Lichtman’s classifi cation (Table  57.1 ). In stage 1, the density 
and shape of the lunate are normal. A fracture line may be 
present. Magnetic resonance imaging (MRI) signal changes 
are present, with diffuse decreased signal on T1 images 
(Fig.  57.1 ). In stage 2, lunate sclerosis is seen without 
changes in shape on plain fi lms (Fig.  57.2 ). Stage 3 is the 
most common stage at initial presentation. Collapse of the 
lunate articular surface is seen. Stage 3 is subdivided into 
3-A, which is characterized by lunate collapse with main-
tained carpal height and alignment, and 3-B, which describes 
lunate collapse with loss of carpal height, proximal capitate 
migration, and fi xed fl exion of the scaphoid (Fig.  57.3 ). 
Goldfarb et al. proposed to distinguish stage 3B from 3A 
using the radioscaphoid angle [ 7 ]. Radioscaphoid angles 
>60° are considered stage 3B. In stage 4, there is lunate col-
lapse along with radiocarpal or midcarpal degenerative 
changes (Fig.  57.4 ).

      MRI may be useful for the early stages of the disease 
when no pathology is found on plain fi lms. A decreased T1 
signal will commonly be seen. Computed tomography scan-
ning can also be useful to defi ne the lunate collapse seen at 
later stages.

57.2.4       Treatment 

 The treatment recommendations for the early stages of this 
disease remain controversial as do the outcomes. The natural 
history of lunate osteonecrosis is not clear as there are few 
limited studies with suboptimal power and study design [ 8 , 
 9 ]. A recent systematic review study on nonoperative versus 
operative treatment showed that in late stages of the disease, 
nonoperative treatment led to 63 % pain improvement com-
pared to up to 90 % in surgically treated patients [ 10 ]. 

 As with most orthopedic conditions, immobilization is 
the fi rst line of treatment. Studies on conservative treatment 
have shown that radiographic severity of the disease does not 
always correlate with severity of symptoms [ 8 ,  9 ]. Thus, 
patients should be treated according to their symptoms in 

conjunction with their radiographs rather than by their 
 radiographic disease progression alone. Many patients, 
including some with advanced radiographic changes, may 
have limited symptoms or functional limitations. As such, a 
trial of nonoperative management is recommended in most 
patients. 

 In symptomatic patients, after nonoperative measures 
have failed, surgery is indicated. Surgical options range from 
arthroscopic debridement, core decompression, osteotomies, 
to vascularized bone grafting and salvage procedures. Studies 
have not shown one operative treatment to be signifi cantly 
superior to another [ 10 ]. 

  Fig. 57.1    Coronal T1-weighted MRI in a 31-year-old woman with 
wrist pain. The patient has ulnar-negative variance and low signal is 
seen in the lunate. Plain radiograph showed no pathology       

   Table 57.1    Lichtman’s    classifi cation for Kienböck’s disease   

 Stage 1  No fi ndings on plain fi lms, possible low signal on T1 
MRI 

 Stage 2  Lunate sclerosis evident on plain fi lms 
 Stage 3a  Collapse of lunate articular surface but with normal 

carpal height 
 Stage 3b  Collapse of lunate articular surface and with carpal 

collapse, fi xed scaphoid in fl exion, proximal capitate 
migration 

 Stage 4  Collapse of lunate with radiocarpal or midcarpal 
arthritis on plain fi lms 
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  Fig. 57.2    ( a ) PA radiograph of a wrist in a 11-year-old female show-
ing sclerosis of the lunate with no collapse. ( b ) Coronal MRI (fat sup-
pressed proton density) of the same patient showing increased T2 signal 
in the lunate consistent with possible ischemia and stage 2 Kienbock’s 
disease. ( c ) Coronal T1 weighted image of the same patient showing 

loss of normal fatty signal in the lunate, consistent with Keinbock’s 
disease. ( d ) Sagittal MRI of the same patient with increased T2 signal 
in the lunate consistent with possible ischemia and stage 2 Kienbock’s 
disease         

a

b
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  Fig. 57.3    ( a ) PA radiograph of the left wrist in a 20 year-old woman 
showing sclerosis of the lunate with early collapse, proximal migration 
of the capitate, and rotation of the scaphoid (Stage 3B). ( b ) Coronal and 

sagittal CT image of the same wrist showing sclerosis and collapse of 
the lunate with fracture line through a central lucent area       

dc

Fig. 57.2 (continued)
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 A general algorithm of treatment begins with immobiliza-
tion with a cast or splint, pins, or an external fi xator for up to 
12 weeks. This would predominantly apply to patients with 
minimal symptoms and to symptomatic patients in stage I of 
the disease. Arthroscopic debridement has been described in 
early stages with successful symptom relief [ 6 ,  11 ]. Core 
decompression has also been described in early stages 
(stages 1-3A) to provide good outcomes [ 12 ]. In this proce-
dure, 2 × 0.5 cm cortical windows are created in the distal 
radius and ulna, and small curettes are used to decompress 
the metaphysis. 

 As the disease progresses to stages 2 and 3, treatment is 
focused on unloading the lunate and restoring vascularity. In 
patients with ulnar-negative variance, radial shortening 
 osteotomies or ulnar lengthening procedures can help 
decrease radiolunate load. Radial shortening procedures are 
more commonly performed with better reported outcomes 
 compared to ulnar lengthening secondary to higher rates of 
nonunion in the latter [ 5 ,  6 ,  13 ,  14 ]. Radial shortening oste-
otomy is contraindicated in patients with ulnar neutral or 
positive variance. Radial wedge or dome osteotomies can be 
performed in these patients to reduce radial inclination 
thereby increasing the radiolunate contact surface area. This 
has been shown to reduce the force across the radiolunate 
and capitolunate joints [ 5 ,  6 ,  15 ]. Capitate shortening may 
also unload the lunate in patients that are ulnar neutral or 
ulnar positive [ 16 ]. 

 Another technique described to unload the lunate consists 
of selective carpal fusions. These include capitohamate, 
scaphocapitate, and scaphotrapeziotrapezoid fusions. These 
techniques have been shown to reduce the load across the 
radiolunate joint and transfer it to an adjacent joint [ 5 ,  6 ]. 

 Direct revascularization techniques are often selected for 
stage 2 patients with no lunate collapse but have also been 
described for patients in stage 3A. Direct revascularization 
provides implantation of osteoblasts and osteoclasts into the 
lunate, which promotes primary bone healing. These proce-
dures are often coupled with unloading interventions to 
allow for revascularization while the lunate is offl oaded. A 
number of different vascularized bone grafts have been 
described including distal radius, pisiform, dorsal metacar-
pal, and free vascularized grafts [ 5 ,  6 ]. 

 In the late stages of osteonecrosis (3B-4), it becomes less 
important to preserve the lunate, and focus is diverted to sal-
vage procedures. Surgical options include lunate excision 
and interposition arthroplasty, wrist denervation, proximal 
row carpectomy (PRC), and total wrist arthrodesis. PRC has 
been shown to be a reliable motion-sparing procedure with 
good results as long as there are no degenerative changes at 
the capitate head. PRC is less reliable in patients with stage 
4 disease, and thus, total wrist arthrodesis should be consid-
ered in stage 4 patients [ 17 ].   

57.3    Summary and Conclusion 

 Osteonecrosis of the lunate continues to be an unsolved puz-
zle, missing the pieces necessary for a complete understand-
ing of the disease process and treatment. It is thought to occur 
secondary to a combination of vascular insuffi ciency and bio-
mechanical overloading. Staging is determined by radio-
graphic changes as described by Lichtman et al. [ 18 ]. 
Treatment is dictated by the patient’s symptoms and radio-
graphs and includes immobilization, mechanical unloading 
osteotomies, vascularized bone grafts, proximal row carpec-
tomy, and fusion procedures. No surgical procedure has yet 
been shown to be vastly superior to another. It is important to 
recognize the disorder early as it is a progressive disease that 
in late stages is only able to be treated with salvage 
procedures.     
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58.1           Introduction 

 Despite over a century elapsing since the fi rst descriptions of 
Perthes’ disease , the etiological determinants remain 
unknown. Clues are emerging to help identify these determi-
nants, such as intriguing geographic disease patterns and 
unexpected longitudinal incidence trends. While genetic ten-
dencies are now generally sought as the answer to unex-
plained diseases, the absence of concordance in twins and 
lack of familial clusters suggest that the role of genetics is 
minimal. Large geographic variations in incidence with 
“pockets” of disease apparent even within small communi-
ties suggest that a major environmental risk factor is likely. 
The process of identifying the risk factor(s) and mechanism 
of action continues.  

58.2    Descriptive Epidemiology  

 The foundation of epidemiology is “descriptive epidemiol-
ogy,” which refers to how disease is distributed in a popula-
tion in terms of person, place, and time. This is one of the 
most well-documented aspects of Perthes’ disease and is 
fundamental to understanding the etiological determinants. 

58.2.1    Person 

 Perthes’ disease affects boys about fi ve times more com-
monly than girls. It affects individuals at any point between 
2 and 14 years old, but the peak age of onset is around 5 years 
old. The age-of-onset distribution has a marked positive 
skew, following a lognormal distribution, which means that 
there is a propensity for the disease to affect younger chil-

dren rather than older children [ 1 ,  2 ]. This is an unusual dis-
tribution in chronic disease and has been likened to incubation 
period distributions evident in infectious disease epidemiol-
ogy. This distribution has led to suggestion that, like in an 
infectious disease outbreak, a single trigger must act at a 
critical period to produce this fi nding. Such distributions 
have been demonstrated in chronic diseases such as child-
hood leukemia when caused by point exposure to maternal 
radiation, but not so in idiopathic leukemia of uncertain eti-
ology [ 3 ]. This therefore suggests that a critical period exists 
in hip development, during which exposure to a determinant 
will initiate the disease process. The age of onset is later 
among Indian children [ 4 ], and it is suggested that the dis-
ease may occur earlier in females than males [ 5 ,  6 ]. Such 
differences may arise due to differing skeletal growth rates 
and/or variation in the “critical period.”  

58.2.2    Place 

 There is marked geographical variation in the frequency of 
Perthes’ disease. A recent systematic review of incidence 
studies of Perthes’ disease used comparable denominator 
populations to demonstrate international variations 
(Fig.  58.1 ) [ 7 ]. This review identifi ed large international 
variation in disease rates, which appeared independently 
associated with both race and latitude. East Asians appeared 
least affected by Perthes’ disease, with Whites most 
affected and South Asians in between. There were no robust 
studies of incidence from countries with a predominantly 
Black population, which is thought to refl ect the near 
absence of disease among Black individuals. After adjust-
ing for race, every 10° further from the equator resulted in 
an increase in the incidence of the disease by almost 50 %, 
suggesting that race alone does not explain the interna-
tional distribution.

   Within countries there is also a marked variation in inci-
dence. This has most clearly been demonstrated in the UK, 
using a large database of general practice data enumerating 
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8 % of the population [ 8 ]. A profound North–south gradient 
was identifi ed, with Perthes’ disease rates in the North more 
than double those in the South, with graduated rates in 
between (Fig.  58.2 ).

   Even when looking at the lowest levels of UK geogra-
phy (the Super Output Area (SOA), each unit of which 
encompasses around 1,500 individuals), rates of Perthes’ 
disease have varied signifi cantly within towns and cities 
[ 9 ]. In fact, all levels of UK administrative geography dem-
onstrate large differences in Perthes’ disease incidence 
rates between areas. Similar variations in incidence have 
also been demonstrated within other countries, such as 
India and Norway [ 2 ,  4 ]. 

 Understanding the factors that may infl uence these 
 geographic patterns is crucial to help identify the disease 

determinants. Within the UK the geographic patterns 
observed have been consistently associated with patterns of 
socioeconomic deprivation, at all geographic levels [ 8 – 16 ]. 
At the national level, the map of Perthes’ disease distribu-
tion is an almost identical pattern to that seen in many dis-
eases of deprivation, such as cardiovascular disease and 
all-cause mortality [ 17 ]. At the local level, SOA deprivation 
quintiles closely correlate with the Perthes’ disease inci-
dence rates [ 9 ] (Table  58.1 ). Individual deprivation mea-
sures (i.e. recording parental occupation) add support to the 
association with deprivation [ 10 ,  15 ], and this robust asso-
ciation has also been demonstrated to be apparent outside 
the UK [ 18 ]. The strength and magnitude of the association 
is such that few other childhood diseases demonstrate such 
a striking association.
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  Fig. 58.1    Regional incidence of 
Perthes’ disease per 100,000 
children aged <15 years, 
1964–2009. Studies are ordered 
by latitude.  CI  confi dence 
interval,  IR  incidence rate,  UK  
United Kingdom,  US  United 
States (Reproduced with 
permission from Perry et al. [ 7 ])       
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   However, despite the strength of the deprivation associa-
tion, it does not appear to offer an explanation to the interna-
tional distribution of Perthes’ disease. Affl uent parts of 
Northern Europe are shown to have high rates of disease com-
pared to less affl uent areas such as India. Similarly, while race 
is clearly important, it does not explain the entire observed 
difference in disease rates. The independent association of 
latitude is interesting, particularly as these latitude associa-
tions have been demonstrated in other diseases, such as mul-
tiple sclerosis and heart disease, which are believed to be a 

consequence of sunlight exposure and vitamin D synthesis 
[ 19 ,  20 ]. This may offer future avenues of exploration.  

58.2.3    Time 

 Few studies have measured the infl uence of time on disease 
incidence. A study from Dortmund, Germany, between 1924 
and 1960 demonstrated fl uctuations in case numbers follow-
ing periods of economic recession [ 19 ]. However, uncertain-
ties in case ascertainment and the denominator population 
raised doubts to the validity of this observation. 

 More recent studies using several databases from the UK 
have investigated Perthes’ disease incidence over a period of 
up to 35 years [ 8 ,  9 ,  11 ,  14 ]. All of these studies have dem-
onstrated a signifi cant gradual decline in the incidence of 
Perthes’ disease. These declines were most rapid in the most 
deprived regions. The size and trend of this decline was simi-
lar to general markers of population well-being over this 
period, such as infant mortality and sudden infant death 
 syndrome [ 21 ,  22 ].   

Incidence of Perthes Disease
(per 100,000 0-14 year olds)

< 6

> 10

6 – 7

7 – 8

8 – 9

9 – 10

  Fig. 58.2    Geographic illustra-
tion of the incidence of Perthes’ 
disease by English Strategic 
Health Authority, Wales, 
Scotland, and Northern Ireland 
(Reproduced with permission 
from Perry et al. [ 8 ], Wiley and 
Sons)       

   Table 58.1    Incidence of Perthes’ disease by Index Multiple 
Deprivation 2007 Quintile at SOA level, Merseyside, UK 1996–2009   

 Quintile  Incidence  95 % CI 

 5 (most deprived)  11.5  9.0–14.5 
 4  11.7  9.1–14.9 
 3  7.0  4.9–9.8 
 2  6.3  4.3–8.9 
 1 (least deprived)  3.8  2.3–6.0 

  Reproduced with permission from Perry et al. [ 9 ])  
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58.3    Analytical Epidemiology 

    The descriptive studies have indicated that the key etiologi-
cal determinant is intertwined with deprivation and appears 
to act at a single vulnerable period. The purpose of analytical 
epidemiology is to develop the hypotheses generated by 
descriptive studies and anecdotal observation. The objective 
is to refi ne the timing of the critical period, to identify addi-
tional associations that may enhance understanding of the 
determinant, and to test specifi c hypotheses of potential 
determinants and their mechanism of action. 

58.3.1    Growth and Stature 

 Studies have consistently demonstrated anthropometric 
abnormalities among affected children. The most detailed of 
such study was a large cross-sectional study of 232 children 
from three centers in the UK [ 23 ]. This demonstrated a sub-
tle global growth disturbance in affected individuals with a 
normal head size, yet increasing growth restriction more dis-
tally along limbs – a pattern of dysmorphism described as 
“rostral sparing”  (Fig.     58.3 ). A later study sought to deter-
mine if the growth restriction was a true disease phenomena 
or a function of deprivation [ 24 ]. This was achieved by com-
paring anthropometric markers with siblings of affected chil-
dren, therefore matching for urban deprivation and family 
tendencies. This study of 38 cases and 49 sibling controls 
demonstrated a clear growth restriction most notable in the 
feet of affected children.

   The dysmorphic growth seen was similar to that of intra-
uterine growth restriction, with head size preserved at the 
expense of other body parameters. This suggested that there 
may be an abnormality evident with shape and size from 
birth and potentially arising in the prenatal period.  

58.3.2    Birth Measures 

 Birth weight is diffi cult to study as it is complicated by the 
number of confounding factors such as gestational age, 
deprivation, and parental smoking. Numerous studies have 
sought to quantify this association, but no consistent associa-
tion has been identifi ed [ 2 ,  26 ,  27 ]. The most comprehensive 
study to investigate this used the Swedish Inpatient Register 
which concluded that, after adjusting for confounding, birth 
weights less than 1,500 g had an association with Perthes’ 
disease (OR 3.5 95 % CI 1.1–10.8) [ 28 ]. The width of the 
confi dence intervals refl ects the paucity of cases within this 
group (9 of 731 cases). It is possible that unmeasured con-
founders may be apparent, such as steroids used for neonatal 
chronic lung disease, which may explain this association. It 
does therefore seem apparent that no major association with 
birth weight exists.  

58.3.3    Congenital Malformations 

 A possible indication of prenatal exposures may be the pres-
ence of congenital malformations. A 1971 study identifi ed 
an association between with both inguinal hernias and geni-
tourinary malformations, with the frequency of inguinal her-
nia being eight times the expected number among individuals 
with Perthes’ disease [ 29 ]. However, the patient group was 
selected from a specialized clinic in a tertiary center, and 
therefore selection bias may have infl uenced the validity of 
this fi nding. Subsequent studies failed to replicate these 
associations [ 5 ,  30 ] until recently, when large population- 
based case-control studies confi rmed these associations. 
These studies used the Medical Birth Registry of Norway 
and the UK General Practice Research Database (GPRD) 
and confi rmed a triad of genitourinary associations including 
undescended testis, inguinal hernias, and hypospadias, 
though the magnitude of these was less than previously sug-
gested [ 2 ,  31 ]. 

 These fi ndings are important because they suggest a pre-
natal component to the disease etiology.    The triad of associa-
tions identifi ed is also interesting because they are often seen 
in combination, thought to be caused by altered fetal andro-
gen metabolism [ 32 ,  33 ], which may be important in Perthes’ 
disease, and could explain the strong male disease prepon-
derance of the disease.  

58.3.4    Smoking Hypothesis 

 The association with socioeconomic deprivation, epidemio-
logical similarities with cardiovascular disease, and possible 
prenatal insult has led to the suggestion that maternal tobacco 
smoke exposure may be implicated in the disease. Measuring 
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Most Significant Growth Restriction
(Black)

Hands and forearms small relative to
upper arm
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•

•

•

•

  Fig. 58.3    Pattern of abnormal growth in Perthes’ disease (Reproduced 
with permission from Perry et al. [ 25 ])       
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the effects of tobacco smoke exposure is fraught with diffi -
culties, owing to recall bias, parental guilt, and the infl uence 
of confounding factors (particularly socioeconomic status). 
Several studies have investigated this relationship, the most 
comprehensive of these being a case-control study from the 
Swedish Inpatient Register [ 28 ] and a large case-control 
study from India [ 18 ].    The Swedish study was able to reduce 
recall bias by using tobacco smoke exposure data collected 
prior to disease onset, demonstrating a dose-response rela-
tionship with a greater risk of Perthes’ disease corresponding 
to a greater degree of tobacco smoke exposure (1–9 ciga-
rettes, OR 1.4 (95 % CI 1.1–1.7); >10 cigarettes, OR 2.0 
(95 % CI 1.6–2.6)). The authors considered socioeconomic 
status as a confounder, although it is unclear how this was 
measured. The study from India similarly showed an asso-
ciation with tobacco smoke exposure (OR 2.1 (95 % CI 1.3–
3.3)), recording current exposure to indoor tobacco smoke as 
a proxy measure of “lifetime exposure” and adjusting for 
social class. A tobacco association therefore appears evident, 
though the effects of bias cannot be completely eliminated, 
and the effect size is less than that of socioeconomic depriva-
tion suggesting that a different factor confounded by the 
smoking relationship may be the responsible determinant.  

58.3.5    Nutrient Hypothesis 

 Manganese defi ciency has a known association with a dis-
proportionate growth abnormality found in chickens and 
epiphyseal dysplasia in rats. A case–control study within 
Liverpool demonstrated the existence of this association 
among children with Perthes’ disease [ 34 ], but a later second 
smaller study failed to replicate this fi nding [ 35 ]. This asso-
ciation therefore remains uncertain.  

58.3.6    Coagulopathic Hypothesis 

 Thrombotic tendencies , such as sickle cell disease, are 
known to precipitate avascular necrosis of the hip. This has 
led to widespread belief that Perthes’ disease is the result of 
a primary coagulopathic process. This appears plausible as 
the pathology of Perthes’ disease is avascular necrosis; how-
ever, it is diffi cult to resolve how such a process would solely 
affect the hip and typically be unilateral. 

 A series of studies have investigated thrombotic tenden-
cies in Perthes’ disease, which were systematically reviewed 
in 2008 [ 36 ]. The review included 475 cases of Perthes’ dis-
ease, concluding that there were no signifi cant differences in 
antithrombin activity, protein S or C activity, or antiphospho-
lipid antibodies [ 34 ]. There was insuffi cient data to exclude 
an association with the factor V Leiden mutation. The only 
subsequent study to investigate coagulopathies demonstrated 

a propensity toward factor V Leiden mutations and a raised 
factor VIII level; however, the study had notable fl aws in the 
study design such that it added little to the earlier review 
[ 37 ]. Studies therefore seem to have excluded a major throm-
bophilic process in the etiology.  

58.3.7    Traumatic Hypothesis 

 Trauma is one of the oldest etiological theories and was that 
favored by Georg Perthes in his classic monograph of the 
disease [ 38 ]. Popularity of this theory has been propagated 
by the anecdotal observations that affected children are 
“hyperactive” and evidence that their skeleton is underdevel-
oped for age [ 39 ]. It is suggested that a child whose activity 
level is beyond their bone age may damage the epiphysis 
precipitating osteonecrosis [ 40 ]. Animal studies have offered 
support to this theory, demonstrating that abnormal loading 
of the femoral head in rats is associated with hip osteonecro-
sis [ 41 ]. 

 However, confi rmation of these anecdotal observations is 
limited, with only two studies investigating a hyperactive 
tendency formally. The fi rst used validated questionnaires in 
24 children with Perthes’ disease, identifying that 8 had a 
disorder with the attention defi cit hyperactivity (ADHD) 
profi le [ 42 ]. This study was uncontrolled, comparing the 
rates of hyperactivity to the expected population level of 
3–5 %. The second study used general practice data to iden-
tify individuals from 619 cases of Perthes’ disease who had 
sought medical attention for hyperactivity, compared to 
2,544 age- and sex-matched population controls [ 31 ]. This 
study found no association with hyperactivity (95 % CI 1.0 
(95 % CI 0.5–2.1)). Should a hyperactive tendency exist, 
then it    appears subtle, though could be important in the dis-
ease etiology; therefore, further studies are needed using 
validated and sensitive markers of hyperactive tendencies, 
which control for confounding factors.  

58.3.8    New Insights 

 Two papers have offered further clues to the etiology of 
Perthes’ disease, which need further development in order to 
put them into the context of etiological hypotheses. The fi rst 
looked at long-term comorbidities in a historic cohort of 
3,141 individuals diagnosed with Perthes’ disease in infancy 
at a mean of 28 years old, compared to a age-sex-region- 
matched population cohort [ 43 ]. This identifi ed a heightened 
risk of ischemic heart disease (HR 2.7 (95 % CI 1.2–6.0)), 
hypertension (HR 3.0 (95 % CI 1.9–4.7)), and anemia (HR 
2.9 (95 % CI 1.9–5.4)), suggesting that a generalized vascu-
lar phenomenon may be at large, with repercussions later in 
adulthood. Nevertheless, the cause and effect relationship is 
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unclear, and it may be that osteoarthritis, as a consequence of 
Perthes’ disease, results in impaired cardiovascular fi tness 
and disease. A second study used ultrasound markers of 
early cardiovascular disease among children with Perthes’ 
disease, demonstrating reduced arterial caliber and blood 
velocity independent of body composition, suggesting the 
possibility of generalized vascular phenomena, with poten-
tial cardiovascular consequences in adulthood [ 44 ]. Both of 
these therefore suggest that long-term sequelae of Perthes’ 
disease may exist, and further historic cohorts would be use-
ful to investigate this further.   

58.4    Discussion 

 Although a century has passed since Perthes’ disease was 
fi rst described, the etiological determinant remains elusive. 
There is strong epidemiological evidence that the origin of 
the disease is environmental, with the disease determinant 
intertwined with socioeconomic deprivation. It is unknown 
how socioeconomic deprivation may precipitate osteonecro-
sis in the infant hip and appears that this is only one manifes-
tation of the disease, with evidence of a global growth 
disorder characterized by delayed and disproportionate 
growth. It is unknown when exposure to the disease determi-
nant may act (i.e., the child, the mother, or via an intergen-
erational epigenetic effect). The decline in incidence appears 
encouraging, but it remains a debilitating condition through-
out the world, particularly in predominantly white non- 
equatorial regions. 

 Numerous hypotheses exist to indicate the disease deter-
minants and their mechanism of action, though no consensus 
exists as to the most likely forerunner. Recent studies suggest 
that rather than being a disease exclusively of childhood, 
Perthes’ disease may have implications for the long-term 
vascular health of those affected. Uncovering the  determinants 
of Perthes’ disease may therefore offer insights into the 
nature of other vascular diseases.     
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59.1            Introduction 

 Femoral head osteonecrosis (FHO) can affect children and 
adults. While there are similarities between childhood and 
adult FHO, the differences in the epidemiology, pathology, 
pathophysiology, pathogenesis of deformity, the natural his-
tory, and the outcomes of the childhood and adult FHO are 
notable. This chapter will focus on the pathology, pathophys-
iology, and the pathogenesis of femoral head deformity in 
Legg-Calvé-Perthes disease   (LCPD). Furthermore, the dif-
ferences between childhood and adult FHO will be dis-
cussed. A discussion on the differences between the internal 
structure of the skeletally immature femoral head and the 
mature femoral head is useful in understanding the differ-
ences between childhood and adult FHO.  

59.2     Immature and Mature Femoral Head 

 Children’s femoral heads are not just a smaller version of the 
adult femoral heads. The most apparent difference is that 
children’s femoral heads are growing. Thus, they have an 
active bone growth, also known as a  modeling  process, in 
addition to the process of  remodeling  of the already formed 
bone to adapt to the biomechanical stresses applied to the 
femoral head from daily activities. Thus, the biological 
activities of the growing cartilage and bone from the imma-
ture femoral head are different from that of the cartilage and 
bone of the mature femoral head. The marrow content (red 
marrow vs fatty marrow) of the femoral head [ 1 ,  2 ] and the 
femoral head vascularity are also changing in the growing 

femoral head [ 3 – 5 ]. Because of these differences, a disrup-
tion of the blood supply to the immature and the mature 
femoral heads may have different biological implications 
including the extent of ischemic damage and the potential for 
repair. It is well known that the age at the onset of LCPD is 
one of the most consistent prognostic factors with a younger 
age at onset being associated with a more favorable outcome 
[ 6 ]. This may be explained by greater growth and remodel-
ing potentials remaining in a younger patient. Furthermore, a 
younger patient would have a smaller bony epiphysis to 
revascularize and heal compared to an older patient 
(Fig.  59.1 ). Along this line of reasoning, the femoral head 
osteonecrosis in adolescents behave more like adult osteone-
crosis in terms of their poor outcome [ 7 ,  8 ] due to the poor 
healing potential and much larger volume of necrotic bone to 
revascularize and heal than younger children.

59.2.1       Anatomy and Histology of Immature 
Femoral Head 

 The femoral head of a newborn is completely cartilaginous 
on histological assessment. Furthermore, the cartilage con-
tains vascular canals (also called cartilage canals) where 
blood vessels are distributed throughout the cartilaginous 
epiphysis [ 5 ,  9 ]. The vessels provide nutritional support to 
the cartilaginous structure. Around 4–6 months after birth, a 
secondary center of ossifi cation (also called bony epiphysis 
or ossifi c nucleus) forms via endochondral ossifi cation in the 
central region of the cartilaginous epiphysis. At the same 
time, the deep layer of the articular cartilage (also called 
epiphyseal cartilage) overlying the ossifi c nucleus becomes 
established as a spherical growth plate around the secondary 
center of ossifi cation [ 10 ] (Fig.  59.2a ). This growth cartilage 
is responsible for the circumferential growth of the second-
ary center until a full size of the femoral head is reached. As 
the secondary center enlarges, the articular cartilage thick-
ness decreases and the cartilage canals regress and disappear 
[ 11 – 13 ]. In humans, their presence has been observed in 
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INFANT CHILD ADULT

  Fig. 59.1    A drawing depicting the developmental changes in the fem-
oral head size, articular cartilage thickness, and epiphyseal vascular 
anatomy. As the proximal femur matures, the bony epiphysis becomes 
larger and the cartilage becomes thinner. The blood vessels also do not 
cross the growth plate cartilage to supply the bony epiphysis. Instead, 

they enter the cartilaginous epiphysis at the femoral head and neck 
junction. The onset of ischemic osteonecrosis at an older age would 
imply less growth and remodeling potentials and a larger bony epiphy-
sis to revascularize and heal (This fi gure was reproduced with a permis-
sion from Texas Scottish Rite Hospital for Children)       
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Proposed pathogenesis of Femoral Head Deformity Following Ischemic Necrosis
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  Fig. 59.2    An illustration of the pathological changes observed in the 
piglet model of ischemic osteonecrosis. ( a ) Normal immature femoral 
head showing the growth cartilage surrounding the bony epiphysis. 
This growth cartilage is responsible for the circumferential growth of 
the epiphysis through endochondral ossifi cation. ( b ) Ischemic injury 
produces extensive cell death in the bony epiphysis (osteonecrosis) and 
the deep layer of the articular cartilage (chondronecrosis). The isch-
emic damage to the deep layer of the cartilage produces a growth arrest 
of the secondary center. Ischemic osteonecrosis is also associated with 

an increased calcium content of the necrotic bone, which makes the 
bone more brittle and more prone to microdamage accumulation with 
hip joint loading. Subchondral and compaction type fracture seen in the 
initial stage of LCPD may be a result of microcrack accumulation and 
mechanical loading. ( c ) Revascularization of the infarcted epiphysis is 
associated with a  predominance of osteoclast-mediated resorption and 
a delayed bone formation, which further contribute to the femoral head 
deformity (This fi gure was reproduced with a permission from Texas 
Scottish Rite Hospital for Children)       
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early childhood, but it is unclear when they disappear [ 5 ]. 
Since a portion of the articular cartilage is responsible for the 
growth of the secondary center, the thinning of the cartilage 
during maturation represents decreasing growth and remod-
eling potentials of the immature femoral head. At skeletal 
maturity, the endochondral ossifi cation stops, and the carti-
lage becomes an adult articular cartilage.

   The cessation of endochondral ossifi cation at the femoral 
head maturity produces histological changes in the subchon-
dral region of the femoral head and, most likely, mechanical 
changes as well. In the immature femoral head, the subchon-
dral region consists of primary and secondary spongiosa 
(newly formed immature cancellous bone) due to the ongo-
ing endochondral ossifi cation at the cartilage-bone junction. 
In the mature femoral head, the subchondral region consists 
of compact bone (also called subchondral bone plate), and a 
tidemark forms at the junction of the cartilage and the bone 
[ 14 ]. In the mature femoral head, the nutritional support for 
the articular cartilage, including its deep layer, is derived 
mainly from the synovial fl uid [ 15 ]. In the immature femoral 
head, the articular cartilage is thicker, and the deep layer of 
the articular cartilage is dependent on the cartilage canals 
and the subchondral vascularity for its nutrition [ 16 – 19 ]. 
Because of this difference, a loss of blood supply to the fem-
oral head   in children not only produces a necrotic damage to 
the bone but also damage to the growth cartilage (chondrone-
crosis) surrounding the secondary center of ossifi cation as a 
part of the ischemic damage [ 20 ,  21 ]. The consequence is a 
growth arrest of the secondary center which is an early radio-
graphic feature of LCPD (Fig.  59.3a ). One signifi cant impli-
cation of this damage is a potential for growth disturbance of 

the secondary center once the endochondral ossifi cation is 
reestablished during healing [ 17 ]. Unless the restoration of 
growth of the secondary center is symmetrical, a further 
deformity of the femoral head can ensue if the restoration of 
the growth is asymmetrical (Fig.  59.4 ). This represents a 
separate source of deformity from the growth disturbance of 
the metaphyseal physis which is responsible for the length 
and the alignment of the femoral neck. The growth distur-
bance of the metaphyseal physis produces coxa breva (short 
neck) and coxa vara in LCPD.

59.2.2         Healing Potential of Immature 
Femoral Head 

 A further distinction between the immature and the mature 
femoral head comes from an observation that the superfi cial 
layer of the articular cartilage shows evidence of a hypoxic 
and angiogenic repair response acutely after the induction of 
ischemic necrosis in a large animal model of LCPD [ 22 ]. 
The levels of hypoxia-inducible factor-1, a master regulator 
of hypoxic adaptation response, and the vascular endothelial 
growth factor, a potent angiogenic factor, were signifi cantly 
increased in the cartilage after the induction of ischemic 
necrosis in the experimental model of ischemic osteonecro-
sis [ 22 ,  23 ]. Vascular invasion of the cartilage preceded 
revascularization of the necrotic bony epiphysis. Thus, the 
cartilage appears to play an active role in the revasculariza-
tion process in the immature femoral head from the early 
stage of the disease process. In contrast, the involvement of 
the articular cartilage in the adult femoral head osteonecrosis 

a b

  Fig. 59.3    Eight-year-old boy with right hip pain for 5 months. 
( a ) AP pelvis radiograph showing a smaller epiphysis due to growth 
arrest of the epiphysis. Note the increased radiodensity of the epiph-
ysis. The femoral head is in the initial stage of LCPD. ( b ) AP pelvis 

radiograph obtained 5 months later showing fragmented and resorp-
tive changes in the affected epiphysis with further fl attening of the 
femoral head. Most of the deformity occurs during the stage of 
fragmentation       
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is thought to be a late feature of joint degeneration and osteo-
arthritis [ 24 – 26 ]. Since the adult articular cartilage derives 
its nutritional support from the synovial fl uid, it is unaffected 
by the ischemic process in the bone. The cartilage involve-
ment occurs at a later stage when the femoral head collapses 
and degenerative osteoarthritis ensues. It is also believed that 
the adult articular cartilage does not play an active role in the 
repair process. An experimental study suggests that the 
potential for femoral head healing is greater in younger ani-
mals compared to older, immature animals because of robust 
hypoxic and angiogenic responses from the cartilage [ 27 ]. 

 The age of onset of FHO is clearly an important variable 
that infl uences the femoral head healing potential. For 
instance, the majority of children with the onset of LCPD 
before age 6 is known to heal, remodel, and restore the 
growth of the necrotic femoral head and have a good out-
come (defi ned as a round femoral head at skeletal maturity) 
[ 28 ]. Older patients with LCPD, however, do not heal and 
remodel their necrotic femoral heads as well as the younger 
patients, and their prognosis is guarded [ 29 ]. The healing 
potential of FHO in adolescents is generally poor and their 
outcomes more closely resemble those of adults than those 
of younger children [ 7 ,  8 ]. While there are appreciable dif-
ferences in the morphology and the histology of the imma-
ture and adult femoral heads as noted above, the molecular 
mechanisms responsible for the  difference in the healing 
potential remain unknown. Understanding how the onset of 
osteonecrosis at different ages or stages in childhood (infan-
tile, toddler, preschool, juvenile, teenager, and adolescence) 
affects the healing potential and the outcome will be impor-
tant for developing new treatment strategies to improve the 
poor outcome observed in older children (after age 8) and 
adolescents affected with LCPD.  

59.2.3     Blood Supply to Immature 
Femoral Head 

 In addition to the morphological changes taking place in the 
femoral head with growth and maturation, the blood supply 
to the femoral head also changes over time. At birth, the lat-
eral half of the head is supplied by the lateral circumfl ex 
artery and the medial half by the medial circumfl ex artery, 
which are generally branches of the deep profunda artery 
from the superfi cial femoral artery [ 3 ,  4 ]. By 18 months of 
age, the majority of vessels supplying the femoral epiphysis 
are from the medial femoral circumfl ex artery, and no vessels 
cross the metaphyseal physis. Thus, the femoral neck vessels 
supplying the secondary center of ossifi cation traverse 
through the articular cartilage at the junction of the femoral 
head and neck to gain access to the secondary center of ossi-
fi cation. It has been postulated that the portion of the vessels 
traversing through the cartilage is at risk for disruption from 
trauma to the hip joint. By 3 years of age, the medial femoral 
circumfl ex supplies the entire proximal femoral epiphysis 
and the metaphyseal physis. The lateral femoral circumfl ex 
supplies the greater trochanter and the trochanteric physis. 
This leaves the femoral head susceptible to vascular injury 
particularly at the watershed regions in the lateral and ante-
rior quadrants of the femoral head. An additional predispos-
ing factor for femoral head osteonecrosis is the marginal 
collateral circulation in the femoral head. 

 With skeletal maturation, the arrangement of the vascula-
ture within the femoral head changes signifi cantly. The 
regression and the disappearance of the metaphyseal physis 
allows the vessels from the femoral neck to supply the femo-
ral head without having to traverse through the articular car-
tilage (Fig.  59.1 ). In adults, cadaveric dissection studies have 

  Fig. 59.4    Photomicrographs of the piglet model of ischemic osteone-
crosis of the femoral head. ( a ) A deformed femoral head with restora-
tion of endochondral ossifi cation occurring only at the periphery of the 
epiphysis ( arrows ). This asymmetric restoration of epiphyseal growth 

will promote a deformed femoral head. ( b ) A spherical femoral head 
with restoration of endochondral ossifi cation occurring all around the 
affected epiphysis ( arrows ). This symmetrical restoration of epiphyseal 
growth will promote a spherical growth       
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shown that the deep branches or posterosuperior branches of 
the medial femoral circumfl ex artery perforate the hip cap-
sule at the level of the superior gemellus and travel up the 
femoral neck as retinacular vessels and enter the femoral 
head through vascular foramina at the femoral head and neck 
junction in the superior region of the neck to provide the 
majority of the blood supply to the femoral head [ 30 ,  31 ]. 
These studies have been essential for the development of a 
safe surgical technique to dislocate the femoral head to visu-
alize and treat various intra-articular hip pathologies in 
adults without causing FHO.   

59.3     Pathology and Pathophysiology   

 It is generally accepted that a disruption of blood supply to the 
femoral head is a key pathogenic event associated with the ini-
tiation of the disease process. Selective angiography [ 32 – 34 ], 
bone scintigraphy [ 35 ], and perfusion MRI [ 36 ] provide evi-
dence of a partial or complete disruption of the blood supply to 
the femoral head. Histological studies of the biopsy specimens 
[ 37 ] obtained in the early stages of LCPD also show fi ndings 
consistent with ischemic tissue damage. Furthermore, a disrup-
tion of the blood supply to the femoral head in a large animal 
model produces histopathological and radiographical changes 
resembling LCPD, including growth arrest of the epiphysis, 
subsequent fragmented appearance of the epiphysis, and the 
epiphyseal collapse resembling coxa plana [ 38 ]. 

59.3.1     Histopathological Studies of LCPD 

 A limited number of histopathological studies on LCPD have 
been performed. These studies consist of case reports and 
limited surgical biopsy studies of LCPD patients in the active 
phase of the disease providing a limited view of the disease 
which is known to have a wide clinical variability. Only a 
handful of whole femoral heads have been examined and 
reported to date [ 20 ]. Very little is known about the patho-
logical changes in the preclinical stage of LCPD and the tem-
poral changes that occur within each femoral head over time. 

 The fi ndings from the limited number of histopathologi-
cal studies [ 20 ,  21 ,  37 ,  39 – 44 ] can be summarized as fol-
lows: LCPD affects the articular cartilage, the bony epiphysis, 
and, in some cases, the physis and the metaphysis. The artic-
ular cartilage damage is observed in the deep layer of the car-
tilage which is a growth cartilage responsible for the spherical 
growth of the bony epiphysis. The necrosis in the deep layer 
of the cartilage produces a cessation of endochondral ossifi -
cation. This explains why the affected epiphysis is smaller 
than the unaffected epiphysis in a patient who is growing. 
Other changes observed in the deep cartilage layer include a 
separation of the cartilage layer from the underlying sub-

chondral bone, degenerative changes in the cartilage matrix, 
vascular granulation tissue invasion of the cartilage, and 
appearance of new accessory ossifi cations. In the affected 
bony epiphysis, the necrosis of marrow and bone cells, com-
pression fracture of trabeculae, osteoclastic resorption, fi bro-
vascular granulation tissue invasion of the necrotic head, 
absence of osteoblasts, empty lacunae in the trabecular bone, 
and thickened trabeculae have been reported. The metaphy-
seal growth plate changes are most often seen in the anterior 
part of the femoral head with focal areas of growth cartilage 
columns extending below the endochondral  ossifi cation line. 
Since premature growth arrest of the growth plate is seen in 
about 30 % of patients, it is questionable whether the growth 
plate damage is a primary feature of LCPD. Another possi-
bility is that the growth plate damage is a result of the 
mechanical damage from overloading of the femoral head as 
the mechanical load is transmitted from the compressed, 
hard necrotic bone to the underlying growth plate. An exper-
imental study in piglets showed that a total disruption of the 
epiphyseal blood supply does not produce growth arrest in a 
majority of the animals, suggesting that the metaphyseal 
growth plate is not dependent on the epiphyseal blood supply 
[ 45 ]. Metaphyseal radiolucent changes are sometimes seen 
in the early stages of LCPD. The mechanisms responsible 
for the appearance of these lesions are unclear. Various tissue 
types have been reported including columns of normal or 
degenerated cartilage extending down to the metaphysis, 
fi brocartilage, fat necrosis, vascular proliferation, and focal 
fi brosis [ 20 ]. Some have found an association between the 
presence of radiolucent metaphyseal changes and poor prog-
nosis while others have not.  

59.3.2     Pathophysiology Based 
on Experimental Studies 

 The lack of availability of clinical specimens to systemati-
cally investigate the pathophysiology of LCPD is a signifi -
cant hindrance to our understanding of LCPD. To circumvent 
this obstacle, large animal model s have been developed to 
study the pathophysiology of ischemic osteonecrosis. Of 
these models, a piglet model of ischemic necrosis has been 
extensively investigated [ 17 ,  38 ,  45 – 48 ]. While the animal 
model is not a perfect model of LCPD, no perfect model 
exists currently. The model does provide some new insight 
about the ischemic bone injury and repair process in the 
immature femoral head. 

 Following the induction of ischemic FHO in immature 
pigs, the earliest histological changes are seen in the marrow 
space with the death of various cells present, such as the 
hematopoietic cells, adipocytes, endothelial cells, and stro-
mal cells [ 17 ,  49 ]. Death of osteoblasts lining the trabeculae, 
osteocytes within the trabecular lacunae, and osteoclasts also 
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takes place in the area of ischemia. The mechanisms of cell 
death include apoptosis (programmed cell death) as well as 
necrosis [ 49 ]. The appearance of empty lacunae in the tra-
becular bone, which signifi es osteocyte death, is a classic 
feature of osteonecrosis but a late histological sign taking a 
few weeks to develop. 

 Cartilage necrosis  (chondronecrosis ) is a consistent fea-
ture of ischemic injury to the immature femoral head. 
Induction of ischemic necrosis in the piglet model produces 
cell death in the growth cartilage surrounding the secondary 
center (i.e., the deep layer of the articular cartilage) 
(Fig.  59.2b ) [ 17 ,  22 ,  23 ]. This explains the cessation of endo-
chondral ossifi cation at the growth cartilage-bone junction in 
the initial stage of LCPD. The other signifi cance is that in 
order for the epiphyseal growth to resume, the necrotic carti-
lage has to be repaired and the endochondral ossifi cation 
reestablished. If the epiphysis becomes deformed over time, 
the resumption of epiphyseal growth may not be symmetri-
cal. The revascularization and repair of the necrotic cartilage 
preferentially occur in the periphery of the deformed femoral 
head and not at the central region. Thus, the reestablished 
epiphyseal growth may not be spherical as seen in the normal 
epiphysis and further deformity due to the growth distur-
bance may occur. In contrast to the growth cartilage in the 
epiphysis, the metaphyseal physis (the proximal femoral 
growth plate) is generally spared [ 45 ]. In most of the ani-
mals, the growth plate did not develop a physeal bar. 
Endochondral ossifi cation continued following a total dis-
ruption of blood fl ow to the immature femoral head, albeit at 
a slower rate than the growth plate on the normal side. 

 In the piglet model of ischemic osteonecrosis, revascular-
ization and healing of the necrotic femoral head come in the 
form of fi brovascular granulation tissue invasion of the necrotic 
cartilage and the necrotic marrow space [ 38 ]. The new invading 
vessels arise from the existing vessels on the femoral neck. The 
angiogenic process is stimulated by increased production of a 
potent angiogenic factor called the vascular endothelial growth 
factor (VEGF) which is actively expressed by viable chondro-
cytes in the superfi cial region of the articular cartilage [ 22 ,  23 ]. 
Hypoxia is a potent stimulus for the activation of the hypoxia-
inducible factor-1 (HIF-1) which increases VEGF production 
and angiogenesis. New vessels invade through the cartilage to 
reach the necrotic secondary center from the periphery of the 
epiphysis [ 22 ]. In general, the invading vessels do not cross the 
metaphyseal physis. 

 The fi brovascular granulation tissue consists of infl amma-
tory, mesenchymal (fi broblast-like in appearance), and endo-
thelial cells. In the revascularized regions of the bone, 
increased presence of osteoclasts is observed with increased 
osteoclastic resorption of the necrotic bone. The predomi-
nance of bone resorption produces a net loss of bone [ 38 ]. 
New bone formation is absent in these areas where the 
necrotic bone is replaced by a fi brovascular tissue. 

Radiographic and histological studies of the patients with 
LCPD also show resorptive changes in the necrotic bone 
with delayed reossifi cation of the resorbed areas [ 50 ]. In 
LCPD, the resorptive phase of the disease represents the 
fragmentation stage where radiolucent changes are seen on 
the radiographs, producing fragmented and resorptive 
changes in the sclerotic epiphysis (Fig.  59.3b ). During the 
fragmentation stage, most of the deformation of the femoral 
head takes place indicating that this is the most mechanically 
vulnerable stage of the disease. As seen in the piglet model, 
new bone formation (termed reossifi cation in LCPD) does 
not occur until many months later. Furthermore, the reossifi -
cation stage is the longest stage of LCPD, especially in the 
older patients [ 51 ].  

59.3.3     Pathology of Adult Femoral Head 
Osteonecrosis 

 In adult FHO, most of the infarcted region of the femoral head 
remains necrotic over time with the extent of revascularization 
and repair taking place being limited to the border of the via-
ble and the necrotic bone, which is called the reparative or 
hyperemic zone [ 24 – 26 ,  52 ]. In the reparative zone, a slow 
healing process described by Phemister as a “creeping substi-
tution” is observed [ 53 ]. The term describes the process in 
which the dead bone is substituted with new bone. In the past, 
the term “creeping substitution” has been used to describe the 
repair process in LCPD. However, the application of the term 
“creeping substitution” to LCPD is incorrect as the repair pro-
cess in LCPD is staged with resorption occurring fi rst fol-
lowed by a delay in new bone formation. There is no immediate 
substitution of the dead bone with the new bone. Instead, the 
dead bone is substituted to a fi brovascular tissue. 

 Based on clinical observations, the repair process in adult 
osteonecrosis appears to be limited if >30 % of the femoral 
head is involved. Because of the inability to repair a large 
area of necrosis in adults, the femoral head collapses due to 
a mechanical failure of the necrotic bone, most often at the 
junction of the necrotic bone and the reparative zone. A seg-
mental collapse of the necrotic region of the femoral head 
produces a disruption in the smooth articular surface which 
leads to the development of premature osteoarthritis.   

59.4     Pathogenesis of Femoral 
Head Deformity 

 One of the most signifi cant sequelae of LCPD is the develop-
ment of the femoral head deformity. The experimental stud-
ies using the piglet model reveal that the pathogenesis of the 
femoral head deformity following ischemic osteonecrosis is 
complex with multiple contributing factors. Mechanical 
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studies on the piglet model reveal that ischemic osteonecro-
sis induces a signifi cant mechanical weakening of the imma-
ture femoral head [ 47 ,  48 ]. 

59.4.1     Mechanisms of Deformity 
in the Avascular Stage 

 Even in the early stage of the model, signifi cant decreases in 
the mechanical properties of the infarcted femoral head and 
its components (articular cartilage and bone) are observed 
[ 47 ,  48 ]. Further studies undertaken to explain the mechani-
cal weakening revealed that the material and mechanical 
properties of the trabecular bone are altered following isch-
emic injury. In the infarcted femoral head, the calcium con-
tents of the calcifi ed cartilage and the subchondral bone are 
signifi cantly increased compared to the normal femoral head 
[ 54 ]. The change in the calcium content makes the necrotic 
bone in the subchondral region more brittle and more prone 
to microcrack development (Fig.  59.2b ). A follow-up study 
indeed showed that the nanoindentation modulus of the 
necrotic trabeculae was signifi cantly increased in the 
infarcted femoral heads compared to the contralateral nor-
mal femoral heads, making it more brittle [ 55 ]. The micro-
crack density measurement in the subchondral bone was also 

signifi cantly higher in the infarcted femoral heads. The 
absence of osteoblasts, osteocytes, and osteoclasts in the 
necrotic bone due to extensive cell death preclude the detec-
tion and the repair of the microcracks that develop with nor-
mal daily activities. It is proposed that a subchondral fracture 
or a compression fracture in the superior aspect of the femo-
ral head develops with normal physiological loading when 
enough microcracks have accumulated in the early stage of 
LCPD [ 56 ]. The increased calcium content of the necrotic 
bone may also explain the appearance of increased radioden-
sity in the early stage of LCPD.  

59.4.2     Mechanisms of Deformity 
in the Vascular Stage 

 Further collapse of the femoral head occurs in the fragmenta-
tion stage of the disease when revascularization and resorp-
tion of the necrotic bone take place (Fig.  59.2c ). Studies of 
the piglet model show an imbalance of bone resorption and 
bone formation. The predominance of osteoclast-mediated 
bone resorption produces a net bone loss which contributes 
to the mechanical weakening of the femoral head [ 38 ] 
(Fig.  59.5 ). Furthermore, inhibition of bone resorption using 
bisphosphonates or an RANKL inhibitor can decrease the 

b
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  Fig. 59.5    Micro-CT and histological assessments of the piglet model 
of ischemic osteonecrosis during the vascular repair phase of the model. 
( a ) Micro-CT sections reveal increased bone resorption in the infarcted 

epiphysis compared to the normal. ( b ) Histological assessment show-
ing increased presence of osteoclasts (tartrate-resistant acid phospha-
tase staining) in the infarcted epiphysis compared to the normal       
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bone loss and improve the preservation of the femoral head 
shape [ 57 – 61 ]. While few studies on the use of bisphospho-
nate to treat FHO in non-LCPD patients have been reported 
[ 62 – 64 ], the effi cacy of this treatment for childhood FHO 
has yet to be investigated with a clinical trial.

59.4.3        Effects of Weight Bearing on Infarcted 
Femoral Heads 

 In addition to the pathological repair process occurring 
within the femoral head, it is also important to consider the 
external forces acting on the hip joint that produces the 
deformity. Instrumented total hip replacement studies using 
an internal strain gauge capable of telemetric transmission of 
hip contact pressure data in real time have provided valuable 
information about hip contact pressures associated with nor-
mal daily activities. These studies reveal that normal walking 
or running produces hip contact pressure about 2.5 and 5 
times the body weight with each step or each stride, respec-
tively [ 65 ,  66 ]. Greater pressures are generated with a faster 
speed of walking or running. Other normal activities also 
produce signifi cant loading of the hip joint. Since children 
with LCPD in general are very active, the infarcted femoral 
head is thought to deform when the loading is beyond the 
mechanical strength of the femoral head to resist deforma-
tion. The adverse effect of weight bearing on the infarcted 
femoral head was shown in an experimental study using the 
piglet model [ 67 ]. In the study, non-weight bearing of the 
affected hip signifi cantly better preserved the spherical shape 
of the femoral head. Non-weight bearing treatment, however, 
increased bone resorption without increasing bone forma-
tion. These fi ndings raise some concerns since a loss of com-
pliance to NWB or untimely resumption of full weight 
bearing may put the femoral head at a risk for collapse due to 
the increased resorption of the bone and the loss of bone vol-
ume in the affected femoral head. These results call for the 
need to investigate the biological therapeutic strategies to 
control bone resorption and to stimulate new bone formation 
to improve the bone healing in LCPD [ 68 – 71 ].   

59.5     Summary 

 Current understanding of LCPD is limited by the unavail-
ability of the tissue samples from various stages of the dis-
ease to systematically study its pathophysiology. Limited 
studies on the histopathology of LCPD indicate ischemic 
damage to the bony epiphysis and the deep layer of the artic-
ular cartilage due to a disruption of the blood supply to the 
femoral head. Experimental studies using the piglet model 
reveal that the pathogenesis of femoral head deformity fol-
lowing ischemic osteonecrosis is complex. The necrotic 

bone has increased calcium content and brittleness, making 
it more prone to accumulate microcracks. The repair process 
following the ischemic damage is also pathological with an 
imbalance of bone resorption and bone formation. The pre-
dominance of bone resorption with delayed bone formation 
weakens the affected bony epiphysis and makes it more sus-
ceptible to deformation and collapse during normal daily 
activities. Growth disturbance of the epiphysis and the age at 
onset of the disease affect the healing and remodeling poten-
tial of the epiphysis. Given the complexity, an osteotomy or 
a mechanical treatment approach may not adequately address 
the pathogenesis of the femoral head deformity. More com-
prehensive approach, which includes specifi c biological 
treatments to address the imbalance of bone resorption and 
bone formation and limited loading of the hip joint during 
healing, should be investigated.     
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60.1            Introduction 

 Legg-Calvé-Perthes disease  (LCPD) is a self-limited child-
hood hip disorder of unknown etiology that can produce per-
manent deformity of the femoral head. Legg of the United 
States, Calvé of France, and Perthes of Germany indepen-
dently described the disease in 1910 [ 1 ]. The onset of LCPD 
occurs between 2 and 15 years of age with a peak between 
4 and 9 years. Sundt in 1920 reported that boys were four 
times more likely to have the disease than girls and that 10 % 
of patients developed bilateral disease [ 2 ]. Molloy in 1966 
[ 3 ] and Catterall in 1981 [ 4 ] reported similar fi ndings with 
 bilateral disease occurring in 10–15 % of patients and male-
to- female ratio of 4–5:1. The diagnosis of LCPD requires 
plain radiography and careful history taking as its symptoms 
and physical fi ndings are nonspecifi c and it is a diagnosis of 
exclusion. Other pediatric conditions that produce femoral 
head osteonecrosis or LCPD-like changes on radiography 
must be ruled out through history, physical examination, and 
radiographic assessment.  

60.2     Diagnosis 

60.2.1     Symptoms and Signs 

 In general, patients suffering from LCPD present with hip 
(groin), thigh, or knee pain, a mild limp, and a decrease in 
hip motion which appear in an insidious fashion [ 5 ]. This is 
often fi rst noticed by a parent or teacher. Symptoms are exac-
erbated by physical activity and alleviated with rest. The 
pain usually is mild during the early stages of the disease and 
does not restrict the child from daily activities. Often the 
limp is more pronounced later in the day if the child has been 
involved in extended periods of ambulation, running, or 
jumping. 

 Commonly the fi rst complaint in children with LCPD 
is knee pain, leading the unsuspecting physician to obtain 
radiographs or other imaging of the knee. Wiig reported the 
results of 425 patients presenting with LCPD, 50 % of chil-
dren presented with pain in the hip and thigh, 18 % with thigh 
and knee pain, 14 % with knee only pain, 8 % with pain in all 
three locations, 1 % in other areas, and 9 % had no pain [ 6 ]. 
Occasionally night pain exists; however, it seems to closely 
correlate with physical activity from the preceding day. 

 The patient or parent may recollect an isolated traumatic 
event that seems to be related with the onset of symptoms. 
After a few days, these initial symptoms tend to resolve com-
pletely. However, because symptoms are aggravated by 
physical activity, the patient goes through periods of exacer-
bation and alleviation, with a waxing and waning clinical 
course. As a result, several months may pass from the onset 
of symptoms before clinical presentation to a physician’s 
offi ce. 

 Anecdotal clinical observations suggest that children with 
LCPD tend to be hyperactive and quite busy. Loder et al. [ 7 ] 
found a 33 % incidence of attention defi cit hyperactivity dis-
order (ADHD) in a small population of children with LCPD, 
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much higher than the 3–5 % incidence within the general 
population. In addition to hyperactivity, many patients have 
delayed bone ages and appear younger than their chrono-
logic age [ 8 ].  

60.2.2     Physical Examination 

 Most patients will have a mild limp, which may be better 
seen during fast walking. A Trendelenburg gait  and a posi-
tive Trendelenburg sign may also be present. Accurate 
assessment of passive hip abduction is a critical aspect of the 
physical examination for a child with LCPD. For accuracy, it 
is important to stabilize the pelvis to confi rm that leg abduc-
tion is coming from the hip joint and not from lateral rotation 
of the pelvis. Limitation of hip range of motion seems to 
correlate with the stage of the disease. In the early stages, hip 
joint synovitis can limit range of motion. Gentle rotation of 
the affected hip with the leg extended can demonstrate 
restriction to internal and external rotation, so-called “irrita-
bility” of the hip. During the fragmentation stage, the hip 
motion can decrease signifi cantly and become severely lim-
ited due to synovitis and femoral head deformity. The dis-
ease process particularly affects hip abduction and rotation. 
As the disease progresses through the stages of reossifi cation 
and healing hip motion will improve, unless there is signifi -
cant femoral head deformity, coxa magna, and fl attening 
which mechanically impinges and hinders motion. 

 Depending on the duration and severity of the disease, 
late physical fi ndings may be seen. These include hip fl exion 
and adduction contracture, thigh and calf muscle atrophy, 
and minor limb length discrepancy (0.5–2 cm). In severe 
cases, lateralization and deformity of the femoral head dur-
ing the fragmentation stage can lead to hinge abduction 
(Fig.  60.1 ). Clinicians caring for children with LCPD should 
be aware of hinge abduction and screen for it during regular 
clinical examination. Hinge abduction is thought to be due to 
the deformed femoral head abutting against the superior lip 
of the acetabulum and hinging as the examiner tries to 
abduct the leg [ 9 – 11 ]. Patients who present with an  adduction 
contracture or complete absence of passive hip abduction 
during the fragmentation stage of the disease may be suffer-
ing from hinge abduction and should be carefully examined 
both clinically and radiographically. Supine AP pelvis X-ray 
with maximal abduction of the legs and hip arthrography can 
help to demonstrate hinge abduction.

60.2.3        Differential Diagnosis  

 Since LCPD is a diagnosis of exclusion, known causes of 
juvenile femoral head osteonecrosis or conditions mimick-
ing LCPD must be ruled out (Table  60.1 ). A careful history 

should include questions about previous medications to rule 
out corticosteroid-induced osteonecrosis, previous hip sur-
gery or trauma, and recent trauma. Careful review of family 
history is important to screen for history of blood disor-
ders (sickle cell disease, coagulopathy, thrombophilia, and 
thalassemia) and skeletal dysplasias (multiple epiphyseal 
 dysplasias, spondyloepiphyseal dysplasia, Meyer’s dyspla-
sia). Physical examination should also include assessment of 
facial features, spine, skin, and other extremities for skeletal 
dysplasia or a systemic condition. If there is concern from 
the medical history, additional lab work can be drawn look-
ing for a low glucocerebrosidase level (Gaucher’s disease), a 
high thyroid-stimulating hormone level (TSH) (hypothyroid-
ism), and other chromosomal abnormalities (Klinefelter’s 
syndrome and trisomy 21). In particular when both hips are 
affected in synchronous fashion, multiple epiphyseal dyspla-
sia, spondyloepiphyseal dysplasia, and hypothyroidism must 
be strongly considered as the cause of bilateral epiphyseal 
changes resembling LCPD (Fig.  60.2 ).

60.3          Diagnostic Imaging 

 Several different imaging techniques are available to diag-
nose LCPD. Each technique has advantages and disadvan-
tages and will be described within this section of the 
chapter. 

60.3.1     Plain Radiography 

 Plain radiography remains the primary diagnostic assessment 
tool for LCPD. An anteroposterior (AP) and frog-leg lateral 
radiograph of the pelvis are used to determine the radio-
graphic stage of the disease (see Waldenström’s four stages of 
disease below), the extent of head involvement and serial pro-
gression of the disease. Catterall [ 4 ,  12 ] described a series of 
classic head at risk signs  during the progression of the disease 
including lateral subluxation, Gage’s sign  (V-shaped radiolu-
cency in the lateral portion of the epiphysis and/or adjacent 
metaphysis), calcifi cation lateral to the epiphysis, and hori-
zontal alignment of the growth plate. These are, however, late 
radiographic signs of a head at risk for having a poor progno-
sis. Much research effort has been expended to use earlier 
radiographic features to determine the prognosis and the 
long-term outcome. Catterall, Salter- Thompson, and lateral 
pillar classifi cations described below are such classifi cations 
which can be used in the fragmentation stage of the disease to 
prognosticate outcome, whereas the Stulberg classifi cation is 
used at the healed stage near or at skeletal maturity. Most of 
these classifi cations based on categorizing certain radio-
graphic features are prone to subjectivity and poor to moder-
ate interobserver reliability [ 13 ,  14 ]. 
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 Although radiography is useful in assessing disease pro-
gression, it lacks the sensitivity and specifi city needed to dem-
onstrate changes during the early stages of the disease 
(Fig.  60.3 ). Radiographic changes consistent with femoral 
head osteonecrosis may become evident about 3–4 months 
after their actual onset, and standard radiographic fi ndings may 
be entirely normal in early symptomatic disease [ 15 – 19 ]. 

Furthermore, current radiographic classifi cation systems for 
prognosticating outcomes (Catterall and lateral pillar classifi -
cations) have limitations in the early stages, as they cannot be 
applied until the fragmentation stage of the disease when sig-
nifi cant deformity has already occurred. There is a clear need 
for the development of a more sensitive prognostic indicator to 
assist in decision making during the early stages of LCPD [ 20 ].

a b

d

c

  Fig. 60.1    A 7-year-old male complaining of left groin pain and limp-
ing for 1 year. This patient was treated in another institution with 
physiotherapy but no restriction of activities. When the patient pre-
sented for a second opinion, he had a very stiff hip with less than 10° 
of abduction with hips extended. ( a ) AP radiograph showing frag-
mented and deformed epiphysis on the left side with lateral extrusion. 
( b ) MR T2 image showing a depression into the lateral epiphysis by 
the edge of the acetabulum and the extruded epiphyseal segment 
impinging of the labrum ( arrow ). ( c ) Hip arthrogram following a 

 percutaneous hip adductor tenotomy showing a bilobed femoral head 
with a depression in the central portion of the femoral head which is 
fi lled with contrast. Other fi ndings are fl at, rectangular acetabulum 
and relief of the labral impingement upon abduction of the leg 
( arrow ). This patient was treated with Petrie casts for 6 weeks fol-
lowed by an A-frame abduction brace for 8 months and weight-bear-
ing restrictions. ( d ) AP pelvis radiograph with the patient in the 
A-frame brace showing femoral head containment       
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60.3.2        Ultrasonography 

 Ultrasonography can be sometimes used in the early stages 
of LCPD to demonstrate a joint effusion in a child presenting 
with a limp. In addition to demonstrating an effusion, ultra-
sonography has the potential to illustrate the profi le of the 
cartilaginous femoral head and can allow for dynamic exam-
ination [ 21 ]. Nauman et al. [ 22 ] developed a four-stage clas-
sifi cation system based on ultrasonography and sonoanatomic 
criteria for patients with LCPD. Vascular supply to the femo-
ral head has also been demonstrated by Doppler 
 ultrasonography [ 23 ] and through microbubble contrast 
enhancement [ 24 ]. Despite these applications for ultrasonog-
raphy, it is not widely used as a diagnostic tool due to user 
dependence and unfamiliarity with the techniques.  

60.3.3     Scintigraphy 

 Technetium scanning is a sensitive means of diagnosing 
LCPD in the early stages before it is evident radiographi-

   Table 60.1    Differential diagnosis of femoral head osteonecrosis and hip pain   

 Condition  Symptoms/signs  Diagnostic investigations 

 LCPD  Acute or chronic presentation  Radiographs, MRI 
 Insidious onset, intermittent 
 Able to ambulate and participate in sports 

 Septic arthritis  Acute pain in hip/knee  Lab: complete cell count, erythrocyte sedimentation rate and C-reactive protein 
 Acute onset  Ultrasound 
 Painful to weight bear  Joint aspiration 
 Unilateral 
 Systemic symptoms 
 Signifi cantly decreased ROM 

 Transient 
synovitis 

 Acute onset  Lab work: complete cell count, erythrocyte sedimentation rate and C-reactive protein 
 Prior history of viral illness  Ultrasound 
 Unilateral 
 Mild systemic symptoms 
 Decreased ROM 
 Improves within 48 h 

 Sickle cell 
disease 

 Anemia or jaundice  Hemoglobin electrophoresis 
 Pain crisis  Complete cell blood count with differential 
 Splenic sequestration  Genetic testing 
 Family history 

 Hypothyroid  Unilateral or bilateral hip pain  Lab studies: thyroxine (T4) levels and thyroid- stimulating hormone (TSH) 
 Fatigue and exercise intolerance  Ultrasound thyroid 
 Course dry hair and skin 
 Cold Intolerance 
 Signs of hypothyroidism 

 Multiple 
epiphyseal 
dysplasia and 
other skeletal 
dysplasias 

 Joint pain and fatigue  Radiographs/skeletal survey 
 Bilateral complaints  Genetic testing (COL9A2/3 and COMP genes) 
 Waddling gait 
 Deformities in hands and feet 
 Family history 

  Fig. 60.2    A 10-year-old    female complaining of bilateral hip pain. AP 
radiograph showed epiphyseal fragmentation and resorption along with 
short, broadened femoral neck and a break in Shenton’s line, similar to 
LCPD. This patient had a family history of multiple epiphyseal 
dysplasia       
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cally. Prior to the availability of magnetic resonance imaging 
(MRI), bone scan was commonly used to diagnose the condi-
tion in the early pre-radiographic stage of the disease. 
Scintigraphy has also been used to classify the severity of the 
disease in the early stages, with grade I representing one- 
fourth epiphyseal involvement and grade IV representing 
complete involvement [ 25 ]. Care must be taken, however, as 

early bone scan may at times suggest a more severe condi-
tion than actually exists. 

 Revascularization during the stages of LCPD has also been 
classifi ed using scintigraphy. Conway [ 26 ] and Tsao [ 16 ] 
classifi ed revascularization as either recanalization of existing 
vessel (the type A track or pathway) or neovascularization – 
new vessel formation (the type B track of pathway). The A 
pathway is characterized by early appearance of a lateral col-
umn formation in the capital femoral epiphysis, indicating 
uncomplicated, rapid revascularization which can take place 
over a matter of days. In contrast, the B pathway is character-
ized by centrally located scintigraphic activity arising from 
the base of the femoral epiphysis and represents a much 
slower process of new vessel formation, which occurs over 
many months to years. This classifi cation scheme precedes 
radiographic changes by an average of 3 months. Unfortunately 
it is possible for the healing pattern to change from the A to B 
pathway, termed the type C pathway. Although rare, this phe-
nomenon makes prognostication diffi cult [ 16 ]. Van 
Campenhout et al. [ 27 ] found a signifi cant correlation between 
vascularization pattern and the Catterall and lateral pillar clas-
sifi cations. They recommended serial scintigraphy in the early 
evaluation of the patient with LCPD. However, the applica-
tion of the classifi cation requires two serial scintigrams and 
the classifi cation lacks validity regarding tissue confi rmation 
of recanalization and neovascularization. Despite the evi-
dence to suggest its utility, the exposure to ionizing radiation 
and the inability to provide cross- sectional imaging are sig-
nifi cant barriers to current wide spread use of this technique, 
in particular as MRI has become more accessible.  

60.3.4     Computed Tomography 

 Computed tomography (CT) is able to provide accurate 
three-dimensional images demonstrating the shape and rela-
tionship of the femoral head and acetabulum and provide 
early diagnosis of bone collapse, curvilinear zones of sclero-
sis, and subtle changes in bone trabecular pattern [ 20 ,  28 ]. 
Although a classifi cation scheme exists for patients with 
LCPD [ 29 ], CT is not typically used on a routine basis to 
evaluate patients with LCPD because of the comparatively 
high radiation dose [ 30 ]. CT may be useful in the later stages 
of LCPD to differentiate between an area of incomplete reos-
sifi cation within the femoral head and a true osteochondrotic 
lesion in symptomatic patients [ 31 ].  

60.3.5     Arthrography 

 Hip arthrography is utilized to demonstrate the dynamic rela-
tionship between acetabulum and femoral head in various leg 
positions. Often in the early stage of LCPD, an increase in the 
medial joint space with concomitant lateralization of the fem-
oral head is observed on plain radiographs [ 32 ]. Arthrography 

  Fig. 60.3    A 5-year-old male complaining of right hip pain for 2 months. 
( a ) AP radiograph shows right femoral head in the initial stage of LCPD 
with increased radiodensity and slight depression of the superior aspect 
of the epiphysis. ( b ) Non-contrast T1 image showing a noticeable signal 
decrease in the right epiphysis but no notable decrease in the left 
epiphysis. ( c ) Contrast-enhanced T1 with subtraction technique showing 
the loss of blood fl ow to the right epiphysis and unsuspected loss of 
blood fl ow to the left epiphysis not detected on the non-contrast images. 
This patient became symptomatic on the left side 5 months later and also 
developed radiographic signs of the initial stage of LCPD on that side       
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has demonstrated that this apparent widened medial clear 
space is due to thickening of the articular cartilage [ 33 ]. 

 Hip arthrography is a useful method generally performed 
in the operating room to assess a patient with moderate to 
severe limitation of hip range of motion. It can provide reli-
able information regarding containment of the femoral head 
within the acetabulum and, specifi cally, information on loss 
of hip containment and hinge abduction, in which the femoral 
head “hinges” out of the acetabulum when the hip is abducted 
[ 9 ]. The degree of reducibility can be determined by the posi-
tion of the femoral head within the acetabulum without 
imposing undue pressure on the lateral edge of the acetabu-
lum [ 34 ]. Hip adductor tenotomy may be performed based on 
hip examination and arthrography to improve hip abduction 
and containment of the femoral head (Fig.  60.1c ). Laredo 
[ 35 ] established an arthrographic classifi cation that identifi es 
fi ve types of hips based on femoral head shape and position of 
the labrum, but this has not been tested prospectively.  

60.3.6     Magnetic Resonance Imaging 

 MRI is an accurate imaging modality for the early diagnosis 
of LCPD. It allows assessment of the extent of femoral head 
ischemia and provides visualization of the cartilaginous por-
tion of the femoral head and acetabulum. Healing can also be 
assessed with MRI and can be seen on T1-weighted images 
as a semilunar, cup-shaped, low-intensity band. The outer 
zone of the repair tissue is of low intensity in both T1- and 
T2-weighted images, delineating living from necrotic bone 
[ 36 – 38 ]. Conventional MRI (non-contrast) has been shown to 
better delineate the extent of epiphyseal involvement than plain 
radiography or pinhole scintigraphy [ 39 ,  40 ]. MRI was found 
to have a diagnostic accuracy of 97–99 %, compared with 
88–93 % for radiography and 88–91 % for scintigraphy [ 41 ]. 

 The varying modalities of MRI, such as perfusion and dif-
fusion MRI [ 42 ,  43 ], delayed gadolinium-enhanced (dGE-
MERIC) [ 44 ,  45 ], and dynamic gadolinium-enhanced 
subtraction (DGS) MRI [ 46 ,  47 ], may offer new insights into 
the pathophysiology and prognostication of the disorder. 
Sebag et al. [ 47 ] demonstrated the utility of DGS MRI for 
early detection of epiphyseal ischemia and variations in 
revascularization patterns. Lamer et al. [ 46 ] compared DGS 
MRI and bone scintigraphy and concluded that there was 
complete agreement between modalities with DGS MRI 
being a nonionizing alternative. Several different reperfusion 
patterns have been identifi ed with DGS MRI, and these pat-
terns mirror those seen with bone scintigraphy. Merlini et al. 
[ 42 ] have compared diffusion-weighted MRI with DGS and 
concluded that diffusion-weighted MRI can help distinguish 
between favorable and unfavorable prognosis in LCPD. 

 In comparison to non-contrast MRI, gadolinium-enhanced 
MRI provides additional information about the status of 
blood fl ow to the affected femoral head. It has been shown to 

detect changes in bone perfusion in the early stages of LCPD 
when radiographic changes are not apparent [ 46 ]. Non- 
contrast MRI relies on signal changes from fat present in the 
epiphysis to detect avascular necrosis. Since it takes weeks to 
months for the fat to degrade and the signal to decrease, false-
negative results from non-contrast MRI have been reported 
in a handful of early presentation cases [ 39 ,  48 ]. For assess-
ing the extent of femoral head necrosis in the early stages of 
LCPD, Kim et al. [ 49 ] found no correlation when comparing 
non-contrast and contrast-enhanced MRIs in patients in stage 
I of LCPD, concluding that these two studies assess two dif-
ferent components of LCPD. Contrast MRI depicting blood 
fl ow provided a clearer delineation between perfused and 
non-perfused regions of the epiphysis and a greater interob-
server agreement between four observers compared to non-
contrast MRI (Fig.  60.4 ). A preliminary study also found a 
correlation between the extent of the epiphyseal perfusion 
in the early stages of LCPD and the development of femoral 

  Fig. 60.4    An 11-year-old female with a history of intermittent right 
hip pain for 2 months prior to the following AP pelvis radiograph ( a ) 
and MRI showing non-contrast coronal T1 FSE image ( b ) and 
corresponding contrast-enhanced subtraction image ( c ). ( a ) AP 
radiograph shows right femoral head ( circle ) is in the initial stage of 
LCPD (stage I) with slightly smaller ossifi c nucleus and increased 
radiodensity without any fragmentation. ( b ) Non-contrast T1 image 
shows decreased signal in the superior region of the femoral head with 
spotty areas of decreased signal within the epiphysis. Percent head 
involvement measured by four observers was 28, 33, 42, and 67 %, 
showing some interobserver variability. ( c ) Contrast-enhanced 
subtraction image shows that most of the epiphysis is lacking contrast 
enhancement (i.e., hypoperfusion). Percent head involvement measured 
by four observers was 77, 78, 80, and 97 %, showing a larger extent of 
involvement than depicted by non-contrast imaging. Better interobserver 
agreement was observed using contrast imaging (From Kim et al. [ 49 ])       
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head deformity at 2-year follow-up suggesting that contrast-
enhanced MRI may provide early prognostic information 
[ 50 ]. Larger and longer follow-up studies are needed to con-
fi rm the clinical utility of contrast MRI.

   Diffusion-weighted MR imaging has been used to evalu-
ate tissue breakdown following ischemia, especially in acute 
stroke [ 51 ,  52 ]. This imaging modality has the ability to 
detect ischemic changes in tissue by measuring microscopic 
alterations in water mobility. In an animal model, diffusion- 
weighted MR imaging appeared sensitive to early ischemic 
changes compared to perfusion MR imaging [ 53 ]. Perfusion 
varies with time from markedly decreased to abnormally 
increased; however diffusion remains increased after the ini-
tial insult [ 54 ]. Yoo et al. [ 43 ] demonstrated that diffusion- 
weighted MR imaging was sensitive to epiphyseal changes 
and could reveal whether there are metaphyseal changes 
developing that are associated with transphyseal reperfusion 
to the epiphysis, increased T2–S1 in the metaphysis and 
focal physeal irregularity in children with LCP. Diffusion- 
weighted MR imaging provides information regarding 
epiphyseal and metaphyseal involvement different than that 
provided by perfusion studies and can therefore may be used 
as a complimentary tool to evaluate ischemic damage in 
patients with LCPD. 

 The role of MRI in the management of LCPD is cur-
rently evolving as MRI techniques and our understanding of 

LCPD evolve. Added advantage of MRI in comparison to 
CT and bone scan is that it is a nonionizing modality that 
has the ability to depict and quantify the loss of femoral head 
sphericity in a three-dimensional model during the early, 
pre- fragmentation stage of LCPD [ 55 ]. The disadvantages 
of MRI are cost, universal availability, and the duration 
of the study often requiring sedation for younger children 
(<8 years).   

60.4     Radiographic Classifi cations and Indices 

 Radiographic classifi cations and quantitative indices for 
LCPD can be divided into three types (Table  60.2 ): those 
that defi ne the stage and progression of the disease (e.g., 
Waldenström staging), those developed to prognosticate 
outcome during the active stage of the disease (e.g., 
Catterall and lateral pillar), and those that assess the short-
term or longer-term outcome (e.g., deformity index and 
Stulberg).

60.4.1       Waldenström’s Radiographic Staging  

 Waldenström [ 56 ] described four radiographic stages of 
disease progression: the initial or avascular necrosis stage 

   Table 60.2    Summary of classifi cations schemes for LCPD   

 Classifi cation  Purpose  Components  Radiographic features 

 Waldenström  Stages of disease progression  1. Initial  1. Increased radiodensity, small ossifi c nucleus 
 2. Fragmentation  2.  Fragmentation and radiolucencies of the ossifi c nucleus due to bone 

resorption 
 3. Reossifi cation  3. Appearance of new bone medial/lateral femoral head 
 4. Healed  4. Normal radiodensity of the femoral head 

 Extrusion index  For prognosis in early 
fragmentation 

 Migration 
percentage 

 1.  Measure amount of femoral extruded lateral to Perkins line on 
affected hip (A) 

 Quantifi es degree of extrusion  Normal 
contralateral hip 

 2. Measure the width of unaffected femoral head along epiphysis (B) 
 3. A/B × 100 = extrusion percentage 

 Catterall  For prognosis in 
mid-fragmentation 

 Group I  1. 25 % involvement 
 Group II  2. 50 % involvement 

 Categorizes the extent of head 
involvement 

 Group III  3. 75 % involvement 
 Group IV  4. 100 % involvement 

 Salter-Thompson  For prognosis in early 
fragmentation 

 Type A  1. <50 % femoral head 

 Extent of subchondral fracture  Type B  2. >50 % femoral head 
 Lateral pillar  For prognosis in 

mid-fragmentation 
 Group A  1. No loss of lateral pillar height 
 Group B  2. Less than 50 % loss of lateral pillar height 

 Height of lateral pillar 
(15–30 % lateral epiphysis) 

 Group B/C  3. 50 % loss of lateral pillar height 
 Group C  4. Greater than 50 % loss of lateral pillar height 

 Stulberg  For outcome and prognosis at 
skeletal maturity 

 Class I  I. Normal hip joint 
 Class II  II. Spherical head with large, short neck or dysplastic acetabulum 

 Sphericity of femoral head  Class III  III. Nonspherical head (ovoid or mushroom) 
 Class IV  IV. Flat head and congruous hip joint 
 Class V  V. Flat head and incongruous hip joint 
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(stage I), fragmentation or resorptive stage (stage II), reos-
sifi cation or healing stage (stage III), and healed stage (stage 
IV). The radiographic features of each stage are described 
in the section below. The duration of each stage is vari-
able from one patient to another. Herring et al. [ 57 ] found 
that time from fi rst radiographic evidence of disease to 
the start of fragmentation had a mean of 6 months (range, 
1–14 months), with the fragmentation stage lasting 8 months 
(range, 2–35 months), and the reossifi cation stage lasting 
51 months (range, 2–122 months). The authors noted that 
the more severe the disease, the longer the duration of each 
stage, particularly the reossifi cation stage [ 58 ].  

60.4.2     Modifi ed Waldenström Staging 
(Elizabethtown) 

 In 2003, Joseph et al. [ 59 ] reported their modifi cation of the 
Waldenström staging described in 1972 by Canale et al. 
[ 60 ]. The modifi ed staging is referred to as the Elizabethtown 
classifi cation. Each of the fi rst original three stages described 
by Waldenström was further subdivided into two substages 
as stages Ia, Ib, IIa, IIb, IIIa, IIIb, and IV. Stage Ia is the 
initial stage of the disease, characterized by sclerosis of the 
epiphysis without any loss of epiphyseal height. In stage Ib 
the epiphysis is sclerotic and there is slight loss of height of 
the epiphysis. In this stage the epiphysis is still in a single 
piece without fragmentation or vertical fracture lines in the 
epiphysis visible on the AP or frog-lateral views. In stage 
IIa the epiphysis shows fragmentation and bone resorption 
seen as radiolucent areas; one or two vertical fi ssures in the 
epiphysis are seen in either view. In stage IIb the fragmenta-
tion of the epiphysis is advanced and the maximum fl atten-
ing of the epiphysis is seen. There is no evidence of new 
bone formation lateral to the fragmented epiphysis. In stage 
IIIa there is evidence of new bone formation (reossifi cation) 
at the periphery of the necrotic fragment; the new bone is 
not of normal radiodensity and covers less than one-third 
the circumference of the epiphysis. In stage IIIb the new 
bone is of normal radiodensity and covers more than one-
third the circumference of the epiphysis. In stage IV the 
healing is complete and there is no radiologically identifi -
able avascular bone. These modifi cations to the original 
classifi cation demonstrated good inter- and intra-observer 
reliability (0.72 and 0.71, respectively) in a review of 610 
patients. Joseph et al. [ 59 ] calculated the duration of the ini-
tial four stages (Ia to IIb) to be approximately 4 months 
each, and the duration of stages IIIa and IIIb was twice and 
thrice that of the preceding stages, respectively. The authors 
found that the greatest amount of epiphyseal extrusion and 
fl attening occurred during late fragmentation, leading the 
authors to recommend that containment surgery should be 
performed prior to stage IIb.  

60.4.3     Lateral Extrusion Index  

 Green et al. [ 61 ] fi rst described the term epiphyseal extru-
sion in their study of 200 children with LCPD in 1981. They 
defi ned the epiphyseal extrusion as the percentage of 
affected femoral head lateral to Perkin’s line, computed by 
dividing the amount of involved femoral head that is uncov-
ered by the width of the  opposite  normal femoral head mea-
sured at the epiphyseal plate. The authors found that the 
medial joint space did not correlate well with the degree of 
epiphyseal extrusion. When the epiphyseal extrusion 
exceeded 20 %, there was only a 15 % chance of good result 
regardless of the treatment or Catterall grade. The prognos-
tic value of the epiphyseal extrusion increased when com-
bined with age. Children less than 8 years and extrusion 
under 20 % had a 56 % chance of good result compared to 
only 13 % chance of good result when the extrusion was 
greater than 20 %. 

 Joseph et al. [ 59 ] further reported the prognostic value of 
epiphyseal extrusion and found a correlation between the 
degree of epiphyseal extrusion and advanced modifi ed 
Waldenström stages. The authors found that extrusion 
increased abruptly during the stage IIb to such an extent that 
by the time the reossifi cation stage begins (stage IIIa), there 
is an unacceptable degree of uncovering of the lateral part of 
the epiphysis in a large proportion of the patients studied. 
The results of this study further support the notion of greater 
than 20 % epiphyseal extrusion being associated with the 
risk of permanent femoral head deformation.  

60.4.4     Catterall Classifi cation  

 The long-term outcome in LCPD is related to the deformity 
of the femoral head and its congruency within the acetabu-
lum [ 62 ,  63 ]. Three radiographic classifi cation systems, 
namely, Catterall, Salter-Thompson, and lateral pillar, have 
been developed as prognosticators of outcome that are to be 
applied at the stage of fragmentation. 

 In 1971, Catterall [ 4 ,  64 ] reported that the extent of femo-
ral head involvement based on epiphyseal collapse was an 
important radiographic predictor of outcome in LCPD. He 
found that femoral head involvement of <50 % (Catterall 
groups I and II) was associated with good outcome without 
specifi c treatment, whereas involvement >50 % (Catterall III 
and IV) was associated with poor outcome. While this 
 classifi cation is conceptually intuitive, its clinical application 
has been hampered by poor interobserver reliability due to 
the categorical nature of the classifi cation and the need to 
wait until the mid-fragmentation (stage IIb) when maximal 
epiphyseal collapse occurs [ 14 ,  65 ,  66 ]. In addition, inter-
preting the head at risk signs is diffi cult [ 65 ]. Despite these 
issues, Catterall’s work was instrumental in developing the 
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concept of stratifying patients according to disease severity 
and attempting to identify reliable prognostic indicators.  

60.4.5     Salter-Thompson Classifi cation  

 In 1984, Salter and Thompson [ 67 ] presented a classifi cation 
based on the extent of subchondral fracture present on the 
AP and lateral radiographs at the early fragmentation stage 
(stage 2a). They reported that the extent of subchondral frac-
ture has a prognostic signifi cance. Their classifi cation con-
sisted of two groups: group A (<50 % of head involvement) 
and group B (>50 % head involvement). One advantage of 
this classifi cation is that subchondral fractures can be 
observed during early fragmentation stage, and therefore this 
classifi cation can be applicable at an earlier time point than 
the Catterall classifi cation. One major limitation of the clas-
sifi cation is that subchondral fracture is only present in about 
30 % of patients at the time of presentation and follow-up.  

60.4.6     Lateral Pillar Classifi cation  

 In 1992, Herring et al. [ 57 ] published the lateral pillar clas-
sifi cation. This was initially based on 93 hips in 86 patients 
with radiographic follow-up at skeletal maturity. The classi-
fi cation was based on an AP X-ray of the hip, and the great-
est involvement within the lateral pillar (15–30 % of lateral 
epiphysis) was used for the classifi cation, applied as the 
femoral head enters the fragmentation stage. The initial clas-
sifi cation consisted of three groups. Herring et al. made a 
modifi cation to their existing classifi cation in 2004 [ 17 ], 
adding an intermediate group B/C border, which includes a 
femoral head with a thin or poorly ossifi ed lateral pillar and 
with a loss of lateral pillar height of 50 %. 

 A strong correlation has been reported between the lateral 
pillar and subsequent outcome [ 68 ]. Several studies have 
demonstrated good results at maturity for group A hips, 
while group B hips had a good outcome if under 9 years of 
age, but less favorable if older than 9 years at onset of dis-
ease. The majority of the group C patients developed aspher-
ical heads at maturity regardless of age of presentation [ 57 , 
 68 ,  69 ]. Compared to the Catterall classifi cation, the lateral 
pillar classifi cation system has been found to have a higher 
interobserver reliability and is a better predictor of fi nal out-
come [ 31 ,  70 – 73 ]. 

 Currently, the most commonly used radiographical clas-
sifi cation systems during the active stage of LCPD to 
 prognosticate outcome are the lateral pillar and Catterall 
classifi cation systems [ 18 ,  50 ,  74 ]. Because these classifi ca-
tion systems are best applied during the stage of maximal 
fragmentation, the timing poses a dilemma for those patients 
presenting in earlier stages when the femoral head cannot be 

accurately classifi ed. Because of the inability to accurately 
classify severity of disease based on presenting radiographs 
in the patients who are presenting in the early stage, a com-
mon management approach has been to observe the patient 
until the fragmentation stage before deciding on a surgical 
treatment. While the “wait-and-classify” approach may pre-
vent unnecessary surgery on patients who would not have 
needed surgery (Catterall group I and II or lateral pillar A) or 
those who would not have benefi ted from it (lateral pillar C), 
a signifi cant amount of deformity can develop in these 
patients which may be irreversible. As a result some centers 
advocate early surgery in older patients (>8 years) rather 
than waiting for the head to deform, because of the decreased 
remodeling potential [ 19 ,  75 ]. These controversies highlight 
the need to develop an earlier prognostic indicator based on 
a more sensitive imaging modality, such as MRI, to assist 
with treatment decisions.  

60.4.7     Stulberg Classifi cation  

 Stulberg classifi cation is the current grading system primar-
ily use for determining the long-term radiographic outcome 
in LCPD [ 62 ]. It classifi es the hip into one of fi ve classes 
according to the radiographic appearance at maturity. In con-
trast to the lateral pillar and the Catterall classifi cations 
which are used in the active stage, the Stulberg classifi cation 
was developed to be used at the healed stage of the disease. 
This classifi cation can be summarized according to the shape 
of the femoral head and its congruency to the acetabulum. 
 Spherical congruency  (classes I and II): 0 and 16 % devel-
oped radiographic signs of arthritis at 40-year follow-up, 
respectively.  Aspherical congruency   (classes III and IV): 58 
and 75 % developed signs of arthritis, respectively.  Aspherical  
incongruency (class V): 78 % developed signs of arthritis 
and some before 50 years of age. Shortcomings of this clas-
sifi cation are poor reproducibility [ 76 ] and categorical sub-
jective measure of outcome rather than a continuous 
quantitative measure [ 77 ]. Modifi cations to the classifi cation 
have been made by some authors, such as decreasing the 
number of categories by combining classes I and II, and 
Classes IV and V [ 15 ], and by using numerical criteria (stage 
IV – greater than 1 cm in weight-bearing zone) [ 17 ] to 
improve the interobserver reliability (Table  60.3 ).

60.4.8        Deformity Index 

 Currently there are few classifi cation systems, which are 
designed to assess outcome before skeletal maturity. Nelson 
et al. [ 78 ] reported on the  deformity index , which is measured 
on plain AP radiographs and applied to patients presenting 
with  unilateral  disease. The deformity index is a continuous 
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measure, which incorporates changes in the femoral epiphy-
seal height and width of the affected femoral head in relation 
to the contralateral, normal femoral head. The authors 
reported good inter- and intra-observer reliability. In the 
study, a deformity index of greater than 0.3 was associated 
with the development of an aspherical head and predicted 
Stulberg III or IV hip with a sensitivity of 80 % and specifi c-
ity of 81 %. At 2 years the authors concluded that the defor-
mity index was a valid and reliable radiological outcome 
measure for unilateral LCPD. It remains to be seen whether 
this index proves to be a reliable indicator of outcome by 
other investigators and in larger prospective studies.  

60.4.9     New Quantitative Measures 
of Deformity and Sphericity 

 Over the last several decades, many attempts have been made 
to quantitatively measure the extent of deformation of the 
femoral head in both the active stage of the disease and dur-
ing the healing phase [ 78 – 81 ]. One of the limitations of these 
measurement tools is assessment of deformation only on the 
anteroposterior radiograph, without assessing deformity on a 
lateral view [ 77 ]. Recently, Shah et al. [ 77 ] described a series 
of quantitative outcome measures (sphericity deviation 
score, composite femoral congruency arc, and extent of fem-
oral head enlargement) which quantifi ed the shape and size 
of the femoral head in two views in individuals with healed 
LCPD. These measures also take into account 
the  femoral-acetabular relationship. In their study, the degree 
of femoral-acetabular congruency was measured (composite 
femoral congruency arc) and found to be highest in Stulberg 
class I hips and lowest in class V hips, with an inverse rela-
tionship existing between the sphericity deviation score and 
the composite femoral congruency arc, indicating that the 
more aspherical the femoral head, the less congruous the hip. 
Continuous outcome measures such as the sphericity devia-
tion score have the potential to have a greater interobserver 
agreement than discrete, categorical outcome measures such 
as the Stulberg classifi cation. Further studies are needed to 

reproduce the results reported by the authors and to validate 
the measures with functional outcome scores.   

60.5     Natural History of LCPD  

 The natural history and prognosis of LCPD is variable. 
Several authors have proposed a combination of the follow-
ing three important factors to stratify prognosis of disease: 
age at onset of the disease, the amount of femoral head 
involvement, and femoral head coverage [ 6 ,  57 ,  61 ,  62 , 
 64 ,  82 ]. Studies on natural history have tried to account for 
these risk factors, yet large numbers of patients are needed to 
make statistical analysis of subgroups meaningful and reli-
able. The few published long-term studies are limited by 
small sample size, loss to follow-up and inclusion of patients 
treated both surgically and nonsurgically [ 82 ]. Results from 
one long-term study from Iowa with a mean follow-up under 
40 years have shown that most patients are asymptomatic 
and remain active despite the presence of femoral head 
deformity [ 63 ]. More recent study with 20-year follow-up, 
however, showed that 59 % of patients had poor or fair Iowa 
hip score (score <80), 39 % had pain daily or several times 
per week, and 44 % had moderate to severe radiographic 
osteoarthritis [ 83 ]. In a long-term study, only 40 % of patients 
had a good level of function at an average of 47 years of 
clinical follow-up [ 84 ]. 

 Age at diagnosis is strongly related to fi nal outcome, with 
a better fi nal outcome occurring in younger children [ 15 ,  57 , 
 62 ,  64 ,  82 ,  85 ]. The relationship between femoral head 
deformity at skeletal maturity and risk of developing osteo-
arthritis is supported by several studies including the study 
by Stulberg et al. [ 62 ], who demonstrated a higher rate of 
premature osteoarthritis in those patients with an aspherical 
femoral head (Stulberg classes III, IV, and V hips). Finally 
epiphyseal extrusion and reduced femoral head coverage is 
an important factor in the deformation of the femoral head 
[ 59 ,  61 ,  64 ]. Greater than 20 % epiphyseal extrusion indi-
cates a poor prognosis.  

60.6     Summary 

 Legg-Calvé-Perthes disease remains a challenging condi-
tion to treat in pediatric orthopedics. Early detection is 
hampered by insidious, nonspecifi c presentation and subtle 
physical fi ndings in the early stage of the disease. As a 
result, early detection of LCPD prior to the development of 
femoral head deformity remains one of the challenges for 
clinicians. Once the diagnosis is suspected, plain radiogra-
phy is used to confi rm the diagnosis and to determine the 
stage of the disease. Several radiographic classifi cations 
have been proposed to determine the prognosis and to assist 

   Table 60.3    Modifi ed Stulberg classifi cation [ 17 ]   

  Class I : Normal femoral head shape and acetabulum 

  Class II :  Spherical femoral head with: coxa magna/coxa breva/or 
acetabular dysplasia. The head fi ts within 2 mm of a 
concentric circle on both views 

  Class III :  Elliptical femoral head (ovoid, mushroom or umbrella, with 
greater than 2 mm of circular deviation). The head does not 
fi t within 2 mm of a concentric circle on either view 

  Class IV :  Flattened femoral head (>1 cm in the weight-bearing 
articular surface) with congruous acetabulum 

  Class V : Flattened femoral head with incongruous acetabulum 
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treatment decision making. However, current radiographic 
classifi cations cannot be applied in the early stages of the 
disease. While several imaging modalities have been 
described to aid in the diagnosis and prognostication of 
LCPD, MRI seems to be the most sensitive and promising 
method to quantify the extent of disease involvement within 
the bone and cartilage of the femoral head, neck, and ace-
tabulum. With techniques such as fat suppression and gad-
olinium-enhanced subtraction MRI, MRI sensitivity for 
early detection of ischemia and delineation of the amount 
of femoral head necrosis has improved. Recent methods to 
quantify femoral head perfusion using gadolinium-
enhanced MRI have demonstrated good utility in small 
pilot studies; however, these new tools need to be further 
validated in prospective, multicentered studies. As our abil-
ity to detect early LCPD improves, a new classifi cation 
may develop to quantify these previously unobserved isch-
emic changes and correlate the degree of ischemic necrosis 
with radiographic and functional outcome.     
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61.1            Introduction 

 Legg-Calvé-Perthes disease  is a challenging condition to 
treat. A wide age, variability in the stage of presentation, and 
the severity of disease, both clinically and radiographically, 
are diverse making it diffi cult to apply a standard algorithm 
to an individual patient who presents to the offi ce. Further 
complicating this, surgeons often disagree on the treatment 
for specifi c patients. Despite all of this, however, there is 
some evidence to help direct the treatment of LCPD. Current 
research concerning the biology of the disease and the poten-
tial for new treatments is also promising. Even though there 
is no resounding consensus of the best treatment of LCPD, 
there is an agreement on the primary goal of treatment – to 
maintain femoral head sphericity or minimize further defor-
mity if already present. Femoral head deformity while toler-
ated in the young patient leads to pain, arthritis, and 
dysfunction in adulthood [ 1 ,  2 ].  

61.2     The Concept of Containment  

 Historically, treatments of LCPD focused on relieving weight 
bearing via wheelchair or bed rest during a long-term inpa-
tient stay until radiographs showed healing. Attempts were 
made to develop devices mimicking non-weight bearing in 
the upright position, such as an ischial seat [ 3 ] and the Snyder 

sling [ 4 ]. Over time the concept of containment evolved 
which is the basis for most current treatments, both operative 
and nonoperative. The concept is rather simple and was best 
articulated by Harrison and Menon in 1966 – “if the head is 
contained within the acetabular cup, then like jelly poured 
into a mold the head should be the same shape as the cup 
when it is allowed to come out after reconstitution [ 5 ].” 

 Earliest containment methods focused on abduction cast-
ing. Recumbent abduction casting is reported to date back to 
1929 by A.O. Parker in Cardiff, Whales [ 5 ], but was popular-
ized in a weight-bearing manner by Gordon Petrie in North 
America [ 6 ]. Signifi cant validity was given to the concept of 
containment with Robert Salter’s work using a piglet model 
[ 7 ,  8 ]. Salter created a Perthes-like condition in immature 
pigs by occluding the arterial supply to the femoral head. 
The pigs were divided into three groups – a normal weight- 
bearing group, a non-weight-bearing group achieved by 
holding the limb in acute fl exion, and a weight-bearing group 
with the limb abducted in a long leg cast. The abduction, 
despite weight bearing, seemed to be the most important fac-
tor in preventing femoral head deformity. 

 Over the years the concept of containment has been 
widely accepted, even though no rigorous scientifi c evidence 
supports it. Both nonoperative and operative treatments have 
been developed in effort to favorably alter the “biological 
plasticity” of the weak femoral head during the active stage 
of the disease (i.e., prior to late reossifi cation and healing) by 
containing it within the acetabulum [ 8 ]. Nonoperative 
options include abduction casting and abduction orthoses, 
both weight bearing and non-weight bearing. Operative 
treatments include femoral osteotomy, acetabular proce-
dures, or a combination of both. 

 Much literature has been dedicated to these treatments, 
but relatively little investigations have been performed to 
validate the effectiveness in actually obtaining containment, 
altering femoral head coverage or relieving mechanical 
forces. Using gait analysis Rab showed that Petrie casts, 
abducting and internally rotating the legs, increased the ante-
rior and lateral coverage of the femoral head [ 9 ]. The Atlanta 
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brace, which holds the hips abducted and externally rotated, 
increased posterior coverage more than lateral. This is not 
ideal as the anterior and lateral aspect of the head is usually 
involved. Reporting or calculating “containment” is diffi cult 
given that the area of the femoral head in contact with the 
acetabulum changes with hip motion; thus parts of the head 
are only “contained” at certain times during gait. Rab devel-
oped the “containment index” to describe the percentage of 
the femoral head that was covered at any point during the 
gait cycle. The Atlanta brace did increase the percentage of 
head coverage during the gait cycle while Petrie casts and the 
Toronto brace did not. However, the Atlanta brace only 
achieved this in hips with good range of motion. In a stiff or 
irritable hip, no cast or brace altered the containment index. 
Rab also showed with computer models that neither a varus 
femoral osteotomy nor a Salter osteotomy alters the mechan-
ical forces or prevents collapse in an extensively necrotic 
femoral head that is still spherical in shape [ 10 ]. Nevertheless, 
clinical research suggests that certain “containment” treat-
ments are effective in altering the natural history of Perthes, 
while others are not, especially if the intervention is  instituted 
early [ 11 ,  12 ].  

61.3     Nonoperative Treatments for 
Legg-Calvé- Perthes Disease 

61.3.1     Symptomatic Therapy 

 Synovitis, especially in the early stages of disease, either is 
painful or produces involuntary guarding of the hip, resulting 
in a limp and loss of hip range of motion. Recommended 
remedies include rest, walking aides such as crutches or a 
walker, wheelchair, anti-infl ammatory medications, and trac-
tion. Evidence to support short periods of rest and walking 
aides is mainly anecdotal but nevertheless seems to provide 
symptomatic improvement and restore motion. A short 
course of nonsteroidal anti-infl ammatory drugs (NSAIDs) 
also helps to reduce hip irritability. Due to NSAIDs 
 interference with new bone formation, the long-term use 
should be avoided whenever possible [ 13 ]. A combination of 
these simple interventions often allows patients to mobilize 
and avoid missing signifi cant periods of school. Even more 
important, improving symptoms and restoring range of 
motion is a prerequisite for containment therapy. Thus, 
symptomatic treatments are typically the initial steps in the 
overall treatment plan for LCPD. 

 Since the active phase of LCPD can last many months, the 
patient and parents must be educated about the prolonged 
course of the disease and a longer-term treatment strategy 
which should be instituted at the early stage of LCPD along 
with the symptomatic treatments based on the age of the 
patient, extent of head involvement, and other prognostic and 

social factors. As a part of a long-term treatment strategy, 
restriction of high impact activities and restricted weight 
bearing should be considered in those patients with poor 
prognosis as we do not have any treatment that can effec-
tively reverse signifi cant femoral head deformity once it 
occurs. 

 Certain patients will not respond to symptomatic treat-
ments and alternative means are necessary to restore hip 
motion. Traction is an effective means to achieve this 
although it is less commonly used today than in the past. In 
the past hospital-based traction was used in the USA and 
Canada; however, this is rather rare now. Home-based trac-
tion is safe, tolerated well by patients and families, associ-
ated with minimal complications and is cheaper [ 14 ]. Skin 
[ 15 ], Russell [ 16 ], balanced suspension or “slings and 
springs” [ 17 ,  18 ] have all been used at different centers. 
Regardless of locale and the exact type, the most effective 
position to decrease intra-articular pressure is slight fl exion, 
abduction, and external rotation [ 16 ,  19 ,  20 ]. Positions of hip 
extension with either internal or external rotation should be 
avoided as these positions can lead to intracapsular pressures 
above systolic pressure [ 20 ]. Motion improvement is seen 
within days [ 16 ], with over 60 % of patients achieving greater 
than 30° of abduction within 13 days [ 15 ]. 

 Loss of motion in the early stages of LCPD is typically a 
result of synovitis and muscle spasm. Restricted motion in 
the later stages (reossifi cation and healed stages) is often 
from femoral head deformity and impingement from coxa 
magna and an overriding greater trochanter. The underlying 
cause of the restriction of motion is a structural one and the 
treatment is entirely different.  

61.3.2     Nonsurgical Containment Modalities 

 Nonsurgical modalities to achieve containment include vari-
ous forms of abduction casting and abduction orthoses. As a 
prerequisite for the initiation and continuation of treatment, 
satisfactory motion, especially hip abduction, must be 
restored and maintained to ensure adequate containment of 
the femoral head and comfort in the brace or cast. Abduction 
casting for containment was as an early treatment for LCPD, 
but most patients were historically restricted to the recum-
bent position in hospitals to avoid weight bearing. Petrie and 
Bitenc popularized the use of weight-bearing casts that 
allowed children to be more active and at home with family 
[ 6 ]. Patients were treated with bed rest or traction until the 
hip could be abducted to 45°, although some patients required 
an adductor tenotomy to achieve this motion. Patients were 
then placed into bilateral long leg casts with two bars holding 
the legs in 45° of abduction and 5–10° of internal rotation. 
These casts, now referred to as Petrie casts, were changed 
every 3–4 months, with a short holiday between casting to 
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ensure knee and ankle range of motion, until the healing 
stage of LCPD. In the original study, the average time in 
Petrie casts was 19 months. Of the 60 patients, 60 % had a 
head with the same radius on both the AP and lateral projec-
tions (good result), 31 % had a head that was within 2 mm of 
the same concentric circle on the two projections (fair result), 
and 9 % had variations greater than 2 mm on the different 
views. 

 With signifi cant alterations to Petrie’s original protocol, 
casting is still a useful treatment modality. As an adjunct to 
casting, the intraoperative arthrogram is obtained to assess 
the femoral head cartilaginous contour, acetabular contour, 
its relationship with the labrum, and its containability at vari-
ous degrees of abduction. Prolonged casting is impractical 
and most surgeons cast for 6–12 weeks to restore hip abduc-
tion and containment in an irritable hip prior to nonoperative 
or operative treatment. 

 A number of weight-bearing orthoses were developed as 
alternatives to long-term Petrie casting. The braces held the 
hips in various degrees of abduction and varied in the control 
of knee motion and hip rotation. The Atlanta Scottish Rite 
orthosis became one of the more popular braces used in 
many centers. Initial results were reported to be positive [ 21 –
 24 ]; however, follow-up studies failed to prove a benefi t 
[ 25 – 30 ]. In addition, one study indicated that bracing 
impacted behavior and academic ability more so than sur-
gery [ 31 ]. 

 One exception to these poor results, is a recent report on a 
25-year experience with an A-frame orthosis [ 32 ]. In this ret-
rospective study, 213 patients (240 hips) were treated with a 
specifi c protocol focused on maintaining motion via home 
exercises and an orthosis until reconstitution of the lateral pil-
lar. All patients were in the necrotic or early fragmentation 
stages. Patients had an examination under anesthesia, adduc-
tor tenotomy if hip abduction was less than 35°, followed by 
Petrie casting for 6 weeks. Patients were then transitioned to 
a custom A-frame orthoses that maintains the hips abducted 
such that the femoral head is covered by the acetabulum. This 
is constructed to hold the hips in internal rotation similar to a 
Petrie cast. The brace was worn for 20 h/day. Hip and knee 
range of motion exercises were performed daily, and weight 
bearing was permitted in the brace. In this study, patients 
were in the brace for an average of 13 months and the average 
follow-up was 7.8 years. A modifi ed Stulberg I or II (grade I, 
normal in appearance; grade II, spherical with mild coxa 
magna, <5 mm loss of epiphyseal height, and no femoral 
neck deformity) result was obtained in all lateral pillar A hips, 
89 % of lateral pillar B hips, and 67 % of lateral pillar C hips. 
In other studies, the patients who develop lateral pillar C hips 
generally had a poor outcome whereas this study showed 
some improvement even in the lateral pillar C hips. 
Furthermore, age was not a factor in the outcome within each 
lateral pillar group and not a single Stulberg V hip was found 

with this treatment regimen. Some limitations of this study 
were that 30 % of the hips were in children under 6 years old, 
which is the age group with more favorable prognosis, and 
the use of less stringent criteria for a Stulberg II hip [ 33 ,  34 ]. 
Disadvantages of this form of treatment include the prolonged 
duration and need for patient compliance over time.   

61.4     Surgical Containment 

61.4.1     Femoral Varus Osteotomy  

 A femoral varus osteotomy has been a common surgical con-
tainment procedure over the years with literature to support 
its use [ 26 ,  30 ,  35 – 43 ] (Fig.  61.1 ). As with all containment 
treatments, adequate motion prior to surgery is a prerequi-
site. If lateral extrusion of the femoral head is present, reduc-
tion of the head within the acetabulum is confi rmed with an 
arthrogram. Hinged abduction  is a contraindication to the 
procedure.

   The mechanism by which the varus osteotomy alters the 
natural history of LCPD is not clear. According to force cal-
culations, reducing the neck-shaft angle from 130° to 110° 
results in only a 14 % reduction in load across the femoral 
head [ 44 ]. A mathematical model indicated that the com-
pressive forces on the epiphysis is three to four times body 
weight during normal gait, even after a varus osteotomy [ 45 ]. 
It remains unclear if the osteotomy stimulates or alters the 
healing process, as studies have confl icting results [ 12 ,  38 , 
 46 – 48 ]. Potential benefi cial effect of varus osteotomy may 
be a combination of biological effect, alternation of the hip 
biomechanics, and forced decrease in the activity level as a 
result of the surgery. 

 While controversial, femoral osteotomy performed in the 
initial stage or early fragmentation stage seems to better 
maintain the sphericity of the femoral head [ 12 ,  26 ,  38 ,  49 ]. 
Axer et al. [ 49 ] noted that only 9 % of patients had a poor 
result if operated on during the initial necrotic stage com-
pared to 14 % during the intermediate fragmentation stage 
and 56 % treated in late regenerative stage. In a more recent 
study, 97 patients in different stages of disease were ana-
lyzed and the only factor under physician control that altered 
the femoral head sphericity was timing of surgery [ 11 ]. The 
same group confi rmed this is a larger retrospective study of 
their patient population of 640 patients [ 38 ]. A concern pre-
viously raised is the possibility of proximal femoral physeal 
closure if the osteotomy is performed too early in the course 
of disease [ 50 ] and the possibility of operating on a patient 
with good prognosis who does not need treatment as it is dif-
fi cult to stratify who needs surgery vs. who does not based 
on X-rays obtained at the initial stage. 

 A potential benefi t of performing the varus osteotomy in 
the initial stage of LCPD is bypassing the fragmentation stage 
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  Fig. 61.1    Eleven-year and 7-month-old male with right hip pain for 
12 months. ( a ) AP pelvis and frog-leg lateral radiographs showing right 
hip LCPD in Waldenstrom stage 2A (early fragmentation stage) with 
some fl attening of the superior region of the femoral head. The lateral 
pillar classifi cation cannot be applied reliably at this stage. ( b ) 
Gadolinium-enhanced MRI with subtraction technique (perfusion 

MRI) showing an absence of perfusion in the central and lateral regions 
of the femoral head (>50 % of epiphysis was hypoperfused). This 
patient was treated with early femoral varus osteotomy (10–15° varusa-
tion) and prolonged toe-touch weight bearing postoperatively. ( c ) AP 
and frog-leg lateral radiographs obtained 3 years postoperatively. The 
patient was performing sports activities and symptom free       
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of disease and shortening the overall duration of disease [ 38 , 
 49 ,  51 ,  52 ]. This decreases the time the femoral head is fragile 
and at risk for deformation. Of 314 patients treated with a 
femoral varus osteotomy, 34 % bypassed the stage of frag-
mentation compared to only 1 of 40 who were treated nonop-
eratively [ 38 ]. It is important to note that the postoperative 
regimen included a prolonged duration of non- weight bearing 
(personal communication from the senior author). The results 
from this study do contradict older reports that femoral oste-
otomy does not alter the rate of disease progression [ 48 ] but 
the timing of intervention and postoperative regimen may 
have been very different between these studies. Incomplete or 
“biologic” osteotomies have also been attempted without 
effect on the duration of disease [ 46 ,  47 ]. 

 Some concerns raised about femoral varus osteotomy are 
the reduction of the abductor lever arm which can potentially 
worsen a limp, shortening of the affected limb, and worsening 
of the overriding greater trochanter and lateral impingement. 
These potential problems are dependent on the amount of var-
usation and the functional state of the proximal femoral phy-
sis. Unfortunately the minimum amount of varus necessary to 
be effective in altering the natural history of LCPD is not 
known. It is important to contain the lateral pillar of the head 
under the acetabulum, and a patient in a later stage of disease 
with greater femoral head deformity may need more varus 
than a patient in the initial stage of disease with minimal 
deformity. The femoral neck-shaft angle does remodel after 
varus osteotomy [ 53 – 55 ] in about 65 % of the patients with 
most improvement occurring in the fi rst 2–3 years [ 56 ]. 
However, this is dependent on the health of the proximal fem-
oral physis, which is diffi cult to predict using plain radiogra-
phy and some patients simply do not remodel at all [ 55 ,  57 ]. A 
recent study of patients who had varus osteotomy in the early 
stage of LCPD found that larger degrees of varus angulation 
was not associated with better Stulberg outcomes leading the 
authors to recommend a mild to moderate 10–15° varus oste-
otomy when performed in the early stage of LCPD [ 55 ]. 

 Some surgeons advocate performing an epiphysiodesis of 
the greater trochanter at the time of femoral varus osteotomy 
or at the time of hardware removal if it is planned within the 
fi rst postoperative year [ 43 ]. The goal is to avoid a relative 
trochanteric overgrowth after a varus osteotomy, especially if 
a growth arrest or disturbance of the proximal femoral physis 
is present. The benefi cial role of the trochanteric epiphysio-
desis and the optimal timing of the procedure is not clearly 
defi ned at this time. 

 Complications of femoral varus osteotomy include 
excessive proximal femoral varus, failure of varus angula-
tion to remodel, limb shortening, limp, overriding greater 
trochanter with lateral impingement, and widened appear-
ance of the hips and fracture after hardware removal [ 54 ]. If 
the hardware is to be removed, it should be done at 6 months 
or later [ 58 ].  

61.4.2     Pelvic Osteotomy 

 Salter’s innominate osteotomy  was initially developed for 
the treatment of congenital hip dislocations [ 59 ]. Salter 
applied this treatment to LCPD to surgically contain the fem-
oral head when extrusion was present [ 60 ]. This was analo-
gous to treating a dysplastic hip with residual subluxation. 
He used this operation in children over 6 years old with mod-
erate to severe involvement and loss of containment. 
Contraindications included patients with femoral head defor-
mity on arthrogram and signifi cant limitation of motion [ 61 ]. 
Threaded pins were used to avoid postoperative casting and 
generally removed at 6 weeks postoperatively [ 18 ]. Patients 
were allowed full weight bearing and activities at 6 weeks 
once the osteotomy healed. Salter and other authors have 
reported improved outcome with the osteotomy over the 
natural history of LCPD [ 18 ,  61 ]. 

 Proposed advantages of Salter’s innominate osteotomy 
are that it does not alter the length of the hip abductor mus-
cles nor shorten the limb as with a varus femoral osteotomy. 
In general, the functional advantage of the Salter’s osteot-
omy over the femoral osteotomy is diffi cult to demonstrate, 
but in severe cases where physeal closure is expected, the 
Salter’s osteotomy leads to a smaller leg length discrepancy 
[ 62 ]. Theoretically, the Salter’s osteotomy can lengthen the 
limb, leading some surgeons to modify the osteotomy by 
recessing the distal fragment into the intact ilium [ 63 ]. 
Complications of the Salter osteotomy include loss of ace-
tabular position, failure of fi xation, decreased range of 
motion, and impingement. Recent recognition of a high 
prevalence of acetabular retroversion in patients with LCPD 
has raised a concern about performing an osteotomy that 
may further contribute to the acetabular mal-orientation and 
femoroacetabular impingement [ 64 – 66 ]. The validity of this 
concern remains unclear. Iatrogenic hinged abduction can 
occur if the Salter does not completely contain the femoral 
head [ 67 ].  

61.4.3     Combined Osteotomies and Triple 
Pelvic Osteotomy 

 For severe disease, some have recommended a combined 
femoral varus and Salter osteotomy to maximize the cover-
age of the necrotic femoral head while balancing the disad-
vantages of each operation [ 68 – 72 ]. The amount of varus can 
be minimized to avoid limb shortening and abductor weak-
ness. The Salter osteotomy correction does not have to be as 
large decreasing the risk of impingement. The clinical merit 
of the combined osteotomy approach compared to single 
femoral or pelvic osteotomy has yet to be determined. 

 The triple pelvic osteotomy  has also been used in the 
treatment of LCPD [ 71 ,  73 – 76 ]. The goal is to provide an 
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adequate femoral head coverage, while avoiding a femoral 
osteotomy. More coverage can be obtained, because the ace-
tabulum is completely freed from the remainder of the pelvis 
[ 71 ]. Wenger et al. [ 71 ] reported on 40 hips in 39 children, 
with 42 % of patients having a Stulberg I or II result and 
58 % a III, IV, or V. When broken down further, 65 % of 
lateral pillar B hips and 12 % of C hips had a Stulberg I or II 
result. Four patients required reoperation, either femoral 
head osteochondroplasty or valgus osteotomy, for hinged 
abduction. The radiographic rate of pincer impingement due 
to over coverage was high [ 77 ].  

61.4.4     Shelf Acetabuloplasty 

 The goal of shelf acetabuloplasty  is to provide added acetabu-
lar coverage over an uncovered femoral head. Originally this 
was used as a salvage procedure to cover deformed femoral 
heads with coxa magna, subluxation, or hinged abduction. The 
indication for this procedure typically occurred in the later 
stages of disease, and the procedure was therefore used after 
attempted nonoperative treatment [ 78 ]. However, some advo-
cated the use of shelf acetabuloplasty as a primary contain-
ment treatment and an alternative to a femoral or innominate 
osteotomy [ 79 – 81 ]. The proposed benefi t of this procedure is 
that the shelf protects the labrum and stimulates acetabular 
growth providing femoral head coverage and preventing the 
development of the femoral head deformity [ 79 ,  81 ,  82 ]. 

 Various techniques for shelf acetabuloplasty have been 
reported including a minimally invasive one [ 79 ,  83 ]. Care 
should be taken to ensure that the graft sits directly on the 
capsule for the shelf to form appropriately and function as a 
support. The ideal location is in line with the subchondral 
bone of the acetabulum. Postoperatively, a spica cast is used 
and protected weight bearing is recommended while the incor-
poration of the graft occurs. Complications of the shelf proce-
dure include resorption of the graft (often if placed too high), 
inadequate coverage, excessive coverage, and impingement. 

 No prospective study evaluating the shelf procedure for 
LCPD has been performed. In one study, there was no evi-
dence to indicate that the procedure prevents the develop-
ment of early osteoarthritis [ 84 ].  

61.4.5     Hip Arthrodiastasis 

 Hip arthrodiastasis  can be considered as a form of weight 
relief while allowing limited hip motion. The indications for 
hip arthrodiastasis and the best time to institute this form of 
treatment remain unclear. In general, the procedure is 
reserved for older children with a poor prognosis (typically 
over 8 years old) or those with signifi cant collapse of the 
femoral head and a stiff hip. Most reports are small case 

series [ 85 – 87 ]. A few series reported promising early results 
with respect to femoral head height during the stage of frag-
mentation [ 86 ,  87 ]. However, a follow-up study on a set of 
those patients at skeletal maturity indicated that seven out of 
ten patients had a Stulberg IV hip [ 88 ]. 

 From the available evidence, arthrodiastasis seems to 
increase hip range of motion and decrease pain. There is no 
literature to support that it has a benefi cial effect on the shape 
of the femoral head at maturity at this time. Some surgeons 
believe that it speeds up the rate of healing, but prospective 
studies have not been performed to support this anecdotal 
observation. Some limitations of this procedure include pin 
site infection, loosening, pain that restricts the duration of 
the treatment, and the need for extensive physiotherapy to 
gain and maintain hip motion.   

61.5     Current Treatment Algorithm 
for Legg-Calvé-Perthes Disease 

61.5.1     Current Best Evidence 

 Our current treatment algorithm is based on two prospective 
studies (level 2 evidence) [ 26 ,  30 ] and two meta-analyses 
with the age at onset of symptoms as a primary factor in 
decision-making in conjunction with the Waldenström stage, 
the amount of head necrosis based on perfusion MRI, and the 
lateral pillar classifi cation if patient presents at the mid- 
fragmentation stage. Herring et al. [ 26 ] reported on 451 hips 
in 438 patients older than 6 years as a part of a multicenter 
prospective study. The study was conducted as a “best effort” 
design such that surgeons chose one of fi ve specifi c treat-
ments (no treatment, range of motion, brace, innominate 
osteotomy, or femoral osteotomy) for all his or her patients. 
Comparisons were made between nonoperative and opera-
tive treatments as there were no statistical differences when 
comparisons were made within each group. For the patients 
with onset of the disease between age 6 and 8 years, the oper-
ative group did not show a statistically signifi cant improve-
ment in the outcome. However, the percent of patients with 
Stulberg I or II outcomes were higher in the operative groups 
compared to the range of motion group (Table  61.1 ). 
Operative treatment signifi cantly correlated with improved 
Stulberg outcome in patients over 8 years old with lateral pil-
lar B or B/C hips (Table  61.2 ). Seventy-three percent of 
patients over 8 years old in the lateral B group treated surgi-
cally had a Stulberg I or II outcome at skeletal maturity com-
pared to only 44 % treated nonoperatively. No difference was 
found between operative and nonoperative treatment for lat-
eral pillar A or lateral pillar C hips. It is important to note 
that 115 of the 120 surgically treated hips were operated on 
during the initial stage or early fragmentation stage, 
before the lateral pillar classifi cation can be  reliably applied 
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(i.e., surgeons did not wait to classify before instituting treat-
ment) [ 89 ] which makes the interpretation of the results 
based on the lateral pillar groups diffi cult.

    Wiig et al. [ 30 ] performed a nationwide prospective 
study of 368 patients (all unilateral) treated in Norway. 
Hips were classifi ed based on a two-group version of the 
Catterall classifi cation (<50 and >50 % involvement) to 
improve the interobserver agreement. The lateral pillar 
classifi cation was also studied. Patients with <50 % involve-
ment were treated with physiotherapy alone. Patients with 
>50 % involvement were treated with physiotherapy, a 
Scottish Rite orthosis, or a proximal femoral osteotomy. 
Surgeons had to choose one of these three treatments for all 
patients under their care. Children under 6 years of age 
were included. While the paper did not specifi cally state the 
timing of surgery, the patients had femoral varus osteotomy 
at the mid-fragmentation stage when the lateral pillar clas-
sifi cation can be applied (personal communication from Dr. 
Wiig). Outcomes were based on the Stulberg classifi cation 
during the healed stage (5-year  follow- up) and not at skel-
etal maturity. Only 15 % had  closure of one or both triradi-
ate cartilages and only 14 % had closure of one or both 
proximal femoral physes. An impressive 97 % of patients 
returned for follow-up at 5 years. The strongest predictor of 
outcome was femoral head involvement followed by age. 
Surgery resulted in statistically signifi cant improvement in 
the modifi ed Stulberg outcome in patients over 6 years of 
age with >50 % head involvement (43 % Stulberg I and II) 
compared to therapy (33 %) and brace treatment (20 %) 
(Table  61.3 ). The effect size of the surgery, however, was 

relatively modest compared to physiotherapy. No stratifi ed 
analysis of patients between the ages of 6 and 8 was per-
formed. The authors recommended a proximal  femoral 
varus osteotomy for patients over 6 years of age at the time 
of diagnosis with >50 % head involvement.

   Two recent meta-analyses support the results of these two 
prospective studies [ 90 ,  91 ]. Saran et al. [ 91 ] reviewed 14 
papers meeting their criteria, which included a total of 1,831 
hips. Only proximal femoral and Salter osteotomies were 
reviewed. Surgery improved femoral head sphericity com-
pared to nonoperative treatment by an odds ratio (OR) of 
1.29. For children under 6 years old, surgery was not benefi -
cial (OR 1.02). For children over 6, surgery improved femo-
ral head sphericity by an odds ratio of 2.05. Based on the 
statistics, surgery seemed to be more benefi cial in patients 
over 8. Despite showing a trend toward improving femoral 
sphericity, the results did not reach statistical signifi cance 
when a subgroup analysis was performed on patients 
aged 6–8. 

 Nguyen et al. [ 90 ] included 23 papers totaling 1,266 hips 
in a meta-analysis. Patients under 6 years of age were 
equally likely to have a successful radiographic outcome 
(Stulberg I or II) with operative or nonoperative treatment. 
However, the patients under age 6 treated with a pelvic pro-
cedure had a fi ve times greater chance of a successful out-
come than patients treated with a femoral osteotomy. For the 
patients over 6 years old, operative treatment was almost 
twice as likely to result in a successful radiographic out-
come. There was no difference between a pelvic or femoral 
procedure in patients over 6 years of age. No difference in 

 Stulberg classifi cation 

 Group  Total  I or II  III  IV or IV   p  value 

 Lateral pillar group B, age 6–8 years 
 Nonoperative  80  61 (76 %)  17 (21 %)  2 (3 %)  0.99 
 Operative  43  33 (77 %)  9 (21 %)  1 (2 %) 
 Lateral pillar group B/C, age 6–8 years 
 Nonoperative  21  6 (29 %)  10 (48 %)  5 (24 %)  0.1 
 Operative  14  9 (64 %)  4 (29 %)  1 (7 %) 

  Reproduced from Herring et al. [ 26 ]  

   Table 61.1    Outcomes for hips in patients 
aged 6–8 years at onset in the lateral pillar B 
and B/C border groups   

 Stulberg classifi cation 

 Group  Total  I or II  III  IV or IV   p  value 

 Lateral pillar group B, age >8 years 
 Nonoperative  62  27 (44 %)  26 (42 %)  9 (15 %)  0.02 
 Operative  33  24 (73 %)  7 (21 %)  2 (6 %) 
 Lateral pillar group B/C, age >8 years 
 Nonoperative  15  2 (13 %)  4 (27 %)  9 (60 %)  0.05 
 Operative  11  0  8 (73 %)  3 (27 %) 

  Reproduced from Herring et al. [ 26 ]  

   Table 61.2    Outcomes for hips in patients 
older than 8 years at onset in the lateral pillar 
B and B/C border groups   
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outcomes was found between males and females, which 
contradicts other studies indicating females have a worse 
prognosis [ 26 ]. 

 Surprisingly, these two meta-analyses only shared two arti-
cles between them. Some differences in the methodologies of 
the two studies were as follows. First, slightly different search 
techniques were used. Second, Saran et al. [ 91 ] looked only at 
femoral and Salter osteotomies, while Nguyen et al. [ 90 ] 
included femoral osteotomy, innominate osteotomy, shelf 
acetabuloplasty, Chiari osteotomy, and combined procedures 
(femoral plus pelvic). Interestingly, the prospective study by 
Wiig et al. [ 30 ] was included in both, while the one by Herring 
et al. [ 26 ] was only included in one meta-analysis. 

 Given the above evidence, we recommend dividing 
patients based on age of symptom onset into the following 
groups – less than 6, 6–8, 8–11, and over 11 years of age. For 
treatment purposes, we consider patients over the age of 11 
to have the worst prognosis. Femoral head ischemia in chil-
dren this age may be more similar to avascular necrosis of 
the femoral head in adults which has a poor prognosis if a 
large area of the femoral head is involved [ 92 – 94 ]. In addi-
tion to age, we consider the Waldenström stage and lateral 
pillar classifi cation, if it can be determined. For patients in 
the initial stage of disease or early fragmentation, when a 
lateral pillar classifi cation cannot be reliably determined, we 
use the extent of femoral head necrosis (i.e., hypoperfusion) 
on a gadolinium-enhanced (perfusion) MRI [ 95 ,  96 ]. In a 
preliminary study, perfusion MRI has been shown to provide 
prognostic information about the disease severity in the ini-
tial stages of disease (see Chap.   60     on diagnosis, imaging, 
and classifi cations). We incorporate age, stage, extent of 
 involvement, range of motion, and social factors to make a 
shared decision with parents to determine the best treatment 
course for each patient.  

61.5.2     Treatment for Children Under Age 6 

 It has long been recognized that age correlates with the 
 long- term outcome of Perthes disease [ 2 ,  97 – 100 ]. The 

assumption is that a younger patient has more potential to 
remodel the deformed shape of the femoral head compared 
to an older patient. Surgery for children under 6 years of age 
is unlikely to be benefi cial as multiple studies have shown no 
difference between operative and nonoperative treatments 
[ 30 ,  33 ,  90 ,  91 ]. Unfortunately, not all patients in this group 
are guaranteed a good outcome. 

 Rosenfeld et al. [ 34 ] reported on 188 hips in 172 patients 
under the age of 6 at onset. The only operative intervention 
was hip adductor release and/or iliopsoas release in patients 
treated with a Petrie cast. Eighty-one percent of patients had 
a Stulberg I or II result at fi nal follow-up and 19 % a Stulberg 
III or IV. Canavese et al. [ 33 ] reported similar results on 166 
hips in patients under 6 years of age. Operative treatment 
was performed on 57 patients, but no difference was noted 
between those treated operatively and nonoperatively. 
Overall, 67 % of patients had a Stulberg I or II hip at skeletal 
maturity and 33 % had a Stulberg III, IV, or V. 

 We follow these patients with a clinical examination and 
AP and frog pelvis radiographs every 4 months in the active 
phase of LCPD. Treatment is focused on pain relief, activity 
modifi cation, and maintaining good hip range of motion 
(Fig.  61.2 ). Short periods of NSAIDs are used when neces-
sary. For signifi cant loss of hip motion and containment, 
Petrie casting followed by an A-frame brace and activity 
restrictions are utilized.

61.5.3        Treatment for Children Aged 6–8 

 Decision-making for patients presenting between the ages of 
6 and 8 years old remains a dilemma since the literature has 
confl icting reports on the success of surgery over nonopera-
tive measures [ 26 ,  30 ,  90 ,  91 ]. One prospective study found 
an increased chance of a Stulberg I or II outcome with a 
femoral osteotomy [ 30 ], while the other found no difference 
between operative and nonoperative treatments for this age 
group [ 26 ]. 

 For the patients presenting in the initial stage of the dis-
ease, our general approach for this age group is to treat non-
operatively, focusing on managing symptoms, maintaining 
range of motion, and restricting running and jumping activi-
ties. For patients with signifi cant decrease in the hip range of 
motion (hip abduction less than 15–20°), non-weight bearing 
on the affected limb or home traction is benefi cial. If lateral 
extrusion is present, we perform a hip arthrogram to deter-
mine if the hip can be contained with abduction casts. When 
abduction with or without an adductor tenotomy provides 
adequate containment, the patient is placed into a Petrie cast 
for 6 weeks. When the cast is removed, operative contain-
ment procedure (femoral osteotomy) or a nonoperative con-
tainment using A-frame orthosis [ 32 ] is offered. Other 
options include prolonged weight relief using crutches or 
wheelchair. 

   Table 61.3    The Stulberg outcomes for patients over the age of 6 years 
old with >50 % of femoral head necrosis   

 Stulberg classifi cation 

 Group  Total  I or II  III  IV or IV 

 Physiotherapy  51  17 (33 %)  14 (27 %)  20 (40 %) 
 Orthosis  25  5 (20 %)  9 (36 %)  11 (44 %) 
 Varus 
osteotomy 

 70  30 (43 %)  32 (46 %)  8 (11 %) a  

  Reproduced from Wiig et al. [ 30 ] 
  a The varus osteotomy group showed better Stulberg results compared to 
the physiotherapy ( p  = 0.001) and the orthosis ( p  = 0.001) group. There 
was no difference between the physiotherapy and orthosis groups 
( p  = 0.36)  
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 Perfusion MRI may be useful if surgical treatment is 
being planned for a patient presenting in the initial or early 
fragmentation stage of LCPD [ 96 ]. Perfusion MRI provides 
information about the extent of femoral head necrosis in the 
initial stage when the lateral pillar classifi cation cannot be 
applied [ 89 ]. For patients with >50 % head necrosis (i.e., 
hypoperfusion), we discuss the option of surgical treatment 
with families. 

 For the patients who present in the fragmentation stage, 
the lateral pillar classifi cation is used to help guide treatment 
[ 26 ]. Lateral pillar A do well without surgery and lateral pil-
lar C hips have poor prognosis regardless of treatment. It is 
the lateral pillar B and B/C which most likely will benefi t 
from surgical treatment. 

 While previous strategies to limit weight bearing by bed 
rest or orthosis have been abandoned [ 3 ,  4 ], there has been 
a recent revival of the recommendation of non-weight 

bearing using crutches or wheelchair either as a nonopera-
tive treatment or an integral part of the postoperative pro-
tocol. Using an immature pig model, Kim et al. [ 101 ] 
showed that local non-weight bearing after ischemic 
necrosis of the femoral head resulted in signifi cantly less 
femoral head deformity than when weight bearing was 
allowed. This form of treatment is prolonged and requires 
good compliance. Unfortunately, compliance to non-
weight bearing may be a challenge to young, hyperactive 
patients.  

61.5.4     Treatment for Children Aged 8–11 

 There is a consensus in the literature supporting surgical 
treatment for patients aged 8–11 years old at onset. Two pro-
spective studies indicate that surgery provides a higher 

a

b

  Fig. 61.2    Five-year and 7-month-old female with left hip pain for 
1 month. ( a ) AP pelvis and frog-leg lateral radiographs obtained at mid- 
fragmentation stage showing lateral pillar B hip. This patient was treated 
symptomatically and with activity restrictions (no running or jumping). 

( b ) AP pelvis and frog-leg lateral radiographs obtained 3 years and 
6 months later. The patient is doing well with full activities and no 
symptoms       
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 statistical chance of a spherical head at skeletal maturity than 
nonoperative treatment [ 26 ,  30 ,  90 ,  91 ]. 

 The patients who present in the initial stage or early frag-
mentation stage are a challenge, since the lateral pillar clas-
sifi cation cannot be applied reliably to predict the prognosis 
[ 89 ]. Given that operating early provides a better chance at a 
spherical head [ 11 ,  38 ], we use a perfusion MRI to assess the 
amount of femoral head necrosis (hypoperfusion). 
Preliminary studies indicate that perfusion MRI provides an 
object measure of femoral head involvement and provide 
information about the prognosis for short-term femoral head 
deformity [ 95 ,  96 ]. Furthermore, by detecting the patients 
with good perfusion, this assessment could potentially 
decrease the number of patients that are “over treated” with 
surgery. We assume that those with greater than 50 % head 
involvement have a worse prognosis and may benefi t from a 
surgical treatment. The validity of this assumption needs to 
be further studied. For those patients with >50 % hypoperfu-
sion at the early stage of LCPD, we recommend a proximal 
femoral varus osteotomy of 10–15° (Fig.  61.1 ). 

 If patients present in the fragmentation stage of LCPD, we 
stratify treatment based on the lateral pillar classifi cation [ 26 ]. 
Patients with lateral pillar A are treated nonoperatively with 
symptomatic treatments. Hip arthrogram, possible hip adduc-
tor tenotomy, and Petrie casting are considered for patients 
with lateral pillar C hip with femoral head extrusion (loss of 
containment) and loss of motion. Following 6 weeks of Petrie 
casting, prolonged bracing with an A-frame brace [ 32 ] 
(Fig.  61.3 ) or prolonged non-weight bearing is considered in 
the lateral pillar C patients to limit additional femoral head 
deformity [ 101 ]. We recommend proximal femoral varus 
osteotomy for lateral pillar B hips. No cast is applied postop-
eratively. Some recommend postoperative prolonged non-
weight bearing until reossifi cation (Elizabethtown stage IIIb), 
with unrestricted activity thereafter [ 12 ,  101 ,  102 ]. Others 
allow weight bearing after 6 weeks when the  osteotomy is 
typically healed. In the studies by Herring et al. [ 26 ] and Wiig 
et al. [ 30 ], a short duration of restricted weight bearing was 
used with 62 and 43 % patients having Stulberg I or II hips, 
respectively. If the hip motion is restricted preoperatively, the 
femoral osteotomy is staged fi rst with a period of rest or Petrie 
casting to improve hip abduction and to decrease the irritabil-
ity of the hip joint. Operating on a stiff, irritable hip without 
staging can lead to persistent stiffness and poor outcome.

61.5.5        Treatment for Children over Age 11 

 The outcomes for patients over the age of 11 are less predict-
able and generally poor. These patients have less growth 

remaining and time to remodel the femoral head. In fact, 
avascular necrosis in these older children may be similar to 
the adult form of disease. Multiple epiphyseal drilling [ 103 ], 
core decompression [ 104 ,  105 ], vascularized fi bular grafting 
[ 106 ], angular or rotational osteotomy, and arthrodiastasis 
[ 85 – 88 ] are some of the treatment options. Unfortunately, 
there is no evidence to support that one treatment is superior 
to others at this time. 

 Joseph et al. reviewed 62 patients who presented with the 
onset of symptoms over the age of 12 years [ 107 ]. No patients 
had a Stulberg I or II result. Three patterns of disease were 
noted. A late-onset pattern was similar to that seen in younger 
children in terms of the Waldenström stages. However, remod-
eling of the femoral head shape did not occur. In the segmen-
tal-collapse pattern, early collapse of an involved epiphyseal 
segment occurred in the weight-bearing area. These hips did 
not follow the normal Waldenström stages, and the height did 
not remodel. Eight of ten had a Stulberg III result with two 
having a Stulberg IV. The destructive pattern was the most 
severe. After resorption, no reparative process or new bone 
formation occurred. These hips tended to subluxate as severe 
deformity developed relatively quickly. Seven patients 
required hip arthrodesis and one an excisional arthroplasty due 
to incapacitating pain. From this series it is clear that older 
patients do not follow the typical pattern of Perthes disease, 
and most have poor clinical and radiographic results. 

 The concept of containment is dependent on new bone 
formation and remodeling after the resorptive phase of osteo-
necrosis. Therefore, adolescents in this age group probably 
do not benefi t from containment strategies. Treatment should 
focus on preventing collapse, stimulating revascularization 
and new bone formation, and preventing deformity before it 
occurs.   

61.6     Treatment for Symptomatic, 
Healed Legg-Calvé-Perthes 

 In general, no active treatment is required once the healed 
stage is reached unless the patient becomes symptomatic. 
It is important to note that many patients function well as a 
teenager or an adolescent despite having a signifi cant femo-
ral head deformity. It is worrisome, however, that many 
patients who develop a Stulberg III, IV, or V hip at skeletal 
maturity have a high rate of hip pain and radiographic signs 
of osteoarthritis as young adults [ 1 ,  2 ]. Lateralization of the 
deformed femoral head with hinge abduction, articular carti-
lage damage, overriding greater trochanter, unhealed central 
osteochondral fragment and premature osteoarthritis are 
some of the potential causes of symptoms at this stage. 

B.D. Martin and H.K.W. Kim



461

  Fig. 61.3    A 10-year-old male complaining of right hip pain for 1 year 
and 2 months. This patient was treated in another institution with phys-
iotherapy and a period of immobilization. When the patient presented 
for a second opinion, he had a very stiff hip with adduction and fl exion 
contracture. ( a ) AP radiograph showing fi xed adducted position of the 
right leg, fragmented and deformed epiphysis with lateral extrusion. 
( b ) MR T1 image showing the depression in the lateral aspect of the 
epiphysis by the lateral edge of the acetabulum. ( c ) Hip arthrogram 

 following hip adductor tenotomy showing the depressed portion of the 
femoral head fi lled with the contrast. This patient was treated with 
6 weeks of Petrie casts followed by A-frame abduction brace (8–12 h/
day) for 8 months and weight-bearing restrictions. ( d ) An example of 
the A-frame abduction orthosis which holds the hips in approximately 
30–35° of abduction and slightly internally rotated or neutral position. 
( e ) AP and frog-leg lateral radiographs obtained 3 years and 6 months 
postoperatively (Figures from Kim [ 126 ])         

a

c

d

b 
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 Hinged abduction occurs when the deformed femoral 
head interferes with abduction and the center of rotation is 
lateralized. The goal of a valgus osteotomy is to redirect the 
deformed femoral head to increase the congruency of the hip 
joint. A valgus proximal femoral osteotomy can improve 
function for patients with hinged abduction [ 108 – 110 ]. 
Unfortunately, longer follow-up has shown a high rate of 
failure and need for reoperation [ 111 ]. 

 Femoral head asphericity, coxa magna, coxa breva, tro-
chanteric overgrowth, femoral retroversion, and acetabular 
retroversion can lead to femoroacetabular impingement 
(FAI) [ 64 ,  112 – 116 ]. Symptoms are usually related to fl ex-
ion activities, even simply sitting in a chair for long periods 
of time. Careful history taking and physical examination 
along with appropriate imaging studies are needed to further 
defi ne the source of the symptoms at this stage. 

 For FAI, conservative treatments include activity modi-
fi cation to avoid high fl exion activities, rest, and anti- 
infl ammatory medications. The surgical hip dislocation 
[ 117 ] as described by Professor Ganz has changed the 
 manner in which FAI is treated, especially in situations 
such as LCPD where a signifi cant deformity is present. 
This approach allows dynamic inspection of impingement 
after arthrotomy and femoral head osteochondroplasty is 
safely performed once the hip is dislocated. A relative 
femoral neck lengthening with trochanteric advancement 
may help with external trochanteric impingement and 
restore length to the hip abductors (Fig.  61.4 ) [ 118 – 120 ]. 
A more aggressive procedure, the central head resection 
has been described as a potential treatment for a saddle-
shaped femoral head [ 120 ,  121 ]; however, its indications 
and effi cacy in delaying end- stage osteoarthritis are 

unknown. To maintain congruency or improve femoral 
head coverage, a Ganz periacetabular osteotomy can be 
performed [ 122 ].

   The only available literature is level IV evidence. These 
small series indicate that surgical hip dislocation and address-
ing the abnormal anatomy can improve pain, motion, and 
function at short term [ 114 ,  123 – 125 ]. It is unknown whether 
these interventions will decrease the rate of osteoarthritis or 
prolong the life of the native hip joint.  

61.7     Summary 

 Perthes is a challenging condition to treat as it affects a wide 
age range of patients who present at different stages of the 
disease with different extent of head involvement and differ-
ent activity levels. With so many variables, the outcome after 
treatment is somewhat unpredictable. Despite these chal-
lenges and our limited ability to predict the outcome, some 
evidence from recent prospective studies and large retrospec-
tive studies provide useful guidance to treatment (Table  61.4 ). 
In general, treatment should be based on age, stage of 
 disease, and amount of femoral head involvement. Since the 
ultimate goal of treatment is to preserve the spherical  femoral 
head shape or to minimize existing deformity, early institu-
tion of a treatment plan to proactively decrease the deform-
ing force on the femoral head and to mechanically protect 
the femoral head via operative or nonoperative means seem 
reasonable for those groups of patients with poor prognosis 
or remodeling potential. Multicenter, prospective studies are 
needed to address the uncertainties and the treatment contro-
versies that are ongoing.

e

Fig. 61.3 (continued)

B.D. Martin and H.K.W. Kim



463

a

b
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  Fig. 61.4    A 17-year-old male with progressive anterior hip pain and 
a positive impingement sign. ( a ) Preoperative radiographs showing 
coxa magna, fl attened femoral head (Stulberg class IV hip), short 
neck, overriding greater trochanter, and hanging rope sign. ( b ) 
Intraoperative photographs obtained at the time of surgical hip dislo-
cation showing deformed, oblong femoral head and labral tear with 

degenerative changes. The patient was treated with femoral head 
osteochondroplasty, acetabular resection with labral repair, relative 
femoral neck lengthening, and greater trochanter advancement dis-
tally. ( c ) Two-year follow-up radiographs performed at age 19 
(Courtesy of Dr. Daniel J. Sucato, Texas Scottish Rite Hospital for 
Children, Dallas, TX)       
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62.1           Introduction 

 Legg-Calvé-Perthes’ disease  (LCPD) was recognized as a sep-
arate disease entity from tuberculosis over 100 years ago by 
Drs. Legg from the USA [ 1 ], Calvé from France [ 2 ], and 
Perthes from Germany [ 3 ]. Despite research efforts to improve 
the knowledge base for this pediatric idiopathic hip disorder, 
LCPD remains one of the most controversial conditions in 
pediatric orthopedics. While two prospective multicenter stud-
ies [ 4 ,  5 ], meta-analyses [ 6 ,  7 ], and some large retrospective 
studies [ 8 – 10 ] provide clinically valuable information about 
the outcomes of current operative and nonoperative treatments 
for LCPD, the optimal way to treat this condition remains elu-
sive. These studies show that the success rates of current treat-
ments, including a femoral varus osteotomy and the Salter 
innominate osteotomy, in producing a round femoral head 
(Stulberg I or II hips) range from 40 to 60 % [ 4 ,  5 ] in those 
children with the onset of the disease after age 8. These results 
point to the clinical need to develop more effective treatments 
including biological treatments to specifi cally target the patho-
logical processes contributing to the femoral head deformity 
and the poor bone healing. This chapter discusses the experi-
mental evidence for using bisphosphonate therapy to treat 
LCPD and the potential limitations of bisphosphonate therapy.  

62.2     Rationale for Antiresorptive Therapy  

 Within the last 10 years, a considerable interest has risen to 
treat LCPD using a biological approach. This approach 
stems from recognition that there is a signifi cant biological 
component to the pathogenesis of the femoral head defor-
mity in the infarcted, immature femoral head [ 11 – 13 ]. This 
has led to the development of biological treatment concept 
for LCPD. The biological concept postulates that therapeu-
tically targeting specifi c biological factors or pathological 
processes contributing to the pathogenesis of femoral head 
deformity will decrease the deformity and improve the out-
come. An imbalance between bone resorption and bone for-
mation during necrotic bone healing has been identifi ed as 
one such process in the experimental studies of ischemic 
osteonecrosis (Fig.  62.1 ) [ 12 ,  14 ]. Increased osteoclast- 
mediated bone resorption and delayed new bone formation 
in the areas of resorption produce a net loss of the trabecular 
bone in the infarcted femoral head and contribute to its 
mechanical weakening [ 12 ,  13 ]. Femoral head specimens 
from the patients with LCPD also show an increased pres-
ence of osteoclasts and an absence of osteoblasts in the 
areas of bone resorption [ 11 ,  15 ]. These fi ndings have led to 
the hypothesis that an inhibition of osteoclastic resorption 
using antiresorptive agents, such as bisphosphonate, will 
preserve the trabecular framework of the necrotic femoral 
head, minimize the femoral head deformity, and maintain 
the trabecular scaffold on which new bone formation can 
occur.
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  Fig. 62.1    An experimental study of the pathogenesis of femoral head 
deformity following ischemic osteonecrosis of the immature femoral 
head in the piglet model. ( a ) Radiographs of the central region of 
immature femoral heads showing a progression of the femoral head 
deformity in the piglet model ( w  weeks following the induction of 
ischemic necrosis). ( b ) A micro-CT image of a central region of the 
femoral head obtained at 3 weeks postischemia showing a circular area 
of bone resorption in the necrotic epiphysis. A radiodense, intravascu-
lar contrast material (microfi l) was infused into the distal aorta before 

imaging to detect revascularization in the necrotic epiphysis. The 
 arrow  is pointing to a vessel with multiple small branches within the 
area of resorption. ( c ) A photomicrograph of a peripheral area of revas-
cularization showing the increased presence of multinucleated cells 
(osteoclasts) and resorption of the trabecular bone (Hematoxylin and 
eosin staining, 20×). ( d ) A photomicrograph of a central area of revas-
cularization showing fi brovascular tissue. The resorbed bone was not 
replaced by new bone (Hematoxylin and eosin staining, 10×) (Figures 
from Kim [ 56 ])       
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62.3        Bisphosphonate Mechanisms 
of Action 

 Bisphosphonates (BPs) are compounds which have a high 
affi nity for bone mineral and are characterized by P–C–P 
bonds [ 16 ,  17 ]. They have two side chains that affect their 
binding affi nity for minerals and their antiresorptive potency 
[ 18 ]. BPs have been used clinically for over 30 years to treat 
various metabolic bone disorders in the adult population. 
Currently, they are also being used in the pediatric popula-
tion for limited clinical indications such as osteogenesis 
imperfecta [ 19 ]. The older BPs are nonnitrogen-containing 
compounds (e.g., etidronate and clodronate), whereas the 
newer BPs are more potent and contain nitrogen (e.g., alen-
dronate, risedronate, pamidronate, ibandronate, and zole-
dronate). Once taken up by osteoclasts, nonnitrogen BPs 
produce toxic analogs of ATP that cause osteoclast apopto-
sis [ 20 ]. Nitrogen BPs act by interfering with a prenylation 
of small GTPase proteins and inhibiting farnesyl pyrophos-
phatase, an enzyme in the HMG-CoA reductase pathway, 
which leads to reduced resorptive activity and accelerated 
apoptosis of the osteoclasts [ 21 ]. While BPs have been used 
to treat osteoporosis, malignancy-induced hypercalcemia, 
Paget’s disease, and other metabolic bone disorders for 
many years and their clinical effi cacy for these indications is 
well documented, the concept of using BPs to treat femoral 
head osteonecrosis is relatively new, and the clinical evi-
dence supporting their use for this indication is only slowly 
emerging.  

62.4     Experimental Evidence for 
Bisphosphonate Therapy 

 There is consistent evidence demonstrating the protective 
effects of bisphosphonate therapy on experimentally induced 
femoral head osteonecrosis. These studies can be divided 
into small and large animal studies [ 22 – 25 ]. 

62.4.1     Small Animal Studies 

 In immature rats, the effects of zoledronic acid (currently the 
most potent amino-bisphosphonate clinically available) were 
studied in a surgically induced osteonecrosis model and in 
spontaneously hypertensive rats that develop a Perthes-like 
osteonecrosis in 50 % of male animals [ 24 ,  25 ]. In the surgi-
cally induced osteonecrosis model, zoledronic acid treat-
ment resulted in signifi cantly greater trabecular bone volume 
and better preservation of the femoral head shape compared 
to the saline-treated animals which showed loss of trabecular 

bone volume and deformation of the femoral head [ 25 ]. The 
best results were obtained when zoledronic acid was admin-
istered both prophylactically (i.e., prior to the induction of 
osteonecrosis) and after the induction of osteonecrosis. 
These animals were observed to have near complete preser-
vation of the femoral head structure. Interestingly, the ani-
mals treated with zoledronic acid after the induction of 
osteonecrosis also showed new bone formation in the femo-
ral heads albeit less than that of the saline-treated animals. 
Similarly, treatment of spontaneously hypertensive rats with 
zoledronic acid increased the bone mineral density and the 
trabecular bone volume in the femoral head and better pre-
served the sphericity of the femoral head [ 24 ]. These animals 
also showed new bone formation in the femoral head albeit 
at a decreased rate than the saline-treated animals. These 
effects of decreased bone formation are consistent with asso-
ciated reduction in bone resorption as the two processes are 
generally coupled.  

62.4.2     Large Animal Studies 

 Similar fi nding on the inhibition of resorption was obtained 
using a large animal model of surgically induced osteonecro-
sis using another bisphosphonate, ibandronate, which is also 
a potent amino-bisphosphonate [ 23 ]. The infarcted femoral 
heads in the ibandronate-treated animals were signifi cantly 
better preserved in terms of the femoral head sphericity and 
the trabecular bone volume. In contrast to the rat study fi nd-
ings, however, the bone formation in the femoral head, as 
assessed by histology and measurement of the osteoblast 
surface (%), was signifi cantly decreased in the saline- and 
the ibandronate-treated animals. The difference between the 
rat and the piglet studies appears to stem from the rapid 
remodeling of the necrotic bone and restoration of new bone 
formation that occurs in the immature rats following osteo-
necrosis which is not seen in the piglet model. In the rat 
study, there was an absence of necrotic bone in the saline- 
treated animals by 6 weeks after the osteonecrosis induction 
[ 24 ]. This fi nding indicates a rapid removal of the necrotic 
bone and replacement by new bone which is not seen in the 
piglet model. The preservation of the necrotic bone follow-
ing bisphosphonate therapy in the piglet model without new 
bone formation occurring raises a concern as the necrotic 
bone preserved by bisphosphonate therapy may eventually 
fail due to the accumulation of microcracks. 

 In addition to the immature animal models, bisphospho-
nate therapy has been shown to increase the bone volume 
and/or to protect the femoral head from deformity in a mature 
rat model [ 26 ], a rabbit model [ 27 ], and a canine model of 
osteonecrosis [ 28 ].  
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62.4.3     Experimental Studies on Local 
Intraosseous Bisphosphonate Therapy 

 It is important to recognize that local bioavailability of 
bisphosphonate for an avascular bone condition is different 
from the conditions where blood fl ow to the bone is not com-
promised. A radioactive bisphosphonate tracing study in the 
piglet model of ischemic necrosis showed preferential binding 
of  14 C-ibandronate in the revascularized regions of the 
infarcted femoral head, whereas binding to the nonvascular-
ized regions of the infarcted head was minimal (Fig.  62.2 ) 
[ 29 ]. This fi nding is not surprising since an analog of bisphos-
phonate, methylene diphosphonate (medronic acid, e.g., tech-
netium MDP), is used as an imaging agent for bone scintigraphy 
based on its chemical property to selectively localize in the 
vascularized regions of the bone. After an intravenous or oral 

administration of bisphosphonate, it is likely that only a very 
small fraction of the dose actually ends up in the necrotic 
bone. Because of this uncertainty, multiple dosing regimens 
are suggested for oral or intravenous administration.

   To overcome the limitation associated with a systemic 
administration, a local intraosseous administration has been 
investigated as an alternate route for the treatment of femoral 
head osteonecrosis. In the piglet model of ischemic necrosis, 
a single injection of  14 C-ibandronate directly into the necrotic 
femoral heads demonstrated a wide distribution of the drug 
within the necrotic head with good retention at 48 h [ 22 ]. 
Furthermore, a single local injection effectively decreased 
the femoral head deformity at 8 weeks postischemia induc-
tion in the piglet model of ischemic osteonecrosis at a dose 
that was only 5 % of the systemic dose used in the previous 
study using the same large animal model (Fig.  62.3 ).
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  Fig. 62.2    An experimental study of bioavailability of bisphosphonate in 
the infarcted femoral heads following intravenous administration in 
immature pigs. ( a ) Autoradiographic images of the three regions (the 
region of necrotic bone, the region of revascularized marrow space, and 
the region of newly formed bone) found in the infarcted femoral heads at 
6 weeks postischemia induction.  14 C-labeled ibandronate was adminis-
tered intravenously 24 h prior to sacrifi ce to determine its localization 

within the necrotic head.  Arrows  indicate the presence of silver grains 
(indicating  14 C radioactivity) on the trabecular surfaces. A dense concen-
tration of the silver grains was present on the newly formed bone but not 
on the necrotic bone. ( b ) A bar graph of mean silver grain counts obtained 
from the background and from the three regions found in the infarcted 
head at 6 weeks.   a   p  = 0.02 vs. background and  p  = 0.05 vs. necrotic region, 
  b   p  = 0.000001 vs. all groups (Figures from Kim et al. [ 29 ])       
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62.4.4        Experimental Studies on Combined 
Antiresorptive and Bone Anabolic 
Therapy  

 An ideal biological treatment for LCPD would be the one that 
not only controls bone resorption (antiresorptive) but also stim-
ulates new bone formation (bone anabolic). Such treatment 
will improve the balance of bone resorption and bone forma-
tion which is severely perturbed in the fragmentation/resorp-
tive stage of LCPD. While the lack of new bone formation 
following the administration of bisphosphonate was observed 
only in the piglet model and not in the rodent studies, the con-
cern has prompted a further study to examine the effects of a 
combined antiresorptive and anabolic therapy on the femoral 
head healing following ischemic necrosis using the piglet 
model [ 30 ]. In this study BMP-2 was used as a bone anabolic 

agent and was administered with ibandronate via a single 
intraosseous injection into the necrotic  femoral heads. In com-
parison to the control group, the combined therapy group had a 
signifi cant decrease in the femoral head deformity and the 
osteoclast number and a signifi cant increase in the trabecular 
bone volume and the osteoblast surface (Fig.  62.4 ). In compari-
son to the local ibandronate treatment group, the combined 
treatment group also had a signifi cantly higher osteoblast sur-
face, suggesting an increased bone formation as a result of add-
ing BMP-2. One cautionary fi nding from this study was the 
presence of heterotopic ossifi cation in the hip joint capsule 
which was postulated to be due to a leakage of BMP-2 into the 
joint during and following the local injection procedure. Further 
studies to determine whether the heterotopic ossifi cation can be 
prevented by lowering the dose of BMP-2, changing the injec-
tion technique, and using another type of BMP are pending.

a

b

c
Saline 560ug Ibandronate

  Fig. 62.3    An experimental study on the effects of local intraosseous 
administration of bisphosphonate in the infarcted femoral heads in imma-
ture pigs. ( a ) A radiograph demonstrating an intraosseous needle placed in 
the central region of the femoral head used to locally deliver bisphospho-
nate. ( b ) Autoradiographic sections from a control femoral head and an 
infarcted femoral head injected with  14 C-ibandronate. A wide distribution 
of  14 C-ibandronate, marked by diffuse staining of the trabecular bone with 

black silver grains, is observed in the femoral head following a single 
intraosseous injection. ( c ) A representative radiograph and photomicro-
graphs obtained from an infarcted femoral head injected with saline ( left ) 
or 560 μg ibandronate ( right ) 7 weeks before the sacrifi ce. The femoral 
head structure and the trabecular bone were signifi cantly better preserved 
in the ibandronate group compared to the saline group (von Kossa and 
McNeal’s tetrachrome staining) (Figures from Aya-ay et al. [ 22 ])       

 

62 Developing Medical Therapy for Legg-Calvé-Perthes’ Disease



474

62.5         Clinical Evidence 

 At this time there is no direct clinical evidence to support 
the use of bisphosphonate therapy to prevent femoral head 
deformity in LCPD. While the use of bisphosphonate 
 therapy for LCPD has been reported from one center in 
Australia [ 31 ,  32 ], clinical studies assessing the effi cacy of 
this treatment have not been performed. However, a 
 randomized clinical trial is underway in Australia 
 comparing intravenous administration of zoledronic acid to 
a standard care (weight- bearing restriction and current 
treatments) for LCPD (Clinical Trial Registration 
ACTRN12610000407099). While direct clinical evidence 
supporting bisphosphonate therapy for LCPD is lacking, a 
limited number of studies on other forms of childhood fem-
oral head osteonecrosis and adult femoral head osteonecro-
sis have been reported. 

62.5.1     Evidence in Adult Femoral Head 
Osteonecrosis 

 In the adult population, at least seven clinical studies on 
patients treated with bisphosphonate for nontraumatic osteo-
necrosis of the femoral head are available [ 33 – 37 ]. In gen-
eral, these studies show some benefi cial effects of 
bisphosphonate therapy on pain, function, and preservation 
of the femoral head [ 33 – 36 ]. Among these studies, one of 
them was a randomized clinical trial involving 40 patients 
(54 hips) with Steinberg IIC and IIIC hips (i.e., pre-collapsed 
femoral heads with >30 % head involvement on the MRI) 
[ 35 ]. In the study, only 2 out of 29 hips required total hip 
replacement following oral alendronate therapy (70 mg 
weekly dosing) for 6 months compared to 19 out of 25 hips 
in the non-treatment group at the minimum follow-up of 2 
years. The short-term results are impressive; however, the 
authors observed no evidence of reduction or resolution of 
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  Fig. 62.4    An experimental study on the effects of a combined local 
bisphosphonate and BMP-2 therapy on the infarcted femoral heads of 
immature pigs. ( a ) Radiographs of the animals treated with  intraosseous 
saline, ibandronate (IB), or IB plus BMP-2. A single injection of respec-
tive agent(s) was rendered 1 week following the induction of ischemic 
osteonecrosis. ( b ) Photomicrographs showing a presence of osteoblasts 

on the surface of the trabecular bone in the IB + BMP-2 group. The 
femoral heads from the saline and the IB groups had a lack of osteo-
blasts on the trabecular surfaces. ( c ) A bar graph showing signifi cantly 
greater osteoblast surface (%), an indicator of bone formation, in the 
IB + BMP-2 group compared to the saline and the IB group (Figures 
from Vandermeer et al. [ 30 ])       
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the necrotic area of the femoral head on radiographs or MRI 
at the fi nal follow-up suggesting that longer follow-up stud-
ies are needed. More recent multicenter, prospective, ran-
domized, double-blinded, placebo-controlled study, however, 
showed no difference between the alendronate treatment and 
the placebo group in terms of the radiographic or MRI results 
at 2-year follow-up [ 38 ]. For both groups the rate of total hip 
replacement at 2-year follow-up was low, 4 out of 32 hips in 
the alendronate treatment group and 5 out of 33 hips in the 
placebo group. These low event rates raise the question of 
whether the patients included in the study had clinically sig-
nifi cant femoral head osteonecrosis as the clinical outcome 
of large femoral head osteonecrosis is generally poor. 
Further, with this low event rate, it is estimated that a sample 
size over 200 patients in each group would be required to 
reach 80 % power. 

 Among the adult studies, the study by Agarwala et al. had 
the longest follow-up [ 34 ] (up to 8 years). In their clinical 
series (level 4 evidence) that included 294 patients (395 hips) 
in Ficat and Arlet stage 1–3, oral alendronate therapy (10 mg 
daily) produced the best results when the treatment was initi-
ated in the early stage of femoral head osteonecrosis (stage 
1). At the mean follow-up of 4 years, 2 % (4 out of 215), 8 % 
(10 out of 129), and 33 % (17 out of 51) of the patients in 
stage 1, 2, and 3, respectively, had a total hip replacement. In 
terms of radiographic progression, 13 % (27 out of 215) of 
the patients in stage 1 and 56 % (72 out of 129) of the patients 
in stage 2 had a radiographic evidence of collapse. Major 
limitations of this study were that the extent of the femoral 
head involvement was not assessed and no controls were 
included in the study to determine the effi cacy of the 
treatment.  

62.5.2     Evidence in Childhood Femoral Head 
Osteonecrosis 

 In children, bisphosphonate therapy has been used to treat 
LCPD [ 31 ,  32 ], traumatic osteonecrosis [ 39 ], and osteone-
crosis as a complication of chemotherapy for childhood leu-
kemia and non-Hodgkin lymphoma [ 40 – 42 ]. The numbers 
of patients treated with bisphosphonate therapy in these stud-
ies are small, and the level of evidence is restricted to case 
reports, case series, or observational studies. The follow-up 
duration of these studies has also been short. In a small num-
ber of patients with LCPD ( n  = 17), the systemic effects of 
intravenous bisphosphonate have been reported [ 31 ]; how-
ever, its effect on the preservation of the femoral head has yet 
to be reported. A prospective case series of traumatic osteo-
necrosis due to unstable SCFE, hip fracture, or dislocation in 
adolescents showed that the patients treated with intravenous 

bisphosphonate (pamidronate or zoledronic acid) did better 
than expected from historical controls at the minimum fol-
low- up of 2 years [ 39 ]. Nine out of 17 patients had a spheri-
cal femoral head and 14 out of 17 patients were pain free. 
The mean Harris hip score, Iowa hip rating, and global 
PODCI score were 91.2, 92.1, and 91.5, respectively. This 
study, however, did not have a control group. In an observa-
tional study of 17 patients with osteonecrosis as a complica-
tion of chemotherapy for childhood leukemia [ 41 ], 
improvements in the pain scores, analgesic requirement, and 
function were found in the nine patients who received 
bisphosphonate therapy, while seven of eight patients who 
did not receive bisphosphonate therapy showed clinical dete-
rioration. A radiographic benefi t of the therapy, however, 
could not be demonstrated. Another small study of child-
hood leukemic patients found a reduction of pain and 
increased mobility in four of the six patients treated with 
pamidronate for 2 years [ 42 ]. Pamidronate therapy, however, 
did not prevent late bone collapse as three of the six patients 
had a progression and required hip replacement. A more 
recent study of pediatric oncology patients treated with zole-
dronate found that only 25 % patients have a spherical femo-
ral head and pain free at the end of treatment, 25 % had hip 
arthroplasty, and 50 % had ongoing pain and disability that 
was expected to lead to hip arthroplasty [ 43 ].   

62.6     Potential Limitations of 
Bisphosphonate Therapy for LCPD 

 Potential limitations of bisphosphonate therapy for the treat-
ment of LCPD include no direct mechanical enhancing effect 
and unknown long-term effects on the growing skeleton. 
These are in addition to a limited distribution of bisphospho-
nate in the necrotic bone following oral or intravenous 
administration and a lack of bone anabolic effect discussed 
in previous sections. 

 Experimental studies show that ischemic osteonecrosis of 
the immature femoral head produces mechanical weakening 
of the femoral head through weakening of the cartilage and 
bone [ 13 ,  44 ]. It is unlikely that bisphosphonate therapy will 
have an immediate effect on restoring the mechanical prop-
erties of the necrotic femoral head as the mechanical restora-
tion bone strength will depend on the healing process and 
new bone formation which will take time. During this time, 
a protected weight bearing and restriction of activities should 
be considered even if bisphosphonate therapy is initiated as 
the femoral head will be mechanically compromised. It is 
important to note that even with normal activities, consider-
able hip joint loading occurs [ 45 ]. When local non-weight 
bearing was compare to weight bearing as tolerated in the 
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piglet model of ischemic osteonecrosis, signifi cantly less 
femoral head deformity was observed in the animals treated 
with local non-weight bearing [ 46 ]. Clinical studies on non- 
weight bearing, however, are limited, and the results are 
inconclusive due to study design weaknesses such as a lack 
of documentation of compliance to non-weight-bearing 
treatment, retrospective study design, small sample size, and 
no controls. Since the healing process can be prolonged, 
especially in older patients with LCPD, a treatment regimen 
that combines mechanical protection with biological treat-
ments to control bone resorption and to stimulate new bone 
formation may provide the best long-term results. 

 In general, severe adverse effects due to bisphosphonate 
therapy in children are uncommon when the drug is used 
judiciously [ 31 ,  39 ,  47 ,  48 ]. However, one of the unresolved 
questions is what are the long-term effects of administering 
repetitive doses of bisphosphonate to a normal growing skel-
eton? Since LCPD is a self-limiting disease, it is argued that 
the duration of bisphosphonate therapy required will not be 
as long as the other conditions that are more chronic in 
nature, like osteogenesis imperfecta, and the drug may only 
be required in the initial and resorptive stages of the disease, 
which would range from 1 to 2 years. It is also argued that if 
a local administration is used, the exposure of the drug to the 
rest of the skeleton will be signifi cantly less [ 22 ]. 

 Some data on the systemic and skeletal effects of 
 bisphosphonate therapy in children with osteogenesis imper-
fecta have been reported [ 49 – 51 ]; however, such data on 
children with normal skeletons are scant. Bisphosphonates 
have been shown to decrease the long bone growth in some 
animal studies [ 23 ,  52 – 54 ] but not in others [ 55 ]. The growth 
inhibition is postulated to be a dose-dependent effect seen in 
the studies where repeated administration of relatively high 
dose of bisphosphonate was administered in fast growing 
animals. In the limited number of clinical studies that are 
available, the growth inhibition has not been observed [ 31 , 
 47 ,  48 ]. These studies, however, had a relatively small num-
ber of patients and a short follow-up to be considered conclu-
sive. In a cohort of 18 children treated for polyostotic fi brous 
dysplasia with pamidronate for 1.2–9.1 years (median 
3.8 years), no signifi cant change in their height  Z -scores was 
observed [ 48 ]. A recent review of 17 patients with LCPD 
treated with zoledronic acid also found maintenance of the 
height  Z -scores over an 18-month period of the study [ 31 ].  

62.7     Summary 

 Recent multicenter prospective studies show that current 
treatments for LCPD produce modest results. These studies 
clearly demonstrate the need to develop more effective 
treatments for LCPD to prevent the femoral head deformity 
and improve the outcome. A pathological repair process 

marked by an imbalance of bone resorption and bone forma-
tion has been recognized as a signifi cant contributor to the 
pathogenesis of the femoral head deformity. A biological 
approach using bisphosphonate therapy to inhibit the patho-
logical bone resorption shows improved preservation of the 
necrotic bone and the femoral head structure. While the 
results from the experimental studies are promising, well-
controlled clinical studies are required to determine the 
clinical effi cacy of this treatment. Further experimental and 
clinical studies are also needed to delineate the long-term 
effects of bisphosphonate therapy on the remodeling of the 
necrotic bone and on the remodeling of the growing skele-
ton. Potential limitations of bisphosphonate therapy include 
decreased distribution within the necrotic femoral head with 
systemic administration, no immediate mechanical protec-
tive effect on the necrotic femoral head, and a lack of bone 
anabolic effect (i.e., stimulation of new bone formation). A 
combined antiresorptive and bone anabolic approach aimed 
at preserving the femoral head bone mass while increasing 
new bone formation is the subject of current experimental 
investigation.     
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63.1            Introduction 

 Corticosteroids are potent anti-infl ammatory drugs used to 
treat various adult and pediatric medical conditions. More 
than 30 million Americans receive corticosteroids as part of 
their treatment protocols for acute and chronic illnesses [ 1 ,  2 ]. 
Use of systemic corticosteroids in children has been most 
thoroughly studied in patients treated for acute lymphocytic 
leukemia (ALL), systemic lupus erythematosus (SLE), and 
renal transplant. In the case of ALL, the addition of corticoste-
roids to antileukemic protocols has been shown to improve the 
remission rate [ 3 ]. Current treatment protocols characterized 
by chemotherapy intensifi ed by higher-dose corticosteroids 
are thought to be partly responsible for improved outcomes 
in ALL with cure rates ranging from 70 to 90 % [ 3 – 7 ]. In 
pediatric SLE, long-term survival has improved dramatically 
as corticosteroids have become the mainstay of treatment [ 8 ]. 
Depending on the specifi c disease and severity, the length of 
treatment ranges from days to years to a lifetime of use. As 
with many medications, chronic use may result in adverse side 
effects. Such effects of corticosteroids have been described in 
multiple organ systems including the musculoskeletal system 
[ 9 ]. The specifi c effect of hypercortisolism on bone was fi rst 
recognized as a feature of Cushing’s disease. Since that time, 
the cause-effect relationship between corticosteroid treatment 
and bone disease such as osteoporosis, fractures, and osteone-
crosis has become more clearly established [ 10 – 12 ]. 

63.1.1     Corticosteroids  and Bone-Related 
Side Effects 

 Various forms of corticosteroids are used in medical and che-
motherapy protocols. Each form has unique  potencies and 
durations of treatment. In pediatric conditions, the most com-
monly prescribed systemic corticosteroids include  prednisone, 
methylprednisolone, and dexamethasone. Dexamethasone has 
been shown to have enhanced antileukemic effect as com-
pared to prednisone and has become a centerpiece in many 
ALL treatment protocols [ 13 ]. There is confl icting evidence 
as to whether its increased antileukemic activity also results 
in increased toxicity and adverse effects. Van Beek et al. 
found no difference in bone mineral density in ALL survivors 
treated with dexamethasone or prednisolone [ 14 ]. Similarly, 
Sala et al. found no difference in skeletal toxicity between the 
two drugs [ 15 ]. Other studies, however, have shown increased 
rates of fractures and osteonecrosis in patients treated with 
dexamethasone [ 16 ,  17 ]. One of the most severe and debili-
tating long-term complications of corticosteroid treatment is 
osteonecrosis. Regardless of the underlying disease or type 
of corticosteroid, osteonecrosis may result in great morbidity 
and impairment in survivors of these complex medical prob-
lems. Despite increased awareness of the association between 
osteonecrosis and corticosteroid treatment, the pathophysiol-
ogy is unclear and treatment efforts have had a modest effect 
in improving the outcome.   

63.2     Epidemiology of Corticosteroid- 
Associated Osteonecrosis  

 In adults, corticosteroids have been shown to be the most 
common cause of nontraumatic osteonecrosis, having that 
effect in up to 40 % of patients treated [ 18 – 20 ]. The reported 
incidence of osteonecrosis in pediatric patients treated with 
corticosteroids ranges between 0.43 and 50 % and is depen-
dent on multiple factors [ 2 ,  16 ,  21 – 28 ]. Patient factors such 
as age, sex, ethnicity, body mass index, underlying disease, 
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and genetic polymorphisms have been shown to have vari-
able effects on the incidence of osteonecrosis in children. 
Incidence is also affected by whether studies report symp-
tomatic patients only or include asymptomatic patients. 
Additionally, treatment factors such as type of corticosteroid, 
daily dose, cumulative dose, maximum dose, and route of 
administration appear to infl uence the risk of osteonecrosis. 

63.2.1     Osteonecrosis in Acute Lymphocytic 
Leukemia (ALL ) Population 

 The lower range of incidence (0.43–9.3 %) has been shown 
in various studies reporting on symptomatic osteonecrosis in 
ALL patients. The Children’s Cancer Group reported that the 
3-year incidence of osteonecrosis in patients treated for ALL 
was 9.3 % [ 22 ]. In that series, age was an important variable. 
Only 1 % of patients in the age range of 1–9 years developed 
osteonecrosis, whereas 14.2 % of patients in the age range of 
10–20 years developed osteonecrosis. Additionally, there 
was a higher rate of osteonecrosis in those patients treated 
with higher doses of dexamethasone, those that received 
continuous compared to discontinuous therapy, and those 
that received double compared to single pulses of corticoste-
roids. Arico et al. reported their experience with patients 
treated with the AIEOP-ALL 95 protocol [ 23 ]. Their popula-
tion exhibited a 5-year incidence of osteonecrosis of 1.6 % 
with higher risk in females and patients older than 10 years. 
The Childhood Cancer Survivor Study reported long-term 
follow-up data with an incidence of 0.43 % at 20 years from 
diagnosis [ 2 ]. Older age was also a risk in this group as the 
incidence was 2.8 % in patients older than 16 years. Other 
risk factors identifi ed included specifi c diagnoses (leukemia, 
lymphoma, and sarcoma) and history of stem cell transplant. 
Specifi c corticosteroid protocol is also important as they 
reported that patients treated with dexamethasone were 30 % 
more likely to have osteonecrosis than those treated with 
prednisone. The lower incidence in these studies may be 
from underestimation of osteonecrosis as a result of the ret-
rospective nature of the study which relied on patient self- 
reporting of complications. Finally, a prospective study from 
the Dutch Child Oncology group reported the incidence of 
symptomatic osteonecrosis to be 6.1 %. This study found 
increased risk in females, but no difference for type of corti-
costeroid used [ 28 ].  

63.2.2     Prevalence of Asymptomatic 
Osteonecrosis 

 When MRI is used to diagnose osteonecrosis, the incidence 
increases in patients treated with corticosteroids for all 
underlying diseases. MRI is highly sensitive for detecting 

bone necrosis which improves the ability to diagnose even 
preclinical and often asymptomatic lesions. Kawedia pro-
spectively screened 364 ALL patients with MRI and found 
that 54 % had asymptomatic grade 1 osteonecrosis and 
17.6 % had symptomatic grades 2–4 lesions [ 27 ]. Thus, the 
overall prevalence of any osteonecrosis in this prospective 
study was about 72 % using the Total XV protocol for the 
treatment of ALL. Other MRI screening studies of patients 
treated for ALL have reported rates of 15 and 38 %, many of 
which were asymptomatic [ 24 ,  29 ].  

63.2.3     Risk Factors for Corticosteroid- 
Associated Osteonecrosis 

 The wide range of incidence of corticosteroid-associated 
osteonecrosis demonstrates that pathogenesis is likely multi-
factorial. Several factors specifi c to the patient, underlying 
disease, and treatment protocol are commonly reported as 
risk factors (Table  63.1 ). Most studies agree that the most 
important risk factors are older age and sustained large doses 
of corticosteroid [ 19 ,  30 ].

   Age is an important risk factor as 44.6 % of patients older 
than age 10 years developed symptomatic osteonecrosis 
as compared to only 10 % in patients less than 10 years old 
(odds ratio 4.85) in ALL population [ 27 ]. Shigemura et al. 
[ 31 ] reported that adolescents and adults with SLE have an 
increased risk compared to pediatric patients with an odds ratio 
of 13.3. Nakamura reported incidence in SLE of 6 % in pedi-
atric patients and 49 % in adolescents [ 21 ]. In that study, there 
were no patients under age 14 with osteonecrosis. The reason 
for this difference can only be speculated. It may be related 
to more abundant vascular supply in the skeletally immature 
femoral head allowing for greater collateral circulation and 
resistance to vascular disruption or a difference in drug kinetics 
and metabolism related to age. In a follow-up study, Nakamura 
et al. reported that in the fi rst and fourth months after initiation 
of corticosteroid treatment, the perfusion to the growth plate 
and the entire femoral head, respectively, was greater in pediat-
ric patients than in adult patients [ 32 ]. 

   Table 63.1    Risk factors for corticosteroid-associated osteonecrosis   

 1.  Patient specifi c  
 Older age 

 2.  Disease specifi c  
 Renal failure/transplant 
 SLE 

 3.  Corticosteroid specifi c factors  
 Greater individual dose 
 Greater cumulative dose 
 Longer duration of therapy 
 Dexamethasone (vs. prednisone) 
 Systemic administration 
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 The incidence of corticosteroid-associated osteonecrosis 
has also been shown to vary depending on the underlying 
disease. This would suggest that the disease itself has an 
infl uence on the incidence of osteonecrosis, making it diffi -
cult to discern the risk arising from the disease process itself 
and from the use of corticosteroids in treatment. This is best 
illustrated in the case of patients with renal insuffi ciency and 
transplant. The disease process itself results in renal osteo-
dystrophy which may increase the risk of osteonecrosis 
whether the patient is being treated with corticosteroids or 
not [ 18 ]. In a prospective MRI study, Shigemura et al. [ 31 ] 
reported that the overall incidence of osteonecrosis was 
higher in SLE patients than in non-SLE patients (37 % vs. 
21 %) regardless of age and that the SLE population had a 
higher rate of osteonecrosis of the femoral head than other 
locations. Among pediatric patients specifi cally, there was 
no difference between the SLE and non-SLE groups. 

 In patients treated with allogenic bone marrow transplant 
for diagnoses such as CML, ALL, AML, and SAA, the inci-
dence of osteonecrosis has been reported to be between 4.3 
and 24.2 % [ 33 ]. In this patient group, exposure to cortico-
steroids is the factor most strongly correlated with risk of 
osteonecrosis [ 34 ]. This is likely due to the long-term need 
for corticosteroid treatment for prevention of graft vs. host 
disease. 

 Treatment factors such as type of corticosteroid, daily 
dose, cumulative dose, maximum dose, and route of admin-
istration have been shown to infl uence incidence of 
corticosteroid- associated osteonecrosis. For most diseases 
studied, there is little consensus as to the risks inferred by 
specifi c treatment protocols. There appears to be, however, a 
signifi cant infl uence on the incidence of osteonecrosis by the 
underlying disease as well as the corticosteroid type and dos-
ing parameters.  

63.2.4     Effects of Dosing, Type, and Route of 
Administration of Corticosteroids 

 In studies of pediatric patients treated for ALL, there is an 
increased incidence of osteonecrosis in patients undergoing 
chemotherapy utilizing higher cumulative doses of cortico-
steroids and longer duration of therapy [ 23 ,  35 ,  36 ]. Mattano 
et al. [ 22 ] reported a 1.4-fold increase in osteonecrosis in 
patients that underwent two pulses of dexamethasone as com-
pared to those receiving just one. Onset of osteonecrosis is 
typically within the fi rst few years of therapy suggesting that 
after the patient reaches a certain posttreatment interval, there 
is little risk of developing subsequent osteonecrosis [ 16 ,  25 , 
 26 ]. In a 20-year follow-up study of ALL patients, Kadan-
Lottick [ 2 ] demonstrated that the cumulative incidence con-
tinues to increase with time for years after treatment. Sixty-six 
percent of patients were diagnosed with osteonecrosis 

between 5 and 20 years after initiation of treatment. There is 
confl icting evidence as to whether or not the type of cortico-
steroid used infl uences the rate of osteonecrosis [ 15 – 17 ]. 
Pediatric patients in the Childhood Cancer Survivor Study 
were 30 % more likely to have osteonecrosis if treated with 
dexamethasone than if treated with prednisone [ 2 ]. As far as 
route of administration, systemic dosing of corticosteroids 
appears to have the strongest association with osteonecrosis. 
There are no reported cases of osteonecrosis associated with 
the use of topical or inhaled steroids alone [ 37 ]. 

 Since asthma is a common diagnosis in the pediatric pop-
ulation, the risk of osteonecrosis from inhaled steroids is of 
particular concern given the possibility for sizeable cumula-
tive doses over time. In a review of the literature, Powell 
found only four case reports of osteonecrosis related to 
inhaled steroid use. It is diffi cult to conclude from this any 
risk directly related to inhaled agents because all four patients 
were also treated with oral steroids [ 37 ]. 

 Various animal studies have shown associations between 
dosing and occurrence of osteonecrosis. In a rabbit model, 
Motomura et al. [ 38 ] gave doses of 1, 5, 20, and 40 mg/kg of 
methylprednisolone which resulted in 0, 42, 70, and 96 % 
incidence of osteonecrosis, respectively. Yamamoto et al. 
[ 39 ] reported that 43 % of rabbits who received pulsed doses 
of 20 mg/kg methylprednisolone acetate developed osteone-
crosis in multiple sites as compared to those receiving lower 
doses. Finally, Yang et al. [ 40 ] demonstrated that continuous 
dexamethasone treatment was more osteonecrotic than dis-
continuous treatment in a mouse model.   

63.3     Mechanisms of Corticosteroid- 
Associated Osteonecrosis 

 Multiple hypotheses have been proposed regarding the 
mechanism(s) and pathogenesis of corticosteroid-associated 
osteonecrosis . Most involve the complex cellular, hemato-
logic, and immunologic effects of corticosteroids including 
their ability to infl uence gene transcription involving apopto-
sis (programmed cell death), immune function, lipid metabo-
lism, and coagulation. These mechanisms alter not only bone 
cell function and survival but also other cells including vas-
cular endothelial cells. Coagulation factors and lipid metabo-
lism are also affected by corticosteroids. In addition, genetic 
polymorphisms may affect individual susceptibility to any of 
the proposed mechanisms. Likely, no single mechanism can 
be the culprit for such a complex pathogenesis. Instead, it is 
more likely the result of a multifactorial etiology consisting 
of variable effects from multiple mechanisms each having 
different contributions based on the underlying condition 
and genetic predisposition [ 18 ]. Regardless of the complex 
steps that initiated it, a common pathway in corticosteroid- 
associated osteonecrosis is cell death and compromised 
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blood fl ow to the bone. This results in bone necrosis, edema, 
bone weakening, subchondral fracture, destruction of bony 
architecture, and femoral head collapse. 

63.3.1     Effects on Bone Cells 

 Corticosteroids have both direct and indirect effects on bone 
cells (osteoblasts, osteocytes, and osteoclasts). They have the 
ability to affect both cell proliferation and survival through 
their interaction with glucocorticoid receptors and their 
effect on lipid metabolism. Glucocorticoid receptors have 
been found in osteoblasts, osteocytes, osteoclasts, and chon-
drocytes both in vitro and in vivo [ 41 – 44 ]. Binding of gluco-
corticoids to their receptors results in expression or 
suppression of various transcription factors that act to modu-
late the mediators of the immune system. This effect on the 
immune system commonly occurs through the Fas apoptotic 
pathway. The Fas pathway initiates a caspase cascade 
 resulting in apoptosis of immunogenic cells [ 45 ]. This is the 
basis for the use of steroids as anti-infl ammatory agents. 
Since osteoblasts, osteocytes, and osteoclasts all have gluco-
corticoid receptors, they too can undergo apoptosis through 
the activation of this pathway resulting in decreased bone 
formation and turnover [ 11 ,  46 ]. Steroid-induced bone loss 
may also be due in part to its seemingly contradictory effect 
of increasing osteoclast survival [ 47 ] through increased 
tumor necrosis factor (TNF-α) ligand and receptor activator 
of NF-κB ligand (RANKL) [ 48 ]. Repair processes may also 
be hindered as osteocyte apoptosis can result in disruption of 
the osteocyte mechanosensory network [ 49 ].  

63.3.2     Effects on the Vascular System 

 Glucocorticoids have signifi cant effects on the vascular sys-
tem architecture and physiology. These effects are mediated 
by action directly on the vascular endothelial cells as well as 
on vasoactive substances that balance vascular tone. 
Corticosteroids can cause direct endothelial cell injury 
resulting in decreased number of functional microvessels 
[ 50 ,  51 ]. This may lead to decreased blood fl ow to the femo-
ral head [ 52 ]. PGI 2  is produced mainly by vascular endothe-
lial cells, and damage to these cells decreases the availability 
of this potent vasodilator and inhibitor of platelet aggrega-
tion. This results in increased vascular resistance, increased 
thrombin, platelet aggregation, thrombosis, and decreased 
blood fl ow [ 1 ,  53 ]. The number and function of circulating 
endothelial progenitor cells have also been shown to be 
reduced in patients with osteonecrosis, decreasing this sys-
tem’s ability to repair itself [ 54 ]. 

 Corticosteroids also affect blood fl ow by altering the 
availability of and responsiveness to vasoactive substances. 

Nitric oxide, endothelin, bradykinin, and prostacyclin are 
produced by vascular endothelial cells and stimulate contrac-
tion and relaxation of vascular smooth muscle. This results 
in subsequent changes in vascular tone. Corticosteroids can 
induce overproduction of oxygen free radicals which inacti-
vate and decrease production of nitric oxide. This is further 
potentiated as corticosteroids decrease the expression of 
endothelial nitric oxide synthase [ 55 ]. Since nitric oxide 
functions to dilate blood vessels, prevent platelet aggrega-
tion, and inhibit monocyte adherence to endothelial cells, its 
decreased availability may lead to increased vascular resis-
tance and a procoagulant environment [ 56 ]. In a series of 
studies    by Drescher et al. [ 57 – 59 ], corticosteroids were 
shown to affect vasoreactivity by increasing the response of 
the lateral epiphyseal artery to endothelin-1 (vasoconstric-
tor) and decreasing the response to bradykinin and the pro-
duction of prostacyclin (vasodilators). This leads to a 
cumulative effect of vasoconstriction and decreased blood 
fl ow to the femoral head. Similarly, the activity of 
angiotensin- converting enzyme is increased by dexametha-
sone leading to increased blood pressure, while the vasodila-
tive effects of the kallikrein-kinin system is suppressed [ 60 ].  

63.3.3     Effects on Angiogenesis and Repair 

 Corticosteroids have been shown to affect bone healing after 
osteonecrosis of the femoral head. Necrotic bone healing is 
characterized by angiogenesis and migration of new blood 
vessels into the necrotic segment. Restoration of the blood 
supply allows further recruitment of infl ammatory and repair 
cells to the necrotic bone which leads to the resorption of the 
necrotic bone and new bone formation. The repair process is 
induced by growth factors such as vascular endothelial 
growth factor (VEGF) as well as through the function of 
myofi broblastic cells. VEGF acts on endothelial cells to 
induce angiogenesis [ 61 ]. Treatment with corticosteroids can 
affect the repair process by decreasing the synthesis of VEGF 
and subsequent inhibition of new capillary growth [ 62 ,  63 ]. 
Corticosteroids have been shown to inhibit myofi broblastic 
cell function and suppress collagen production which is nec-
essary for new capillary growth [ 63 ,  64 ]. Further effect of 
corticosteroids on angiogenesis includes decreased base-
ment membrane turnover through inhibition of plasminogen 
activators.  

63.3.4     Effects on Coagulation Pathways 

 Various changes in coagulation pathways have been reported 
to be associated with nontraumatic osteonecrosis. Elements 
of both thrombophilia and hypofi brinolysis have been dem-
onstrated in pediatric and adult patients with osteonecrosis 
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[ 65 – 68 ]. Specifi c abnormalities of coagulation profi les have 
been observed in patients with nontraumatic osteonecrosis 
such as resistance to activated protein C, anticardiolipin anti-
bodies, and presence of the Apo (a) phenotype of lipoprotein 
(a) [ 69 – 71 ]. Other thrombotic disorders such as protein C 
and S defi ciency, antiphospholipid antibodies, lupus antico-
agulant, and factor V Leiden have also been associated with 
femoral head osteonecrosis [ 70 ,  72 ]. 

 The use of glucocorticoids can further alter these coagula-
tion pathways. At high doses, glucocorticoids act to inhibit 
the fi brinolytic pathway through an increase in activity of 
plasma plasminogen activator inhibitor (PAI) and decreased 
tissue plasminogen activator (t-PA) activity [ 73 ,  74 ]. This 
results in decreased conversion of plasminogen to plasmin 
and decreased fi brinolysis and increased thrombosis. The 
subsequent hypofi brinogenolysis is further associated with 
reduction of femoral head blood fl ow, a hypercoagulable 
state, and osteonecrosis [ 75 ]. 

 If the use of high dose of corticosteroids had such a 
 systemic effect on clotting function, one would expect there 
to be a high incidence of end-organ ischemia in addition to 
osteonecrosis in multiple joints. Instead it has been specu-
lated that clotting dysfunction may be regional. The origin 
of this regional dysfunction may be related to endothelial 
cell injury. Endothelial cell damage via direct cytotoxicity 
and oxygen free radicals in the local vascular bed can acti-
vate a regional coagulation cascade [ 53 ]. Apoptotic endo-
thelial cells can bind thrombocytes and activate platelets. 
Additionally, endothelial microparticles, a product of endo-
thelial apoptosis, are increased in patients with osteonecrosis 
[ 76 ]. Procoagulant platelet microparticles and endothelial 
microparticles can initiate thrombosis through interactions 
with tissue factor. These locally derived endothelial factors 
combined with a procoagulant and hypofi brinolytic environ-
ment may result in local intravascular coagulation within the 
femoral head [ 77 ].  

63.3.5     Effects on Lipid Metabolism 

 Accumulation of fatty tissue in the femoral head, fat emboli, 
and the procoagulant effect of adipocyte breakdown particles 
have all been implicated in the etiology of osteonecrosis. 
Increased plasma triglyceride and LDL levels as well as 
increased LDL/HDL ratio have been shown to increase the 
risk of osteonecrosis [ 38 ]. This effect on lipid metabolism 
seems to begin at the stem cell level. Treatment of pluripotent 
marrow cell lines with dexamethasone has been shown to push 
progenitor cells preferentially towards adipose cells over bone 
forming cells. Increased adipocytogenesis results in fat accu-
mulation in cells [ 78 ]. Hence, corticosteroid therapy results in 
a preferential increase of lipid production and a decrease in 
bone formation [ 62 ]. Increased doses of dexamethasone and 

greater duration of exposure result in a greater number of adi-
pocytes [ 79 ]. This cumulative effect leads to increased fatty 
deposition into the femoral head [ 80 ]. It is postulated that as 
the amount of intraosseous fat increases, so does the pressure 
within the femoral head cortex. This increased pressure results 
in vascular sinusoidal collapse, decreased blood fl ow, and ulti-
mately ischemia [ 81 ]. Such a “compartment syndrome” etiol-
ogy has been described in hips with osteonecrosis 
demonstrating increased bone marrow pressure [ 82 ]. 
Corticosteroid administration and hyperlipidemia can also 
cause increased fat embolization. Fat emboli can result in isch-
emia either directly by blocking microvascular circulation or 
indirectly by triggering intravascular coagulation and activa-
tion of the complement cascade. The combination of these two 
effects results in thrombosis and osteonecrosis [ 83 ]. Once 
osteonecrosis occurs, injured local adipocytes release throm-
boplastin and vasoactive substances, thus continuing the 
hypercoagulable and ischemic cycle [ 84 ]. Lipid-lowering 
drugs have been shown to alter the intraosseous lipid accumu-
lation in animal models [ 85 ].   

63.4     Genetic Polymorphisms Associated 
with Corticosteroid-Associated 
Osteonecrosis 

 As most patients treated with corticosteroids for various 
medical problems do not develop osteonecrosis, it appears 
that individual host factors likely play a signifi cant role in 
determining risk. Multiple genetic polymorphisms have been 
associated with an increased or decreased risk of developing 
osteonecrosis (Table  63.2 ). Genes that are involved in coagu-
lation, drug metabolism, and lipid metabolism have been 
implicated in multiple small studies. Many of the studies 
have contradicting results highlighting that the true signifi -
cance of genetic involvement remains unclear. Despite the 
lack of consistent evidence, it seems reasonable to postulate 
that genetic variations are likely to affect the susceptibility of 
the patient. All of the previously described pathogenic mech-
anisms of corticosteroids may be increased or decreased by 
each patient’s genetic predisposition.

   Although strong evidence for the signifi cance of each 
genetic polymorphism as they relate to the risk of osteonecro-
sis is lacking, it is generally agreed that these host factors are 
important. Identifi cation of these genetic variations may 
improve our understanding of the mechanisms involved in 
corticosteroid-associated osteonecrosis and lead to more spe-
cifi c treatment options. Furthermore, these polymorphisms 
could be used as genetic tests to identify patients at greater 
risk for osteonecrosis should they require corticosteroid treat-
ment. If their medical condition permits and alternative treat-
ment options exist, such patients could be considered for 
alterations in therapy to lessen the risk of osteonecrosis.  
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63.5     Natural History of Corticosteroid- 
Associated Osteonecrosis 

 Osteonecrosis associated with corticosteroid use is com-
monly bilateral and often multifocal. Patients with pain from 
osteonecrosis in a single joint will often have asymptomatic 
lesions in other joints (Fig.  63.1 ) [ 86 ]. Studies on patients 
treated for ALL have reported from 2.2 to 3.4 joints affected 
per patient [ 87 – 89 ]. In addition to the hip, patients treated 
with long term or high doses of corticosteroids may develop 
lesions in the vertebrae, distal femoral condyles, proximal 
tibia, proximal humerus, ankle, and foot [ 28 ,  88 ,  89 ]. The 
effect of corticosteroids on bone is not limited to the epiph-
ysis but may also involve the metaphysis and the diaphysis 
(Fig.  63.2 ). Osteonecrosis in these regions may increase the 
risk of fracture in addition to the joint derangement related 
to the lesions involving the subchondral bone in the epiphy-
ses. Most studies suggest that symptoms of osteonecrosis of 
the hip usually begin between 6 months and 4 years after the 
initiation of corticosteroid therapy [ 16 ,  22 ,  23 ,  26 ,  90 ,  91 ]. 
When asymptomatic patients are screened with MRI, changes 
consistent with osteonecrosis may be seen as early as 7 weeks 
[ 27 ]. Consistent with these fi ndings, osteonecrosis is typically 
considered an acute effect of corticosteroid therapy. However, 
one long-term follow-up study on adult survivors of child-
hood cancers showed that the diagnosis of osteonecrosis may 
not been made until 5–15 years after beginning therapy [ 2 ].

    The natural history of corticosteroid-associated osteone-
crosis is believed to be dependent on the age of the patient 
and the size and location of the lesion. Small, asymptomatic 
lesions found on screening MRI may remain stable or resolve 
without further damage [ 24 ,  87 ,  92 ]. Patients with small 
symptomatic lesions may have improvement of their symp-
toms over time [ 25 ,  91 ]. Larger lesions involving greater 
than 30 % of the femoral epiphysis, however, are more likely 
to progress, leading to collapse and joint arthrosis [ 93 ]. 

 Clinical features of corticosteroid-associated osteonecro-
sis are variable. Most patients diagnosed with small lesions 
on screening MRI are asymptomatic. In those that are symp-
tomatic, the severity depends on the location and size of the 
infarcted area and whether femoral head collapse has already 
occurred or not. Symptoms range from intermittent pain and 
swelling of the involved joint to severe pain with inability to 
bear weight. Fifty-seven percent of patients who were long- 
term survivors of ALL with osteonecrosis reported at least 
one limitation in activities of daily living including walking, 
climbing stairs, rising from a chair, putting on pants, reach-
ing to low cupboards, and opening containers [ 2 ].  

63.6     Treatment 

 The decision for treatment depends on multiple factors. 
Unfortunately discontinuing corticosteroid treatment may 
not be an option for many patients as it remains a vital com-
ponent of chemotherapy. Symptoms, medical condition, 
general health, lesion size, location, and collapse of the fem-
oral head all play a role in the treatment decision-making 
process. In the pediatric population, most patients undergo a 
prolonged course of nonoperative treatment (Fig.  63.2 ). 
Small asymptomatic lesions found on screening MRI are 
usually treated with observation since these lesions may not 
progress. As symptoms appear, treatment usually begins 
with anti-infl ammatory medications, physical therapy, 
decrease weight bearing, and activity modifi cation [ 86 ,  87 , 
 94 ]. Those with more severe pain may require narcotic anal-
gesia. Surgical treatment is aimed at improving pain and pre-
venting progression, femoral head collapse, and joint 
derangement. There are a plethora of reports in the adult lit-
erature on surgical treatment of corticosteroid-associated 
osteonecrosis. Surgical options in the adult population have 
included core decompression, osteotomy, free vascularized 

   Table 63.2    Genetic polymorphisms associated with osteonecrosis   

 Gene function  Specifi c polymorphism  Effect 

 Coagulation 
 PAI-1 [ 86 ,  87 ,  88 ]  4G polymorphism, SERPINE polymorphism  Hypofi brinolysis 
 MTHFR [ 89 ]  677 C-T mutation  Hyperhomocystinemia and thrombosis 
 Thymidylate synthase [ 29 ]  Low activity 2/2 enhancer repeat genotype  Hyperhomocystinemia and thrombosis 
 Factor V [ 90 ]  Factor V Leiden  Thrombosis 
 Steroid metabolism 
 Multidrug-resistance gene 1 (ABCB1) [ 91 ]  3435TT genotype  Increased activity of P-glycoprotein protective 

against ON 
 Vitamin D receptor [ 29 ]  Fokl start site CC genotype  Increased cellular sensitivity to steroids 
 Lipid metabolism 
 ACP1 and SH3YL1 [ 27 ]  rs12714403 and rs4241316  Lower albumin and higher cholesterol 
 Apolipoprotein B [ 71 ]  7623TT allele  Increased in renal transplant patients with ON 
 Apolipoprotein A1 [ 92 ]  A/A substitution at position -75 in promotor  Associated with ON 
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fi bular graft, arthrodesis, and joint replacement. It is impor-
tant to note that the options of treatment become more lim-
ited once the femoral head collapses. This emphasizes the 
need for early diagnosis and institution of activity and 
weight-bearing relief to minimize the risk of further femoral 
head collapse. In adults, core decompression with or without 
the use of bone graft, bone morphogenic protein, bone mar-
row, or vascularized fi bula graft has been shown to be benefi -
cial in preventing progression of lesions prior to collapse 

[ 95 – 97 ]. These treatments, however, have not been studied in 
pediatric population, and nonoperative treatment is the main-
stay. There are few reports pertaining to long-term outcomes 
of these surgical options in children. Furthermore, the use of 
such surgical treatment options in this specifi c population 
presents additional concerns. Drilling across the growth 
plate for core decompression or multiple epiphyseal drilling 
risks proximal femoral growth arrest in juvenile patients; 
however, this is not a signifi cant concern if the patient is near 

a b
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  Fig. 63.1    Radiographs of a 15-year-old male with ALL being treated 
with chemotherapy that includes corticosteroids. The patient had bilat-
eral hip and knee pain and a signifi cant decrease of hip range of motion. 
This patient presented with some collapse of both femoral heads which 
limited the options of treatment. ( a ) AP pelvis radiograph showing 
bilateral femoral head osteonecrosis with increased radiodensity of the 

femoral heads and some collapse on the lateral aspect of the femoral 
heads. ( b ) Frog-leg lateral radiograph also showing bilateral femoral 
head osteonecrosis and some collapse on the anterior aspect of the fem-
oral heads. ( c ) A knee radiograph showing osteonecrosis of both con-
dyles of the distal femur. ( d ) A shoulder radiograph showing 
osteonecrosis of the humeral head with severe fl attening       
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  Fig. 63.2    Radiographs and MRIs of a 10-year-old male with ALL being 
treated with chemotherapy that includes corticosteroids. The patient had 
bilateral hip and ankle pain. This patient was treated with decreased 
weight bearing using crutches and wheelchair for long-distance ambula-
tion. For his ankle pain, bilateral ankle foot orthoses (AFO) were pre-
scribed. ( a ) AP pelvis and frog-leg lateral radiographs showing serpentine 
areas of increased radiodensity in bilateral femoral metaphyses and an 
area of decreased radiodensity on the proximal diaphysis of left femur. ( b ) 
Non- contrast T1-weighted MRI showing fat signal changes in the femoral 
epiphyses, metaphyses, and diaphyses. ( c ) Contrast-enhanced subtraction 
MRI showing the areas of hypoperfusion ( black ) and hyperperfusion 

( white ) in the femoral epiphyses, metaphyses, and the diaphyses. Contrast- 
enhanced MRI more clearly depicts the areas of necrosis than the non-
contrast MRI shown above. ( d ) 3-year follow-up radiographs of the hips 
showing relatively round femoral heads which are in the late reossifi cation 
stage. This patient was treated with decreased weight bearing using crutches 
and wheelchair for long-distance ambulation. At the three year follow up, 
the patient was asymptomatic, full weight bearing, and participating in 
activities as tolerates. ( e ) Lateral ankle radiographs obtained at the time of 
presentation ( left ) showing some collapse of the talar body. A radiograph 
obtained at 3-year follow-up is shown on the right. At the follow-up, the 
patient was asymptomatic, full weight bearing, and not requiring AFO         
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skeletal maturity. Arthrodesis is often a poor option in 
patients with bilateral and multifocal disease. Finally, the 
fi nite life span and limited survival of joint replacement pros-
theses in children make this option less than ideal. 

 As understanding of the mechanisms of corticosteroid- 
associated osteonecrosis improves, so do the possibilities of 
new medical therapies. Treatments with cholesterol- lowering 
agents, antihypertensives, anticoagulants, and bisphospho-
nates have all shown promise in animal and adult human 
studies [ 98 – 101 ]. While there are some case series of pediat-
ric patients treated with bisphosphonate therapy, the safety 
and effi cacy of these medications in children have not yet 
been determined (see chapter on Development of Medical 
Therapy for Legg-Calvé-Perthes Disease).  

63.7     Summary 

 Osteonecrosis is well recognized as a serious complication 
of corticosteroid therapy for various pediatric medical condi-
tions. This is of concern as corticosteroids remain an impor-
tant component of chemotherapeutic regimens in the 
treatment of childhood illnesses such as ALL and SLE. In a 
recent prospective MRI screening study of ALL patients 
treated with a chemotherapy protocol, 54 % had asymptom-
atic osteonecrosis and 17.6 % had symptomatic lesions [ 27 ]. 
The majority of patients are likely to be asymptomatic and 
require no treatment, but many patients will have signifi cant 
symptoms that affect their ability to participate in routine 
activities. The potential mechanisms of corticosteroid- 
associated osteonecrosis include cytotoxicity, coagulopathy, 

altered lipid metabolism, and effects on vascular tone. It is 
likely, however, that no single culprit is responsible for the 
pathogenesis of osteonecrosis. Instead, it is more likely that 
a combination of multiple corticosteroids induced abnormal-
ities in a patient who is already medically and perhaps genet-
ically susceptible to osteonecrosis. Successful treatment 
strategies for corticosteroid-associated osteonecrosis in chil-
dren have yet to be determined. The mainstay of treatment 
remains analgesic mediations, protected ambulation, and 
activity modifi cation. Surgical treatments described for 
adults with corticosteroid-associated osteonecrosis have not 
been well studied in children. Future treatments may involve 
medical therapies devised from a more thorough understand-
ing of the pathophysiology of corticosteroid-associated 
osteonecrosis.     
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64.1            Introduction 

 Osteonecrosis is a disease that is characterized by lesions of 
dead bone, most frequently detected in the subchondral bone 
of the convex side of the major diarthrodial joints (hips, knees, 
shoulders, and talus). High-dose corticosteroid therapy is one 
major risk factor for osteonecrosis. The pathological appear-
ance of osteonecrosis of the femoral head, however, is fairly 
consistent regardless of the etiology. Depending on the stage 
of the disease, this includes evidence of bone marrow edema, 
lipocyte and bone cell necrosis, fi brosis, creeping substitution 
(new bone lying on dead bone), and the presence of osteopo-
rosis [ 1 ]. Hemorrhage within the bone marrow compartment 
has also been observed in patient specimens from corticoste-
roid-associated osteonecrosis [ 2 ]. Previous investigators have 
suggested that corticosteroid- associated osteonecrosis has 
more rapid progression than other etiologies [ 1 ,  3 ]. The mech-
anisms involved in the development of osteonecrosis [ON] are 
diffi cult to explore from clinical samples as they provide a sin-
gle snapshot at one time point subsequent to the onset of the 
disease, usually months after the onset of the disease when the 
symptoms fi rst appear. While some investigators have used 
corticosteroid- associated animal models to evaluate different 
potential treatments [ 4 – 6 ], it is not clear whether the results 

can be extrapolated to the human condition. A better under-
standing of the  pathophysiological  mechanisms is needed. 

 An animal model of corticosteroid-associated osteone-
crosis  would allow us to study the pathogenesis, diagnosis, 
and treatment intervention of this specifi c etiology. There 
have been a number of attempts to establish a corticosteroid- 
associated animal model – primarily focusing on giving dif-
ferent species of animals large doses of corticosteroids such 
as dexamethasone, prednisolone, and prednisone for various 
periods of time. Yet, no progressive ON is established with 
evidence of creeping substitution and subchondral collapse 
and degenerative joint disease with corticosteroid adminis-
tration alone.    These factors that may confound the develop-
ment of corticosteroid-associated ON animal models include 
differences in weight bearing (quadruped vs. bipedal), age, 
length of treatment, comorbidities, and differences in meta-
bolic pathways. In spite of these differences, these animal 
models can be used to evaluate the effect of exogenous cor-
ticosteroid administration on bone, its vasculature, and other 
organs. Selected studies used to evaluate the effect of corti-
costeroid treatment on bone are listed in Table  64.1 .

64.2        Defi ning Osteonecrosis 

64.2.1     Defi nition of Osteonecrosis 

 How is osteonecrosis defi ned? There are different perspec-
tives depending on whether you are defi ning ON clinically 
or histologically. The distinction between the two relates to 
lesion size, location, and progression of the pathology. That 
is, when studying histological slides, one is looking for evi-
dence at the tissue or cellular level as compared to the clini-
cian who is looking at the macroscopic or radiologic level. 
Steinberg and Steinberg describe ON as “a condition in which 
a localized area of bone becomes necrotic as a result of cel-
lular injury and death, most frequently due to an interruption 
to its blood supply” [ 45 ]. Bauer, in the early stage of ON, 
observed hemorrhage, loss of hematopoietic elements, loss 
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    Table 64.1    Animal models of corticosteroid administration   

 Animal  Reference  Model description  Observations 

 Mouse  McLaughlin et al. [ 7 ]  BALB/c mice 
 Dexamethasone phosphate daily IP 
 Doses: 1, 5, 10 mg/kg 
 Duration: 2 or 3 weeks 

 Decreased bone formation rates 
 Decreased trabecular thickness 
 Decreased serum osteocalcin 

 Mouse  Yang et al. [ 8 ]  BALB/cJ mice (4 weeks) 
 Dexamethasone in drinking water 
 Dose: 4 mg/L for the fi rst week, 2 mg/L 
thereafter 
 Duration: 12 weeks 

 Osteonecrosis detected in distal femoral epiphysis in 
9/21 animals (continuous dose) 

 Mouse  Wang et al. [ 9 ]  BALB/cJ mice (7–9 weeks) 
 Dexamethasone in drinking water 
 Dose: 4 mg/L for the fi rst week, 2 mg/L 
thereafter 
 Duration: 12 weeks 

 Osteopenia 
 No signifi cant osteonecrotic lesions 

 Rat  Wang et al. [ 10 ]  5-week-old male Wistar rats 
 6-Methylprednisolone daily subcutaneous 
 Doses: 2.5, 5, 10, 20 mg/kg 
 Duration: 4 weeks 

 Endochondral and periosteal bone formation 
decreased 
 Marked increase in the number of adipocytes in the 
diaphyseal bone marrow 

 Rat  Noa et al. [ 11 ]  Sprague–Dawley rats 
 Prednisolone daily oral 
 Dose: 6 mg/kg 
 Duration: 80 days 

 Decreased trabecular bone volume, trabecular 
thickness, and trabecular number 
 Hypertrophy of bone marrow adipocytes 
 Lipid-laden pluripotential stromal cells in bones 

 Rat  Murata et al. [ 12 ]  SHRSP/Ngsks rats 
 Methylprednisolone acetate one IM injection 
(17 weeks old) 
 Dose: 20 mg/kg 
 Duration: sacrifi ced at 19 weeks of age 

 Model plus steroid resulted in 95.2 % of animals 
with very early osteonecrosis 
 Swollen adipocytes in bone marrow spaces with 
partial degeneration/necrosis 

 Rat  Bekler et al. [ 13 ]  Sprague–Dawley rats 
 Created serum disease (serum inj) 
 Methylprednisolone 
 Dose: 40 mg/kg/day for three consecutive days 
 Duration: 2 weeks after last injection 

 Model + steroid caused development of small areas 
of necrosis 
 Steroid alone = no osteonecrosis but changes in 
cellular differentiation in bone marrow 

 Rat  Kerachian et al. [ 14 ]  Hypertensive, Wistar Kyoto, Wistar Furth, 
SASCO Fisher    and Lewis rat 
 Prednisone pellets implanted 
 Dose: 1.82–2.56 mg/kg/day 
 Duration: 90 days 

 Growth plate disruption with acellular areas in 
Wistar Kyoto and Wistar Furth rats 
 Apoptotic osteocytes in trabeculae of hypertensive 
rats 
 The most apoptosis rate was in spontaneous 
hypertensive rats (+++) and then Wistar Furth (++) 
and Wistar Kyoto (++) 

 Rabbits  Fisher et al. [ 15 ]  New Zealand white rabbits 
 30 of 66 rabbits were immature 
 Methylprednisolone (Depo-Medrol) weekly 
parenterally 
 Dose: 1.5 and 3 mg/kg/day 
 Up to 160 days 

 Serum lipids increased 
 Pulmonary fat emboli at 3 weeks 
 Extensive osteoporosis 
 Emboli in subchondral bone 

 Rabbits  Jaffe et al. [ 16 ]  New Zealand white rabbits 
 Cortisone acetate 
 Dose: 12.5 mg (daily IM) 
 Duration: up to 9 weeks 

 Severe subchondral intravascular fat emboli (third 
week) 
 Osteoporosis (fi fth week) 
 No osteonecrosis 

 Rabbits  Cruess et al. [ 17 ]  Adult rabbits 
 Cortisone 
 Dose: 5 mg/kg 
 Duration: up to 60 days 

 Subchondral vessels packed with lipid material 

 Rabbits  Wang et al. [ 18 ]  New Zealand white rabbits, looked at both 
immature and mature animals 
 Depo-Medrol (methylprednisolone) IM 
 Dose: 2.7 or 12.25 mg/kg per week 
 Duration: young, up to 12 weeks; older, 
up to 8 weeks 

 Immature: increase in marrow fat and increase in fat 
cell size 
 Fat droplets in the subchondral arterioles 
 Mature: fat cell size increased from 62 to 70 μm. 
Otherwise similar to immature animals 

 Rabbits  Gold et al. [ 19 ]  New Zealand white rabbits 
 Methylprednisolone acetate (Depo- Medrol)
 or methylprednisolone succinate IM 
 Dose: .8 mg on alternate days for 8 days 
 .8 daily 

 Elevated lipid and prostaglandin levels 
 Osteoporosis by 6 weeks 
 Evidence of bone necrosis 
 Fat emboli in second and third weeks 
 Intravascular fat globules 
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 Animal  Reference  Model description  Observations 

 Rabbits  Warman and Boskey [ 20 ]  Rabbits 
 Hydrocortisone acetate 
 Dose: 15 mg/4 kg rabbit 
 Duration: 4 and 9 weeks 

 Osteoporosis model 
 Elevations in marrow lipid content 

 Rabbits  Kawai et al. [ 21 ]  Female Japanese white rabbits, 3–6 months 
 Methylprednisolone 
 Dose: 4.2 mg/kg weekly 
 Duration: 4 and 8 weeks 

 Advanced hyperlipidemia at 4 weeks 
 Osteocytes contained small lipid droplets that 
increased in size compressing nucleus 

 Rabbits  Warner et al. [ 22 ]  Adult New Zealand white rabbits 
 Methylprednisolone 
 Dose: 12.3 mg/week IM 
 Duration: 5–9 weeks 

 No signifi cant elevation in intramedullary pressure 
 Marked osteoporosis 
 No osteonecrosis 

 Rabbits  Li et al. [ 23 ]  Adult rabbits 
 Hypersensitive vasculitis (serum disease) 
 High-dose corticosteroids 

 Hemopoietic necrosis 
 Enlargement of fat cells in bone marrow 

 Rabbits  Yamamoto et al. [ 24 ]  Adult male Japanese white rabbits 
 Methylprednisolone (IM) 
 Dose: 20 mg/kg 
 Duration: up to 10 weeks 

 43 % of the rabbits studied had developed multifocal 
ON lesions in the femur and/or humerus 

 Rabbits  Miyanishi et al. [ 25 ]  Adult male Japanese white rabbits 
 Methylprednisolone acetate IM 
 Dose: 20 mg/kg 
 Duration: 2 weeks 

 Osteonecrosis in some animals 
 Bone marrow fat cells larger in rabbits with ON 
(63.5 μm) than without (53.3 μm) 

 Rabbits  Motomura et al. [ 26 ]  Adult male Japanese white rabbits 
 Methylprednisolone acetate IM 
 Dose: 20 mg/kg 
 Duration: 2 weeks 

 Incidence of ON is 70 % in steroid-only rabbits 

 Rabbits  Ichiseki et al. [ 27 ]  Japanese white rabbits 
 Methylprednisolone acetate 
 Dose: 4 mg/kg one dose IM 
 Duration: 3, 5, 14 days 

 ON observed in 7/10 rabbits in S14 group 
 Hematopoietic cell necrosis and fat cell necrosis at 
14 days 

 Rabbits  Wang et al. [ 28 ]  Chinese white rabbits 
 Horse serum model 
 Prednisone 
 Dose: IP once/day for 5 days 
 Duration: 3, 7, 21, 35, 49 after last inj 

 Pathological changes seen 1 and 3 weeks after 
treatment (model + steroid or steroid alone) 

 Rabbits  Hu et al. [ 29 ]  New Zealand white rabbits 
 Horse serum model 
 Prednisone 

 Increase of empty osteocyte lacunae and fat cells 

 Rabbits  Sheng et al. [ 30 ]  New Zealand white rabbits 
 LPS inj model 
 Methylprednisolone 
 Dose: 20 mg/kg, three inj IM at a time 
interval of 24 h 
 Duration: 2 weeks 

 15 ON+/10 ON− 
 6 one lesion; 9 had > 1 lesion 
 Increased fat cell density 
 Fat cells larger in the control group 
 More triglyceride formation in ON + group 

 Rabbits  Kuroda Y, et al. [ 31 ]  Japanese white rabbits 
 Vascular occlusion of the capital femoral 
epiphysis by electrocoagulation 
   40 mg/kg methylprednisolone 
 Dose: 40 mg/kg IM, once 
 Duration: 4, 8, 12, or 24 weeks 

 Flattening and loss of sphericity of the femoral head 
 Thinning of the subchondral bone 
 Dead trabecular bone 
 Secondary OA changes 
 24 weeks, collapse of femoral head reported 

 Chickens  Cui et al. [ 32 ]  Female leghorn chickens 
 Methylprednisolone 
 Dose: 3 mg/kg weekly IM 
 Duration: up to 24 weeks 

 Serum cholesterol levels increased 
 4/12 at 12 and 24 weeks showed subchondral 
destruction and focal necrosis 
 Adipocyte proliferation within 24 h of the inj 
 Number and size of fat cells increased over time 

(continued)
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 Animal  Reference  Model description  Observations 

 Chicken 
(leghorn) 

 Xiao et al. [ 33 ]  Leghorn chicken 
 (B) Methylprednisolone (low) 4.2 mg/kg 
weekly IM 
 (C) Methylprednisolone (high) 6.3 mg/kg 
weekly IM 
 (D) Dex (1.5 mg/kg) + horse serum weekly IM 
 (E) Dex (2.0 mg/kg) + horse serum weekly IM 
 (F) Dex (2.5 mg/kg) + horse serum weekly IM 
 Duration: 12 weeks 

 Empty lacuna was higher in group C, E 
 Increase fat cell number and size in B, E, F groups 
 Trabecular bone was broken under cartilage (?) in C, 
E group 

 Chicken 
(broiler) 

 Wideman et al. [ 34 ]  Broilers 
 0.45–1.5 mg of DEX/kg IM 
 Duration: 28 and 35 days 

 Growth was inhibited 
 Proximal tibial head necrosis 
 Avascular femoral head necrosis and fatty necrosis 
of the tibiae(??) 

 Pigs  Drescher et al. [ 35 ]  Immature domestic pigs 
 Methylprednisolone 
 30 mg/kg IV followed by 5.4 mg/kg/h 
(megadose) 

 Reduction in femoral head blood fl ow 

 Pigs  Ikeda et al. [ 36 ]  Immature female Göttingen minipigs 
 Prednisolone 
 Dose: 0.5 mg/kg BW/day 5 days/week for 
26 weeks 

 Decreased bone formation 
 Did not look at fat cells 

 Sheep  Lill et al. [ 37 ,  38 ,  39 ]  Swiss mountain sheep 
 Daily intramuscular injection of 25 mg 
methylprednisolone, 6 months 
 Ovariectomy 
 Calcium- and vitamin D-restricted diet 
 Malnutrition 

 BMD decreases 55 % in cancellous bone and 7 % in 
cortical bone 
 19 % decrease in trabecular number and 22 % 
decrease in trabecular thickness 

 Sheep  Augat et al. [ 40 ]  Merino sheep 4–6 years old 
 Subcutaneous injection of 0.6 mg/kg/day 
prednisolone acetate 5× weekly, 7 months 

 Signifi cant decrease of cancellous bone volume, 
trabecular thickness and bone strength 
 Microarchitectural changes in the distal femur and 
proximal tibia 
 Decreased serum osteocalcin 

 Ponies  Glade and Krook [ 41 ]  Pony foals 
 Dexamethasone IM 
 Dose: 0.5 or 5 mg/100 kg 
 Duration: 3, 8, 11 months 

 Osteonecrosis in major joints with osteocyte death 

 Ponies  Nasseri et al. [ 42 ]  Adult ponies 
 Dexamethasone IM 
 Dose: 5 mg/100 kg 
 Duration: 4 months 

 Elevated intraosseous pressures 
 Femoral head contained fat marrow necrosis, 
marrow edema, and enlarged lipocytes 

 Emus  Goetz et al. [ 43 ]  Groups: 
  Cryoinsult 
  Cryoinsult plus methylprednisolone acetate 
(5 mg/kg IM) plus ligation of rt. Medial and 
lateral circumfl ex arteries 
  Methylprednisolone acetate (5 mg/kg IM) 
  Normal controls 
  Duration: 1 year 

 Corticosteroids alone caused diffuse, low-grade 
bony abnormalities in the femoral head 
 Femoral heads of the 
cryoinsult + corticosteroid + ligation group had the 
largest amount of high-grade abnormality 
 2 animals in this group displayed subchondral 
fracture 

  Modifi ed from Jones and Allen [ 44 ]  

Table 64.1 (continued)

of adipocyte nuclei and microvesicular fat, and necrosis of 
the bone marrow, sometimes accompanied by fi brin deposi-
tion [ 46 ]. Horvai and Link [ 47 ] distinguish the early from late 
changes: “I. Early changes: necrosis of bone marrow fat and 
hematopoietic tissue; osteocyte lacunae may be enlarged and 
empty or normal size with pyknotic nuclei. II. Later changes: 
ingrowth of granulation tissue from the lesion periphery with 
layering of new bone over dead trabeculae (“creeping substi-

tution”), which results in formation of a highly collagenized 
and, later, calcifi ed rim.” The use of the term osteonecrosis is 
further complicated by the fi nding that osteocyte death may 
be through apoptosis rather than necrosis [ 48 ,  49 ]. 

 The defi nition is important when evaluating the animal 
models of osteonecrosis. Some studies report only the pres-
ence of empty lacunae or pyknotic osteocyte nuclei or disrup-
tion of the marrow elements as evidence of osteonecrosis. 
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Bauer et al. raises a major concern stating that this criterion 
has low sensitivity and low specifi city [ 46 ]. He expands on 
this to say that “viable osteocytes often appear shrunken by 
light microscopy, so nuclear pyknosis is not a reliable sign of 
osteocyte death in routinely processed, decalcifi ed tissues. 
Furthermore, osteocyte nuclei may persist in bone after an 
ischemic event.” Furthermore, suboptimal tissue fi xation, 
processing, and staining can also create artifacts that can be 
misinterpreted [ 46 ,  50 ]. A more stringent defi nition has been 
used by several investigators to include the diffuse presence 
of empty osteocyte lacunae, pyknotic nuclei of ghost osteo-
cytes in the bone trabeculae, and evidence of cellular necrosis 
within the bone marrow compartment adjacent to the affected 
bone [ 8 ,  24 ]. With animal models, large lesions, subchondral 
collapse, or progression of the disease are rarely mentioned.  

64.2.2     Perthes Versus Adult 

 There are a number of distinctions between the radiologic 
and pathological appearances of the adult form of osteone-
crosis and the juvenile form – Legg-Calvé-Perthes disease  
(also called Perthes disease). These differences relate to the 
cartilage, growth plate, and distribution of the pathology. 
Cartilage hypertrophy and malformation are observed in 
Perthes. In some Perthes patients, there is decreased size of 
the affected femoral head. The radiographic appearance of 
the affected femoral head between these two age groups may 
also be different loss of sphericity associated with subchon-
dral collapse in adult ON and fragmentation of the epiphysis 
and a misshapened head associated with Perthes patients. 

 It is not clear as to whether identical pathways are involved 
in both Perthes and adult osteonecrosis. It appears that there 
may be differences in the vulnerability of the circulation and 
bone relating to age [ 51 ,  52 ]. The percentage of children with 
corticosteroid-associated disease is not as common as adult 
ON [ 53 ,  54 ]. However, one patient population, children with 
acute lymphoblastic leukemia receiving high doses of corti-
costeroids, displays a particularly severe form of ON [ 55 ,  56 ]. 

 A number of animal models have evaluated the effect of 
corticosteroids on the bony compartment of immature ani-
mals. In a study of horse foals, Glade observed slower growth 
associated with less weight gain [ 41 ,  57 ]. He observed 
degenerative changes in the growth plates after 3 months of 
corticosteroid treatment with evidence of retardation of 
growth plate chondrocytes and irregular penetration of the 
calcifi ed cartilage by metaphyseal capillaries. By 8 months, 
the subchondral bone plate was characterized as a “thin distal 
terminal plate with few supporting trabeculae.” After 
11 months of treatment, he noted dysplastic hips and ulcer-
ation of the cartilage and osteonecrotic lesions in both femo-
ral and humeral heads. Using immature New Zealand white 
(NZW) rabbits, Wang et al. observed that the femoral and 

humeral heads were signifi cantly smaller than the untreated 
controls following treatment with cortisone acetate (15 mg 
SQ) [ 18 ]. They reported that the epiphyseal growth plate was 
signifi cantly smaller and less active. They found a signifi -
cantly lower trabecular area fraction (23 %) and a signifi -
cantly higher percentage of marrow fat (77 %) as compared 
to the controls (39, 61 %, respectively). An increased accu-
mulation of fat droplets in the subchondral arterioles was 
noted by the twentieth week of treatment. In a study of 
immature pigs, Drescher et al. found that high-dose methyl-
prednisolone treatment (100 mg/day) resulted in decreases in 
total body weight and distinct morphological changes at the 
interface between the articular cartilage and subchondral 
bone [ 58 ]. They describe a scalloped interface with “carti-
laginous projections extended into the subchondral plate.” In 
another study, they found signifi cantly decreased regional 
blood fl ow to the femoral head epiphysis, proximal femoral 
metaphyseal spongiosa, proximal femoral metaphyseal cor-
ticalis, and acetabular bone [ 59 ]. 

    While mice and rats are now being explored as potential 
animal models, one caveat is that the epiphyses of mice and 
rats remain open throughout their life span. So while older 
rodents may be used in a particular study, it is unclear 
whether the differences in the morphology and vasculariza-
tion of the bony region under study may contribute to the 
pathological fi ndings.  

64.2.3     Osteoporosis vs. Osteonecrosis 

 Numerous investigators have utilized animal models of 
decreased bone mass to explore osteoporosis, and several out-
standing reviews are available [ 60 – 66 ]. Many of these models 
often use either ovariectomy or orchidectomy of various ani-
mal species including mice, rats, monkeys, and sheep [ 67 – 74 ]. 
Gonadectomy results in bone loss by establishing sex steroid 
defi ciency [ 75 ,  76 ]. Other models have been used to create 
osteopenia including adrenalectomy (ADX), disuse models 
(mechanical unloading), diet (e.g., calcium restriction), or 
administration of various compounds (PTH, RANKL, cyclo-
sporin A) [ 60 ]. Ovariectomy models have not only contributed 
to a better understanding of postmenopausal osteoporosis but 
have led to a better appreciation of the interaction between 
glucocorticoids and the musculoskeletal system. 

 Decreased bone mineral density has been observed in 
some cases of osteonecrosis clinically [ 77 ] as well as in ani-
mal models of ON [ 5 ,  9 ,  48 ,  78 ,  79 ]. Osteonecrosis is a well- 
recognized complication due to glucocorticoid excess. The 
overall effects of glucocorticoid excess are catabolic in 
nature. Glucocorticoids inhibit gastrointestinal absorption of 
calcium as well as increased renal excretion of calcium 
which can lead to increases in PTH. The increase in PTH can 
result in an increase in the number of sites undergoing bone 
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remodeling. Glucocorticoids also reduce the level of gonadal 
hormones which can further augment bone resorption. 
Glucocorticoids decrease recruitment of osteoblast cells as 
well as accelerate the apoptosis of both osteoblast and osteo-
cyte cells inhibiting bone remodeling. Due to the many phys-
iological effects of glucocorticoids, the exact mechanism 
responsible for osteonecrosis remains obscure, whereas 
osteoporosis due to estrogen loss is straightforward. Lack of 
estrogen has profound effects on the osteoclast cells. 
Ovariectomy results in severe cancellous osteopenia in long 
bone and in the vertebrae of monkeys and rats [ 80 – 83 ]. 
Ovariectomy results in an increase in the osteoblast-lined 
perimeter, osteoclast-lined perimeter, and osteoclast size in 
the long bone of rats [ 84 – 86 ]. In rats, there is a simultaneous 
increase in the mineral apposition rate and bone formation 
which suggests chronic high bone turnover. In ovariecto-
mized nonhuman primates, there is also an increase in can-
cellous bone formation associated with the increase in bone 
resorption. 

 Corticosteroid therapy is one of the primary etiological 
risk factors for both osteoporosis and osteonecrosis. 
Corticosteroid treatment results in increased osteopenia 
with decreases in bone mineral density (BMD) and the 
ratio of bone volume to total volume (BV/TV) [ 5 ,  9 ,  78 ]. 
However, exposure to high-dose corticosteroids has also 
been used to establish animal models which have the 
characteristic features of early osteonecrosis. So while 
many investigators have injected high doses of corticoste-
roids into a number of animals with the hopes of creating 
a model of osteonecrosis or osteoporosis, it is probably 
better to call these animal models of high-dose corticoste-
roid therapy. 

 As the osteoporosis literature also provides insight to the 
effect of corticosteroids on bone, this will be discussed later 
in this manuscript (Sects.  64.3.4  and  64.3.7.3 ).  

64.2.4     Multifactorial Pathogenesis 

 Both corticosteroid-associated osteonecrosis and osteoporo-
sis are multifactorial diseases. Clearly, there are underlying 
comorbidities for which the corticosteroids are being admin-
istered. In addition, there may be genetic (e.g., inherited 
coagulopathies) and environmental (e.g., smoking) factors 
which may predispose an individual to bony sequelae. For 
this reason, it is not surprising that most, if not all, of the 
animal models of corticosteroid administration to healthy 
animals do not develop bony pathology 100 % of the time. In 
fact, an animal model is considered successful if the inci-
dence exceeds 50 %. 

 So it is within this framework that we will discuss what 
we have learned from animal models regarding the effect of 
corticosteroid treatment on bone and associated tissues.   

64.3     Models of Corticosteroid 
Administration 

 In order to better understand the effects of corticosteroids on 
the musculoskeletal system, investigators have injected sev-
eral species of animals with high doses of corticosteroids for 
varying periods of time. 

64.3.1     Total Body Weight Loss 

 Many investigators have reported notable weight loss fol-
lowing high-dose corticosteroid administration into various 
animals [ 6 ,  8 ,  9 ,  15 – 18 ,  21 ,  22 ]. This can be associated with 
a substantial mortality rate depending on the animal model 
and the dose and duration of corticosteroid treatment [ 6 ,  8 , 
 16 – 18 ,  22 ]. This is in contradistinction to the effect in humans 
where the incidence of weight gain can be greater than 30 % 
[ 87 ]. Furthermore, human osteonecrosis is frequently associ-
ated with a cushingoid appearance [ 88 – 90 ]. This difference 
raises questions about how the weight loss and health status 
of the animal (e.g., whether they are cachectic) may infl u-
ence the effect of corticosteroids on bone and bone marrow 
elements.  

64.3.2     Hematological Findings 

 Evidence of hyperlipidemia following corticosteroid treat-
ment has been reported by a number of studies. Signifi cant 
elevations in serum cholesterol, triglycerides, and phospho-
lipids have been documented following corticosteroid treat-
ment in various animal models [ 17 ,  21 ,  24 ]. Others have 
noted elevated lipid and prostaglandin levels [ 7 ,  19 ]. 

 Yamamoto et al. found that after one injection of methyl-
prednisolone acetate (20 mg/kg) given to Japanese white 
rabbits, free fatty acids (FFAs), triglycerides, cholesterol, 
glutamic oxaloacetic transaminase (GOT), and glutamic- 
pyruvic transaminase (GPT) levels were increased by 1 week 
with a statistically signifi cant increase by 2 weeks [ 24 ]. The 
levels returned to baseline levels by 6 (GOT and GPT) to 8 
(FFAs) weeks. There appeared to be a difference in the tri-
glyceride response between animals diagnosed with ON 
(remained elevated) compared to those without ON (returned 
by 8 weeks). Platelet counts and fi brinogen levels decreased 
signifi cantly at 1 week and then returned to baseline levels. 

 Kawai et al. studied the effect of repeated injections of 
methylprednisolone (4.2 mg/kg BW once a week for 4 and 
8 weeks) in a rabbit model [ 21 ]. After corticosteroid therapy, 
there was evidence of marked hyperlipidemia and signifi -
cantly increased values for liver function tests. Cholesterol 
and triglyceride increased 6.4 and 28.5 times baseline. 
Phospholipid (3.1×), very low-density lipoprotein (50.5×), 
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and low-density lipoprotein (11.7×) also increased. The liver 
function tests, GOT and GPT, increased 13.3× and 31.8×, 
respectively; gamma glutamyl transpeptidase (GGT) 
increased 8.6 times baseline. 

 Wang et al. gave high doses of cortisone acetate to imma-
ture and mature rabbits for varying periods of time [ 18 ]. 
They noted an increase in serum cholesterol with increasing 
duration of treatment in both immature and adult animals. In 
contrast to the previous investigators, Wang et al. did not fi nd 
signifi cant changes in the serum triglycerides or lipoprotein 
patterns in either group.  

64.3.3     Histopathology of the Liver and Other 
Organs 

 Following corticosteroid therapy, many animal studies have 
reported a fatty metamorphosis of the liver [ 9 ,  17 ,  18 ,  21 ,  24 ]. 
Yamamoto et al. found evidence of focal necrosis of the liver 
parenchyma associated with calcifi cation [ 24 ]. This group 
also observed that the liver recovered 10 weeks following 
one corticosteroid injection. Others have noted an accumula-
tion of fatty droplets in the lungs and kidneys [ 17 ,  18 ]. Wang 
et al. also reported nephrocalcinosis in the kidneys of several 
animals [ 18 ].  

64.3.4      Bone Mass and Histomorphometric 
Changes 

 Corticosteroid treatment of healthy animals results in decreased 
bone mass and related histomorphometric changes in bone [ 5 , 
 9 ,  48 ,  78 ,  79 ]. Baofeng et al. injected a group of female NZW 
rabbits with methylprednisolone succinate (1 mg/kg/day IM) 
for eight consecutive weeks [ 78 ] and noted a signifi cant 
decrease in trabecular thickness and BV/TV within the lumbar 
vertebrae along with decreases in maximum load as compared 
to sham controls. Zhang et al. injected NZW rabbits with dexa-
methasone (3 mg/kg) twice weekly for either 6 or 12 weeks [ 5 ]. 
In addition to signifi cant decreases in trabecular thickness and 
BV/TV within the lumbar spine, they observed signifi cant 
decreases in trabecular number and an increase in trabecular 
spacing by 6 weeks which decreased further by 12 weeks. 
Wang et al. evaluated the distal femur of BALB/cJ mice that 
were administered dexamethasone in the drinking water for 
12 weeks [ 9 ]. They reported a signifi cant reduction in bone 
volume fraction (BV/TV) and number of trabeculae with a 
concomitant increase in trabecular separation. Weinstein et al. 
implanted pellets subcutaneously which released 0.7 or 2.1 mg/
kg/day and evaluated the animals at 27 days [ 48 ]. Global 
(0.7 mg/kg/day) and spinal (2.1 mg/kg/day) bone mineral den-
sity (BMD) were signifi cantly decreased, while the hindquar-
ters BMD showed a trend toward decreasing at a much lower 

level. A substantial decrease (40 %) in vertebral cancellous 
bone area, trabecular width, bone formation, and turnover was 
observed. In addition to a dose-dependent decrease in the min-
eral appositional rate, there was a threefold increase in empty 
erosion cavities or reversal perimeter, a 26 % decrease in the 
mineralizing perimeter, and a threefold increase in osteoblast 
apoptosis in the vertebral cancellous bone of mice receiving the 
higher dose. In contrast, Eberhardt et al. reported signifi cant 
bony changes in the proximal femur of a rabbit model injected 
with methylprednisolone acetate (4 μmol/kg day IM) at day 
28 [ 79 ]. They found trabecular thinning and increased trabecu-
lar separation in the subarticular area of the proximal femur. 
The subarticular trabecular bone was 50–80 % resorptive in the 
treated animals and was primarily nonresorptive for the con-
trols. There was evidence of increased osteoclastic resorption 
and decreased bone formation in the region of interest, and a 
pattern of tetracycline uptake was suggestive of surface and 
matrix damage. McLaughlin et al. have also reported decreased 
bone formation rates in female mice given daily injections of 
dexamethasone phosphate for 2–3 weeks [ 7 ].  

64.3.5     The Vasculature and Blood Flow 

 Boss and Misselevich reported that there is a ubiquitous, inti-
mal thickening of the rabbit veins after an 8-week treatment 
with methylprednisolone associated with the proliferation of 
myocyte-derived foam cells [ 91 ]. Korompilias et al. evalu-
ated the vessels from animals that had received corticoste-
roid treatment for 8 months [ 92 ]. They observed thrombi in 
the extraosseous vein of the metaphysis of two steroid-
treatment- only rabbits. More extensive vascular pathology 
occurred when a hypersensitivity reaction was also induced. 

 Wang and colleagues have observed signifi cantly decreased 
blood fl ow to the femoral head of a rabbit model [ 93 ,  94 ]. They 
also reported increased intraosseous pressures in the femoral 
head using the same model [ 95 ]. Drescher et al. observed 
decreased bone blood fl ow to the vertebrae (C6 and L6) in 
immature pigs [ 96 ] and increased fl ow to the cranial subregion 
of the femoral head epiphysis [ 58 ]. They also found decreased 
femoral head blood fl ow following a megadose methylpred-
nisolone infusion (30 mg/kg intravenously as an initial bolus, 
followed by 5.4 mg/kg/h for further 23 h) in immature pigs 
[ 35 ]. In contrast, other investigators have reported no change in 
femoral head blood fl ow or in intraosseous pressure in various 
corticosteroid- treated animal models [ 22 ,  97 ].  

64.3.6     Bone and Bone Marrow 

 Regarding osteonecrosis of the femoral head in patients, 
Ficat and Arlet describe a continuum of pathological 
changes beginning with disruption of bone marrow elements 
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and  ending with necrotic lesions and evidence of subchon-
dral collapse [ 98 ]. While animal models have attempted to 
create an animal model that reproduces this natural history, 
the establishment of a model with collapse and arthrosis has 
been elusive. However, the majority of these models describe 
pathological changes which are similar to early-stage osteo-
necrosis. The early changes may include pre-necrotic 
plasmostasis, reticular proliferation, hemorrhage, and accu-
mulation of foam cells [ 98 ]. This is followed by necrosis of 
the fatty marrow and then medullary necrosis. Consequently, 
trabecular lesions can be identifi ed by empty lacunae. 

 The effect of corticosteroids on bone and bone mar-
row elements has been studied extensively, as shown in 
Table  64.1 . The histomorphometric alterations refl ect the 
effect of corticosteroids at the cellular level. Changes have 
been observed in the cells of the bone marrow compartment 
as well as osteocytes residing in the bone matrix. In most 
animal models, enlargement of bone marrow adipocytes 
have been observed following corticosteroid administration 
[ 9 ,  18 ,  21 ,  99 ]. This is often associated with increased num-
bers of adipocytes [ 9 ] and decreased number of hematopoi-
etic cells [ 9 ,  21 ]. Numerous, lipid-laden, pluripotent stromal 
cells may also be present [ 91 ]. Evidence of old and new hem-
orrhages along with extravasation of red blood cells into the 
marrow, bone marrow edema, thrombus formation, and mar-
row necrosis has been observed in the proximal metaphysis 
and diaphysis [ 92 ]. Intravascular fat within the femoral and 
humeral heads may be evident [ 16 ,  17 ,  19 ]. Treatment of rab-
bits for 4 or 9 weeks with hydrocortisone acetate increased 
cholesterol accumulation in both the cancellous and cortical 
compartments [ 77 ]. 

 Regarding bone cells, most studies have focused on 
osteocytes. Kawai et al. detected small lipid droplets within 
osteocyte lacunae in rabbits treated with methylpredniso-
lone (4.2 mg/kg, once a week for 4 or 8 weeks) [ 21 ]. Using 
electron microscopy, they observed that the presence of lipid 
droplets displaced the nuclei to one side of the lacunae. They 
concluded that the increased fat depositions resulted in the 
degeneration and necrosis of osteocytes. Focal osteocytic 
death in subchondral bone is a frequent consequence of cor-
ticosteroid treatment [ 15 ,  17 ,  19 ,  22 ]. Gold et al. observed 
osteocyte death and necrotic debris by 2 weeks following 
corticosteroid treatment [ 19 ]. By 3 weeks, over 20 % of the 
bone had empty lacunae. After 21–35 days of treatment with 
cortisone acetate (5 mg/kg), Cruess et al. reported a statisti-
cally signifi cant increase in empty osteocyte lacunae (23 %) 
as compared to controls (10 %) [ 17 ]. Weinstein et al. detected 
apoptosis (TUNEL reactive) of osteoblasts and osteocytes in 
trabecular bone but not in cortical bone [ 48 ]. 

 As discussed previously, the diagnosis of osteonecrosis 
relates to the presence of empty osteocyte lacunae, pyk-
notic osteocyte nuclei, and marrow necrosis. Using this cri-
terion, many investigators have evaluated the incidence of 

 osteonecrosis in various animal models. Yamamoto et al. 
reported that osteonecrosis was prevalent in 43 % of the 
joints studied 4 weeks after injecting a rabbit model with one 
dose of methylprednisolone (20 mg/kg IM) [ 24 ]. They also 
found evidence of granulation tissue and appositional bone 
depending on the number of weeks postinjection. Using the 
same model, Motomura et al. detected an incidence of 70 % 
osteonecrosis 2 weeks after the methylprednisolone injection 
[ 26 ]. Yang et al. administered dexamethasone to 4-week-old 
BALB/cJ mice in the drinking water for up to 12 weeks [ 8 ]. 
The incidence of osteonecrosis ranged from 40 to 45 % in 
two groups. In a similar study using mature BALB/cJ mice, 
although increased adipogenesis within the bone marrow 
compartment of the distal femur was observed, there was no 
consistent evidence of osteonecrosis [ 9 ]. This supports that 
there may be age-related differences in the response of bone 
to corticosteroids.  

64.3.7     Multifactorial Models 

 Several investigators have described the pathogenesis of 
osteonecrosis as multifactorial – using terms such as accu-
mulated stress, multihit, predisposition (genetic or nonge-
netic), and thresholds. Therefore, it seems reasonable that an 
animal model of osteonecrosis should incorporate this con-
cept. Perhaps there are animal models that are “predisposed” 
to develop ON. As corticosteroids are given to individuals to 
treat some underlying condition, it is realistic for us to evalu-
ate the effect of corticosteroids in animals with features of 
that underlying condition. 

64.3.7.1     Shwartzman Reaction  
 John Paul Jones, Jr. and others have proposed that intravascu-
lar coagulation is an integral mechanism within the pathogen-
esis of osteonecrosis [ 100 ,  101 ]. One type of animal model 
has been used to study the effect of corticosteroid therapy in 
an animal model of the Shwartzman reaction. The Shwartzman 
reaction is a mechanism of endotoxin (LPS)-mediated tissue 
injury and can be either systemic or localized [ 102 ]; the sys-
temic form is a consequence of widespread intravascular 
thrombus formation on the surfaces of endothelial cells. 

 Okazaki et al. injected LPS (2 mg/kg, IV) twice into 
10-week-old male Wistar rats and then injected methylpred-
nisolone (20 mg/kg) IM for 3 days [ 103 ]. At 1 week, empty 
lacunae were observed within the trabecular bone of the femo-
ral head. Within the bone marrow, there was a decrease in the 
number of hematopoietic and fat cells with an increase in cell 
debris. By week 3, the hematopoietic and fat cells had disap-
peared, and fi brous tissue had accumulated and formed scar 
tissue by week 4. Increased levels of IL-1β, IL-2, IL-4, IL-6, 
IL-10, GM-CSF, IFN-γ, and TNF-α in the blood were observed 
by week 1. Upregulation of IL-1β was also seen in the liver and 
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kidney. Total plasma cholesterol concentration was increased 
at 1 and 2 weeks. The investigators propose that the LPS/meth-
ylprednisolone-induced osteonecrosis may arise from aberrant 
activation of the immune system by the TLR4-mediated signal-
ing pathway as well as aberrant lipid metabolism. 

 Yamamoto et al. established a similar model in New 
Zealand white rabbits [ 104 ]. They compared treatment with 
LPS alone (100 μg/kg), methylprednisolone alone (20 mg/kg), 
LPS plus methylprednisolone, and no treatment (controls). 
A diagnosis of osteonecrosis was determined by the presence 
of empty lacunae or pyknotic nuclei of osteocytes and bone 
marrow cell necrosis. They reported a signifi cant increase in 
the number of cases of osteonecrosis in the metaphysis of the 
LPS plus corticosteroid group as compared to the LPS alone 
or corticosteroid alone groups. This increase was also noted in 
the diaphysis and the epiphyses, although always in animals 
with metaphyseal ON. Using a similar model in rabbits, Guan 
and Han [ 105 ] found a signifi cantly higher rate of osteonecro-
sis in the femoral head of animals with both the LPS and cor-
ticosteroid treatments (36 %) as compared to the corticosteroid 
(30 %) and control (17 %) groups. Additionally, they noted 
signifi cantly elevated serum triglycerides (TGs) and total cho-
lesterol (TC) in the combination group as compared to the 
other groups at different time periods up to 21 days. 

 What is the take-home message from these experiments? 
First, although rare, septic arthritis associated with osteone-
crosis does occur [ 106 ]. The role of intravascular coagula-
tion within this group remains to be evaluated. Second, 
corticosteroid treatment exacerbates any effect on bone that 
a LPS-associated tissue reaction may have. Third, it raises 
the question of whether aberrant activation of the immune 
system may play a role in aseptic osteonecrosis.  

64.3.7.2     Models Involving Hypersensitivity 
Reactions 

 Injections of horse serum have been used to induce a systemic 
hypersensitivity reaction in animals [ 33 ,  107 – 109 ]. Two injec-
tions of horse serum given 3 weeks apart to adult rabbits may 
result in the formation of immune complexes within the bone 
marrow [ 107 ]. Matsui et al. observed that corticosteroids aug-
mented the effect of horse serum injections. Furthermore, the 
incidence of osteonecrosis was notably increased in the com-
bination model (70 % of the animals) [ 108 ] as compared to 
horse serum alone (33 % of the animals) [ 109 ]. More animals 
of the combination group demonstrated the more severe ON in 
the diaphysis and metaphysic of the proximal femur than 
either the horse serum-only or corticosteroid-only groups. The 
bony pathology was associated with intramedullary hemor-
rhages and vascular lesions including degeneration of the 
tunica media, loss of smooth muscle cells, and disruption of 
the internal elastic membrane. As vasculitis is a frequent 
comorbidity of osteonecrosis, it is reasonable that an animal 
model should incorporate this into its design [ 110 ].  

64.3.7.3      Models of Osteoporosis 
and Corticosteroids 

 Animal models that evaluate the effects of corticosteroids on 
osteopenia and osteoporosis can be divided into three cate-
gories: models receiving corticosteroid therapy alone (as dis-
cussed previously), models that have undergone gonadectomy 
with and without corticosteroid therapy, and animal models 
that have undergone adrenalectomy and administered corti-
costeroid replacement therapy. 

 Corticosteroid therapy augments the effect of ovariec-
tomy, establishing a more reproducible model of osteoporo-
sis. Using an ovariectomized (OVX) sheep model, Lill and 
colleagues have evaluated the effect of daily intramuscular 
injection of methylprednisolone in OVX animals that are 
placed on a calcium- and vitamin D-restricted diet [ 37 – 39 ]. 
Corticosteroid treatment increased the bone effects observed 
with OVX alone. This was further amplifi ed when animals 
were placed on calcium- and vitamin D-restricted diet. They 
observed decreases in the bone mineral density of cancellous 
bone (55 %), cortical bone (7 %), trabecular number (19 %), 
and trabecular thickness (22 %) in the OVX/corticosteroid/
diet group. 

 Baofeng et al. reported similar fi ndings for a rabbit model 
of ovariectomy and methylprednisolone (MP) therapy (1 mg/
kg/day for 8 weeks starting 2 weeks after OVX); the experi-
ment was terminated at 10 weeks [ 78 ]. Regarding bone min-
eral density (BMD), they found that MP or OVX + MP 
resulted in statistically signifi cant decreases at 10 weeks as 
compared to baseline. The decrease in BMD was the greatest 
for the OVX + MP group (36 %) as compared to the MP 
(22 %) and OVX (8.5 %) groups. Signifi cant decreases in 
trabecular thickness and bone volume/total volume were 
seen for both the MP and OVX + MP group. Signifi cant 
decreases in trabecular number, trabecular separation, bone 
surface area/bone volume, and connectivity density were 
also found for the combination (OVX + MP) group. 

 Other studies have investigated the effect of corticosteroids 
on the hypothalamus pituitary axis. Mohamed et al. implanted a 
tricalcium phosphate drug delivery system to expose a rat model 
to continuous release of corticosterone for 24 days [ 111 ]. They 
found differences between male and female rats with adrenal 
atrophy of the zona glomerulosa and hypertrophy of the adrenal 
medulla in male rats and disorganization of all zones within the 
adrenal gland with lipohypertrophy in female rats. The hypo-
thalamus pituitary axis can also be disrupted following adrenal-
ectomy (ADX). Li et al. observed that adrenalectomy of male 
rats resulted in a signifi cantly decreased cancellous bone volume 
and trends for increased osteoclast and osteoblast surfaces [ 112 ]. 
A dose response was seen with corticosterone treatment in the 
ADX animals with signifi cant increases in cancellous bone vol-
ume and decreases in osteoblast surface, osteoclast surface, and 
mineralizing surface as compared to untreated placebo and ADX 
controls. The higher doses of corticosterone (50, 100, 200 mg) 

64 Animal Models of Corticosteroid-Associated Bone Diseases



502

were also associated with decreased bone formation rate and 
 longitudinal growth rates. 

 Do the pathogenesis of osteoporosis and osteonecrosis 
share common mechanisms? Animal models of  osteonecrosis 
indicate that, depending on the dose and duration, corticoste-
roid therapy may result in osteopenia. However, factors 
which trigger the progression to end-stage osteoporosis or 
osteonecrosis remain to be defi ned.    

64.4     Summary 

 Animal models have contributed to our understanding of the 
pathogenesis and natural history of corticosteroid-associated 
osteonecrosis and osteoporosis. The effects of corticosteroid 
therapy are both local and systemic. With respect to bone, 
there may be direct effects on the bone cells as well as bone 
marrow elements. Hyperlipidemia and increases in intraos-
seous and extraosseous fat deposits are likely to contribute to 
the bony pathology. While animal models of corticosteroid 
treatment alone do not develop the characteristics of 
advanced osteonecrosis seen in human ON, this may be due 
to limitations of the animal model (e.g., metabolic differ-
ences, quadrupeds) or to the multifactorial nature of this 
bone disorder. As we learn about the possible genetic predis-
position for osteonecrosis, mouse models may be developed 
that can study the pathogenetic mechanisms involved.     
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65.1            Introduction 

65.1.1     Defi nition and Epidemiology 

 “Bone necrosis is a disease which causes death of bone and 
is called ‘Osteonecrosis’” [ 1 ]. 

 “Death of all the cellular elements of bone indicates osteo-
necrosis” [ 2 ]. Osteonecrosis can be of traumatic or nontrau-
matic origin [ 3 ]. 

 Osteonecrosis accounts for about 10 % of the more than 
500,000 total joint replacements performed annually in the 
United States [ 3 ]. The average age of patients receiving total 
hip replacement for AVN is 38 years with only 20 % of 
patients being more than 50 years old at the time of operation 
[ 4 ]. Hips are predominantly involved but also the knee, 
ankle, shoulder, and elbow were shown to be involved. 
Bilateral involvement of the femoral head in steroid-induced 
FHN is up to 88.5 % [ 4 ]. As osteonecrosis remains a chal-
lenge in our daily clinical praxis, animal models of bone 
necrosis are still important to better understand the mecha-
nism of the disease and to establish better joint-preserving 
therapies [ 5 ].   

65.2     The Different Animal Models 

65.2.1     The Different Animal Models 
and Their Mechanisms 

65.2.1.1     Mechanical Models of ON 
 An experimental animal model  frequently used to produce 
temporary femoral head ischemia is that of hip joint tampon-
ade [ 6 ]. The intracapsularly running blood supply to the FH 
epiphysis is impaired by increasing the intra-articular pres-
sure above venous or arterial pressure level. Venous tampon-
ade succeeded in decreasing FH blood fl ow by 60 % in 
puppies, but had no infl uence on FH blood fl ow in adult dogs 
[ 7 ]. This difference can be explained by the dependence of 
the immature FH on intracapsularly running blood supply [ 8 ]. 

 A model which succeeded in reproducing the histologic 
characteristics of FHN found in humans is the femoral neck 
fracture model in miniature swine [ 9 ]. A basilar femoral 
neck osteotomy (simulating a fracture) was created with a 
1.5 mm osteotome, reduced, and internally fi xed with two 
1.6 mm titanium Kirschner wires. Eight weeks postopera-
tively, the animals were killed and examined. The vascula-
ture supplying the proximal femur of the immature pig was 
found to be similar to that of humans [ 10 ] which makes this 
model even more viable. The only difference is that the 
medial circumfl ex femoral artery is relatively larger com-
pared with the lateral circumfl ex artery [ 11 ]. 

 Also in our fi rst own experimental series, we used an 
immature porcine model of hip joint tamponade [ 12 ]. 
Surgically, we inserted a plastic cannula into the hip joint via 
an osseous drill hole through the acetabular bone. This can-
nula was connected to an infusion bag which was set under 
250 mmHg of pressure. Blood fl ow measurement by radio-
actively labeled microspheres showed isolated femoral head 
ischemia on the experimental side. 

 A further mechanical model is also described in piglets 
[ 13 ]. A ligature is surgically placed around the femoral neck 
in order to disrupt the blood supply to the femoral head 
epiphysis.  
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65.2.1.2     Fat Cell Hypertrophy and Intraosseous 
Pressure 

 Fat cell hypertrophy  within the femoral head was found in 
growing and adult rabbits after methylprednisolone treat-
ment [ 14 ]. Growth of fat cells in the intraosseous com-
partment of the femoral head was suggested to increase 
intraosseous pressure resulting in sinusoidal compression 
and thereby to diminish perfusion of FH bone and osteone-
crosis. Core decompression resulted in a gradual normaliza-
tion of femoral head blood fl ow after steroid treatment in 
rabbits. Dexamethasone treatment of a pluripotential cell 
line from mouse bone marrow could be shown to result in 
differentiation of these cells into fat cells [ 15 ]. 

 A single intramuscular methylprednisolone injection 
20 mg/kg to male adult Japanese white rabbits produced 
characteristic histologic signs of femoral and humeral ON 
[ 16 ]. However, osteonecrotic lesions in this model could 
only be detected in the femoral and humeral diaphysis and 
metaphysis, not in the femoral or humeral heads. This model 
was adopted by our group and used to examine the therapeu-
tic effect of either nitric oxide or enoxaparin to prevent the 
onset of bone necrosis. This is described in another chapter 
of this textbook. 

 A combination of the Shwartzman reaction and cortico-
steroid injections produced femoral and humeral osteone-
crotic lesions in male adult New Zealand white rabbits [ 17 ]. 
Rabbits were injected the bacterial endotoxin lipopolysac-
charide intravenously twice at an interval of 24 h, followed 
by three injections of methylprednisolone 20 mg/kg at 24 h 
intervals. Four weeks after the last injection, the animals 
were killed.   

65.2.2     Own Experimental Studies 

65.2.2.1     Megadose Corticosteroid Intravenous 
Infusion in a Pig Model  

 The aim of this study was to examine the acute effect of the 
spinal trauma treatment recommended by NASCIS (meth-
ylprednisolone [MP] 30 mg/kg intravenous infusion over 
15 min, followed by 45 min break, and 23 h of MP infusion 
at 5.4 mg/kg/h) on hip perfusion and plasma coagulability in 
the awake porcine model [ 18 ]. Material and methods    are as 
follows: 18 pigs were randomized to MP treatment (n 9) or a 
placebo-control group (n 9). Regional blood fl ow of the sys-
tematically subdivided femoral head, proximal femur, ace-
tabulum, and soft tissue hip regions was investigated by the 
radioactive microsphere technique at steady state (phase 1), 
after the initial bolus infusion (phase 2) and after the com-
pleted treatment (phase 3). Plasma coagulability was exam-
ined in phases 1 and 3 by determining PT, aPTT, plasma 
fi brinogen, and AT-III in jugular venous blood. The results 
are as follows: FH epiphyseal blood fl ow decreased after the 

completed steroid infusion (phase 3) in the steroid-treated 
group, while there was no change in the control group. FH 
blood fl ow reduction was global without a tendency to more 
pronounced blood fl ow decrease in any subregion. Plasma 
fi brinogen was signifi cantly higher after 24 h of steroid infu-
sion than in the placebo-control group.  

65.2.2.2    Short-Term High-Dose Corticosteroid 
Treatment in a Pig Model  

 The aim of this study was to examine the effect of long-term 
steroid treatment on hip perfusion, histology, and plasma 
coagulability [ 19 ]. Material and methods are as follows: 
24 pigs were randomized to 100 mg MP orally per day for 
3 months (n 12) or no treatment for 3 months (n 12). After 
3 months, regional blood fl ow of the systematically subdi-
vided femoral head, proximal femur, acetabulum, and soft 
tissue hip regions was investigated by the radioactive micro-
sphere technique, intraosseous pressure of the FH epiphysis 
and metaphysis determined, plasma coagulability was moni-
tored by PT, aPTT, AT-III, and plasma fi brinogen in jugular 
venous blood, and histology of the femoral head was done uni-
laterally. The results are as follows: Hypercoagulability was 
found in the steroid-treated group by  hyperfi brinogenemia 
and 50 % shorter aPTT. FH histology revealed osteopenia 
by decreased trabecular bone volume and a reduced min-
eralizing bone surface in the steroid-treated group of pigs. 
The FH epiphysis of the steroid-treated animals showed an 
irregular cartilage-bone interface with cartilaginous bone 
defects projecting into the subchondral bone mainly in its 
cranial part. FH blood fl ow was higher in the cranial part 
in the steroid-treated pigs, and unchanged in the other hip 
regions. Epiphyseal and metaphyseal intraosseous pressure 
were not different between the experimental groups. 

 Twenty-four-hour and 2-week high-dose steroid treatment 
reduced FH blood fl ow in the immature pig. Twenty-four- 
hour and 3-month steroid treatment caused hypercoagulabil-
ity of plasma. FH histology after 3-month steroid treatment 
revealed no osteonecrosis but subchondral bone defects. A 
causality between hypercoagulability and the subchondral 
bone defects could not be shown by this study but is sup-
ported by other studies. Reduced bone blood fl ow and hyper-
coagulability of plasma may be pathomechanic factors in 
steroid-induced FHN.    

65.3     Summary 

 Several animal models of bone necrosis have been devel-
oped. Models employing mechanical disturbance of femoral 
head blood fl ow have been able to mimic human osteone-
crosis quite well especially in the pig. However, a good 
model of corticosteroid-induced bone necrosis remains to 
be established. To the authors, this seems to be as important 
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as improving knowledge about nontraumatic femoral head 
necrosis among general practitioners. An early referral of 
FHN patients – preferably in ARCO stage 1 – to the orthope-
dic surgeon could probably save more hips.     
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