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ABSTRACT 

Subchondral bone, consisting of subchondral bone plate (SBP) and underlying 

subchondral trabecular bone (STB), plays a pivotal role in the biomechanical and 

biochemical homeostasis of the joint. Subchondral bone is widely reported to contribute 

to the pathogenesis of various joint diseases. 

Osteoarthritis (OA) is the most prevalent joint disease, and the leading cause of pain and 

functional disability in the elderly population. Although OA has long been thought as a 

primary disorder of cartilage, subchondral bone is also actively involved in the initiation 

and progression of OA.  

In this thesis, a general review on subchondral bone was provided. This review 

summarized basic features of subchondral bone. Main risk factors influencing 

subchondral bone integrity were described. Moreover, we focused on the abnormal 

changes of subchondral bone in OA, and provided an overview of their potential 

contribution to OA pathogenesis.  

In normal joints, depth variation in the trabecular microarchitecture has been reported. 

However, depth variation in osteoarthritic joint is poorly investigated. In the current 

study, we observed a significant difference between the superior STB and deeper 

trabecular bone (DTB) in OA. Compared to DTB, STB showed more sclerotic 

microarchitecture, more active bone remodelling and higher frequency of bone cysts. 

This may be due to the distinct biomechanical and biochemical functions between these 

two structures.  

Age and gender have remarkable impacts on bone homeostasis. However, the influence 

of age and gender on bone metabolism in OA has been reported to be different from that 

in normal subjects. Consequently, we investigated age and gender dependency of 

microarchitecture and bone remodeling in both STB and DTB from the weight-bearing 
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region of osteoarthritic femoral heads from 110 patients. There was no gender 

difference for microarchitecture and bone remodelling in STB, while distinct gender 

difference was detected in DTB. In both STB and DTB, no correlation between 

microarchitecture and age was found in both genders. However, bone remodeling of 

STB increased significantly with age in males, while bone remodeling parameters of 

DTB increased significantly with age in females. No age or gender preference was 

found in subchondral bone cysts (SBCs) frequency. The cyst volume fraction was 

correlated with neither age nor gender. To conclude, OA changed the normal age- and 

gender-dependence of bone homeostasis in joints, in a site-specific manner. 

 

SBP provides structural support and significant mechanical function by transmitting 

loads from cartilage towards STB. SBP is also infiltrated by a number of tiny channels, 

acting as a portal for biochemical interactions between cartilage and STB. Based on the 

abnormal alterations in STB observed in the previous study, we undertook a further 

investigation for the relationship between SBP integrity and the homeostasis of 

underlying STB in OA. Our study showed that, STB with full-thickness breach of SBP 

exhibited more sclerotic microarchitecture, higher bone remodeling level and higher 

SBCs frequency, as compared to those with partial-thickness breach of SBP. A mixed 

pathology was detected within SBCs, including fibrous tissue, abnormal blood vessels, 

fibrocartilaginous tissue, hyaline cartilaginous tissue, remnant bone fragments and 

adipose tissue. Our data indicated that SBP integrity is closely associated with the 

homeostasis of underlying STB in the progression of OA. SBP may act as a 

biomechanical and biochemical shield between the synovial space and STB. 

 

In contrast to the wealth of studies concerning subchondral bone in primary OA, the 

alterations of subchondral bone in secondary OA remain poorly acknowledged. To 

investigate subchondral bone alterations in the subset of secondary OA with 

homogenous biomechanics aetiology, we collected subchondral bone specimens in 

femoral heads from patients with OA secondary to hip dysplasia (HD-OA). In the 

current study, the weight-bearing subchondral bone showed more sclerotic 
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microarchitecture and more active bone remodeling in HD-OA, compared to 

osteoporosis (OP). In the non-weight-bearing region, the two diseases shared similar 

microarchitecture characteristics, but more active bone remodeling was detected in 

HD-OA. Distinct regional difference was only observed in HD-OA. In addition, 

HD-OA demonstrated more serious pathological alterations, including subchondral 

bone cyst, metaplastic cartilaginous tissue, bone marrow edema and fibrous tissue, 

especially in the weight-bearing region. Collectively, osteoarthritic deteriorations of 

subchondral bone induced by hip dysplasia spread throughout the whole joint, but 

exhibit region-dependent variations, with the weight-bearing region more seriously 

affected. Biomechanical stress might exert a pivotal impact on subchondral bone 

homeostasis. 

Rheumatoid arthritis (RA) is a common chronic inflammatory joint disorder 

characterized by persistent synovitis and juxta-articular bone erosion. However, 

subchondral bone, which lies distant from the cartilage-pannus junction, is an often 

neglected anatomic compartment in RA pathogenesis. Our data demonstrated that RA 

and OA showed similar microarchitecture patterns in both STB and DTB, despite STB 

in RA exhibiting higher bone resorption. In addition, there was no difference in SBCs 

frequency between RA and OA. This may indicate that biomechanics exerts the 

dominant influence on the subchondral bone microarchitecture and remodeling in the 

load-bearing region which is far from the synovium, in both RA and OA. 

In summary, the studies in this thesis suggested that subchondral bone was substantially 

involved in the pathogenesis of OA and RA, with abnormal microarchitecture, bone 

remodelling and histopathological alterations. Maintenance of subchondral bone 

homeostasis may represent a potential alternative therapeutic approach for the 

prophylaxis and treatment of OA and RA in the future.   
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REVIEW

Subchondral bone in osteoarthritis: insight into
risk factors and microstructural changes
Guangyi Li1,2, Jimin Yin1, Junjie Gao2, Tak S Cheng2, Nathan J Pavlos2, Changqing Zhang1* and Ming H Zheng2*

Abstract

Osteoarthritis (OA) is a major cause of disability in the adult population. As a progressive degenerative joint
disorder, OA is characterized by cartilage damage, changes in the subchondral bone, osteophyte formation, muscle
weakness, and inflammation of the synovium tissue and tendon. Although OA has long been viewed as a primary
disorder of articular cartilage, subchondral bone is attracting increasing attention. It is commonly reported to play a
vital role in the pathogenesis of OA. Subchondral bone sclerosis, together with progressive cartilage degradation, is
widely considered as a hallmark of OA. Despite the increase in bone volume fraction, subchondral bone is
hypomineralized, due to abnormal bone remodeling. Some histopathological changes in the subchondral bone
have also been detected, including microdamage, bone marrow edema-like lesions and bone cysts. This review
summarizes basic features of the osteochondral junction, which comprises subchondral bone and articular cartilage.
Importantly, we discuss risk factors influencing subchondral bone integrity. We also focus on the microarchitectural
and histopathological changes of subchondral bone in OA, and provide an overview of their potential contribution
to the progression of OA. A hypothetical model for the pathogenesis of OA is proposed.

Introduction
Osteoarthritis (OA) is a common leading cause of pain
and disability in the aging population. As a slowly pro-
gressive degenerative joint disorder, OA is characterized
by cartilage damage, changes in the subchondral bone,
osteophyte formation, muscle weakness, and inflamma-
tion of the synovium tissue and tendon [1].
Although OA has long been considered as a primary dis-

order of articular cartilage, the contribution of subchondral
bone to the physiopathology of OA is arousing interest [2].
Subchondral bone deterioration is commonly associated
with articular cartilage defects [3], and subchondral bone
sclerosis, together with progressive cartilage degradation, is
widely considered as a hallmark of OA [4,5]. Despite the in-
crease in the number of trabeculae and bone volume, sub-
chondral bone is hypomineralized and of inferior quality, as
a consequence of abnormal local high bone turnover [6].
Some histopathological changes in the subchondral bone
have also been detected, including microdamage, bone mar-
row edema-like lesions and bone cysts [7-9].

In this review, we summarize basic features of a func-
tional joint unit comprised of subchondral bone and ar-
ticular cartilage. We also discuss factors that influence
the integrity of subchondral bone. Importantly, we focus
on the microarchitectural and histopathological changes
of subchondral bone in OA, and provide an overview of
their potential contribution to the progression of OA.

The structure and function of subchondral bone
OA is considered as an organ disease that affects the
whole joint. Subchondral bone plays a crucial role in the
initiation and progression of OA [10]. Although ‘sub-
chondral bone’ has been defined in a number of ways,
the term most often refers to the bony components lying
distal to calcified cartilage [3,4]. Subchondral bone can
be separated into two distinct anatomic entities: sub-
chondral bone plate and subchondral trabecular bone
[11] (Figure 1).
Subchondral bone plate is a thin cortical lamella, lying

immediately beneath the calcified cartilage [12]. This
cortical endplate is not an impenetrable structure, but
possesses a marked porosity. It is invaded by channels
that provide a direct link between articular cartilage and
subchondral trabecular bone. A surprisingly high num-
ber of arterial and venous vessels, as well as nerves,

* Correspondence: zhangcq@sjtu.edu.cn; minghao.zheng@uwa.edu.au
1Department of Orthopaedics, Shanghai Sixth People’s Hospital, Shanghai
Jiaotong University, Shanghai 200233, China
2Centre for Orthopaedic Research, School of Surgery, The University of
Western Australia, Perth 6009, Australia

© BioMed Central Ltd.
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penetrate through the channels and send tiny branches
into calcified cartilage [3,13]. The distribution and inten-
sity of the channels depend not only on aging, but also
on the magnitude of the compressive forces transmitting
through cartilage and subchondral bone within and be-
tween joints [12]. These channels are preferentially con-
centrated in the heavily stressed areas of the joint.
Channel shape and diameter also differs with the thick-
ness of the cortical plate. Channels are narrower and
form a tree-like mesh in regions where the subchondral
plate is thicker, while they tend to be wider and resemble
ampullae where the plate is thinner [12].
Arising from subchondral bone plate is the supporting

trabeculae, which comprises subchondral trabecular bone,
together with deeper bone structure [3]. Subchondral tra-
becular bone exerts important shock-absorbing and sup-
portive functions in normal joints, and may also be
important for cartilage nutrient supply and metabolism
[10]. Relative to the subchondral bone plate, subchondral
trabecular bone is more porous and metabolically active,
containing blood vessels, sensory nerves, and bone mar-
row [2]. Subchondral trabecular bone has an inhomogen-
eous structure that varies with the distance from the

articular surface. It exhibits significant structural and
mechanical anisotropy; that is, the bone trabeculae shows
preferential spatial orientation and parallelism [14].
Subchondral bone is a very dynamic structure and is

uniquely adapted to the mechanical forces imposed across
the joint. In addition to bone density patterns and mech-
anical properties, subchondral bone also dynamically ad-
justs trabecular orientation and scale parameters in a
precise relationship with principal stress [15]. Mechanical
stress also modifies the contour and shape of subchondral
bone by means of bone modeling and remodeling [16].

The interaction between subchondral bone and
articular cartilage
Articular cartilage overlies subchondral bone, and provides
a vital function of maintaining homeostasis of the joint
environment. It encompasses superficial non-calcified car-
tilage and deeper calcified cartilage. Calcified cartilage is
permeable to small molecule transport, and plays an
important role in the biochemical interaction between
non-calcified cartilage and subchondral bone [17]. It is
separated from non-calcified cartilage by a boundary called
the ‘tidemark’, a dynamic structure that appears as a baso-
philic line in histological sections. The tidemark represents
the mineralization front of calcified cartilage, and provides
a gradual transition between the two dissimilar cartilage
regions [18]. Continuous collagen fibrils cross the tide-
mark, indicating the strong link between non-calcified and
calcified cartilage [3]. There is also a sharp borderline be-
tween calcified cartilage and subchondral bone, called the
‘cement line’ [19]. Unlike the tidemark, however, no con-
tinuous collagen fibrils cross the cement line.
Given the intimate contact between articular cartilage

and subchondral bone, they form a closely composited
functional unit called the ‘osteochondral junction’ [2] (Fig-
ure 1). The osteochondral junction is peculiarly complex,
and consists of a deeper layer of non-calcified cartilage, the
tidemark, calcified cartilage, the cement line and subchon-
dral bone [18]. Alterations of either tissue will modulate
the properties and functions of other parts of the osteo-
chondral junction [20]. There is intensive biomechanical
and biochemical cross-talk across this region that may play
a role in maintenance and degeneration of the joint.
Subchondral bone and cartilage are dynamic stress-

bearing structures that play complementary roles in
load-bearing of joints [17]. Subchondral bone supports
overlying articular cartilage and distributes mechanical
loads across joint surfaces with a gradual transition in
stress and strain. Stiffened and less pliable subchondral
bone could transmit increased loads to overlying cartil-
age, leading to secondary cartilage damage and degener-
ation [11]. The load transmitted to underlying bone will
also be substantially increased after articular cartilage
damage or loss [21].

Figure 1 The structure of articular cartilage and subchondral
bone in a normal human joint. CC, calcified cartilage; NCC, non-
calcified cartilage; SBP, subchondral bone plate; STB, subchondral tra-
becular bone. Arrows denote the tidemark; the dotted line indicates
the cement line.
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Although biomechanical coupling between subchondral
bone and cartilage is well established, the biochemical
interaction remains comparatively undefined. The perme-
ability of calcified cartilage and subchondral bone plates
allows crossover communication, and provides connecting
channels between subchondral bone and cartilage [17]. In
vivo studies showed that prostaglandins, leukotrienes and
various growth factors released by osteoblasts during sub-
chondral bone remodeling could reach overlying articular
cartilage [22]. Accordingly, inflammatory and osteoclast
stimulation factors released by articular cartilage may also
lead to subchondral bone deterioration through increased
bone remodeling in OA [5,23].

Factors affecting subchondral bone integrity
OA is a progressive degenerative joint disease with dif-
ferent etiologies, and multifaceted risk factors have been
suggested for the onset of OA, which include genetic
predisposition, gender, aging, obesity, physical activity,
previous joint injury, joint malalignment and abnormal
joint shape [24]. These factors are reported to specific-
ally influence subchondral bone.

Genetic predisposition
OA has been widely considered to be a polygenic dis-
ease, having an important hereditary component [25].
Inheritance studies involving family groups and twin
pairs have revealed a considerable genetic contribution
to the development of OA, with heritability estimates
ranging from 39% to 78% at different joints [26-28].
Most of the candidate OA-associated genes reported

to date relate to joint development and structural com-
ponents of the joint [29]. Malformations in joint struc-
ture (for example, developmental dysplasia of the hip
(DDH) and femoroacetabular impingement) caused by
relative genetic mutations could lead to abnormal sub-
chondral bone and contribute substantially to the sus-
ceptibility to OA by altering joint biomechanics [30-32].
In a transgenic Del1 mouse harboring a mutated Col2a1

gene (the type II collagen gene), augmentation of matrix
metalloproteinase-13, cysts and sclerosis were detected in
the subchondral bone of the knee joint at an early age
[33,34]. Mice with Col9a1 gene inactivation (the type IX
collagen gene) were also reported to prematurely develop
OA, with fibrillation or cartilage erosion extending to sub-
chondral bone [35]. However, the impact of genetic pre-
disposition on the integrity of subchondral bone in
humans has not been extensively investigated.

Gender
Men are reported to have a higher prevalence of OA than
women before the age of 50 years, but after this age the
prevalence is higher in women, which coincides with meno-
pause [36-38]. Accordingly, estrogen deficiency occurring

with menopause has been associated with an increased inci-
dence and severity of OA in women [39]. Postmenopausal
women taking estrogen replacement therapy exhibit a re-
duced risk of hip and knee OA, compared with those not
taking it [40,41].
In animal experiments, estrogen depletion by ovariec-

tomy has been related to high bone remodeling, structure
deterioration and weakened biomechanical properties in
subchondral trabecular bone of joints [42,43]. Estrogen
depletion could also enhance subchondral bone plate thin-
ning, especially when an additional OA trigger is applied
[44]. In a cynomolgus macaque model, estrogen replace-
ment therapy was reported to decrease bone remodeling
and preserve bone mass in subchondral bone [45]. A
cross-sectional study has also shown that elderly women
receiving estrogen had a significantly decreased prevalence
of knee OA-related subchondral bone attrition and bone
marrow edema-like abnormalities [46].

Aging
Aging is considered as a primary risk factor for OA, due to
loss of normal bone structure and accumulation of bone
microdamage [47]. The microarchitecture of subchondral
trabecular bone in joints has a significant dependence on
aging, which is characterized by a decrease in trabecular
thickness and bone volume fraction, loss of connectivity,
increased trabecular separation and bone marrow space
volume, transformation of trabeculae from plate-like into
rod-like, and an increase in anisotropy degree [48].
However, opinions differ and Crane and colleagues [49]

suggested that OA changed the close relationship between
age and trabecular bone structure. To illustrate, bone vol-
ume fraction of trabecular bone in the proximal femur in
those with OA did not depend on age. Further, Perilli and
colleagues [50] recently demonstrated that neither struc-
tural parameters nor mechanical properties of trabecular
bone in the osteoarthritic femoral head depend on age.
This phenomenon may be due to altered mechanical fac-
tors in the joints with OA, which inhibit age-related bone
loss when mechanical stresses are relatively higher [51].

Obesity
Obesity is a significant risk factor for OA, especially in the
knee [52]. However, the relationship between obesity and
OA in the hand and hip remains controversial [53,54].
Traditionally, increased compressive stresses on weight-
bearing joints due to increased body weight and fat mass is
thought to influence obesity-associated OA progression
[55]. Recently, attention has shifted to the potential influ-
ence of metabolic dysfunction on the progression of
obesity-associated OA [56]. It has been suggested that the
early stage of obesity-associated OA is more strongly influ-
enced by body weight and fat mass, while metabolic

Li et al. Arthritis Research & Therapy Page 3 of 122013, 15:223
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dysfunction is more important in the late stage of OA in
which cartilage degeneration becomes more severe [57].
A matched case-control cohort study evaluated the rela-

tionship between obesity and bone strength and micro-
architecture in postmenopausal women. The increase of
absolute values of all bone parameters was not in propor-
tion to excess weight, leading to relative bone fragility
[58]. The negative effect of obesity on bone health may be
attributed to inflammatory cytokines, increased abnormal
fat acid and adipokines [59]. Specifically, Dequeker and
colleagues [60] speculated that subchondral bone stiffness
was greater due to increased biomechanical loads in obese
individuals and this rendered bone less able to cope with
higher impact loads. However, the precise impact of obes-
ity on the microarchitecture and pathology of subchondral
bone requires further investigation.

Physical activity
Numerous studies have investigated the relationship be-
tween physical activity and OA. However, whether physical
exercise alone induces OA remains highly controversial. In
general, moderate bearing loading exercise protects against
OA [61], while non-physiological loading or joint abuse is
detrimental and increases the risk of developing OA [62].
In one cross-sectional study of runners, tibia diaphyseal

volumetric bone mineral content, cortical area and polar
moment of resistance were highest in sprinters, followed in
descending order by middle and long distance runners,
race-walkers and controls. This was considered to be due
to an adaption to ‘exercise specific peak forces’ experienced
during running [63]. In a canine experiment, running en-
hanced bone remodeling in subchondral bone regions,
resulting in thicker subchondral bone plate and higher tra-
becular volume [64]. Subchondral bone responds to the
stress of exercise by increasing bone formation and density
in an attempt to increase strength [65]. Exercise during the
critical years of growth and development may be instru-
mental for subchondral bone modeling, and might assist in
reducing the risk of OA later in life [66].
However, exercise may have varying effects on joints,

depending on the mode, rate, intensity and duration of
the activity [14]. Abnormal impulsive loading was re-
ported to induce high bone remodeling, microdamage and
vascular invasion in subchondral bone, which eventually
reduced its elasticity and led to subchondral bone sclerosis
[9,67,68]. Racehorses running long distances at high
speeds exhibited tremendous changes within the subchon-
dral bone in the carpal and metacarpophalangeal joints,
including osteochondral fragmentation and fracture, sub-
chondral bone necrosis and sclerosis [69,70].

Joint injury
Joint injuries, including intra-articular fractures, menis-
cal tears, ligamentous damages, and traumatic cartilage

injuries, all increase the risk of progressive joint degener-
ation that causes post-traumatic OA [71].
Joint injuries not only lead to cartilage degeneration, but

also have negative effects on subchondral bone. In a mouse
model, intra-articular fractures caused subchondral bone
thickening and sclerosis in the knee [72]. In a canine model,
transarticular impact below the joint fracture threshold led
to subchondral bone bruises [73]. Based on clinical experi-
ence and epidemiologic studies, many OA animal models
have been developed through cruciate ligament transection
and meniscus destabilization, in which abnormal changes
of subchondral bone are detected [74,75].
In humans, meniscal damages may lead to subchon-

dral bone pathological changes, including increased bone
mineral density, bone cysts and bone marrow lesions
[76,77]. Traumatic ligament injuries also jeopardized
subchondral bone integrity, causing microdamage [78].
Radiological evidence also supports that traumatic cartil-
age injuries have a close relationship with subchondral
bone damage (for example, subchondral edema) [79].

Joint malalignment
OA is a quantitative or qualitative abnormality in intra-
articular stress that may be caused by a host of factors,
such as joint malalignment. The mechanical abnormality
overwhelms innate physiologic mechanisms for repairing
damaged joint tissues [24].
In a population study of 2,644 knees, both valgus and

varus alignment, resulting from genetic, developmental,
and traumatic factors, were found to be highly associated
with the development of OA [80]. It is not the malalign-
ment per se that is detrimental to the joint, but the exces-
sive concentration of stress on the articular cartilage and
underlying bone. Malalignment seems to be associated
with subchondral bone attrition [81]. Increased mechan-
ical stress by malalignment would give rise to microcracks
of subchondral bone, leading to abnormal bone remodel-
ing [82]. In a longitudinal study of the knee, intra-osseous
lesions were widely detected in subchondral bone adjacent
to abnormal, malaligned joints [83].

Abnormal joint shape
Joint shape has been considered as a key predictor of OA
for five decades, and joint shape is in turn altered by the
disease, leading to an intricate interplay between joint
shape and OA [84]. Joint shape is under tight genetic con-
trol, including genes such as those encoding bone mor-
phogenetic proteins or members of the Wnt signaling
family [85]. A cross-sectional survey across a wide age
range (22 to 93 years), reported that hip dysplasia-
associated malformations (for example, DDH, acetabular
dysplasia, pistol-grip deformity) constituted significant risk
factors for the progression of hip OA [86].
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Subchondral bone is widely believed to be able to adapt
its structure to acting loads as well as to joint shape [87].
During the development of hip dysplasia observed in a ca-
nine model, abnormal weight bearing forces caused sub-
condral bone fractures and subsequent sclerosis in both
femoral head and acetabulum [31]. In a study of human
femoral heads with late-phase DDH, synchrotron radi-
ation micro-computed tomography identified many large
and small cysts in sclerotic subchondral bone [88].

Microarchitectural changes of subchondral bone
in osteoarthritis
Despite the focus on the contribution of subchondral
bone to the pathogenesis of OA for over four decades,
there remains a controversy over its role: is it a trigger
factor or a secondary consequence of cartilage degener-
ation [3]? Irrespective of the precise mechanism, sub-
chondral bone is believed to play a vital role in OA
pathogenesis. Subchondral sclerosis is commonly con-
sidered an indisputable sign of OA [77]. However, some
studies suggest that different microarchitectural alter-
ations of subchondral bone occur during different stages
of OA; subchondral sclerosis may be observed only dur-
ing more advanced stages of OA [89].
In early stages of OA in humans, elevated bone remod-

eling and subchondral bone loss was observed, and was
considered as a determinant of OA progression [6]. In a
rabbit model with preceding osteoporosis, subchondral
bone microstructural damage by increased remodeling ag-
gravated experimental OA [23]. Temporal subchondral
bone loss in early OA was also documented in a number
of different animal models [78,89,90]. Specifically, thin-
ning and increased porosity of the subchondral bone plate
were detected, which are testified to be strongly associated
with cartilage damage [89]. However, the subchondral

bone plate remained thin in the feline OA knee joint [78],
while other animals showed a subsequent thickening of
the cortical plate with OA progression [77,90]. In the
underlying subchondral trabecular bone, increased tra-
becular separation, decreased bone volume fraction and
trabecular thickness in subchondral trabecular bone were
detected in these animal models, in contrast with previous
concepts [77,78,89,90]. A high incidence of microdamage
(highly associated with subchondral bone stiffening and
cartilage degeneration) was also reported in the subchon-
dral bone of patients with early OA [91].
Although the underlying mechanism for the increased

bone turnover and structural deterioration in the early
phase of OA is not fully understood, several factors have
been implicated, including microdamage repair [92], in-
creased vascularity stimulated by angiogenic factors [93]
and enhanced bone-cartilage crosstalk via increased sub-
chondral plate pores [17,18]. Further, it has been sug-
gested that elevated bone remodeling and its associated
stimulated vascularity are indispensable for the progres-
sion of OA, rather than subchondal sclerosis [4].
In the late stage of OA, microarchitectural characteristics

of subchondral bone are elevated apparent density, in-
creased bone volume, thickening of subchondral bone plate,
increased trabecular thickness, decrease of trabecular separ-
ation and bone marrow spacing, and transformation of tra-
beculae from rod-like into plate-like [94]. The overlying
calcified cartilage is also thickened, with advancement and
duplication of the tidemark (Figure 2), which contributes to
articular cartilage thinning and deterioration [20].
Despite increased bone volume density in the so-called

‘sclerotic’ subchondral bone, its mineralization is reduced
and lower than that in normal or even osteoporotic joints
[95]. Although collagen synthesis is elevated in subchon-
dral bone, the deposited collagen is hypomineralized and

Figure 2 Reduplicated tidemarks in a human joint with osteoarthritis. (A) Histological and (B) backscattered scanning electron microscope
manifestations of reduplicated tidemarks in a human joint with osteoarthritis. CC, calcified cartilage; NCC, non-calcified cartilage; SB, subchondral
bone. Arrows denote reduplicated tidemarks.
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Table 1 Histological changes of bone marrow edema-like lesions in osteoarthritic subchondral bone

Species Joint Reference Histology

Human Knee Bergman et al.
[105]

1.Thickening trabeculae

2. Bone marrow fibrosis

Knee Zanetti et al. [106] 1. Normal tissue: fatty marrow (53%), intact trabeculae (16%), blood vessels (2%)

2. Abnormal tissue: bone marrow necrosis (11%), necrotic or remodeled trabeculae (8%), bone marrow fibrosis
(4%), bone marrow edema (4%), bone marrow bleeding (2%)

Knee Hunter et al. [104] 1. Sclerotic trabeculae

2. Abnormal marrow infiltration: granulation, edema, diffuse necrosis, fibrosis, hyperplasia of blood vessel walls

Knee Kazakia et al. [107] 1. Sclerotic trabeculae

2. Abnormal marrow infiltration: fibrous collagen, woven bone

Canine Knee Nolte-Ernsting
et al. [108]

1. Osteosclerosis

2. Intra-osseous cysts

3. Abnormal marrow infiltration: fibrosis, new bone formation

Knee Baird et al. [109] 1. Remodeled trabeculae

2. Myxomatous fibro-reactive marrow, increased hemato/myelopoietic elements and vascular congestion

Knee Martig et al. [110] Hematopoiesis and myxomatous transformation of the bone marrow, fibrosis

Figure 3 Radiological and histological characterization of subchondral bone cysts in osteoarthritic joint. (A) Two-dimensional image of a
subchondral bone cyst (SBC; dotted line) in a bone cylinder taken from the primary compressive region of osteoarthritic femoral head, from
micro-computed tomography scan. (B) Three-dimensional reconstruction of the SBC (blue), from micro-computed tomography scan. (C) Osteoclastic
bone resorption (arrowheads) in the trabeculae surrounding a SBC, from backscattered scanning electron microscope scan. (D) Histological features of
new bone formation (arrows) on the surface of the trabeculae surrounding a SBC.
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has a markedly reduced calcium-to-collagen ratio [96].
When tested mechanically, subchondral bone stiffness is
also low, based on its higher volume fraction [95]. One
theory is that bone volume density increases as a mechan-
oregulatory bone adaptation/compensation in response to
decreased mineralization and reduced bone stiffness [97].
Decreased mineralization and reduced bone stiffness re-
sult from accelerated bone turnover in OA joints. The
lowered subchondral bone modulus may contribute to
cartilage degeneration [98], challenging the previous con-
cept that increased subchondral stiffness drives the
process of cartilage damage in OA [91].

Bone marrow edema-like lesions of subchondral
bone in osteoarthritis
Bone marrow edema-like lesions (BMELs), which are
strongly associated with pain among patients with OA,
are frequently identified by magnetic resonance imaging
(MRI) in patients with progressive OA [99]. BMELs are
also observed in the healthy, asymptomatic population,
and predict an increased risk of OA [100]. The exact
pathogenesis of BMELs is unclear. However, damaged
cartilage, an inflammatory reaction to cartilage break-
down products or other factors in intruded synovial
fluid, and microtraumatic changes associated with al-
tered biomechanics, may contribute to the formation of
BMELs [101].
The term ‘bone marrow edema’ was introduced in

1988 by Wilson and colleagues [102] and was used to
describe bone marrow hyperintensive signal lesions
using T2-weighted MRI. It is increasingly common for
radiologists to describe the abnormal signal lesion as
bone marrow edema [103]. However, edema is not a
major constituent of the so-called ‘bone marrow edema’
[8]. There are insufficient histologic data available on the
MRI-detected BMELs in osteoarthritic joints (Table 1).
BMELs are normally present in the sclerotic subchon-
dral bone area, with increased bone volume fraction and
increased trabecular thickness [104].
BMELs are consistently and fundamentally involved in

development of OA, and are considered as an important
risk factor for structural deterioration [8,107]. Focal car-
tilage lesions are preferentially located in proximity to
BMELs, and the level of cartilage degradation is propor-
tional to BMEL signal intensity [111]. BMELs also have
a profound relationship with subchondral bone cysts
(SBCs), which could develop in pre-existing regions of
BMELs [112].

Subchondral bone cysts in osteoarthritis
The cavitary lesions in subchondral bone, which are nor-
mally referred to as ‘subchondral bone cysts’, are com-
monly reported in patients with OA [113] (Figure 3A,
B). Recent evidence suggests that patients with SBCs

had greater disease severity and pain, and a higher risk
of joint replacement [113].
Plewes first identified SBCs in subchondral bone adja-

cent to osteoarthritic joint surfaces in 1940 [114]. Des-
pite the continuous focus on SBCs in OA over seven
decades, the exact etiology and pathogenesis of these le-
sions are still unclear. There are two main conflicting
hypotheses that explain the origin of SBCs in OA. The
‘synovial fluid intrusion’ theory proposes that synovial
fluid intrudes into subchondral bone and leads to forma-
tion of SBCs, which is due to the breach of the osteo-
chondral junction [115]. The ‘bone contusion’ theory
suggests that SBCs originate from the necrotic lesions in
subchondral bone, which are induced by abnormal
mechanical stress and subsequent microcracks, edema
and focal bone resorption [116].
However, the term ‘subchondral bone cysts’ is not ac-

curate, as the cavitary lesions in subchondral bone do
not have an epithelial lining and are not uniformly fluid
filled [117]. As such, they are also described as ‘intra-os-
seous lesions’, ‘pseudo-cysts’ or ‘geodes’ [117,118]. SBCs
are composed of fibroconnective tissue that may initially
contain fluid but ossify in later stages [7]. SBCs appear
as well-defined areas of fluid signal on MRI, which cor-
respond to well-defined lucent areas with sclerotic rims
on radiographic images [112]. They appear at sites of
greatest cartilage loss, in both human [113] and animal
models [7]. SBCs are also shown to be associated with
high bone mineralization and bone turnover [88]. Osteo-
clastic bone resorption, activated osteoblasts and new
bone formation were detected to be present surrounding
SBCs in OA [119,120] (Figure 3C, D).

Figure 4 Linear microcracks (arrows) and diffuse microdamage
(arrowheads) in human trabecular bone bulk-stained with basic
fuchsin, under confocal microscope with fluorescent light.
Images kindly provided by Dr Julia S Kuliwaba, Discipline of
Anatomy and Pathology, School of Medical Sciences, The University
of Adelaide, Adelaide, Australia.
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Microdamage of calcified cartilage and
subchondral bone in osteoarthritis
Microdamage is an important determinant of bone qual-
ity. It is widely detected in peri-articular mineralized tis-
sues in osteoarthritic joints, including calcified cartilage,
subchondral bone plate and trabecular bone [67]. It is
normally induced by overloading [121] and appears in
two different forms: linear microcracks and diffuse
microdamage [122] (Figure 4).
Linear microcracks, defined as short interstitial cracks,

play a vital role in the initiation and progression of OA
[9]. In general, microcracks have two main functions:
first, they act as a nidus for the initiation of bone remod-
eling [92]; and second, they provide a conduit for the
physiological communication between cartilage and sub-
chondral bone, with more catabolic agents crossing the

osteochondral junction, which may be accelerated by ac-
companying vascular invasion and cutting cones into
cartilage [4]. The mechanism for the promotion of bone
remodeling by microcracks may involve damage to
osteocyte canalicular processes and subsequent osteocyte
apoptosis, which may induce osteoclastic resorption and
microcrack repair [92]. The high bone turnover induced
by microcracks leads to the thickening of subchodral
plates and calcified cartilage with tidemark advancement,
which eventually causes thinning of cartilage [123].
Diffuse microdamage, present in the form of a range

of submicron-sized cracks, is also detected in subchon-
dral trabecular bone in osteoarthritic joints [124]. It is
primarily located in tensile regions and contributes to
the deterioration of bone mechanical properties [125].
However, diffuse damage has a different biomechanical

Figure 5 Hypothetical model of osteoarthritis (OA) pathogenesis. Normal subchondral bone suffering from a non-physiological strain
(induced by risk factors) starts a pathological cascade reaction, leading to osteoarthritic changes in different tissues. In early-stage OA, subchondral
plate becomes thinner and more porous, together with initial cartilage degeneration. Subchondral trabecular bone also deteriorates, with
increased separation and thinner trabeculae. At the same time, microdamage begins to appear in both calcified cartilage and subchondral bone,
which will persist throughout the whole pathological process. In late-stage OA, calcified cartilage and subchondral plate become thicker, with
reduplicated tidemarks and progressive non-calcified cartilage damage. Subchondral trabecular bone becomes sclerotic. The sclerosis of periarticular
mineralized tissues may be a biomechanical compensational adaptation to the widespread cysts and microdamage in subchondral bone, which render
subchondral bone structure more fragile.
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response, compared with linear microcracks. Diffuse
microdamage does not lead to osteocyte apoptosis, nor
does it activate focal bone remodeling activities to re-
move and replace the damaged area [122].

Conclusion
Subchondral bone is an intricate structure consisting of a
dome-like subchondral plate and underlying trabeculae,
which enjoys a close biomechanical and biochemical rela-
tionship with overlying cartilage. Subchondral bone plays
a vital role in the pathogenesis of OA. Strong evidence as-
sociates subchondral bone alterations with cartilage dam-
age and loss in OA. At the microstructure level,
subchondral bone changes are not consistent between the
initiation and progression periods of OA. Subchondral
sclerosis is widely considered as a main feature of late-
stage OA, while early-stage OA is characterized by a thin-
ning subchondral plate with increased porosity and deteri-
orated subchondral trabeculae with decreased bone
density. Histopathological alterations in the subchondral
bone, including BMELs, SBCs and microdamage, are also
highly associated with the progression of OA.
Despite the numerous pathophysiological alterations de-

tected in subchondral bone with OA, we still lack a clear
understanding of the mechanisms underpinning these
phenomena and how these different aspects are interre-
lated to each other. Based on the current state of know-
ledge, one hypothesis for the pathogenesis of OA emerges
(Figure 5). Subchondral bone plays an important role in
the pathogenesis of OA, manifesting both microarchitec-
tural and histopathological changes (BMELs, SBCs and
microdamage). These histopathological changes not only
have intimate interactions with each other, but also have a
close relationship with bone remodeling that would subse-
quently lead to microarchitectural changes in the sub-
chondral bone and the overlying cartilage.
As an important pathological lesion, SBCs have been

underestimated in the pathogenesis of OA and should
be closely considered more seriously in future research.
SBCs may expand upwards, and damage subchondral
plate and calcified cartilage, facilitating more biochem-
ical catabolic molecule transportation between subchon-
dral bone and cartilage. This would contribute to
structural change across the whole joint. In addition, the
inhomogeneity of the subchondral plate and calcified
cartilage, which is caused by intruding SBCs, microdam-
age and penetrating pores, could lead to high tensile and
shear stresses at the bone-cartilage interface. The abnor-
mal stress distribution of the bone-cartilage interface will
degrade the overlying cartilage and cartilage damage
could, in turn, influence subchondral bone deterioration.
This vicious circle leads to the progression of OA. Col-
lectively, the optimal strategy may therefore be to pro-
mote the maintenance of subchondral bone integrity.

Given that the importance of subchondral bone in OA
has been recognized for over four decades, the progres-
sion in this area is far from satisfying. The fundamental
science and pathophysiology of subchondral bone in OA
warrants further investigation. It is only through a better
understanding and appreciation of the role of this often
overlooked structure in the development and progres-
sion of OA that we will be able to effectively prevent,
diagnose and treat this disease.
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CHAPTER 2 

Rationale, hypothesis and aims 
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Significance and rationale 

Located in different levels within the same joint, STB has different biochemical 

components and biological behaviors relative to DTB 
1, 2

. STB is a highly vascularized

and permeable structure, giving rise to wide communication and active cytokine 

exchange with the overlying articular cartilage 
3
. STB is essential for the biomechanical

function of the joint, absorbing most of the impact under joint loading 
4
. In contrast, the

underlying DTB dissipates the stress from STB and undertakes less impact of loading, 

which may lead to distinct differences of main biochemical constituents in these two 

bone structures 
1
. In normal joint, trabecular bone properties, including 

microarchitecture 
5-8

, bone mass 
9
, BMD 

10
 and biomechanics 

11, 12
, have been reported

to be remarkably heterogeneous and vary substantially throughout various human 

skeletal sites. However, depth variation in osteoarthritic joint is poorly investigated. 

Bone is an organ substantially influenced by age and gender 
13-15

. Interestingly, several

studies have suggested that OA may alter the normal age and gender dependence in 

bone homeostasis 
16-18

. However, these studies had several limitations, including small

sample size and lack of investigation on bone remodeling. More importantly, they 

neglected an important structure -- subchondral bone, which plays a pivotal role in the 

initiation and progression of OA 
19

.

In early-stage OA, thinning and increased porosity of SBP has been described in several 

studies, together with temporal bone loss within STB 
20-23

. When cartilage degradation

progresses, osteoblast activity is elevated, leading to an increase in SBP thickness, a 

decrease of SBP porosity and generalized sclerosis of the STB 
20, 24-26

. As cartilage is

increasingly eroded during the progression of OA, the contribution of SBP may become 

more important. In stances when cartilage degradation is severe and little-to-no cartilage 

remains, SBP becomes exposed and the opposing joint surfaces are prone to 

‘bone-on-bone’ contact 
27

. This direct hard tissue contact results in grinding which can

eventually lead to breach and damage of SBP, thus exposing the underlying STB. 
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However, little is known about the influence of SBP integrity on the homeostasis of the 

underlying STB. 

Hip dysplasia is a congenital or developmental deformation of the hip joint, which 

refers to a spectrum of anatomical abnormalities involving the acetabulum and adjacent 

femoral head 
28

. The deficient coverage by the acetabulum over the femoral head in hip

dysplasia, which leads to reduced load-transferring areas and abnormally high contact 

mechanical stress, is considered to be the main cause of osteoarthritic degradation 
29, 30

.

In contrast to the wealth of studies concerning subchondral bone in primary OA, the 

alterations of subchondral bone in HD-OA remain poorly investigated. The sparse 

studies evaluating subchondral bone in HD-OA were restricted to radiographic imaging 

assessment 
31, 32

.

RA is a chronic inflammatory disease characterized by persistent synovitis and joint 

destruction
33

. The synovial membrane, which traditionally stands at the epicenter of the

joint pathology of RA, has been shown to be responsible for cartilage damage and bone 

destruction
34

. A pathological hallmark of RA is marginal juxta-articular bone erosion,

which is located in the cartilage-pannus junction. Unlike the marginal juxta-articular 

bone which has a direct contact with synovial membrane, the subchondral bone, which 

lies distant from the cartilage-pannus junction/synovium, is an often neglected anatomic 

compartment in the pathogenesis of RA. Recent studies, however, indicate that the 

subchondral bone may in fact act as an essential independent element in the 

development of RA
35, 36

.

Taken together, this thesis focuses on the abnormal subchondral bone changes in OA 

and RA. It is believed that a better understanding of subchondral bone alterations may 

provide new therapeutic interventions for the relative joint diseases. Therefore, specific 

hypothesis and aims of this thesis are as follows: 
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Hypothesis  

Subchondral bone is substantially involved in the pathogenesis of OA and RA, 

exhibiting abnormal microarchitecture, bone remodelling and histopathology. 

Aims 

1. To analyse the differences in microarchitecture and bone remodeling between STB

and DTB. 

2. To investigate age- and gender- related changes of microarchitecture and bone

remodeling in subchondral bone in OA. 

3. To investigate the relationship between breach of SBP and STB deterioration in OA.

4. To analyse the microarchitecture, bone remodeling and pathological alterations of

subchondral bone in HD-OA. 

5. To analyse the differences in microarchitecture and bone remodeling of subchondral

bone between RA and OA. 
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CHAPTER 3 

Influence of age and gender on  

microarchitecture and bone remodeling 

in subchondral bone of the osteoarthritic 

femoral head 

           Bone 2015, 77:91-97 
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Introduction: Age and gender have been reported to have a remarkable impact on bone homeostasis. However,
subchondral bone,which plays a pivotal role in the initiation and progression of OA, has beenpoorly investigated.
This study was to investigate age- and gender-related changes of microarchitecture and bone remodeling in
subchondral bone in OA.
Methods: Subchondral trabecular bone (STB) and deeper trabecular bone (DTB) specimens were extracted in the
load-bearing region of femoral heads from 110 patients with OA. Micro-CT and histomorphometry were per-
formed to analyze microarchitectural and bone remodeling changes of all specimens.
Results: Compared to DTB, STB showed more sclerotic microarchitecture, more active bone remodeling and
higher frequency of bone cysts. There were no gender differences for both microarchitecture and bone remodel-
ing in STB.However, gender differenceswere found inDTB,with thinner Tb.Th, higher Tb.N, higherOS/BV and ES/
BV inmales. In both STB and DTB, no correlation betweenmicroarchitecture and age was found in both genders.
However, bone remodeling of STB increased significantly with age in males, while bone remodeling of DTB in-
creased significantly with age in females. No age or gender preference was found in subchondral bone cyst
(SBC) frequency. The cyst volume fraction was correlated with neither age nor gender.
Conclusions: Therewere differences inmicroarchitecture and bone remodeling between STB andDTB,whichmay
be due to the distinct biomechanical and biochemical functions of these two bone structures inmaintaining joint
homeostasis. OA changed the normal age- and gender-dependence of bone homeostasis in joints, in a site-
specific manner.

© 2015 Elsevier Inc. All rights reserved.

Introduction

Bone is an organ substantially influenced by age and gender [1–3].
Aging often leads to compromised bone quality, characterized by low
bone mass and mineral density, microarchitectural deterioration,
accumulated microdamages and decreased strength [1,4,5]. With
aging, bone remodeling continues at a slower rate and shifts bone bal-
ance in a direction of bone loss, with the predominance of bone resorp-
tion over bone formation [6]. Gender also exerts a profoundeffect on the
bone phenotype and remodeling, evidenced by higher rates of bone loss
observed in women than men with aging [7,8]. The gender divergence

has been assumed to be related primarily to different sex steroid actions
[9].

Osteoarthritis (OA),which is characterized by cartilage degeneration
and subchondral bone sclerosis, is a classic age- and gender-related
disorder [10]. Interestingly, the influence of age and gender on bone
homeostasis in OA has been reported to be different from that in normal
subjects. Several studies have shown that individuals with OA have
higher bone mineral density (BMD) compared with controls [11–13].
Fazzalari et al. [14] reported that in trabecular bone from the inter-
trochanteric region of the femur of OA, neither the bonemineral density
nor bone volume fraction was correlated with age. OA patients also
showed no age dependency for bone volume fraction in the trabecular
bone taken infero-medial to the fovea in the femoral head [15]. Another
study by Perilli et al. showed that, in patients with OA, structural and
mechanical properties of trabecular bone in an inferior level of the fem-
oral head were independent of age and gender [16]. Collectively, these
studies have suggested that OAmay alter the normal age and gender de-
pendence in bone homeostasis. However, these studies had several
limitations, including small sample size and lack of investigation
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on bone remodeling. More importantly, they neglected an important
structure—subchondral bone, which plays a pivotal role in the initiation
and progression of OA [17].

To understand the influence of age and gender on subchondral bone
homeostasis in OA, we recruited a cohort of patients with primary OA
and analyzed microarchitectural and bone remodeling changes of
subchondral trabecular bone (STB) and deeper trabecular bone (DTB),
in the load-bearing region of femoral heads. The age- and gender-
related changes of microarchitecture and bone remodeling in both STB
and DTB regions were investigated.

Materials and methods

Study subjects

110 patients who underwent total hip replacement for late-stage
primary OA were recruited for the present study (60 males, mean age
64.63 ± 11.72 years, range 40–90 years; and 50 females, mean age
69.16 ± 12.33 years, range 37–95 years). There was no significant dif-
ference in age between males and females (p = 0.084). All patients
had radiographic evidence of moderate or severe OA, according to the
Kellgren and Lawrence criteria [18]. 22 specimens were identified
with moderate OA (12 males and 10 females, mean age 63.95 ±
12.15 years) and 88 specimens were identified with severe OA (48
males and 40 females, mean age 67.38 ± 12.14 years). Patients with
moderate and severe OA did not differ significantly in age (p = 0.246)
or male/female ratio (p = 1.000). Exclusion criteria were as follows:
1) known metabolic or bone disorders other than primary OA, which
could affect bonemetabolism, such as severe renal impairment, thyroid
or parathyroid disease, and malignancy; 2) other known joint diseases,
which could affect bone architecture and quality, such as rheumatoid
arthritis, Paget disease, congenital hip dysplasia and other secondary
OA; 3) receiving treatments that affect bone metabolism such as anti-
resorptive drugs, calcitonin, thyroid or parathyroid hormone therapy,
or hormonal replacement therapy; or 4) hip osteotomy history. In-
formed consent was obtained from each patient. The study protocol
was approved by the Human Research Ethics committee of The Univer-
sity ofWestern Australia and complied with the Declaration of Helsinki.

Specimen preparation

A cylindrical specimen of peri-articular bonewas extracted from the
center of superior load-bearing region where the overlying cartilage
was severely eroded (Fig. 1) [19–21]. Before extraction, the femoral
head was immobilized by a holder, with the load-bearing region placed
in the center. Then, the cylindrical specimen with the size of 15 mm in
height and 9 mm in diameter was obtained under continuous water
irrigation using a precision bone trephine, with the trephine axis per-
pendicular to the surface. All specimens comprised the subchondral tra-
becular bone (STB) and deeper trabecular bone (DTB). STB is defined as
themost superficial 5mmof the trabecular cylinder immediately under
cartilage and subchondral cortical bone [22–24], while DTB is defined as
the deepest 5 mm of the cylindrical specimen. Specimens were fixed in
4% paraformaldehyde in PBS for 5 days and stored in 70% ethanol.

Micro-CT examination

Within an average of one week after fixation, specimens were
scanned by a micro-CT scanner (Skyscan 1174, Bruker, Kontich,
Belgium). Prior to scanning, specimenswere all rehydrated by overnight
storage in 0.9% physiological saline. Then each specimen was placed in-
side a saline-filled acrylic case for image acquisition. The device worked
at a voltage of 50 kV, current of 800 μA, an isotropic pixel size of 14.4 μm
(1024 × 1024 pixel imagematrix), andwith a 0.75-mm-thick aluminum
filter for beam hardening reduction. After scanning and reconstruction,
the original images were binarized (Fig. 2). The mineralized tissue was

separated from soft tissue by a consistent global threshold range (90 to
255), which was established based on the grayscale histogram analysis
and empirical observations [25–27]. Bone microarchitecture parameters
were then measured, using the built-in software. The measurement re-
gion was 8 mm in diameter and 5 mm in height in a columnar region
for both STB andDTB. The diameter of themeasurement regionwas cho-
sen 1 mm smaller than the diameter of the specimen, in order to avoid
the inclusion of bone debris due to the cutting procedure. Subchondral
bone cyst (SBC) and cysts in DTB were also screened. Bone cysts are ra-
diologically defined as radiolucent osteolytic cavitary lesions, with di-
verse shapes [10,28,29]. The cyst was extracted by a semi-automatic
method, with tools provided by the built-in software: The rim of the
cyst was established by hand drawing on each cross section involved,
and then 3D reconstruction and analysis of the cyst were automatically
implemented. The ratio of the cyst volume to the whole specimen vol-
ume (CV/TV; %) was measured. In specimens with bone cysts, measure-
ment for bone microarchitecture was only conducted in the trabecular
region surrounding the cyst, rather than the whole specimen.

The following microarchitectural parameters were calculated: bone
volume fraction (BV/TV; %), trabecular thickness (Tb.Th; μm), trabecular
separation (Tb.Sp; μm), trabecular number (Tb.N; 1/mm), structure
model index (SMI), degree of anisotropy (DA), and connectivity density
(Conn.D; 1/mm3). SMI is a topological index for estimating the charac-
teristic form in terms of plates and rods composing the 3D structure,
and it is sensitive to bone volume. An ideal plate and rod have SMI
values of 0 and 3 respectively [30]. SMI could also be negative if trabec-
ular bone is very dense and trabecular surfaces are concave. DA is amea-
sure of how highly oriented substructures arewithin a volume, which is
determined by the mean intercept length method. A higher value indi-
cates higher anisotropy [31]. Conn.D is a parameter of the degree of tra-
becular connectivity, where a higher value means greater connectivity
[32]. BMD (mg/cm3) was obtained by conversion of X-ray attenuation
coefficient (Fig. 2), using a calibration curve obtained from two BMD
phantoms [33–35].

Histological process and histomorphometry

Each specimen was fixed, infiltrated and embedded in methylmeth-
acrylate. All bone blocks were trimmed and sectioned on a microtome

Fig. 1. Location of the cylindrical peri-articular bone specimen: the bone cylinder was ex-
tracted from the center of superior load-bearing region where the overlying cartilage was
severely eroded (indicated by the black dotted circle).
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(Leica RM 2255,Wetzlar, Germany). Sections, 5 mm thick, were stained
by Goldner's Trichrome method to distinguish between mineralized
bone, osteoid and cellular components of bone. Histomorphometry
was performed using Bioquant Osteo Histomorphometry software
(Bioquant Osteo, Nashville, TN, USA). The following remodeling param-
eters were measured: thickness of osteoid (O.Th; μm), percent osteoid
volume (OV/BV), percent osteoid surface (OS/BS), specific osteoid sur-
face (OS/BV; mm2/mm3), percent eroded surface (ES/BS), specific erod-
ed surface (ES/BV; mm2/mm3), eroded surface in bone tissue volume
(ES/TV; mm2/mm3), and the ratio of osteoid surface to eroded surface
(OS/ES) [36].

Statistical analysis

Statistical analyses were performed using the Statistics Package for
Social Sciences (SPSS for Windows, version 17.0; SPSS Inc, Chicago, IL,
USA). Fisher's exact test was used to compare male/female ratio and
bone cysts frequency between groups. All microarchitecture and bone

remodeling parameters were expressed as mean ± SD. The differences
of all parameters between STB and DTB were compared by paired
Student's t-test. Comparisons between males and females were
assessed using independent unpaired Student's t-test. The dependen-
cies of all parameters on age were examined by means of regression
analysis. In addition, all hypotheses were two-tailed, and P b 0.05 was
considered statistically significant.

Results

Microarchitectural and bone remodeling difference between STB and DTB

All the microarchitectural parameters were significantly differ-
ent between STB and DTB, in both males and females (Table 1, Fig. 2).
Compared to DTB, there were significantly higher values of BV/TV,
Tb.Th, Tb.N, Conn.D and BMD in STB, with significantly lower values of
Tb.Sp, SMI and DA.

Fig. 2.Representative original, binary and colormicro-CT images of STB (A, B) andDTB (C, D) in the femoral head frompatientswith OA: 2D visualization of the cross section of STB (A) and
DTB (C), 3D reconstruction of STB (B) and theDTB (D). The color images representmineralization distribution in trabecular bone. Red, green andblue represent low, intermediate and high
mineral density, respectively. STBhadmore scleroticmicroarchitecture and higherBMD thanDTB. Bone cystswere frequently detected in STB,whilemuch less bone cysts appeared inDTB.
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Bone remodeling parameters were also significantly higher in STB
than DTB in both males and females, with the exception of OS/ES
(Table 1, Fig. 3). There were higher values of O.Th, OV/BV, OS/BS and
OS/BV in STB, indicating a more active bone formation status. Bone re-
sorption was also more active in STB, as suggested by higher values of
ES/BS, ES/BV and ES/TV.

Gender differences in STB and DTB

In STB (Table 1), none of the microarchitectural parameters differed
significantly betweenmales and females. Similarly, no bone remodeling
parameters were found significantly different between genders.

In DTB (Table 1), the microarchitectural parameters BV/TV, Tb.Sp,
SMI, DA, Conn.D and BMD, were not significantly different between
males and females (Table 1). However, there were significantly thinner
Tb.Th and higher Tb.N in males, compared to females. Bone remodeling
analysis showed that OS/BV and ES/BV were significantly higher in
males than females. No gender difference was found in other bone re-
modeling parameters.

Age-related changes in STB and DTB

In STB, none of the microarchitectural parameters was found
significantly dependent on age, neither for males, nor for females
(Table 2, Supplementary Fig. 1). Analysis of bone remodeling showed
that most parameters had significant dependency on age in males,
while none of the parameters was significantly dependent on age in fe-
males (Table 2, Supplementary Fig. 2). In themale group, OV/BV, OS/BS,
OS/BV, ES/BS and ES/BV increased significantly with age, while no sig-
nificant correlation was found between age and O.Th, ES/TV and OS/ES.

In DTB, comparable to STB, there were nomicroarchitectural param-
eters significantly dependent on age in eithermales or females (Table 2,
Supplementary Fig. 3). Concerning the bone remodeling in DTB, the
age-related changes were different from that in STB. Most remodeling
parameters had significant dependency on age in females, while only
one parameter—OS/BS, increased significantly with age in males
(Table 2, Supplementary Fig. 4). In the female group, O.Th, OS/BS, OS/
BV, ES/BS, ES/BV and ES/TV increased significantly with age, while
there were no significant relationships between OV/BV, OS/ES and age.

Bone cyst and its relationship with age and gender

In STB, 68 of the 110 specimens (61.82%) were detected with SBC
(Fig. 2). In DTB, the frequency of bone cyst was significantly lower com-
pared to SBC (p b 0.001). Only 12 specimens (10.91%) were detected
with bone cysts. Due to such a low frequency of cysts in DTB, compre-
hensive analysis was only conducted on SBC.

Table 1
Comparison of microarchitecture and bone remodeling parameters between STB and DTB, and gender difference in STB and DTB.

STB DTB

Parameters Male Female Male versus female Male versus female

STB DTB P STB DTB P P P

Microarchitecture
BV/TV (%) 52.05 ± 12.09 38.33 ± 10.65 b0.001 50.56 ± 14.15 40.15 ± 12.44 b0.001 0.554 0.413
Tb.Th (μm) 338.52 ± 91.48 264.84 ± 57.14 b0.001 323.98 ± 73.02 296.36 ± 78.74 0.024 0.366 0.018
Tb.Sp (μm) 425.24 ± 127.99 581.35 ± 127.42 b0.001 406.38 ± 130.48 577.59 ± 103.25 b0.001 0.447 0.868
Tb.N (1/mm) 1.56 ± 0.25 1.44 ± 0.23 b0.001 1.55 ± 0.25 1.35 ± 0.18 b0.001 0.754 0.022
SMI −0.44 ± 1.32 0.14 ± 0.85 0.001 −0.31 ± 1.52 0.14 ± 1.13 0.037 0.630 0.982
DA 1.65 ± 0.20 1.81 ± 0.23 b0.001 1.64 ± 0.18 1.88 ± 0.24 b0.001 0.886 0.126
Conn.D (1/mm3) 18.11 ± 14.76 13.77 ± 6.04 b0.001 17.12 ± 7.15 13.45 ± 6.07 b0.001 0.663 0.787
BMD (mg/cm3) 533.64 ± 113.05 400.30 ± 106.97 b0.001 517.74 ± 128.91 413.97 ± 113.34 b0.001 0.485 0.521

Bone remodeling
O.Th (μm) 10.461 ± 4.928 5.093 ± 2.657 b0.001 10.557 ± 5.295 4.774 ± 2.423 b0.001 0.922 0.518
OV/BV 0.048 ± 0.040 0.014 ± 0.020 b0.001 0.052 ± 0.047 0.009 ± 0.010 b0.001 0.668 0.089
OS/BS 0.428 ± 0.235 0.198 ± 0.235 b0.001 0.416 ± 0.216 0.159 ± 0.144 b0.001 0.781 0.193
OS/BV (mm2/mm3) 3.854 ± 2.120 2.187 ± 1.822 b0.001 3.875 ± 2.122 1.553 ± 1.305 b0.001 0.959 0.043
ES/BS 0.123 ± 0.068 0.065 ± 0.056 b0.001 0.139 ± 0.085 0.055 ± 0.040 b0.001 0.298 0.320
ES/BV (mm2/mm3) 1.122 ± 0.671 0.763 ± 0.770 0.001 1.291 ± 0.780 0.530 ± 0.321 b0.001 0.226 0.039
ES/TV (mm2/mm3) 0.420 ± 0.285 0.200 ± 0.153 b0.001 0.458 ± 0.318 0.162 ± 0.115 b0.001 0.513 0.156
OS/ES 4.563 ± 6.262 4.550 ± 6.411 0.897 3.504 ± 2.027 3.290 ± 2.790 0.654 0.254 0.200

Results are mean ± SD. Bold indicates statistically significant difference.

Fig. 3. Photomicrographs of the trabecular bone section of STB (A) and DTB (B) in the
femoral head from patients with OA. STB showed higher bone remodeling level relative
to DTB, with more osteoids and eroded surfaces. Stain: Goldner's Trichrome; magnifica-
tion: ×100.
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There was no significant difference in either age (p = 0.574) or
male/female ratio (p = 0.223) between specimens with SBC (34
males and 34 females, mean age 67.21 ± 11.58 years) and without
SBC (26 males and 16 females, mean age 65.86 ± 13.16 years).

In specimens with SBC, no significant age difference was found
between males (65.24 ± 10.99 years) and females (69.18 ±
11.97 years) (p= 0.162). Concerning CV/TV, there was no significant
difference between males (17.06 ± 13.63%) and females (21.45 ±
17.34%) (p = 0.251). In addition, no significant correlation was found
between CV/TV and age in either male (r = 0.131, p = 0.460) or fe-
males (r = 0.057, p = 0.750).

Discussion

In this study, we investigated age and gender dependency of
microarchitecture and bone remodeling in both STB and DTB from the
load-bearing region of osteoarthritic femoral heads. Compared to DTB,
STB displayed more sclerotic microarchitecture, more active bone re-
modeling and higher frequency of bone cysts. Gender differences in
microarchitecture and bone remodeling were observed in DTB, but
not in STB. Age dependency on bone microarchitecture and bone re-
modeling varied in different regions. No age or gender preference was
found in SBC frequency. The cyst volume fraction was correlated with
neither age nor gender.

Trabecular bone properties, including microarchitecture [37–40],
bonemass [41], BMD [42] and biomechanics [4,43], have been reported
to be remarkably heterogeneous and vary substantially throughout var-
ious human skeletal sites. Located in different levels within the same
joint, STB has different biochemical components and biological behav-
iors relative to DTB [44,45]. STB is a highly vascularized and permeable
structure, giving rise to wide communication and active cytokine ex-
change with the overlying articular cartilage [10]. STB is essential for
the biomechanical function of the joint, absorbing most of the impact
under joint loading [46]. In contrast, the underlying DTB dissipates the
stress from STB and undertakes less impact of loading, which may
lead to distinct differences of main biochemical constituents in these
two bone structures [44]. In the current study, compared to DTB, STB
exhibited higher BV/TV, thicker Tb.Th, wider Tb.Sp, higher Tb.N, lower
SMI and DA, higher Conn.D and BMD. Bone remodeling, evidenced
by higher values of osteoid thickness, osteoid surface and eroded sur-
face, was also more active in STB than that in DTB. Collectively, our
data showed that STB displayed more sclerotic microarchitecture and
more active bone remodeling, compared to DTB. Consistentwith our re-
sults, previous studies [47,48] also showed that there was a significant

variation in bone microarchitecture with different depth from the
joint surface. Trabecular bone appears to be more connective and dens-
er withmore plate-like trabeculae, as closer to the joint surface. A study
by Messent et al. [45] also showed that STB underwent different
microarchitectural changes in the knee with OA, compared to DTB.

Gender differences of bone microarchitecture are normally not uni-
form throughout the human skeletons [37,49]. In normal femoral heads,
there was no significant difference of bone volume fraction between
males and females in most mechanical regions, including subchondral
bone in the load-bearing region [50]. Our data showed that in the oste-
oarthritic femoral head, gender difference varied in different regions. In
STB, there was no gender difference for both microarchitecture and
bone remodeling, which was consistent with the study by Crane et al.
[50]. However, in DTB, there were thinner Tb.Th but higher Tb.N in
males compared to females. The microarchitectural differences may be
due to the distinct bone remodeling status between genders in this re-
gion, with higher OS/BV and ES/BV observed in males. Our data was in-
consistent with a previous study by Perilli et al. [16], which found no
gender difference for all of the microarchitectural and mechanical pa-
rameters in DTB from the load-bearing region of osteoarthritic femoral
heads. The different specimen size and depth of DTB may contribute
to the inconsistency.

Age has been reported to have a remarkable impact on bone ho-
meostasis [1]. In normal joints, the microarchitecture properties of
subchondral bone deteriorate significantly with aging [51]. Our data
showed that microarchitecture in STB did not change with age in OA,
in both genders. This finding was inconsistent with the study by Crane
et al. [50]. By means of 2D histoquantitative analysis based on a sample
size (28 subjects with OA), they found that the bone volume fraction of
subchondral bone in this region decreased with age in OA. The discrep-
ancy may be due to the different methodology and sample size. Our
study was strengthened by relatively larger sample size and estimation
of bone microarchitecture from 3D micro-CT. As for bone remodeling,
STB showed gender-specific differences in age-related changes. Bone
remodeling increased significantly with age in males, while no age de-
pendency was observed in females. Specifically, bone formation and re-
sorption parameters increased with age simultaneously in males. This
delicate simultaneous increase of both bone formation and resorption
may lead to the independency of microarchitectural changes on age.

On the other hand, no correlation was found between micro-
architecture and age in DTB in both genders. This was in agreement
with the study by Perilli et al. [16]. Interestingly, in bone remodeling,
DTB showed remarkably adverse gender-specific age-related changes
compared to STB. Bone remodeling increased significantly with age in

Table 2
Age-related changes in STB and DTB.

Parameters STB DTB

Male (n = 60) Female (n = 50) Male (n = 60) Female (n = 50)

Microarchitecture
BV/TV (%) r = 0.185, p = 0.158 r = 0.079, p = 0.586 r = 0.100, p = 0.457 r = 0.166, p = 0.248
Tb.Th (μm) r = 0.038, p = 0.774 r = 0.104, p = 0.472 r = 0.008, p = 0.952 r = 0.146, p = 0.311
Tb.Sp (μm) r = 0.193, p = 0.140 r = 0.005, p = 0.972 r = 0.149, p = 0.263 r = 0.192, p = 0.183
Tb.N (1/mm) r = 0.245, p = 0.059 r = 0.053, p = 0.716 r = 0.199, p = 0.134 r = 0.145, p = 0.314
SMI r = 0.180, p = 0.169 r = 0.059, p = 0.686 r = 0.128, p = 0.339 r = 0.143, p = 0.323
DA r = 0.036, p = 0.787 r = 0.059, p = 0.686 r = 0.081, p = 0.546 r = 0.086, p = 0.552
Conn.D (1/mm3) r = 0.029, p = 0.829 r = 0.087, p = 0.550 r = 0.125, p = 0.348 r = 0.011, p = 0.938
BMD (mg/cm3) r = 0.200, p = 0.125 r = 0.102, p = 0.483 r = 0.051, p = 0.704 r = 0.124, p = 0.391

Bone remodeling
O.Th (μm) r = 0.146, p = 0.265 r = 0.115, p = 0.425 r = 0.038, p = 0.774 r = 0.288, p = 0.043
OV/BV r = 0.272, p = 0.035 r = 0.064, p = 0.656 r = 0.174, p = 0.191 r = 0.278, p = 0.051
OS/BS r = 0.394, p = 0.002 r = 0.221, p = 0.123 r = 0.268, p = 0.042 r = 0.365, p = 0.009
OS/BV (mm2/mm3) r = 0.370, p = 0.004 r = 0.131, p = 0.366 r = 0.244, p = 0.065 r = 0.355, p = 0.011
ES/BS r = 0.275, p = 0.033 r = 0.266, p = 0.062 r = 0.251, p = 0.058 r = 0.332, p = 0.019
ES/BV (mm2/mm3) r = 0.276, p = 0.033 r = 0.201, p = 0.161 r = 0.221, p = 0.095 r = 0.297, p = 0.036
ES/TV (mm2/mm3) r = 0.230, p = 0.078 r = 0.208, p = 0.208 r = 0.235, p = 0.076 r = 0.302, p = 0.033
OS/ES r = 0.011, p = 0.934 r = 0.035, p = 0.807 r = 0.134, p = 0.315 r = 0.237, p = 0.097

Bold indicates statistically significant difference.
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females, while little dependency on age was found in males. The dis-
crepancy in gender difference and age correlation between STB and
DTBmay be due to the distinct roles of these two structures inmaintain-
ing joint homeostasis.

Consistent with previous studies [52–56], our study also showed a
high frequency of SBC in late-stage OA. However, the frequency of
cysts in DTB was much lower compared to that in STB. This may be
due to the abnormally high and disrupted mechanical stress imposed
on subchondral bone, which might provide a biomechanical shield for
the deeper bone tissues [10,44,46]. The catabolic and inflammatory cy-
tokines from the overlying degenerated cartilage further contribute to
the subchondral bone deterioration [57,58]. In the current study, no
age or gender preference was found in SBC frequency. In addition, in
specimens with SBC, cyst volume fraction was correlated with neither
age nor gender. These phenomena might indicate that neither age nor
gender is directly involved in SBC formation in OA. Longitudinal studies
on natural history of SBC may provide valuable insights into SBC patho-
genesis in OA.

There are several limitations in this study. One was the lack of
normal specimens. An aging normal population would be preferred to
enhance the efficiency of the study. However, it is difficult to find age-
and gender-matched bone specimens without any diseases. Cadaveric
specimens are not always satisfactory, as the degenerative changes
with aging process are often seen in “normal” hip joint [59]. Femoral
heads from patients undergoing hip replacement due to femoral neck
fracture are not qualified as control either, as a considerable proportion
of osteoporotic femoral heads has been detected with osteoarthritic
degeneration [60,61]. The second limitation of the study was the ab-
sence of patientswith early OA. This was unavoidable, since hip joint re-
placement is not the treatment of choice in early OA. The reflection of
trabecular bone changes observed in this study does not necessarily
represent the changes for thewhole progression of OA. The third limita-
tion was the cross-sectional design and lack of dynamic bone remodel-
ing parameters. A prospective study with both static and dynamic bone
remodeling parameters is needed in the future. Finally, the current
study unfortunately was not able to include body mass index (BMI) in-
formation from patients.

In summary, there were distinct differences in microarchitecture
and bone remodeling between STB and DTB in both genders, which
may be due to the distinct biomechanical and biochemical functions of
these two bone structures in maintaining joint homeostasis. In OA,
STB and DTB exhibited distinct gender difference and age correlation
in microarchitecture and bone remodeling, differing from that in the
normal joint reported in previous studies. These findings suggest that
OA substantially disrupts the metabolism of both subchondral bone
and deeper trabecular bone tissues. This study may help to gain further
insights into the underlying structural changes in joints with OA, which
could contribute to the development of disease-modifying therapeutics
for OA, taking into account age and gender of patients.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bone.2015.04.019.
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Abbreviations
OA osteoarthritis
BMD bone mineral density
STB subchondral trabecular bone
DTB deeper trabecular bone
SBC subchondral bone cyst
CV/TV cyst volume fraction
BV/TV bone volume fraction
Tb.Th trabecular thickness

Tb.Sp trabecular separation
Tb.N trabecular number
SMI structure model index
DA degree of anisotropy
Conn.D connectivity density
O.Th thickness of osteoid
OV/BV percent osteoid volume
OS/BS percent osteoid surface
OS/BV specific osteoid surface
ES/BS percent eroded surface
ES/BV specific eroded surface
ES/TV eroded surface in bone tissue volume
OS/ES the ratio of osteoid surface to eroded surface
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ABSTRACT 

Objective To investigate the relationship between subchondral bone plate (SBP) 

integrity and the homeostasis of underlying subchondral trabecular bone (STB) in 

osteoarthritis (OA).  

Methods Subchondral bone cylinders were extracted in the load-bearing region of 

femoral heads from 110 patients with late-stage OA after hip replacement surgery. SBP 

integrity, STB microarchitecture and subchondral bone cysts (SBCs) were examined by 

micro-CT. Bone remodeling in STB and pathological changes inside SBCs were 

assessed by histology.  

Results All specimens were observed with SBP breach. 73 specimens displayed 

full-thickness breach of SBP with exposure of the underlying STB, while the remaining 

37 specimens showed partial-thickness breach of SBP without exposure of STB. STB 

with full-thickness breach of SBP exhibited more sclerotic microarchitecture with 

higher bone remodeling level and higher SBCs frequency, as compared to those with 

partial-thickness breach of SBP. A mixed pathology was detected within SBCs, 

including fibrous tissue, abnormal blood vessels, fibrocartilaginous tissue, hyaline 

cartilaginous tissue, remnant bone fragments and adipose tissue. The trabecular region 

immediately adjacent to SBCs exhibited more sclerotic microarchitecture and higher 

bone remodeling level, compared with distal regions. 

Conclusion SBP integrity is closely associated with the homeostasis of underlying STB 

in the progression of OA. SBP may act as a biomechanical and biochemical shield 

between the synovial space and STB.  
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INTRODUCTION 

Osteoarthritis (OA) is a common leading cause of pain and the most frequent joint 

disease associated with aging 
1
. Although OA has long been considered as a primary

disorder of cartilage, subchondral bone which consists of subchondral bone plate (SBP) 

and underlying subchondral trabecular bone (STB), has been widely reported to play a 

pivotal role in both the initiation and progression of OA 
2, 3

. SBP, a thin dense 

mineralized lamella lying immediately underneath cartilage, provides structural 

supports and offers significant mechanical function by transmitting loads from cartilage 

towards the underlying STB 
4
. SBP is also infiltrated by a number of tiny channels,

through which microvessels and sensory nerves pass 
5-9

. These channels might act as

portals for biochemical interactions, allowing molecular diffusion and transport between 

cartilage and subchondral bone 
2, 10-12

. In OA, angiogenesis and relative 

communications across the osteochondral interface were elevated 
13

. As indicated by

both human and animal studies, angiogenesis inhibition might be an effective 

therapeutic strategy in OA prophylaxis and treatment 
6
. STB is a porous and 

metabolically active structure containing blood vessels, sensory nerves and bone 

marrow, imparting important metabolic, shock-absorbing and supportive functions 
2
.

In early-stage OA, thinning and increased porosity of SBP has been described in several 

studies, together with temporal bone loss within STB 
14-17

. These phenomena are 

thought to be strongly associated with cartilage degeneration. As cartilage damage 

progresses, osteoblast activity is elevated, leading to an increase in SBP thickness, a 

decrease of SBP porosity and generalized sclerosis of the STB 
14, 18-20

. Subchondral 

bone cysts (SBCs) are also observed in STB in late-stage OA 
21

. In stances when 

cartilage degradation is severe and little-to-no cartilage remains, SBP becomes exposed 

and the opposing joint surfaces are prone to ‘bone-on-bone’ contact 
22

. This direct hard

tissue contact results in grinding which can eventually lead to breach and damage of 

SBP, thus exposing the underlying STB. However, currently little is known about the 

relationship between SBP integrity and STB homeostasis in OA, without the presence 

of overlying cartilage.   
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Considering the important biomechanical and biochemical roles that SBP imparts for 

the maintenance of joint integrity, we hypothesized that SBP integrity may have a 

substantial correlation with the homeostasis of the underlying STB. To address this, we 

collected femoral heads from patients with OA after hip replacement surgery, and 

extracted subchondral bone cylinders from the load-bearing region where cartilage was 

severely eroded. By micro-CT and histology, the microarchitecture, bone remodeling 

and SBCs in STB were analyzed in specimens with partial-thickness and full-thickness 

breach of SBP. Comparison was also conducted between the trabecular regions adjacent 

and distal to SBCs. In addition, histopathological changes were evaluated inside SBCs. 

MATERIALS AND METHODS 

Study subjects 

110 patients who underwent total hip replacement for late-stage OA were recruited for 

the present study (60 males, mean age 64.63 ± 11.72 years; and 50 females, mean age 

69.16 ± 12.33 years). All patients had radiographic evidence of moderate or severe OA 

(Grade≥3), according to the Kellgren and Lawrence criteria 
23

. Exclusion criteria were

as follows: 1) known metabolic or bone disorders other than OA, which could affect 

bone metabolism; 2) known other joint diseases, which could affect bone architecture 

and quality; 3) receiving treatments that affect bone metabolism; or 4) hip osteotomy 

history. Informed consent was obtained from each patient. The study protocol was 

approved by the Human Research Ethics committee of The University of Western 

Australia and complied with the Declaration of Helsinki. 

Specimen preparation 

Subchondral bone cylinder was obtained from the load-bearing region of each femoral 

head, where the cartilage is severely eroded with exposure of eburnated bony surfaces 
24

.

Each cylindrical bone specimen (15 mm in height and 9 mm in diameter) was prepared 

under continuous water irrigation using a precision bone trephine. All bone specimens 

comprised the subchondral bone plate (SBP) and subchondral trabecular bone (STB). 
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STB is defined as the most superficial 5 mm of the bone cylinder immediately beneath 

SBP 
25, 26

. Specimens were fixed in 4% paraformaldehyde in PBS for 5 days and stored

in 70% ethanol. 

Micro-CT examination 

Each specimen was put inside a saline-filled acrylic case for acquisition by a micro-CT 

scanner (Skyscan 1174, Skyscan, Kontich, Belgium). The device worked at a voltage of 

50 kV, current of 800 μA, and an isotropic pixel size of 14.4μm, with a 0.75-mm-thick 

aluminum filter for beam hardening reduction. After scanning, image data was 

reconstructed and adjusted by the Skyscan NRecon and Dataviewer software. The 

reconstructed datasets were imported into the Skyscan CTAn software, and the original 

images were binarized. The mineralized tissue was separated from soft tissue by a 

consistent global threshold range (90 to 255), which was established based on the 

grayscale histogram analysis and empirical observations 
27-29

. 3D Bone 

microarchitecture was then analyzed, using a double-time cubes algorithm. 

Structural integrity of SBP was assessed. In specimens with partial-thickness breach of 

SBP, in which the deep zone remained intact without exposure of the underlying STB, 

SBP thickness (SBP.Th) (μm) and porosity (SBP.Por) (%) were calculated. SBP.Por is a 

parameter which describes the ratio of the volume of pores (including closed and open 

pores) over the total volume in the cortical plate 
30

. In specimens with full-thickness

breach of SBP with exposure of STB, SBP defect area (%) was calculated. SBCs were 

also screened in all specimens. For each specimen, all reconstructed micro-CT images 

were meticulously checked in three planes (transverse, coronal, and sagittal) for signs of 

SBCs.  

The measurement region of STB was 8 mm in diameter, which was 1 mm smaller than 

the specimen diameter, in order to avoid the inclusion of bone debris due to the cutting 

procedure. In specimens with SBCs, measurement was only conducted in the trabecular 

region surrounding the cyst. There were three regions of interest (ROI) in the trabecular 
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bone from each measurement region, which were extracted in a semi-automatic method: 

whole trabecular bone (W-Tb), trabecular bone immediately adjacent to the cyst 

(Cys-Tb), and peripheral trabecular bone (Peri-Tb) 
31

. Cys-Tb is the region 0.5 mm

from the surface of the cyst to the trabecular bone. Peri-Tb is the region obtained by 

subtracting the Cys-Tb region from the W-Tb region. 

The following microarchitectural parameters were calculated in each ROI of STB: bone 

volume fraction (BV/TV) (%), trabecular thickness (Tb.Th) (μm), trabecular separation 

(Tb.Sp) (μm), trabecular number (Tb.N) (1/mm), structure model index (SMI), degree 

of anisotropy (DA), connectivity density (Conn.D) (1/mm
3
), bone mineral density

(BMD) (mg/cm
3
), and tissue mineral density (TMD) (mg/cm

3
) 

32
. SMI is a topological

index for estimating the characteristic form in terms of plates and rods composing the 

3D structure, and it is sensitive to bone volume. An ideal plate and rod have SMI values 

of 0 and 3 respectively 
33

. SMI could also be negative if trabecular bone is very dense

and trabecular surfaces are concave. DA is a measure of how highly oriented 

substructures are within a volume, which is determined by the mean intercept length 

method. A higher value indicates higher anisotropy 
34

. BMD is the combined density of

a well-defined volume which contains a mixture of both bone and soft tissue, while 

TMD is the density measurement restricted to the calcified bone tissue only and does 

not include attenuation values from non-bone voxels 
32

.

Using the Skyscan CTAn software, mineral density was obtained by conversion of x-ray 

attenuation coefficient, using a calibration curve obtained from two phantom rods with 

known density -- 250 and 750 mg/cm
3 

calcium hydroxyapatite (CaHA) concentrations,

respectively. Since each voxel can be displayed in a colour according to its mineral 

density value, a pseudo-colour representation of a 3D image can be obtained. Using the 

volume rendering method, the Skyscan CTvox software was applied to process the data 

for 3D visualization (Red, green and blue represent low, intermediate and high mineral 

density, respectively) (Figure 1-3 and Supplementary Figure 1). 
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Histological process and histomorphometry 

Each specimen was fixed, infiltrated and embedded in methylmethacrylate. All bone 

blocks were trimmed and sectioned on a microtome (Leica RM 2255, Wetzlar, 

Germany). Sections, 5mm thick, were stained by Goldner's Trichrome method. 

Histological features of SBP integrity (Figure 1D and 1H) and histopathological 

changes within SBCs were examined. Histomorphometry in STB was performed using 

Bioquant Osteo Histomorphometry software (Bioquant Osteo, Nashville, TN, USA). 

The following bone remodeling parameters were measured in each ROI: thickness of 

osteoid (O.Th, μm), percent osteoid volume (OV/BV) (%), percent osteoid surface 

(OS/BS) (%), specific osteoid surface (OS/BV, mm
2
/mm

3
), percent eroded surface

(ES/BS) (%), specific eroded surface (ES/BV) (mm
2
/mm

3
), and eroded surface in bone

tissue volume (ES/TV) (mm
2
/mm

3
) 

35
.

Statistical analysis 

Statistical analyses were performed using the Statistics Package for Social Sciences 

(SPSS for Windows, version 17.0; SPSS Inc, Chicago, IL, USA). Pearson Chi-Square 

test was used to compare male/female ratio and SBCs frequency between groups. All 

the microstructural and bone remodeling parameters were expressed as mean ± SD. 

Data were tested for normality using the Shapiro-Wilks test. Subsequently, as applicable, 

a Student’s t test (parametrical datasets) or the Mann Whitney U test (nonparametric 

datasets) was used to test for significant differences between groups. The correlations 

between parameters of STB and SBP.Th, SBP.Por and SBP defect area were analyzed 

by partial correlation analysis. Correlation coefficient (r) is a measure of the strength 

and direction of the association between two variables. In addition, the comparison 

between the Cys-Tb and Peri-Tb regions within both groups were analyzed by paired 

Student’s t test (parametrical datasets) or Wilcoxon test (nonparametric datasets). All 

hypotheses were two-tailed, and p<0.05 were considered statistically significant. 

RESULTS 
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After micro-CT assessment, all the 110 specimens were observed with SBP breach 

(Figure 1). 73 specimens were identified with full-thickness breach with exposure of the 

underlying STB (37 males and 36 females, mean age 67.82 ± 12.25 years). 37 

specimens were detected with partial-thickness breach of SBP, without exposure of 

STB (23 males and 14 females, mean age 64.46 ± 11.82 years). Patients with partially 

breached SBP did not differ significantly from patients with fully breached SBP in age 

(p=0.509) or male/female ratio (p=0.734).  

Comparison of microarchitecture and bone remodeling in STB between specimens 

with partially and fully breached SBP   

Most microarchitectural parameters in the STB region were significantly different 

between specimens with partial-thickness breach of SBP and full-thickness breach of 

SBP (Table 1, Figure 2). In specimens with full-thickness breach of SBP, there were 

higher values of BV/TV, Tb.N, and BMD, but lower values of Tb.Sp and DA. A lower 

DA indicated a less anisotropic structure. No significant difference was found for Tb.Th 

and SMI between groups. The indistinctive negative SMI values suggested that the two 

groups exhibited comparable concave trabeculae surfaces. 

All the bone remodeling parameters were significantly higher in specimens with 

full-thickness breach of SBP, compared to specimens with partial-thickness breach of 

SBP (Table 1, Supplementary Figure 1). There were higher values of O.Th, OV/BV, 

OS/BS and OS/BV, indicating a more active bone formation status. Bone resorption 

activity was also higher, as suggested by higher erosion indexes including ES/BS, 

ES/BV and ES/TV.   

Correlations between SBP characteristics and STB alterations  

In specimens with partial-thickness breach of SBP, cross-correlation analysis between 

STB alterations and SBP.Th and SBP.Por were conducted. 
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Figure 1 Representative micro-CT and histology images of SBP from the osteoarthritic femoral 

head. (A) 2D visualization of the longitudinal section of the SBP with partial-thickness breach 

(indicated by the dotted line). The deep zone of SBP was intact, without exposure of the 

underlying STB. (B-C) Original and colour images of 3D reconstruction of the SBP with 

partial-thickness breach. The colour images indicated mineralization distribution. Red, green 

and blue represented low, intermediate and high mineral density, respectively. (D) Histological 

features of the SBP with partial-thickness breach, without exposure of the underlying STB. (E) 

2D visualization of the longitudinal section of the SBP with full-thickness breach, with 

exposure of the underlying STB. White arrowheads indicated the fully-breached areas in SBP, 

where the trabecular space communicated with the joint space. A cyst was observed in the 

underlying STB (indicated by the star). (F-G) Original and colour images of 3D reconstruction 

of the SBP with full-thickness breach. The dotted line circle indicated the area where SBP was 

fully breached. (H) Histological features of the SBP with full-thickness breach. A bone cyst was 

observed in the underlying STB. Stain in histology: Goldner's Trichrome. 

53



Figure 2 Representative original, binary and colour micro-CT images of STB from the 

osteoarthritic femoral head. (A) 2D visualization of the cross section of STB from 

specimens with partial-thickness breach of SBP. (B) 3D reconstruction of STB from 

specimens with partial-thickness breach of SBP. (C) 2D visualization of the cross 

section of STB from specimens with full-thickness breach of SBP. (D) 3D 

reconstruction of STB from specimens with full-thickness breach of SBP. The colour 

images indicated mineralization distribution in STB. Red, green and blue represent low, 

intermediate and high mineral density, respectively. 
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Table 1 Comparison of microarchitecture and bone remodeling in STB between groups 

Parameters 
Partial-thickness 

breach (n=37) 

Full-thickness 

breach  (n=73) 
P 

Microarchitecture 

   BV/TV (%) 45.44±13.19 54.38±11.95 0.001 

   Tb.Th (μm) 318.68±99.30 338.61±74.17 0.239 

   Tb.Sp (μm) 508.74±117.71 370.00±107.94 <0.001 

   Tb.N (1/mm) 1.44±0.23 1.62±0.24 <0.001 

   SMI -0.08±1.40 -0.53±1.40 0.116 

   DA 1.71±0.18 1.62±0.19 0.011 

Conn.D (1/mm
3
) 17.21±7.69 17.89±7.55 0.777 

BMD (mg/cm
3
) 472.56±131.14 553.53±105.11 0.001 

TMD (mg/cm
3
) 1028.08±68.89 1046.25±60.98 0.178 

Bone remodeling 

   O.Th (μm) 7.63±3.47 11.96±5.15 <0.001 

   OV/BV (%) 2.70±2.93 6.13±4.45 <0.001 

   OS/BS (%) 28.02±21.65 49.45±19.43 <0.001 

OS/BV (mm
2
/mm

3
) 2.76±2.18 4.42±1.92 <0.001 

   ES/BS (%) 9.03±5.92 15.06±7.58 <0.001 

ES/BV (mm
2
/mm

3
) 0.90±0.62 1.35±0.73 0.001 

ES/TV (mm
2
/mm

3
) 0.31±0.24 0.50±0.31 0.002 

Results are mean±SD. Bold indicates statistically significant difference. 
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As indicated in Supplementary Table 1, there were no significant correlations between 

all the microarchitectural parameters in STB and SBP.Th, except for Tb.Th. Tb.Th 

exhibited a significant and positive correlation with SBP.Th. Concerning bone 

remodeling in STB, no parameter was found significantly correlated with SBP.Th 

(Supplementary Table 1). 

Additionally, no microarchitectural parameters in STB were found to be significantly 

correlated with SBP.Por (Supplementary Table 1). As for bone remodeling in STB, 

there were no significant correlations between all parameters and SBP.Por, except TMD 

and ES/BV (Supplementary Table 1). TMD showed a significant negative correlation 

with SBP.Por, while ES/BV had a significant positive correlation with SBP.Por. 

In specimens with full-thickness breach of SBP, correlation analysis between STB 

alterations and SBP defect area were performed. In this instance, significant correlation 

was found between some microarchitectural parameters in STB and SBP defect area 

(Supplementary Table 1). Specifically, SMI and Conn.D had positive correlations with 

the SBP defect area, while Tb.Th and Tb.Sp showed negative correlations with SBP 

defect area. All the bone remodeling parameters, including bone formation and 

resorption, were found to be significantly and positively correlated with SBP defect area 

(Supplementary Table 1).  

SBCs frequency and its impact on surrounding trabecular bone 

SBCs (Figure 1, 2 and 3) frequency was much higher in specimens with full-thickness 

breach of SBP (61/73, 83.56%), compared to specimens with partial-thickness breach of 

SBP (7/37, 18.92%) (p<0.001).  

To investigate the influence of SBCs on surrounding trabecular bone, we performed a 

comparative analysis of microarchitecture and bone remodeling between the Cys-Tb 

and Peri-Tb region in specimens with SBCs. In microarchitecture, all parameters were 

significantly different between the Cys-Tb and Peri-Tb region, except for DA (Table 2,  
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Figure 3 Representative colour micro-CT images of SBCs in specimens with 

partial-thickness breach of SBP and full-thickness breach of SBP. (A) 2D visualization 

of the longitudinal section of SBCs in specimens with partial-thickness breach of SBP. 

The deep layer of SBP was still intact. No communication channels were detected 

between the cyst and the joint cavity outside. (B) Lateral view of 3D reconstruction of 

SBCs in specimens with partial-thickness breach of SBP. (C) Top view of 3D 

reconstruction of SBCs in specimens with partial-thickness breach of SBP. (D) 2D 

visualization of the longitudinal section of SBCs in specimens with full-thickness 

breach of SBP. Communication channels were detected between cysts and the joint 

cavity outside. (E) Lateral view of 3D reconstruction of SBCs in specimens with 

full-thickness breach of SBP. (F) Top view of 3D reconstruction of SBCs in specimens 

with full-thickness breach of SBP. The colour images indicated the mineralization 

distribution. Red, green and blue represented low, intermediate and high mineral density, 

respectively.   
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Table 2 Comparison of microarchitecture and bone remodeling between Cys-Tb and 

Peri-Tb regions in specimens with SBCs 

Variables 
Specimens with SBCs (n=68) 

Cys-Tb Peri-Tb P 

Microarchitecture 

   BV/TV (%) 60.49±12.92 53.76±13.04 <0.001 

   Tb.Th (μm) 288.16±61.50 315.68±62.93 <0.001 

   Tb.Sp (μm) 220.66±57.77 388.23±98.16 <0.001 

   Tb.N (1/mm) 2.12±0.38 1.71±0.31 <0.001 

   SMI 0.94±0.67 0.34±1.16 <0.001 

   DA 1.44±0.33 1.51±0.51 0.327 

Conn.D (1/mm
3
) 26.81±12.19 18.42±9.26 <0.001 

BMD (mg/cm
3
) 599.56±107.53 556.24±114.38 <0.001 

TMD (mg/cm
3
) 1002.15±66.92 1045.71±62.84 <0.001 

Bone remodeling 

   O.Th (μm) 13.91±5.01 6.35±3.02 <0.001 

   OV/BV (%) 8.55±5.00 2.33±1.99 <0.001 

   OS/BS (%) 65.29±14.48 39.00±17.18 <0.001 

OS/BV (mm
2
/mm

3
) 5.75±2.01 3.06±1.62 <0.001 

   ES/BS (%) 18.50±8.70 12.54±7.91 <0.001 

ES/BV (mm
2
/mm

3
) 1.58±0.74 0.99±0.76 <0.001 

ES/TV (mm
2
/mm

3
) 0.68±0.34 0.44±0.28 <0.001 

Results are mean±SD. Bold indicates statistically significant difference. 
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Supplementary Table 1 Correlations between SBP characteristics and STB alterations 

in microarchitecture and bone remodelling 

Parameters 
Partial-thickness breach (n=37) 

Full-thickness breach 

(n=73) 

SBP.Th SBP.Por SBP defect area 

Microarchitecture 

   BV/TV (%) r=+0.244, P=0.157 r=−0.194, P=0.258 r=−0.165, P=0.162 

   Tb.Th (μm) r=+0.357, P=0.027 r=−0.321, P=0.056 r=−0.275, P=0.018 

   Tb.Sp (μm) r=−0.161, P=0.355 r=+0.037, P=0.832 r=−0.354, P=0.002 

   Tb.N (1/mm) r=−0.193, P=0.267 r=+0.191, P=0.265 r=+0.157, P=0.185 

   SMI r=−0.215, P=0.216 r=−0.095, P=0.581 r=+0.264, P=0.024 

   DA r=−0.065, P=0.710 r=+0.036, P=0.835 r=−0.020, P=0.865 

Conn.D (1/mm
3
) r=−0.007, P=0.968 r=−0.082, P=0.633 r=+0.268, P=0.022 

BMD (mg/cm
3
) r=+0.182, P=0.295 r=−0.315, P=0.061 r=−0.161, P=0.173 

TMD (mg/cm
3
) r=-0.298, P=0.083 r=−0.471, P=0.004 r=+0.153, P=0.197 

Bone remodeling 

   O.Th (μm) r=−0.172, P=0.322 r=−0.007, P=0.967 r=+0.513, P<0.001 

   OV/BV (%) r=−0.019, P=0.912 r=+0.076, P=0.661 r=+0.524, P<0.001 

   OS/BS (%) r=+0.043, P=0.805 r=+0.041, P=0.810 r=+0.329, P=0.005 

OS/BV (mm
2
/mm

3
) r=+0.092, P=0.598 r=+0.166, P=0.332 r=+0.457, P<0.001 

   ES/BS (%) r=+0.048, P=0.785 r=+0.243, P=0.154 r=+0.279, P=0.017 

ES/BV (mm
2
/mm

3
) r=+0.128, P=0.464 r=+0.341, P=0.042 r=+0.374, P=0.001 

ES/TV (mm
2
/mm

3
) r=−0.017, P=0.923 r=+0.283, P=0.094 r=+0.275, P=0.019 

Bold indicates statistically significant difference. 
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Supplementary Figure 2A). In the Cys-Tb region, there were significantly higher values 

of BV/TV, Tb.N, SMI, Conn.D, and BMD, but lower values of Tb.Th, Tb.Sp and TMD. 

A higher SMI indicated the trabeculae were more rod-like. In bone remodeling, all 

parameters were significantly higher in the Cys-Tb region, compared to the Peri-Tb 

region (Table 2, Supplementary Figure 2B and 2C). Bone formation level was higher in 

the Cys-Tb region, as suggested by the higher values of O.Th, OV/BV, OS/BS and 

OS/BV. There were also higher values of ES/BS, ES/BV and ES/TV in the Cys-Tb 

region, indicating a more active bone resorption status. 

Histopathological changes within the SBCs  

A mixed pathology was detected within SBCs (Figure 4), including fibrous tissue, 

abnormal blood vessels, fibrocartilaginous tissue, hyaline cartilaginous tissue, remnant 

bone fragments and adipose tissue. There was no epithelial lining observed along the 

SBCs margin. 

Fibrous tissue was clearly evident in all SBCs (Figure 4A). Abnormal blood vessels 

with hyperplastic wall and fibrinoid deposition, were detected in 7.35% (5/68) of the 

SBCs (Figure 4B). Hyaline cartilaginous tissue was identified in some SBCs (7.35%, 

5/68) (Figure 4C). Fibrocartilaginous tissue, which was usually found to be undergoing 

calcification, was present in 54.41% (37/68) of the SBCs (Figure 4D). Remnant bone 

fragments and debris were observed within 60.29% (41/68) of the SBCs examined 

(Figure 4E). In addition, 39.71% (27/68) of the SBCs was detected with adipose tissue 

(Figure 4F). 

DISCUSSION 

This was the first study to evaluate the relationship between SBP integrity and STB 

homeostasis in OA. Our results showed that STB with full-thickness breach of SBP 

displayed more sclerotic microarchitecture with higher bone remodeling level and 

higher SBCs frequency, as compared to those with partial-thickness breach of SBP. A 

variety of pathological changes was observed inside SBCs, including fibrous tissue, 
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Figure 4 Representative histopathological changes inside SBCs. (A) Fibrous tissue 

infiltration. Surrounding the fibrous tissue were thin trabeculae with active bone 

remodeling, as indicated by extensive osteoid and eroded surface. (B) Abnormal blood 

vessels with fibrinoid deposition and hyperplastic walls (arrowheads). (C) Hyaline 

cartilaginous tissue on the margin of a cyst (indicated by arrows). (D) Fibrocartilaginous 

tissue on the margin of a cyst, detected to be undergoing calcification. (E) Remnant 

bone fragments (indicated by arrows), undergoing active bone remodeling. (F) Adipose 

tissue, surrounded by disorganized fibrous tissue. Stain: Goldner's Trichrome. 
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Supplementary Figure 1 Representative histological photomicrographs of STB from 

the osteoarthritic femoral head. (A) Histological characteristics of STB from specimens 

with partial-thickness breach of SBP, showing low bone remodeling level. (B) 

Histological characteristics of STB from specimens with full-thickness breach of SBP, 

showing high bone remodeling level. Stain: Goldner's Trichrome. 

       62



Supplementary Figure 2 Representative micro-CT and histoloy images of STB from 

specimens with SBCs. (A) 2D colour micro-CT image of STB from specimens with 

SBCs. The area between inner and outer dotted line circles represented Cys-Tb region, 

and the remaining area was Peri-Tb region. (B) Trabecular bone immediately adjacent 

to the cyst (Cys-Tb). Both bone formation and resorption were highly active, as 

suggested by extensive thick layers of osteoid and eroded surface. (C) Trabecular bone 

distant from the cyst (Peri-Tb). Both bone formation and resorption were less active in 

this region, compared to Cys-Tb. The colour images showed the mineralization 

distribution in STB. Red, green and blue represented low, intermediate and high mineral 

density, respectively. Stain in histology: Goldner's Trichrome. 
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abnormal blood vessels, fibrocartilaginous tissue, hyaline cartilaginous tissue, remnant 

bone fragments and adipose tissue. Trabeculae adjacent to SBCs exhibited more 

sclerotic microarchitecture and higher bone remodeling level. Our results suggested that 

compromise in SBP integrity dramatically disrupted STB homeostasis during OA 

progression. 

Previous studies have proposed that anatomical configuration of SBP may be a key 

determinant in maintenance of joint homeostasis when cartilage is severely degenerated 

36
. Being a dense cortical lamella, SBP may act as a protective shield between the 

synovial space and STB. Compromises in SBP integrity could disturb the biochemical 

and biomechanical milieu of the joint, resulting in the deterioration of the underlying 

trabecular bone 
3
. Once SBP is breached in full-thickness, the underling STB becomes

exposed to the joint space, enabling penetration of synovial fluid containing 

pro-inflammatory cytokines, which are closely associated with bone metabolism 
37-39

. In

addition, the trabecular bone underneath would be subjected to higher compressive 

stress without the intact SBP protection 
4
. The exposed STB would also endure higher

tensile and shear stresses, due to the inhomogeneous and tough surface caused by SBP 

breach 
3
. Our study indicated that in samples with full-thickness breach of SBP, the

underlying STB homeostasis was substantially disrupted, exhibiting more sclerotic but 

less anisotropic microarchitecture, more active bone remodeling and higher SBCs 

incidence. It is suggested that breach of SBP may be an inevitable ‘point of no return’ 

during the progression of OA. Any surgical interventions with disruption of SBP, such 

as microfracture treatment in early-stage OA, may accelerate OA progression 
40-43

.

Thickness and porosity are two important determinants of biomechanical and 

biochemical properties of SBP 
14, 15, 30, 44

. In late-stage OA, SBP is reported to have high

porosity, reduced stiffness and material bone density, giving rise to a less firmly 

compacted structure and diminished function as a shock absorber 
4, 45

. Our data 

demonstrated that, in the cases of partially breached SBP, microarchitecture and bone 

remodeling of STB did not correlate with the thickness or porosity of SBP. It seemed 

       64



that the partially breached SBP still conferred protection to the trabecular bone 

underneath, regardless of its thickness and porosity. In specimens with full-thickness 

breach of SBP, as SBP defect area became larger, STB became more sclerotic in 

microarchitecture and more active in bone remodeling.  

We found that SBCs exhibited an important influence on the metabolism of surrounding 

trabecular bone. In specimens with SBCs, the region immediately adjacent to cysts 

exhibited a much more sclerotic microarchitecture than that found distally, with higher 

bone volume fraction, more trabeculae and narrower trabecular space. This phenomenon 

may be a mechano-regulatory structural compensation in response to disturbed bone 

strength in subchondral bone caused by cyst formation 
46

. Biomechanics has been 

shown to play an important role in the adaption of bone microarchitecture 
47

. The region

immediately adjacent to cysts also manifested thinner trabeculae, higher SMI and 

connectivity density. This might be due to the active bone resorption around cysts, 

which converted previous plate-like trabeculae to thinner rod-like and honeycomb-like 

structure 
48-50

. Collectively, the trabecular bone immediately adjacent to cysts 

manifested the features of immature woven bone 
51

, with more sclerotic 

microarchitecture, higher BMD but lower TMD. The high BMD might be mainly 

caused by high bone volume fraction in this region, while the low TMD could be due to 

the active bone remodeling in the specific bone tissue, which needs further study to 

clarify the underlying mechanism.  

Various pathological lesions were noted inside SBCs. The subchondral cystic lesions 

were composed primarily of fibrous tissue with lesser amounts of metaplastic cartilage, 

similar to that observed in other studies 
52-57

. Fibrous tissue might play an important role

in the maintenance, slow healing rate and expansion of SBCs, by means of secreting 

mediators which are capable of recruiting and activating osteoclasts 
58, 59

. Mixed with

fibrous tissue, remnant bone fragments and adipose tissue were also detected, which 

might be the remnants of previous viable trabeculae and bone marrow tissue before 

SBCs formation. SBCs may develop in the pre-existing regions of bone marrow 
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edema-like lesions (BMELs), leading to the proposed theory that BMELs may in fact be 

early "pre-cystic" lesions 
60-63

. Hunter et al 
26

 reported that, BMELs from osteoarthritis

knees are characterized by sclerotic bone that is less well mineralized. 

In previous longitudinal studies 
63, 64

, SBCs exhibited a varied natural history over a

2-year period, with most SBCs enlarging with time. Synovial fluid penetrating through 

the communication channels in SBP might be the most fundamental factor for the 

enlargement of SBCs 
54, 65, 66

. In OA, the intra-capsular fluid pressure is increased, due

to the compliance of joint capsule and inflammatory effusion 
54, 67

. The high 

intra-capsular pressure could be transmitted to SBCs through the synovial fluid 

intrusion 
68

. The pressured fluid may disrupt local circulation and oxygen supply at the

edge of cysts, thereby leading to osteocyte death 
54, 65

. In response to the high pressure

in fluid itself and the ensuing osteocyte death, bone resorption will be notably elevated 

in close vicinity to the cyst, leading to the enlargement of SBCs 
65

. In addition, the

intruded synovial fluid contains plentiful chemical mediators and inflammatory cells, 

which are capable of stimulating bone resorption 
37, 38, 54, 66, 69

. Although it was most

common for SBCs to enlarge, a significant proportion regressed in size 
63, 64

. In some

cases, fibrocartilaginous cartilage inside SBCs was found to undergo mineralization, 

which may contribute to the regress of some SBCs in size over time. Other studies 

showed that defects in SBP could later be repaired with fibrocartilage or osteoid, 

obliterating the communicating channels 
55, 70

. The restoration of SBP may improve the

local biomechanical and biochemical milieu, accelerating the healing of SBCs 
71, 72

.

One limitation of the current study is the lack of normal control subjects. The old age of 

patients with late-stage hip OA makes the acquisition and age matching of control 

specimens difficult. Cadaveric specimens are usually an unsatisfactory, given that the 

degenerative changes are often seen in the ‘normal’ hip joint 
73

. Another limitation of

our study is the absence of inclusion of patients with early-onset disease. This, however, 

is unavoidable, since hip joint replacement is not the treatment of choice in early OA. 

Thirdly, due to the sparse occurrence in human bone samples, parameters on osteoclasts 
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and osteoblasts were not conducted in the current study. Fourthly, in the current study, 

all the bone specimens were only extracted from the load-bearing area of the femoral 

head. Bone microarchitecture and remodeling may differ depending on the region of 

extraction. Finally, due to the cross-sectional design of the current observational study, 

the absolute causal relationship between SBP breach and STB abnormal changes could 

not be established. Thus, prospective and longitudinal studies are needed in the future to 

further clarify the relationship. 

In conclusion, SBP integrity is closely correlated with the homeostasis of underlying 

STB in late-stage OA. The findings of this study extend our current understanding of 

subchondral bone changes in osteoarthritic joints, and support the development of 

disease-modifying therapeutics for sustaining SBP integrity as an alternative approach 

for the future treatment of OA.   
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OA: osteoarthritis; SBP: subchondral bone plate; STB: subchondral trabecular bone; 

SBCs: subchondral bone cysts; SBP.Th: subchondral bone plate thickness; SBP.Por: 

subchondral bone plate porosity; ROI: region of interest; W-Tb: whole trabecular bone; 

Cys-Tb: trabecular bone immediately adjacent to the cyst; Peri-Tb: peripheral trabecular 

bone; BV/TV: bone volume fraction; Tb.Th: trabecular thickness; Tb.Sp: trabecular 

separation; Tb.N: trabecular number; SMI: structure model index; DA: degree of 

anisotropy; Conn.D: connectivity density; BMD: bone mineral density; TMD: tissue 

mineral density; O.Th; thickness of osteoid; OV/BV: percent osteoid volume; OS/BS: 

percent osteoid surface; OS/BV: specific osteoid surface; ES/BS: percent eroded surface; 

ES/BV: specific eroded surface; ES/TV: eroded surface in bone tissue volume; BMELs: 

bone marrow edema-like lesions. 

 

REFERENCES 

1. Woolf AD, Pfleger B. Burden of major musculoskeletal conditions. Bull World 

Health Organ 2003; 81: 646-56. 

2. Suri S, Walsh DA. Osteochondral alterations in osteoarthritis. Bone 2012; 51: 

204-11. 

3. Li G, Yin J, Gao J, Cheng TS, Pavlos NJ, Zhang C, et al. Subchondral bone in 

osteoarthritis: insight into risk factors and microstructural changes. Arthritis Res 

Ther 2013; 15: 223. 

4. Li B, Marshall D, Roe M, Aspden RM. The electron microscope appearance of 

the subchondral bone plate in the human femoral head in osteoarthritis and 

osteoporosis. J Anat 1999; 195 ( Pt 1): 101-10. 

5. Walsh DA, Bonnet CS, Turner EL, Wilson D, Situ M, McWilliams DF. 

Angiogenesis in the synovium and at the osteochondral junction in osteoarthritis. 

Osteoarthritis Cartilage 2007; 15: 743-51. 

6. Ashraf S, Walsh DA. Angiogenesis in osteoarthritis. Curr Opin Rheumatol 2008; 

20: 573-80. 

       68



7. Ashraf S, Mapp PI, Walsh DA. Contributions of angiogenesis to inflammation, 

joint damage, and pain in a rat model of osteoarthritis. Arthritis Rheum 2011; 63: 

2700-10. 

8. Mapp PI, Avery PS, McWilliams DF, Bowyer J, Day C, Moores S, et al. 

Angiogenesis in two animal models of osteoarthritis. Osteoarthritis Cartilage 

2008; 16: 61-9. 

9. Imhof H, Breitenseher M, Kainberger F, Rand T, Trattnig S. Importance of 

subchondral bone to articular cartilage in health and disease. Top Magn Reson 

Imaging 1999; 10: 180-92. 

10. Pan J, Zhou X, Li W, Novotny JE, Doty SB, Wang L. In situ measurement of 

transport between subchondral bone and articular cartilage. J Orthop Res 2009; 

27: 1347-52. 

11. Lyons TJ, McClure SF, Stoddart RW, McClure J. The normal human 

chondro-osseous junctional region: evidence for contact of uncalcified cartilage 

with subchondral bone and marrow spaces. BMC Musculoskelet Disord 2006; 7: 

52. 

12. Arkill KP, Winlove CP. Solute transport in the deep and calcified zones of 

articular cartilage. Osteoarthritis Cartilage 2008; 16: 708-14. 

13. Pan J, Wang B, Li W, Zhou X, Scherr T, Yang Y, et al. Elevated cross-talk 

between subchondral bone and cartilage in osteoarthritic joints. Bone 2012; 51: 

212-7. 

14. Botter SM, van Osch GJ, Clockaerts S, Waarsing JH, Weinans H, van Leeuwen 

JP. Osteoarthritis induction leads to early and temporal subchondral plate 

porosity in the tibial plateau of mice: an in vivo microfocal computed 

tomography study. Arthritis Rheum 2011; 63: 2690-9. 

15. Intema F, Hazewinkel HA, Gouwens D, Bijlsma JW, Weinans H, Lafeber FP, et 

al. In early OA, thinning of the subchondral plate is directly related to cartilage 

damage: results from a canine ACLT-meniscectomy model. Osteoarthritis 

Cartilage 2010; 18: 691-8. 

       69



16. Botter SM, van Osch GJ, Waarsing JH, van der Linden JC, Verhaar JA, Pols HA, 

et al. Cartilage damage pattern in relation to subchondral plate thickness in a 

collagenase-induced model of osteoarthritis. Osteoarthritis Cartilage 2008; 16: 

506-14. 

17. Anetzberger H, Mayer A, Glaser C, Lorenz S, Birkenmaier C, Muller-Gerbl M. 

Meniscectomy leads to early changes in the mineralization distribution of 

subchondral bone plate. Knee Surg Sports Traumatol Arthrosc 2014; 22: 112-9. 

18. Botter SM, Glasson SS, Hopkins B, Clockaerts S, Weinans H, van Leeuwen JP, 

et al. ADAMTS5-/- mice have less subchondral bone changes after induction of 

osteoarthritis through surgical instability: implications for a link between 

cartilage and subchondral bone changes. Osteoarthritis Cartilage 2009; 17: 

636-45. 

19. Pastoureau P, Leduc S, Chomel A, De Ceuninck F. Quantitative assessment of 

articular cartilage and subchondral bone histology in the meniscectomized 

guinea pig model of osteoarthritis. Osteoarthritis Cartilage 2003; 11: 412-23. 

20. Karsdal MA, Leeming DJ, Dam EB, Henriksen K, Alexandersen P, Pastoureau 

P, et al. Should subchondral bone turnover be targeted when treating 

osteoarthritis? Osteoarthritis Cartilage 2008; 16: 638-46. 

21. Marra MD, Crema MD, Chung M, Roemer FW, Hunter DJ, Zaim S, et al. MRI 

features of cystic lesions around the knee. Knee 2008; 15: 423-38. 

22. Khan IM, Gilbert SJ, Singhrao SK, Duance VC, Archer CW. Cartilage 

integration: evaluation of the reasons for failure of integration during cartilage 

repair. A review. Eur Cell Mater 2008; 16: 26-39. 

23. Kellgren JH, Lawrence JS. Radiological assessment of osteo-arthrosis. Ann 

Rheum Dis 1957; 16: 494-502. 

24. Sun SS, Ma HL, Liu CL, Huang CH, Cheng CK, Wei HW. Difference in 

femoral head and neck material properties between osteoarthritis and 

osteoporosis. Clin Biomech (Bristol, Avon) 2008; 23 Suppl 1: S39-47. 

25. Wright DA, Meguid M, Lubovsky O, Whyne CM. Subchondral bone density 

distribution in the human femoral head. Skeletal Radiol 2012; 41: 677-83. 

       70



26. Hunter DJ, Gerstenfeld L, Bishop G, Davis AD, Mason ZD, Einhorn TA, et al. 

Bone marrow lesions from osteoarthritis knees are characterized by sclerotic 

bone that is less well mineralized. Arthritis Res Ther 2009; 11: R11. 

27. Allen MR, Ruggiero SL. Higher bone matrix density exists in only a subset of 

patients with bisphosphonate-related osteonecrosis of the jaw. J Oral Maxillofac 

Surg 2009; 67: 1373-7. 

28. Iassonov P, Gebrenegus T, Tuller M. Segmentation of X-ray computed 

tomography images of porous materials: A crucial step for characterization and 

quantitative analysis of pore structures. Water Resources Research 2009; 45: 

W09415. 

29. Borah B, Ritman EL, Dufresne TE, Jorgensen SM, Liu S, Sacha J, et al. The 

effect of risedronate on bone mineralization as measured by micro-computed 

tomography with synchrotron radiation: Correlation to histomorphometric 

indices of turnover. Bone 2005; 37: 1-9. 

30. Marinovic M, Bazdulj E, Celic T, Cicvaric T, Bobinac D. Histomorphometric 

analysis of subchondral bone of the femoral head in osteoarthritis and 

osteoporosis. Coll Antropol 2011; 35 Suppl 2: 19-23. 

31. Li G, Ma Y, Cheng TS, Landao-Bassonga E, Qin A, Pavlos NJ, et al. Identical 

subchondral bone microarchitecture pattern with increased bone resorption in 

rheumatoid arthritis as compared to osteoarthritis. Osteoarthritis Cartilage 2014. 

32. Bouxsein ML, Boyd SK, Christiansen BA, Guldberg RE, Jepsen KJ, Muller R. 

Guidelines for assessment of bone microstructure in rodents using 

micro-computed tomography. J Bone Miner Res 2010; 25: 1468-86. 

33. Hildebrand T, Ruegsegger P. Quantification of Bone Microarchitecture with the 

Structure Model Index. Comput Methods Biomech Biomed Engin 1997; 1: 

15-23. 

34. Brunet-Imbault B, Lemineur G, Chappard C, Harba R, Benhamou CL. A new 

anisotropy index on trabecular bone radiographic images using the fast Fourier 

transform. BMC Med Imaging 2005; 5: 4. 

       71



35. Dempster DW, Compston JE, Drezner MK, Glorieux FH, Kanis JA, Malluche H, 

et al. Standardized nomenclature, symbols, and units for bone histomorphometry: 

a 2012 update of the report of the ASBMR Histomorphometry Nomenclature 

Committee. J Bone Miner Res 2013; 28: 2-17. 

36. Hwang J, Bae WC, Shieu W, Lewis CW, Bugbee WD, Sah RL. Increased 

hydraulic conductance of human articular cartilage and subchondral bone plate 

with progression of osteoarthritis. Arthritis Rheum 2008; 58: 3831-42. 

37. Tchetverikov I, Lohmander LS, Verzijl N, Huizinga TW, TeKoppele JM, 

Hanemaaijer R, et al. MMP protein and activity levels in synovial fluid from 

patients with joint injury, inflammatory arthritis, and osteoarthritis. Ann Rheum 

Dis 2005; 64: 694-8. 

38. Pelletier JP, Martel-Pelletier J, Abramson SB. Osteoarthritis, an inflammatory 

disease: potential implication for the selection of new therapeutic targets. 

Arthritis Rheum 2001; 44: 1237-47. 

39. Kapoor M, Martel-Pelletier J, Lajeunesse D, Pelletier JP, Fahmi H. Role of 

proinflammatory cytokines in the pathophysiology of osteoarthritis. Nat Rev 

Rheumatol 2011; 7: 33-42. 

40. Brown WE, Potter HG, Marx RG, Wickiewicz TL, Warren RF. Magnetic 

resonance imaging appearance of cartilage repair in the knee. Clin Orthop Relat 

Res 2004: 214-23. 

41. Ding M, Danielsen CC, Hvid I. The effects of bone remodeling inhibition by 

alendronate on three-dimensional microarchitecture of subchondral bone tissues 

in guinea pig primary osteoarthrosis. Calcif Tissue Int 2008; 82: 77-86. 

42. Schlichting K, Schell H, Kleemann RU, Schill A, Weiler A, Duda GN, et al. 

Influence of scaffold stiffness on subchondral bone and subsequent cartilage 

regeneration in an ovine model of osteochondral defect healing. Am J Sports 

Med 2008; 36: 2379-91. 

43. Pape D, Filardo G, Kon E, van Dijk CN, Madry H. Disease-specific clinical 

problems associated with the subchondral bone. Knee Surg Sports Traumatol 

Arthrosc 2010; 18: 448-62. 

       72



44. Zhen G, Wen C, Jia X, Li Y, Crane JL, Mears SC, et al. Inhibition of TGF-beta 

signaling in mesenchymal stem cells of subchondral bone attenuates 

osteoarthritis. Nat Med 2013; 19: 704-12. 

45. Li B, Aspden RM. Mechanical and material properties of the subchondral bone 

plate from the femoral head of patients with osteoarthritis or osteoporosis. Ann 

Rheum Dis 1997; 56: 247-54. 

46. McErlain DD, Milner JS, Ivanov TG, Jencikova-Celerin L, Pollmann SI, 

Holdsworth DW. Subchondral cysts create increased intra-osseous stress in early 

knee OA: A finite element analysis using simulated lesions. Bone 2011; 48: 

639-46. 

47. Turner CH. Biomechanics of bone: determinants of skeletal fragility and bone 

quality. Osteoporos Int 2002; 13: 97-104. 

48. Chiba K, Nango N, Kubota S, Okazaki N, Taguchi K, Osaki M, et al. 

Relationship between microstructure and degree of mineralization in 

subchondral bone of osteoarthritis: a synchrotron radiation microCT study. J 

Bone Miner Res 2012; 27: 1511-7. 

49. Muller R, Van Campenhout H, Van Damme B, Van Der Perre G, Dequeker J, 

Hildebrand T, et al. Morphometric analysis of human bone biopsies: a 

quantitative structural comparison of histological sections and micro-computed 

tomography. Bone 1998; 23: 59-66. 

50. Chiba K, Ito M, Osaki M, Uetani M, Shindo H. In vivo structural analysis of 

subchondral trabecular bone in osteoarthritis of the hip using multi-detector row 

CT. Osteoarthritis Cartilage 2011; 19: 180-5. 

51. Su X, Sun K, Cui FZ, Landis WJ. Organization of apatite crystals in human 

woven bone. Bone 2003; 32: 150-62. 

52. Sulzbacher I. Osteoarthritis: histology and pathogenesis. Wien Med Wochenschr 

2013; 163: 212-9. 

53. Milgram JW. Morphologic alterations of the subchondral bone in advanced 

degenerative arthritis. Clin Orthop Relat Res 1983: 293-312. 

       73



54. Schmalzried TP, Akizuki KH, Fedenko AN, Mirra J. The role of access of joint 

fluid to bone in periarticular osteolysis. A report of four cases. J Bone Joint Surg 

Am 1997; 79: 447-52. 

55. Resnick D, Niwayama G, Coutts RD. Subchondral cysts (geodes) in arthritic 

disorders: pathologic and radiographic appearance of the hip joint. AJR Am J 

Roentgenol 1977; 128: 799-806. 

56. McErlain DD, Ulici V, Darling M, Gati JS, Pitelka V, Beier F, et al. An in vivo 

investigation of the initiation and progression of subchondral cysts in a rodent 

model of secondary osteoarthritis. Arthritis Res Ther 2012; 14: R26. 

57. Bancroft LW, Peterson JJ, Kransdorf MJ. Cysts, geodes, and erosions. Radiol 

Clin North Am 2004; 42: 73-87. 

58. Guzman RE, Evans MG, Bove S, Morenko B, Kilgore K. 

Mono-iodoacetate-induced histologic changes in subchondral bone and articular 

cartilage of rat femorotibial joints: an animal model of osteoarthritis. Toxicol 

Pathol 2003; 31: 619-24. 

59. von Rechenberg B, Guenther H, McIlwraith CW, Leutenegger C, Frisbie DD, 

Akens MK, et al. Fibrous tissue of subchondral cystic lesions in horses produce 

local mediators and neutral metalloproteinases and cause bone resorption in 

vitro. Vet Surg 2000; 29: 420-9. 

60. Carrino JA, Blum J, Parellada JA, Schweitzer ME, Morrison WB. MRI of bone 

marrow edema-like signal in the pathogenesis of subchondral cysts. 

Osteoarthritis Cartilage 2006; 14: 1081-5. 

61. Crema MD, Roemer FW, Marra MD, Niu J, Lynch JA, Felson DT, et al. 

Contrast-enhanced MRI of subchondral cysts in patients with or at risk for knee 

osteoarthritis: the MOST study. Eur J Radiol 2010; 75: e92-6. 

62. Crema MD, Roemer FW, Marra MD, Niu J, Zhu Y, Lynch J, et al. 373 

MRI-detected bone marrow edema-like lesions are strongly associated with 

subchondral cysts in patients with or at risk for knee osteoarthritis: the most 

study. Osteoarthritis Cartilage 2008; 16: S160. 

       74



63. Tanamas SK, Wluka AE, Pelletier JP, Martel-Pelletier J, Abram F, Wang Y, et 

al. The association between subchondral bone cysts and tibial cartilage volume 

and risk of joint replacement in people with knee osteoarthritis: a longitudinal 

study. Arthritis Res Ther 2010; 12: R58. 

64. Raynauld JP, Martel-Pelletier J, Berthiaume MJ, Abram F, Choquette D, 

Haraoui B, et al. Correlation between bone lesion changes and cartilage volume 

loss in patients with osteoarthritis of the knee as assessed by quantitative 

magnetic resonance imaging over a 24-month period. Ann Rheum Dis 2008; 67: 

683-8. 

65. Cox LG, Lagemaat MW, van Donkelaar CC, van Rietbergen B, Reilingh ML, 

Blankevoort L, et al. The role of pressurized fluid in subchondral bone cyst 

growth. Bone 2011; 49: 762-8. 

66. Inui A, Nakano S, Yoshioka S, Goto T, Hamada D, Kawasaki Y, et al. 

Subchondral cysts in dysplastic osteoarthritic hips communicate with the joint 

space: analysis using three-dimensional computed tomography. Eur J Orthop 

Surg Traumatol 2013; 23: 791-5. 

67. Goddard NJ, Gosling PT. Intra-articular fluid pressure and pain in osteoarthritis 

of the hip. J Bone Joint Surg Br 1988; 70: 52-5. 

68. Jayson MI, Rubenstein D, Dixon AS. Intra-articular pressure and rheumatoid 

geodes (bone 'cysts'). Ann Rheum Dis 1970; 29: 496-502. 

69. Sabokbar A, Crawford R, Murray DW, Athanasou NA. Macrophage-osteoclast 

differentiation and bone resorption in osteoarthrotic subchondral acetabular 

cysts. Acta Orthop Scand 2000; 71: 255-61. 

70. McErlain DD, Appleton CT, Litchfield RB, Pitelka V, Henry JL, Bernier SM, et 

al. Study of subchondral bone adaptations in a rodent surgical model of OA 

using in vivo micro-computed tomography. Osteoarthritis Cartilage 2008; 16: 

458-69. 

71. Ray CS, Baxter GM, McIlwraith CW, Trotter GW, Powers BE, Park RD, et al. 

Development of subchondral cystic lesions after articular cartilage and 

       75



subchondral bone damage in young horses. Equine Veterinary Journal 1996; 28: 

225-32. 

72. Reilingh ML, Blankevoort L, van Eekeren IC, van Dijk CN. Morphological 

analysis of subchondral talar cysts on microCT. Knee Surg Sports Traumatol 

Arthrosc 2013; 21: 1409-17. 

73. Byers PD, Contepomi CA, Farkas TA. A post mortem study of the hip joint. 

Including the prevalence of the features of the right side. Ann Rheum Dis 1970; 

29: 15-31. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

       76



CHAPTER 5 

Subchondral bone deterioration in  

femoral heads from patients with  

osteoarthritis secondary to hip dysplasia 

Submitted to Osteoarthritis Cartilage (Under review) 

77



Statement of Authorship 

Li G (Ph.D. Candidate) 

Designed and undertook relevant experiments to address the research hypothesis, 

collected, organized and interpreted experiment data. Searched and reviewed all 

references, and drafted the manuscript. Carried out all manuscript adjustments and 

corrections.  

Ma Y (Research Collaborator)  

Assisted in specimen extraction. 

Yin J (Research Collaborator)  

Assisted in the experiment design, data interpretation and manuscript draft. 

Cheng TS (Co-supervisor)  

Assisted in the experiment design, and revised the manuscript critically for important 

intellectual content. 

Pavlos NJ (Co-supervisor)  

Assisted in the experiment design, and revised the manuscript critically for important 

intellectual content.  

Zheng Q (Research Collaborator) 

Assisted in the implement of relevant experiments. 

Zhang C (Co-supervisor) 

Supervised the experiment design, and revised the manuscript critically for important 

intellectual content.  

Zheng MH (Principal supervisor) 

       78



Proposed the research hypothesis, supervised the experiment design, and revised the 

manuscript critically for important intellectual content. 

       79



Statement of Permission from co-authors 

Ma Y, gives permission to Guangyi Li, the principal author of the paper, to include 

this paper as Chapter 5 in his PhD thesis.

Signature Date 

Yin J, gives permission to Guangyi Li, the principal author of the paper, to include 

this paper as Chapter 5 in his PhD thesis.

Signature Date 

Cheng TS, gives permission to Guangyi Li, the principal author of the paper, to include 

this paper as Chapter 5 in his PhD thesis.

Signature Date 

Pavlos NJ, gives permission to Guangyi Li, the principal author of the paper, to include 

this paper as Chapter 5 in his PhD thesis.

Signature Date 

Zheng Q, gives permission to Guangyi Li, the principal author of the paper, to include 

this paper as Chapter 5 in his PhD thesis.

Signature Date 

Zhang C, gives permission to Guangyi Li, the principal author of the paper, to include 

this paper as Chapter 5 in his PhD thesis.

       80



Signature Date 

Zheng MH, gives permission to Guangyi Li, the principal author of the paper, 

to include this paper as Chapter 5 in his PhD thesis.

Signature Date 

       81



ABSTRACT 

Objectives: Residual hip dysplasia is the most common underlying condition leading to 

secondary osteoarthritis (OA) of the hip. Subchondral bone alterations in OA secondary 

to hip dysplasia (HD-OA) are poorly investigated. The aim of the present study was to 

analyze the microarchitecture, bone remodeling and pathological alterations of 

subchondral bone in femoral heads from patients with HD-OA.  

Designs: Subchondral bone specimens were extracted from both weight-bearing and 

non-weight-bearing regions of femoral heads from 20 patients with HD-OA and 20 

patients with osteoporotic femoral neck fracture, during hip replacement surgery. 

Micro-CT and histological examination were performed to assess the microarchitecture, 

bone remodeling and pathological changes.  

Results: The weight-bearing subchondral bone showed significantly more sclerotic 

microarchitecture and higher bone remodeling level in HD-OA as compared to 

osteoporosis (OP). In the non-weight-bearing region, the two diseases shared similar 

microarchitectural characteristics, but higher bone remodeling level was detected in 

HD-OA. Distinct regional differences were observed in HD-OA, while the two regions 

exhibited similar characteristics in OP. In addition, HD-OA displayed more serious 

pathological alterations, including subchondral bone cyst, metaplastic cartilaginous 

tissue, bone marrow edema and fibrous tissue, especially in the weight-bearing region. 

Conclusions: Osteoarthritic deteriorations of subchondral bone induced by hip 

dysplasia spread throughout the whole joint, but exhibit region-dependent variations, 

with the weight-bearing region more seriously affected. Biomechanical stress might 

exert a pivotal impact on subchondral bone homeostasis.  

Keywords: Osteoarthritis; hip dysplasia; osteoporosis; microarchitecture; bone 

remodeling 
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INTRODUCTION 

Hip dysplasia is a congenital or developmental deformation of the hip joint, which 

refers to a spectrum of anatomical abnormalities involving the acetabulum and adjacent 

femoral head
1
. It is the most common orthopaedic defect in newborns

2, 3
. Multifaceted

risk factors, including positive family history, female sex and breech presentation, have 

been assumed to contribute to the pathogenesis of hip dysplasia
4, 5

. Once diagnosed, hip

dysplasia is normally treated by closed or open methods, to achieve and maintain 

concentric reduction through childhood and adolescence
6
. If no treatment is conducted

or the primary treatment fails, persistent residual hip dysplasia might ensue, which 

threatens long-term hip function and leads to the development of osteoarthritis (OA)
7-11

.

Residual hip dysplasia has been reported to be the most common underlying condition 

leading to secondary OA of the hip in adults
12-16

.

The deficient coverage by the acetabulum over the femoral head in hip dysplasia, which 

leads to reduced load-transferring areas and abnormally high contact mechanical stress, 

is considered to be the main cause of osteoarthritic degradation
14, 17-19

. A study by Kim

et al showed that in patients with hip dysplasia, the biochemical integrity of cartilage 

correlates with the pain and severity of the dysplasia, suggesting that early OA changes 

is associated cartilage integrity in the acetabulum and femoral head
20

. Apart from

cartilage, subchondral bone is also an important structure in joint homeostasis, which is 

actively involved in the initiation and progression of joint degeneration
21, 22

. However,

in contrast to the wealth of studies concerning subchondral bone in primary OA
23-28

, the

alterations of subchondral bone in OA secondary to hip dysplasia (HD-OA) remain 

poorly investigated. The sparse studies evaluating subchondral bone in HD-OA were 

restricted to radiographic imaging assessment
29, 30

. Little is known about the relevant

bone remodeling status and pathological alterations. In addition, previous studies have 

typically focused on the weight-bearing region, largely overlooking the 

non-weight-bearing region.  
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To address these knowledge gaps, we performed a comparative study between patients 

with HD-OA and patients with osteoporosis (OP). Microarchitecture, bone remodeling 

and pathological alterations were analyzed in subchondral trabecular bone (STB) from 

both weight-bearing and non-weight-bearing regions in femoral heads from these 

patients.  

 

MATERIALS AND METHODS 

Study subjects 

20 patients with HD-OA undergoing total hip replacement were recruited in the study 

(17 females and 3 males, mean age 64.25 ± 5.20 years). All HD-OA patients had 

radiographic evidence of moderate or severe OA (Grade≥3), according to the Kellgren 

and Lawrence criteria
31

. Exclusion criteria for HD-OA patients were as follows: 1) 

patients with primary OA or OA secondary to trauma or other identified disorders; 2) 

known metabolic or bone disorders other than OA, which could affect bone metabolism, 

such as severe renal impairment, thyroid or parathyroid disease, and malignancy; 3) 

receiving treatment that affects bone metabolism such as anti-resorptive drugs, 

calcitonin, thyroid or parathyroid hormone therapy, or hormonal replacement therapy; 

or 4) history of hip osteotomy.  

 

Due to the lack of femoral heads from normal subjects, 20 age- and gender-matched 

patients with OP who underwent prosthetic hip replacement for femoral neck fracture 

were recruited for comparison (15 females and 5 males, mean age 67.15 ± 7.70 years). 

OP patients did not differ significantly from HD-OA patients in age (p=0.104) and 

male/female ratio (p=0.695). Exclusion criteria for OP patients were as follows: 1) 

patients with hip fractures following severe traumas; 2) known metabolic or bone 

disorders other than OP; or 3) receiving treatment that affects bone metabolism. Owing 

to the relatively normal joint morphology and mechanical loading, the femoral head 

from OP patients are normally chosen as a control in previous human studies 

concerning hip OA
23, 24, 26, 32, 33

. 
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Informed consent was obtained from each patient. The study protocol was approved by 

the Human Research Ethics committee of The University of Western Australia and 

complied with the Declaration of Helsinki. 

 

Specimen preparation 

One cylindrical specimen of articular cartilage and subchondral bone was extracted 

from the superior principal compressive weight-bearing region (W region) in each 

femoral head 
26, 30, 34

 (Figure 1). Another cylindrical specimen was extracted from the 

inferior non-weight-bearing region (N region)
28, 34

 (Figure 1). According to different 

disease conditions and extraction regions, specimens were categorized into four groups: 

1) specimens from the W region of osteoarthritic femoral heads (OA-W group); 2) 

specimens from the N region of osteoarthritic femoral heads (OA-N group); 3) 

specimens from the W region of osteoporotic femoral head (OP-W group); and 4) 

specimens from the N region of osteoporotic femoral head (OP-N group);  

 

Each specimen (10 mm in height and 9 mm in diameter) was prepared under continuous 

water irrigation using a precision bone trephine. STB is defined as the most superficial 5 

mm of the specimen, beneath the cartilage and subchondral bone plate
35-37

. Specimens 

were fixed in 4% paraformaldehyde in PBS for 5 days and stored in 70% ethanol. 

 

Micro-CT examination 

Each specimen was placed in a saline-filled acrylic case for acquisition by a micro-CT 

scanner (Skyscan 1174, Skyscan, Kontich, Belgium). Imaging acquisition was 

conducted at a voltage of 50 kV, current of 800 μA, an isotropic pixel size of 14.4μm 

(1024 x 1024 pixel image matrix), and with a 0.75-mm-thick aluminum filter for beam 

hardening reduction. After scanning and reconstruction, the images were transferred 

with a fixed threshold to binary images for analysis (Figure 2). The measurement region 

was 8 mm in diameter, which was 1 mm smaller than the diameter of the specimen, in 

order to avoid the inclusion of bone debris due to the cutting procedure. The 

subchondral bone cyst (SBC) was also screened. In samples with SBC, measurement   
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Figure 1 The regions in the femoral head from which cylindrical specimens were 

extracted: The red and blue parallel lines demonstrated the superior weight-bearing 

region (W region) and the inferior non-weight-bearing region (N region), respectively. 
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was only conducted in the trabecular region surrounding SBC, rather than the whole 

specimen. STB microarchitecture was then analyzed, using the built-in software. 

 

The following microarchitectural parameters were calculated: bone volume fraction 

(BV/TV) (%), trabecular thickness (Tb.Th) (μm), trabecular separation (Tb.Sp) (μm), 

trabecular number (Tb.N) (1/mm), structure model index (SMI), degree of anisotropy 

(DA), connectivity density (Conn.D) (1/mm
3
), and bone mineral density (BMD) 

(mg/cm
3
) 

38
. BMD was obtained by conversion of x-ray attenuation coefficient, using a 

calibration curve obtained from phantom specimens of known density.  

 

Histology and histomorphometry 

Each specimen was fixed, infiltrated and embedded in methylmethacrylate. All bone 

blocks were trimmed and sectioned on a microtome (Leica RM 2255, Wetzlar, 

Germany). Sections, 5μm thick, were stained by Goldner's Trichrome method. 

Histomorphometry was performed using Bioquant Osteo Histomorphometry software 

(Bioquant Osteo, Nashville, TN, USA). The following remodeling parameters were 

measured in each ROI: thickness of osteoid (O.Th, μm), percent osteoid volume 

(OV/BV) (%), percent osteoid surface (OS/BS) (%), specific osteoid surface (OS/BV, 

mm
2
/mm

3
), percent eroded surface (ES/BS) (%), specific eroded surface (ES/BV) 

(mm
2
/mm

3
),  and eroded surface in bone tissue volume (ES/TV) (mm

2
/mm

3
)
39

. 

Pathological alterations in the subchondral bone marrow were also assessed. 

 

Statistical analysis 

Statistical analyses were performed using the Statistics Package for Social Sciences 

(SPSS for Windows, version 17.0; SPSS Inc, Chicago, IL, USA). All microarchitecture 

and bone remodeling parameters were expressed as means and 95% confidence 

intervals (95% CI). These data were tested for normality using the Shapiro-Wilks test. 

Two-way repeated measures ANOVA was used to compare the four groups to evaluate 

whether there was a disease (HD-OA, OP) by region (W, N) interaction effect for all 

continuous dependent variables for the microarchitecture and bone remodeling data. 
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Subsequently, Student’s t-test (parametrical datasets) or Mann Whitney U test 

(nonparametric datasets) was used to test for significant differences between OA-W and 

OP-W, and between OA-N and OP-N. In addition, the comparisons between OA-W and 

OA-N, and between OP-W and OP-N were analyzed by paired Student’s t-test 

(parametrical datasets) or Wilcoxon test (nonparametric datasets). Concerning 

pathological alterations, Z-test was used to compare the frequency difference between 

OA-W and OP-W, and between OA-N and OP-N. The comparisons of pathology 

frequency between OA-W and OA-N, and between OP-W and OP-N were analyzed by 

McNemar’s test. All hypotheses were two-tailed, and p<0.05 were considered 

statistically significant. 

 

RESULTS 

Comparative analysis of microarchitecture and bone remodeling in STB between 

HD-OA and OP  

Two-way repeated measures ANOVA revealed a significant interaction between disease 

and region for all the microarchitecture and bone remodeling parameters, with the 

exception of DA (Table 1).  

 

In the W region, there were significantly differences between HD-OA and OP for all the 

microarchitecture parameters (Table 2, Figure 2). In HD-OA, there were higher values 

of BV/TV, Tb.Th, Tb.N, Conn.D, and BMD, but lower values of BS/BV, Tb.Sp, SMI 

and DA. All the bone remodeling parameters were also significantly higher in HD-OA, 

compared to OP (Table 2, Figure 3). There were higher values of O.Th, OV/BV, OS/BS 

and OS/BV, indicating a more active bone formation status. Bone resorption activity 

was also higher, as suggested by higher erosion indexes including ES/BS, ES/BV and 

ES/TV.   

 

In the N region, none of the microarchitecture parameters differed significantly between 

HD-OA and OP, with the exception of Tb.N and DA (Table 2, Figure 2). However, all 

the bone remodeling parameters were significantly different between HD-OA and OP  
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Table 1 Two-way repeated measures ANOVA: F and P value for disease by region 

interaction effect 

 

Variables 
Disease*Region 

F P 

Microarchitecture 

      BV/TV  129.726 <0.001 

    Tb.Th  69.807 <0.001 

    Tb.Sp  64.595 <0.001 

    Tb.N  81.448 <0.001 

    SMI 55.285 <0.001 

    DA 0.302 0.589 

    Conn.D  11.702 0.003 

    BMD  115.287 <0.001 

Histology 

      O.Th  34.536 <0.001 

    OV/BV 21.112 <0.001 

    OS/BS 154.911 <0.001 

    OS/BV  7.725 0.012 

    ES/BS  28.642 <0.001 

    ES/BV 6.323 0.021 

    ES/TV  38.650 <0.001 

F is the ratio of the mean-square value for that source of variation to the residual mean 

square. Bold indicates statistically significant difference. 
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Table 2 Comparison of microarchitecture and bone remodeling parameters in STB 

between HD-OA and OP 

Region Variables HD-OA (n=20) OP (n=20) P 

W Microarchitecture 

  

  

 
   BV/TV (%) 60.21 (55.49, 64.92) 20.50 (16.72, 24.28) <0.001 

 
   Tb.Th (μm) 355.79 (333.82, 377.77) 187.14 (169.60, 

204.69) 

<0.001 

 
   Tb.Sp (μm) 358.89 (305.63, 412.15) 703.42 (650.10, 

756.75) 

<0.001 

 
   Tb.N (1/mm) 1.69 (1.60, 1.78) 1.07 (0.94, 1.19) <0.001 

 
   SMI -0.88 (-1.47, -0.29) 1.28 (1.02, 1.53) <0.001 

 
   DA 1.51 (1.38, 1.65) 1.87 (1.74, 2.00) <0.001 

 
   Conn.D (1/mm

3
) 19.74 (15.55, 23.94) 8.71 (7.43, 10.00) <0.001 

 
   BMD (mg/cm

3
) 580.65 (539.94, 621.36) 204.88 (161.53, 

248.22) 

<0.001 

 
Histology    

 
   O.Th (μm) 11.71 (9.97, 13.46) 3.86 (3.21, 4.50) <0.001 

 
   OV/BV (%) 6.17 (4.66, 7.69) 0.99 (0.69, 1.28) <0.001 

 
   OS/BS (%) 66.51 (60.33, 72.69) 14.90 (10.93, 18.87) <0.001 

 
   OS/BV (mm

2
/mm

3
) 5.20 (4.50, 5.91) 2.12 (1.55, 2.68) <0.001 

 
   ES/BS (%) 15.98 (12.27, 19.69) 3.17 (2.19, 4.15) <0.001 

 
   ES/BV (mm

2
/mm

3
) 1.26 (0.96, 1.57) 0.46 (0.30, 0.62) <0.001 

 
   ES/TV (mm

2
/mm

3
) 0.59 (0.45, 0.72) 0.08 (0.06, 0.12) <0.001 

N Microarchitecture    

 
   BV/TV (%) 20.17 (15.06, 25.27) 21.28 (18.88, 23.68) 0.234 

 
   Tb.Th (μm) 207.80 (177.65, 237.94) 193.99 (179.47, 

208.51) 

0.665 

 
   Tb.Sp (μm) 725.13 (635.95, 814.31) 686.02 (641.35, 

730.69) 

0.419 

 
   Tb.N (1/mm) 0.95 (0.79, 1.11) 1.10 (1.01, 1.19) 0.048 

 
   SMI 1.55 (1.26, 1.85) 1.31 (1.14, 1.47) 0.135 

 
   DA 1.61 (1.44, 1.77) 2.05 (1.88, 2.21) <0.001 

 
   Conn.D (1/mm

3
) 11.11 (7.97, 14.24) 8.85 (7.53, 10.17) 0.534 

 
   BMD (mg/cm

3
) 202.35 (146.01, 258.69) 222.38 (193.93, 

250.82) 

0.267 

 
Histology    

 
   O.Th (μm) 5.41 (4.69, 6.14) 3.40 (2.95, 3.85) <0.001 

 
   OV/BV (%) 2.10 (1.35, 2.86) 0.76 (0.51, 1.02) <0.001 

 
   OS/BS (%) 23.94 (18.60, 29.29) 13.87 (10.03, 17.70) 0.002 

 
   OS/BV (mm

2
/mm

3
) 3.44 (2.49, 4.40) 1.88 (1.25, 2.50) 0.002 

 
   ES/BS (%) 4.90 (3.31, 6.49) 3.05 (1.19, 4.92) 0.005 

 
   ES/BV (mm

2
/mm

3
) 0.69 (0.45, 0.93) 0.39 (0.19, 0.60) 0.008 

    ES/TV (mm
2
/mm

3
) 0.15 (0.08, 0.22) 0.08 (0.03, 0.13) 0.002 Data are expressed as means (95% CI). Bold indicates statistically significant difference. 
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Figure 2 Representative original, binary and colour micro-CT images of STB from the 

W and N regions in femoral heads from patients with HD-OA (A1–D1) and patients 

with OP (A2–D2): 2D visualization of the cross section of STB from the W region (A1, 

A2) and the N region (C1, C2), 3D reconstruction of STB (B1, B2) from the W region 

and the N region (D1, D2). The colour images represent mineralization distribution in 

trabecular bone. Red, green and blue represent low, intermediate and high mineral 

density, respectively. 

 

 

 

 

 

 

       91



 

 

 

 

 

 

 

 

 

Figure 3 Representative bone remodeling photomicrographs of STB from the W and N 

regions in femoral heads from patients with HD-OA (A, B) and patients with OP (C, D). 

Stain: Goldner's Trichrome; magnification: ×100. 

 

 

 

 

 

 

 

       92



 (Table 2, Figure 3). There were higher values of bone formation parameters in HD-OA, 

including O.Th, OV/BV, OS/BS and OS/BV. Bone resorption parameters, including 

ES/BS, ES/BV and ES/TV, were also higher in HD-OA.   

Comparative analysis of microarchitecture and bone remodeling in STB between 

W and N region  

In HD-OA, all the microarchitecture parameters were significantly different between the 

W and N region, except for DA (Table 3, Figure 2). In STB from the W region, there 

were higher values of BV/TV, Tb.Th, Tb.N, Conn.D, and BMD, but lower values of 

BS/BV, Tb.Sp and SMI, compared to that from the N region. Concerning bone 

remodeling, all the parameters were also significantly higher in the W region (Table 3, 

Figure 3). There were higher values of bone formation parameters, including O.Th, 

OV/BV, OS/BS and OS/BV. Bone resorption was also more active in the W region, as 

indicated by higher values of ES/BS, ES/BV and ES/TV. 

In OP, none of the microarchitecture parameters were significantly different between 

the W and N region, which was reciprocal to the situation in HD-OA (Table 3, Figure 2). 

Similarly, there were no significant differences for all bone remodeling parameters 

between the W and N region, except for ES/TV (Table 3, Figure 3). 

Pathological alterations in subchondral bone  

A variety of histologic features were detected in subchondral bone (Table 4, Figure 4), 

including SBC, metaplastic cartilaginous tissue, bone marrow edema, fibrous tissue, and 

normal bone marrow. 

Specimens from the OA-W group exhibited the highest incidence of SBC, metaplastic 

cartilage and fibrous tissue. A small proportion was detected with bone marrow edema, 

and no specimen was identified with normal bone marrow. Specimens from the OA-N 

group showed the highest incidence of bone marrow edema, together with relatively 

lower frequency of SBC, fibrous tissue and normal bone marrow. No metaplastic  
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Table 4 Histological findings in the bone marrow 

Histologic Finding 
HD-OA (n=20) OP (n=20) 

W N W N 

SBC 16 (80%) *,‡ 2 (10%) 0 0 

Metaplastic cartilaginous tissue 14 (70%) *,‡ 0 0 0 

Bone marrow edema 5 (25%) *,‡ 13 (65%) 12 (60%) 10 (50%) 

Fibrous tissue 20 (100%) *,‡ 5 (25%) § 0 0 

Normal bone marrow 0 *,‡ 6 (30%) 8 (40%) 10 (50%) 

* p < 0.05 compared to OP-W

‡ p < 0.05 compared to OA-N 

§ p < 0.05 compared to OP-N
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Figure 4 Representative histological findings in subchondral bone. (A) Subchondral 

bone cyst. (B) Metaplastic cartilaginous tissue (indicated by arrows). (C) Bone marrow 

edema with swollen adipocytes (indicated by ★) and accumulation of extracellular 

fluid (indicated by arrowheads). (D) Fibrous tissue (indicated by F) with collagen 

texture and thin-walled blood vessels (indicated by arrows). (E) Normal bone marrow. 

Stain: Goldner's Trichrome. 
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cartilage was detected in this group. Specimens from the OP-W and OP-N groups 

manifested similar histological characteristics, with high frequency of normal bone 

marrow and high incidence of bone marrow edema. No other pathological lesions were 

found in the two OP groups. 

 

DISCUSSION  

In this study, we analyzed simultaneously the microarchitecture, bone remodeling and 

pathological alterations in subchondral bone from both weight-bearing and 

non-weight-bearing regions in HD-OA and OP. Our results indicated that the 

weight-bearing subchondral bone exhibited a more sclerotic microarchitecture and 

higher bone remodeling level in HD-OA as compared to OP. In the non-weight-bearing 

region, the two diseases shared similar microarchitectural characteristics, but higher 

bone remodeling level was detected in HD-OA. Distinct regional differences were only 

observed in HD-OA, while the two regions exhibited similar characteristics in OP. In 

addition, HD-OA displayed more serious pathological alterations, especially in the 

weight-bearing region.   

 

Mechanical loading is widely reported to play a vital role in bone metabolism and 

structural adaption
26, 40

.  Interrupted load distribution and high contact stress might 

contribute to the abnormal subchondral bone alterations in HD-OA, especially in the 

weight-bearing region
18, 29, 41

. In concordance with the limited studies concerning 

subchondral bone in HD-OA 
29, 30

, our results showed that the weight-bearing 

subchondral bone in HD-OA was more sclerotic in microarchitecture when compared to 

OP, with higher bone volume fraction, narrower trabecular space, more and thicker 

trabeculae, and higher BMD. In addition, as indicated by higher Conn.D, lower SMI 

and DA, the weight-bearing subchondral bone in HD-OA exhibited a more 

honeycomb-like structure, with plate-like trabeculae oriented along a preferred 

direction
30, 42

. In the current study, there was also an abnormally high bone remodeling 

level in HD-OA. The active bone remodeling might be a manifestation of reparative 

process within the areas of abnormally high stress
43, 44

. Bone formation activity 
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probably outweighs that of bone resorption, culminating in a more sclerotic 

microarchitecture in HD-OA. Dysregulated osteoblast, osteoclast and osteocyte 

phenotype might contribute to the abnormal alterations in osteoarthritic subchondral 

bone
45-47

. In OP, the weight-bearing subchondral bone showed a low bone remodeling 

level, which was consistent with previous histomorphometric studies undertaken on 

transiliac bone biopsies
48-51

. In these studies, no significant difference was found in 

bone remodeling between OP and normal controls. However, the existing low bone 

remodeling rate could not explain the poor microarchitecture in OP. It has been 

proposed that elevated bone turnover and high bone loss rate in OP may occur earlier in 

life, which is long before the manifestation of osteoporotic fracture in later stage
49, 50

.  

 

The inferior non-weight-bearing region is an habitual non-contact area, without high 

compressive stress from the acetabulum
34

. In a study by Crane et al
52

, patients with 

primary OA showed similar bone volume fraction in the non-weight-bearing 

subchondral bone, compared to old normal control (age>50 years). In the current study, 

HD-OA and OP also demonstrated similar microarchitecture characteristics in this 

region. Despite the structural similarity, elevated bone remodeling, including bone 

formation and resorption, was observed in HD-OA. This phenomenon indicated that the 

osteoarthritic alteration of subchondral bone induced by hip dysplasia might involve the 

whole joint, although the non-weight-bearing subchondral bone deterioration was not as 

serious as that in the weight-bearing region. Our result was consistent with previous 

studies
44, 53

, in which the non-weight-bearing subchondral bone also showed elevated 

remodeling activity in OA than normal. The increased bone formation activity may 

counteract the simultaneously elevated resorption activity in HD-OA, leading to the 

structural similarity between the two diseases. 

 

Different regions within a joint might differ in the microarchitectural pattern, reflecting 

different types and magnitudes of mechanical loadings
34, 54

. In the normal joint, a 

moderate higher bone volume fraction has been observed in the weight-bearing 

subchondral bone, compared to the non-weight-bearing region
52, 55, 56

. In primary OA, 
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the regional difference was highly significant, with more sclerotic microarchitecture, 

elevated bone remodeling activity, higher apparent and mineral density in the 

weight-bearing region
28, 34, 43, 44, 52, 56, 57

. In HD-OA, our study also suggested a 

significant regional difference in both microarchitecture and bone remodeling. This 

distinct regional variation might be due to the abnormal metabolic response of relevant 

cells trying to maintain the load-bearing capability, resulting in a greater sensitivity to 

the pathologically high mechanical stress in the weight-bearing region
28, 34

. However, in 

OP, no significant regional difference was found in either microarchitecture or bone 

remodeling. This might be attributed to the more serious bone deterioration in the 

weight-bearing region than in non-weight-bearing region in OP, which offsets the 

original regional difference observed in normal joint. It has been reported that bone loss 

in OP was more severe in weight-bearing skeletal sites, compared to 

non-weight-bearing counterparts
58-60

.  

 

A variety of pathological lesions, including SBC, metaplastic cartilaginous tissue, bone 

marrow edema and fibrous tissue, were observed in subchondral bone. The pathology 

severity was lowest in both weight-bearing and non-weight-bearing regions of OP, 

greater in the non-weight-bearing region of HD-OA, and highest in the weight-bearing 

region of HD-OA. The altered/disrupted biomechanical milieu may contribute to these 

changes
36, 61

. The pathological lesions may give rise to the up-regulation of 

pro-inflammatory cytokines and matrix metalloproteinases, subsequently leading to the 

bone remodeling and structural alterations in osteoarthritic subchondral bone
62-64

.  

 

One limitation of the current study is the absence of normal subjects. The old age of 

patients with terminal-staged HD-OA and OP undergoing hip replacement makes the 

acquisition of age-matched normal specimens difficult. Cadaveric specimens are not 

satisfactory, as the degenerative changes with aging process are often observed in 

“normal” hip joint
65

. Another limitation of our study is the lack of inclusion of 

early-stage patients with both diseases. This was unavoidable, since hip joint 

replacement is not the treatment of choice in the early-stage. In this sense, the reflection 
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of subchondral bone characteristics observed in the study is not representative for the 

whole progression of both diseases. The third limitation was the cross-sectional design 

and lack of dynamic bone remodeling assessment. A prospective study with both static 

and dynamic bone remodeling parameters is needed in the future. 

 

In conclusion, we observed highly significant differences in the microarchitecture, bone 

remodeling and pathological alterations in the weight-bearing subchondral bone, 

between HD-OA and OP. In the non-weight-bearing region, the two diseases shared 

similar microarchitecture characteristics, but higher bone remodeling level and higher 

pathology severity were observed in HD-OA. These phenomena suggest that the 

osteoarthritic deteriorations of subchondral bone induced by hip dysplasia spread 

throughout the whole joint, but exhibit region-dependent variations, with the 

weight-bearing region more seriously affected. Biomechanical stress might exert a 

pivotal impact on subchondral bone homeostasis.  
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s u m m a r y

Objectives: To analyze the differences in microarchitecture and bone remodeling of subchondral bone in
femoral heads from patients with rheumatoid arthritis (RA) and osteoarthritis (OA).
Designs: Peri-articular bone samples, including subchondral trabecular bone (STB) and deeper trabecular
bone (DTB) were extracted from the load-bearing region of femoral heads from 20 patients with RA and
40 patients with OA during hip replacement surgery. Micro-CT, histomorphometry and backscatter
scanning electron microscopy (BSEM) were performed to assess microarchitecture and bone histology
parameters.
Results: In both RA and OA, STB showed more sclerotic microarchitecture and more active bone
remodeling, compared to DTB. RA and OA showed similar microarchitecture characteristics in both STB
and DTB, despite STB in RA exhibiting higher bone resorption. In addition, there was no difference in the
frequency of bone cysts in STB between RA and OA. In STB, the trabecular bone surrounding subchondral
bone cysts (Cys-Tb) was more sclerotic than the trabecular bone found distant to cysts (Peri-Tb), with a
higher level of bone remodeling. Both Cys-Tb region and Peri-Tb region were detected to have similar
microarchitectural and bone remodeling characteristics in RA and OA.
Conclusions: Apart from higher bone resorption in the general subchondral bone of RA samples, the peri-
articular bone exhibited similar microarchitectural and bone remodeling characteristics in RA and OA.

© 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory disease
characterized by persistent synovitis and joint destruction1. The
synovial membrane, which traditionally stands at the epicenter of
the joint pathology of RA, has been shown to be responsible for
cartilage damage and bone destruction2. A pathological hallmark of
RA is marginal juxta-articular bone erosion, which is located in the
cartilage-pannus junction. Synovitis-induced inflammatory in-
filtrates, detected in the trabecular bone close to cartilage-pannus
junction, are widely considered to contribute to juxta-articular
bone erosion3,4. The inflammatory infiltrates are thought to be
associated with elevated osteochondral angiogenesis, osteoclast
aggregates, and excessive bone resorption, thereby resulting in
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severe bone destruction and localized erosions in the marginal
juxta-articular bone3,4.

Unlike the marginal juxta-articular bone which has a direct
contact with synovial membrane, the subchondral bone, which lies
distant from the cartilage-pannus junction/synovium, is an often
neglected anatomic compartment in the pathogenesis of RA. Recent
studies, however, indicate that the subchondral bone may in fact
act as an essential independent element in the development of
RA5,6. Although subchondral bone marrow inflammatory infiltra-
tion is well-documented in cases of human and animal RA4,7�10,
subchondral bone is less likely to be influenced by synovitis and
thus may not display localized bone erosions like those observed in
the marginal juxta-articular bone11,12.

Osteoarthritis (OA) is a progressive degenerative joint disorder
characterized by cartilage damage and subchondral bone changes.
Subchondral bone has been reported to play a crucial role in the
initiation and progression of OA13. Subchondral bone deterioration
is commonly associated with articular cartilage defects14. Several
studies have shown that subchondral bone is sclerotic in late-stage
OA, owing largely to abnormal bone remodeling14. Sclerotic bone,
showing increased opacity on a plain radiograph, is normally
detected by micro-CT as an area of high bone volume fraction15.
Apart from sclerotic changes and high bone remodeling, some
histopathological changes in the subchondral bone have also been
detected, including microdamages, bone marrow edema-like le-
sions and bone cysts16e18.

Subchondral bone cysts that are not related to the infiltration of
synovial tissue, have been commonly demonstrated in both RA6

and OA19. The cysts appear as well-defined regions of fluid signal
on magnetic resonance imaging (MRI), which correspond to the
radiolucent areas in radiographic manifestation20. Without
epithelial linings observed on the margin, the cysts are normally
composed of fibroconnective tissue that may initially contain fluid
but ossify in later stages16,21,22.

Despite distinct aetiologies in OA and RA, the differences of sub-
chondral bone between these two diseases are poorly investigated.
We hypothesized that the pathological changes of subchondral bone
in jointswith RA should be comparable to that of OA, as it is located in
the load-bearing regionwhich isdistant fromsynovialmembraneand
endues little synovial inflammation influence. To address this, we
assessed microarchitecture and bone remodeling activity of peri-
articular bone, including subchondral trabecular bone (STB) and
deeper trabecular bone (DTB), in the load-bearing region of femoral
heads from patients with RA and OA using micro-CT, histo-
morphometry and backscatter scanningelectronmicroscopy (BSEM).

Materials and methods

Study subjects

20 patients who underwent hip replacement for RA were
recruited in the study (14 females and 6 males, mean age
69.60 ± 8.31 years, range 54e88 years). All the patients fulfilled the
American College of Rheumatology 1987 revised classification
criteria for RA23. Patients with other known metabolic or bone
disorders affecting bone metabolism, were excluded. During the
course of their disease, all the patients were treated with disease-
modifying anti-rheumatic drugs (DMARDs), including hydroxy-
chloroquine, methotrexate, sulfasalazine, minocycline and leflu-
nomide. All RA patients exhibited radiographic erosive changes in
hip joints (Grade � 2), according to the Larsen score24.

40 age- and gender-matched patients who underwent hip
replacement for OA were also recruited (28 females and 12 males,
meanage69.75±8.43years, range53e92years). RApatientsdidnot
differ significantly from OA patients in age (P ¼ 0.948) and male/

female ratio (P¼ 1.000). All female patients weremore than 5 years
postmenopausal at the time of recruitment for study. Exclusion
criteria forOApatientswereas follows: (1) knownmetabolic or bone
disorderother thanOA,which could affect bonemetabolism, such as
severe renal impairment, thyroid or parathyroid disease, and ma-
lignancy; (2) receiving treatment that affects bonemetabolism such
as anti-resorptive drugs, calcitonin, thyroid or parathyroid hormone
therapy, or hormonal replacement therapy; or (3) history of hip
osteotomy. Informedconsentwas obtained fromeachpatient. AllOA
patients had radiographic evidence of moderate or severe OA
(Grade � 3), according to the Kellgren and Lawrence criteria25.

The study protocol was approved by the Human Research Ethics
committee of The University of Western Australia and complied
with the Declaration of Helsinki.

Specimen preparation

A cylindrical specimen of peri-articular trabecular bone was
removed from the load-bearing region of each femoral head ob-
tained from joint replacement26, with the cylinder axis aligned
with the superioreinferior main trabecular direction [Fig. 1(A)].
Each cylindrical bone sample (15 mm in height and 9 mm in
diameter) were prepared under continuous water irrigation using a
precision bone trephine. All samples comprised the STB and
DTB [Fig. 1(B)]. STB is defined as the most superficial 5 mm of the
trabecular cylinder immediately under the cartilage and sub-
chondral cortical bone27,28, while DTB is defined as the deepest
5 mm of the trabecular cylinder. Specimens were fixed in 4%
paraformaldehyde in PBS for 5 days and stored in 70% ethanol.

Micro-CT examination

Each bone sample was placed in a saline-filled acrylic case for
acquisition by a micro-CT scanner (Skyscan 1174, Skyscan, Kontich,
Belgium). Imaging acquisition was conducted at a voltage of 50 kV,
current of 800 mA, an isotropic pixel size of 14.4 mm (1024 � 1024
pixel image matrix), and with a 0.75-mm-thick aluminum filter for
beam hardening reduction. After scanning and reconstruction, the
images were transferred with a fixed threshold to binary images
(Fig. 2). Bone microarchitecture parameters were then measured,
using the built-in software. In both STB and DTB, the diameter of
the measurement region was chosen 1 mm smaller than the
diameter of the sample, in order to avoid the inclusion of bone
debris due to the cutting procedure. Bone cysts were also screened.
There were three regions of interest (ROI) in the trabecular bone
from each measurement region, which were extracted in a semi-
automatic method: whole trabecular bone (W-Tb), trabecular
bone immediately surrounding the bone cyst (Cys-Tb), and pe-
ripheral trabecular bone (Peri-Tb). Cys-Tb is the region 0.5mm from
the surface of the cyst to the trabecular bone. Peri-Tb is the region
obtained by subtracting the Cys-Tb region from the W-Tb region.

The following microarchitectural parameters were calculated:
bone volume fraction (BV/TV) (%), trabecular thickness (Tb.Th)
(mm), trabecular separation (Tb.Sp) (mm), trabecular number (Tb.N)
(1/mm), structure model index (SMI), degree of anisotropy (DA),
and connectivity density (Conn.D) (1/mm3)29. The X-ray attenua-
tion coefficient values were converted into bone mineral density
(BMD) (mg/cm3) (Fig. 2), using a calibration curve obtained from
the BMD phantom.

Histological process and histomorphometry

Each sample was fixed, infiltrated and embedded in methyl-
methacrylate. All bone blocks were trimmed and sectioned on a
microtome (Leica RM 2255, Wetzlar, Germany). Sections, 5 mm
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thick, were stained by Goldner's Trichrome method. Histo-
morphometry was performed using Bioquant Osteo Histo-
morphometry software (Bioquant Osteo, Nashville, TN, USA). The
following remodeling parameters were measured in each ROI:
thickness of osteoid (O.Th, mm), percent osteoid volume (OV/BV)
(%), percent osteoid surface (OS/BS) (%), specific osteoid surface (OS/
BV, mm2/mm3), percent eroded surface (ES/BS) (%), specific eroded
surface (ES/BV) (mm2/mm3), eroded surface in bone tissue volume

(ES/TV) (mm2/mm3), and the ratio of osteoid surface to eroded
surface (OS/ES)30.

BSEM

After sectioning for histomorphometry, all bone blocks were
sequentially polished for BSEM. A Philips XL30 field emission
scanning electron microscope (Philips, Eindhoven, Netherlands)

Fig. 1. Location of the cylindrical peri-articular bone specimen (A). Two parallel red lines were drawn in the load-bearing region, showing the direction along which the bone
specimen was extracted. There were two different components of the bone cylinder (B): STB and DTB.

Fig. 2. Representative original, binary and colour micro-CT images of the STB and DTB in the femoral head from patients with RA (A1eD1) and patients with OA (A2eD2): 2D
visualization of the cross section of the STB (A1, A2) and DTB (C1, C2), 3D reconstruction of the STB (B1, B2) and the DTB (D1, D2). The colour images represented mineralization
distribution in trabecular bone. Red, green and blue represent low, intermediate and high BMD, respectively.
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was used to image and measure the osteocyte lacunar density and
area, at a magnification of 600�. In the imaging process, the
specimens were examined at an environmental mode e variable
pressure mode, without coating. For each specimen, six random
images were collected from each ROI.

Statistical analysis

Statistical analyses were performed using the Statistics Package
for Social Sciences (SPSS for Windows, version 17.0; SPSS Inc, Chi-
cago, IL, USA). Fisher's exact test was used to compare male/female
ratio and bone cysts frequency between groups. All micro-
architecture and bone histology parameters were expressed as
means and 95% confidence intervals (95% CI). Data were tested for
normality using the ShapiroeWilks test. Subsequently, as appli-
cable, a Student's t test (parametrical datasets) or the Man-
neWhitney U test (nonparametric datasets) was used to test for
significant differences between RA and OA. In addition, the com-
parisons between STB and DTB, or between the Cys-Tb and Peri-Tb
regions within both groups were analyzed by paired Student's t test
(parametrical datasets) or Wilcoxon test (nonparametric datasets).
All hypotheses were two-tailed, and P < 0.05 were considered
statistically significant.

Results

Comparative analysis of the whole trabecular bone (W-Tb) region in
STB and DTB between RA and OA

In STB, none of the trabecular microarchitecture parameters
differed significantly between RA and OA (Table I, Fig. 2). By histo-
morphometry, the bone formation parameters O.Th, OV/BV, OS/BS,
OS/BV and OS/ES were largely identical between RA and OA (Table I,
Fig. 3). However, the bone resorption parameter ES/BS was signifi-
cantly elevated in RA samples. ES/BV and ES/TV were also higher in
RA, although the difference did not attain significance. On the other
hand, no significant differences were observed in the osteocyte
lacunar density and area between RA and OA (Table I, Fig. 4).

In DTB, none of the microarchitecture and bone remodeling
parameters differed significantly between RA and OA (Table I,
Figs. 2e4).

Comparative analysis of the W-Tb region between STB and DTB in
both RA and OA

All the microarchitectural parameters were significantly
different between STB and DTB, in both RA and OA (Table II, Fig. 2).

Table I
Comparison of microarchitecture, histological and BSEM parameters at W-Tb region between RA and OA patients

Region Variables RA (n ¼ 20) OA (n ¼ 40) P

STB Microarchitecture
BV/TV (%) 50.93 (45.27, 56.58) 52.15 (48.06, 56.23) 0.724
BS/BV (1/mm) 11.15 (9.88, 12.41) 10.97 (10.07, 11.87) 0.816
Tb.Th (mm) 329.71 (298.73, 360.69) 337.06 (314.94, 359.18) 0.695
Tb.Sp (mm) 411.43 (359.78, 463.07) 414.70 (373.18, 456.22) 0.923
Tb.N (1/mm) 1.55 (1.46, 1.63) 1.54 (1.48, 1.61) 0.973
SMI �0.37 (�1.12, 0.39) �0.44 (�0.95, 0.06) 0.826
DA 1.62 (1.54, 1.70) 1.63 (1.58, 1.68) 0.838
Conn.D (1/mm3) 15.79 (13.53, 18.04) 16.73 (14.38, 19.09) 0.950
BMD (mg/cm3) 528.21 (478.64, 577.77) 535.48 (500.61, 570.36) 0.807

Histology
O.Th (mm) 11.55 (8.95, 14.22) 11.00 (9.57, 12.43) 0.790
OV/BV (%) 5.03 (3.14, 6.91) 4.97 (3.64, 6.29) 0.863
OS/BS (%) 48.46 (38.79, 58.14) 42.86 (35.50, 50.21) 0.361
OS/BV (mm2/mm3) 3.80 (2.96, 4.64) 3.73 (3.05, 4.40) 0.893
ES/BS (%) 18.50 (13.04, 23.97) 11.85 (9.88, 13.81) 0.018
ES/BV (mm2/mm3) 1.43 (0.97, 1.90) 1.04 (0.84, 1.25) 0.087
ES/TV (mm2/mm3) 0.57 (0.40, 0.74) 0.38 (0.31, 0.45) 0.064
OS/ES 3.50 (2.42, 4.58) 4.15 (3.21, 5.10) 0.286

BSEM
Lacunar Density (#/mm2) 428.23 (356.67, 499.79) 407.55 (349.08, 466.02) 0.578
Lacunar Area (mm2) 39.07 (34.81, 43.33) 42.95 (39.77, 46.12) 0.196

DTB Microarchitecture
BV/TV (%) 39.69 (32.66, 46.71) 39.80 (35.96, 43.64) 0.938
BS/BV (1/mm) 12.95 (11.10, 14.81) 12.73 (11.67, 13.78) 0.826
Tb.Th (mm) 290.79 (254.57, 327.02) 294.51 (268.35, 320.68) 1.000
Tb.Sp (mm) 580.29 (515.26, 645.31) 601.42 (562.22, 640.63) 0.549
Tb.N (1/mm) 1.33 (1.23, 1.43) 1.35 (1.29, 1.41) 0.826
SMI 0.13 (�0.44, 0.71) 0.12 (�0.26, 0.47) 0.851
DA 1.81 (1.70, 1.91) 1.85 (1.78, 1.92) 0.468
Conn.D (1/mm3) 11.89 (10.21, 13.58) 12.79 (11.40, 14.18) 0.790
BMD (mg/cm3) 407.75 (339.52, 475.98) 415.80 (380.44, 451.16) 0.802

Histology
O.Th (mm) 5.08 (4.02, 6.14) 5.34 (4.60, 6.08) 0.583
OV/BV (%) 1.24 (0.73, 1.75) 1.07 (0.71, 1.42) 0.649
OS/BS (%) 18.74 (12.08, 25.40) 15.67 (11.99, 19.35) 0.661
OS/BV (mm2/mm3) 1.93 (1.27, 2.59) 1.61 (1.20, 2.01) 0.616
ES/BS (%) 6.23 (3.61, 8.86) 5.73 (4.55, 6.91) 0.875
ES/BV (mm2/mm3) 0.68 (0.34, 1.02) 0.56 (0.47, 0.65) 0.790
ES/TV (mm2/mm3) 0.17 (0.12, 0.23) 0.17 (0.14, 0.20) 0.826
OS/ES 3.51 (2.27, 4.75) 3.68 (2.49, 4.86) 0.766

BSEM
Lacunar Density (#/mm2) 227.88 (207.93, 247.84) 218.17 (207.38, 228.96) 0.340
Lacunar Area (mm2) 25.30 (22.98, 27.62) 24.72 (23.14, 26.31) 0.673

Data are expressed as means (95% CI). Bold indicates statistically significant difference.

G. Li et al. / Osteoarthritis and Cartilage 22 (2014) 2083e20922086

116



Fig. 3. Photomicrographs of the trabecular bone section in the subchondral Cys-Tb region, subchondral Peri-Tb region and DTB region of the femoral head from patients with RA (A,
B and C) and patients with OA (D, E and F). Note: Cracks in bone matrix are artifacts which are produced during sectioning of the un-decalcified bone specimen. Stain: Goldner's
Trichrome; magnification: �100.

Fig. 4. BSEM images of the trabecular bone in the subchondral Cys-Tb region, subchondral Peri-Tb region and DTB region of the femoral head from patients with RA (A, B and C) and
patients with OA (D, E and F). Magnification: �600.
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Compared to DTB, there were significantly higher values of BV/TV,
Tb.Th, Tb.N, Conn.D and BMD in STB, with significantly lower values
of BS/BV, Tb.Sp, SMI and DA.

Concerning bone remodeling, most parameters were signifi-
cantly higher in STB than DTB in both RA and OA, with the excep-
tion of OS/ES (Table II, Fig. 3). Concerning bone formation
parameters, therewere higher values of O.Th, OV/BV, OS/BS and OS/
BV in STB. Bone resorptionwas alsomore active in STB, as suggested
by higher values of ES/BS, ES/BV and ES/TV. In addition, there were
significantly higher values of osteocyte lacunar density and lacunar
area in STB.

Incidence of bone cysts and surrounding changes in STB

70% of RA patients (14 out of 20, 9 females and 5 males, mean
age 70.64 ± 7.70 years) and 67.5% of OA patients (27 out of 40, 19
females and 8 males, 68.81 ± 8.62 years) displayed bone cysts
within STB. The frequency of bone cysts within STB was not
significantly different between RA and OA (P ¼ 1.000). In DTB, the
frequency of bone cyst occurrence was significantly lower
compared to STB (P¼ 0.004 in RA, and P < 0.001 in OA). Only 20% of
RA patients (4 out of 20, 2 females and 2 males, mean age
70.50 ± 4.12 years) and 30% of OA patients (12 out of 40, 9 females
and 3 males, mean age 67.41 ± 9.19 years) were identified with
bone cysts in DTB. There was no significant difference of the fre-
quency of bone cysts within DTB between the two diseases
(P ¼ 0.718).

Due to the significantly higher occurrence of cysts in the STB
compared to the DTB, we performed a comparative study between
the Cys-Tb and Peri-Tb region in STB to investigate the influence of
cysts on the surrounding bone tissues, in both RA and OA. No sig-
nificant difference in the frequency of subchondral bone cysts was
observed between RA and OA (P ¼ 1.000). RA patients with sub-
chondral cysts did not differ significantly from OA patients with
subchondral cysts in age (P ¼ 0.509) or gender (male/female ratio,
P ¼ 0.734).

In RA, most microarchitecture parameters were significantly
different between Cys-Tb and Peri-Tb region, with the exception of
BV/TV, DA and BMD (Table III, Fig. 2). There were higher BS/BV,

thinner Tb.Th, narrower Tb.Sp, higher Tb.N, higher SMI and Conn.D
in the Cys-Tb region, compared to the Peri-Tb region. Both bone
formation and resorption parameters were higher in the Cys-Tb
region compared to the Peri-Tb region (Fig. 3), with higher osteo-
cyte lacunar density and larger lacunar area observed (Table III,
Fig. 4). Therewas no significant difference of OS/ES between RA and
OA.

Similar findings were observed when comparing the Cys-Tb and
the Peri-Tb regions in OA. There were higher BV/TV and BS/BV,
thinner Tb.Th, smaller Tb.Sp, more Tb.N, higher SMI, higher Conn.D
and BMD in Cys-Tb region than in the Peri-Tb region (Table III,
Fig. 2). Both bone formation and resorption parameterswere higher
in Cys-Tb region, compared to Peri-Tb region (Fig. 3). No significant
difference of OS/ES was found between RA and OA. Similarly, higher
osteocyte lacunar density and larger lacunar area in the Cys-Tb
region was observed (Table III, Fig. 4).

Comparative analysis of the Cys-Tb and Peri-Tb regions in STB
between RA and OA

In the Cys-Tb region, microarchitecture parameters did not
differ significantly between RA and OA (Table IV, Fig. 2). All the
bone formation parameters were not significantly different be-
tween RA and OA, except for increased O.Th in RA (Fig. 3). Although
not statistically significant, the bone reportion parameters were
slightly higher in RA, especially ES/BV and ES/TV. Comparison of the
values for the osteocyte lacunar density and area revealed no sig-
nificant differences between RA and OA (Table IV, Fig. 4).

In the Peri-Tb region, none of the microarchitecture and bone
remodeling parameters differed significantly between RA and OA
(Table IV, Figs. 2e4). Specifically, concerning O.Th and lacunar
density, they were higher in RA than OA, although the difference
did not reach significance.

Discussion

This is the first study to analyze the differences in both micro-
architectural and bone remodeling parameters in STB and DTB in
the load-bearing region of femoral heads from patients with RA and

Table II
Comparison of microarchitecture, histological and BSEM parameters between STB and DTB in both RA and OA patients

Variables RA (n ¼ 20) OA (n ¼ 40)

STB DTB P STB DTB P

Microarchitecture
BV/TV (%) 50.93 (45.27, 56.58) 39.69 (32.66, 46.71) 0.002 52.15 (48.06, 56.23) 39.80 (35.96, 43.64) <0.001
BS/BV (1/mm) 11.15 (9.88, 12.41) 12.95 (11.10, 14.81) 0.027 10.97 (10.07, 11.87) 12.73 (11.67, 13.78) 0.001
Tb.Th (mm) 329.71 (298.73, 360.69) 290.79 (254.57, 327.02) 0.010 337.06 (314.94, 359.18) 294.51 (268.35, 320.68) 0.001
Tb.Sp (mm) 411.43 (359.78, 463.07) 580.29 (515.26, 645.31) <0.001 414.70 (373.18, 456.22) 601.42 (562.22, 640.63) <0.001
Tb.N (1/mm) 1.55 (1.46, 1.63) 1.33 (1.23, 1.43) 0.001 1.54 (1.48, 1.61) 1.35 (1.29, 1.41) <0.001
SMI �0.37 (�1.12, 0.39) 0.13 (�0.44, 0.71) 0.040 �0.44 (�0.95, 0.06) 0.12 (�0.26, 0.47) 0.012
DA 1.62 (1.54, 1.70) 1.81 (1.70, 1.91) 0.001 1.63 (1.58, 1.68) 1.85 (1.78, 1.92) <0.001
Conn.D (1/mm3) 15.79 (13.53, 18.04) 11.89 (10.21, 13.58) 0.004 16.73 (14.38, 19.09) 12.79 (11.40, 14.18) <0.001
BMD (mg/cm3) 528.21 (478.64, 577.77) 407.75 (339.52, 475.98) 0.001 535.48 (500.61, 570.36) 415.80 (380.44, 451.16) <0.001

Histology
O.Th (mm) 11.55 (8.95, 14.22) 5.08 (4.02, 6.14) <0.001 11.00 (9.57, 12.43) 5.34 (4.60, 6.08) <0.001
OV/BV (%) 5.03 (3.14, 6.91) 1.24 (0.73, 1.75) <0.001 4.97 (3.64, 6.29) 1.07 (0.71, 1.42) <0.001
OS/BS (%) 48.46 (38.79, 58.14) 18.74 (12.08, 25.40) <0.001 42.86 (35.50, 50.21) 15.67 (11.99, 19.35) <0.001
OS/BV (mm2/mm3) 3.80 (2.96, 4.64) 1.93 (1.27, 2.59) <0.001 3.73 (3.05, 4.40) 1.61 (1.20, 2.01) <0.001
ES/BS (%) 18.50 (13.04, 23.97) 6.23 (3.61, 8.86) <0.001 11.85 (9.88, 13.81) 5.73 (4.55, 6.91) <0.001
ES/BV (mm2/mm3) 1.43 (0.97, 1.90) 0.68 (0.34, 1.02) <0.001 1.04 (0.84, 1.25) 0.56 (0.47, 0.65) <0.001
ES/TV (mm2/mm3) 0.57 (0.40, 0.74) 0.17 (0.12, 0.23) <0.001 0.38 (0.31, 0.45) 0.17 (0.14, 0.20) <0.001
OS/ES 3.50 (2.42, 4.58) 3.51 (2.27, 4.75) 0.911 4.15 (3.21, 5.10) 3.68 (2.49, 4.86) 0.136

BSEM
Lacunar Density (#/mm2) 428.23 (356.67, 499.79) 227.88 (207.93, 247.84) <0.001 407.55 (349.08, 466.02) 218.17 (207.38, 228.96) <0.001
Lacunar Area (mm2) 39.07 (34.81, 43.33) 25.30 (22.98, 27.62) <0.001 42.95 (39.77, 46.12) 24.72 (23.14, 26.31) <0.001

Data are expressed as means (95% CI). Bold indicates statistically significant difference.
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OA, using micro-CT, histomorphometry and BSEM techniques.
While this combined approach demonstrated similarities of the
majority of microarchitectural and bone histology/histo-
morphometry parameters examined between RA and OA, it also
uncovered some important distinctions between these two
destructive joint diseases.

Peri-articular osteopenia adjacent to the inflamed joints has
been reported in patients with RA31,32. Havdrup et al.33 found that
the subchondral bone in the tibial condyle was osteoporotic in RA,
while the counterpart was focally sclerotic in OA. However, an in-
dependent study showed that there was no difference in the bone
volume fraction in the peri-articular bone between RA and OA34.
The inconsistency among these different studies may be due to
different joints and different regions of subchondral bone selected
for analysis, which are under different biomechanical environment.
Our study demonstrated that the peri-articular bone from RA and
OA, including STB and DTB, exhibited similar microarchitectural
characteristics and BMD. The subchondral bone in both groups
showed obvious sclerotic traits, which has been previously docu-
mented in the load-bearing region from joints with late-stage OA35.
In our study, the subchondral bone was extracted from the load-
bearing region of the femoral head. The similarity between RA
and OA may be due to the similar biomechanics applied upon the
underlying bone, regardless of aetiology. Biomechanics has been
shown to play an important role in the bone microarchitectural
structure and mineral density36.

Despite the similar microarchitecture pattern and BMD,
increased bone resorption, demonstrated by an increase in the
eroded surface in the subchondral bone, was observed in RA as
compared to OA. At this point in time, in the absence of dynamic
bone remodeling data, the precise explanation for the difference
remains unclear. One possibility might be that the increased bone
resorption and enhanced osteoclastogenesis observed in the sub-
chondral bone of RA is due to inflammatory infiltrates. Indeed, in
several studies10e12, inflammatory cells includingmacrophages and
lymphocytes, have been detected in the subchondral bone that is
apparently distant from synovial invasion. Pathological changes
have also been detected in human subchondral bone with RA,
preceding notable synovitis6. These phenomena indicate that

subchondral bone marrow inflammation might develop indepen-
dent to that of the synovium propagation. A significant amount of
osteoclasts have been previously observed in subchondral bone
with RA3. Furthermore, under stimulation from pro-inflammatory
cytokines, excessive osteoclast activity can contribute directly to
bone destruction9. However, the inflammatory infiltrates are less
severe in the subchondral bone distant from cartilage-pannus
junction, compared to that close to cartilage-pannus junction37.

It has been reported that there is a significant variation in
microarchitecture of bone tissuewith different depth from the joint
surface, in the load-bearing region of normal joints38. In femoral
heads with RA and OA, we also found significant differences in the
microarchitecture and bone remodeling between STB and DTB.
DTB, which dissipates the stress from the overlying STB, has distinct
biochemical components and biological behaviors relative to
STB39,40. Compared to DTB, the superficial STB was much more
sclerotic in microarchitecture, with higher BMD. In addition, there
was a higher bone remodeling level in STB, as evidenced by more
osteoid and eroded surface. Higher values of osteocyte lacunar size
and density were also observed in STB. Although osteocytes are the
most numerous cells in mature bone and play an important part in
bone remodeling, the relationship between osteocyte density and
bone remodeling is still controversial41e45. Further study is needed
to determine the role of osteocyte in bone remodeling of STB.
Moreover, bone cysts were more frequently observed in STB. The
difference between STB and DTB may be due to their different roles
in maintaining joint homeostasis. Subchondral bone is not only
essential for the biomechanical function of the joint, absorbing
most of the impact under joint loading46, but also has important
biochemical functions, shielding the underlying tissue from the
inflammatory synovial fluid. A recent study illustrated that
degenerative changes in subchondral bone in OAwere independent
from that in deeper epiphyseal and metaphyseal bone47.

Bone cysts, which are different from marginal bone erosions3,
are commonly detected in the subchondral bone from patients with
both RA6,48 and OA19. In OA, subchondral bone cysts are composed
of fibroconnective tissue16. Osteoclastic bone resorption, activated
osteoblasts and new bone formation were detected to be present
surrounding subchondral bone cysts in OA, indicating a close

Table III
Comparison of microarchitecture, histological and BSEM parameters between the Cyst-Tb and Peri-Tb regions in STB in both RA and OA patients

Variables RA (n ¼ 14) OA (n ¼ 27)

Cys-Tb Peri-Tb P Cys-Tb Peri-Tb P

Microarchitecture
BV/TV (%) 56.77 (49.29, 64.25) 54.58 (45.87, 63.30) 0.510 61.92 (57.46, 66.39) 54.85 (49.49, 60.21) 0.009
BS/BV (1/mm) 16.11 (14.47, 17.74) 11.78 (9.86, 13.70) <0.001 15.05 (14.10, 16.00) 11.38 (10.13, 12.63) <0.001
Tb.Th (mm) 264.57 (241.27, 287.88) 329.77 (286.41, 373.14) 0.001 277.03 (258.95, 295.10) 330.89 (307.32, 354.46) <0.001
Tb.Sp (mm) 214.12 (185.29, 242.96) 388.38 (320.86, 455.89) <0.001 197.54 (181.70, 213.38) 406.08 (362.78, 449.39) <0.001
Tb.N (1/mm) 2.18 (1.87, 2.49) 1.67 (1.45, 1.88) <0.001 2.25 (2.11, 2.39) 1.66 (1.55, 1.72) <0.001
SMI 1.28 (0.93, 1.64) 0.14 (�0.80, 1.07) 0.006 1.11 (0.91, 1.31) �0.02 (�0.55, 0.50) <0.001
DA 1.64 (1.34, 1.94) 1.31 (1.22, 1.40) 0.084 1.50 (1.34, 1.66) 1.40 (1.32, 1.48) 0.337
Conn.D (1/mm3) 28.72 (20.83, 36.61) 17.59 (12.10, 23.07) 0.041 30.71 (25.91, 35.51) 16.71 (13.99, 19.42) <0.001
BMD (mg/cm3) 571.45 (511.76, 631.13) 567.18 (487.75, 646.61) 0.880 608.13 (573.57, 642.69) 561.92 (516.72, 607.12) 0.048

Histology
O.Th (mm) 16.73 (13.67, 19.80) 8.43 (6.43, 10.44) 0.001 13.61 (11.96, 15.27) 6.50 (5.47, 7.53) <0.001
OV/BV (%) 9.91 (5.74, 14.07) 3.16 (1.69, 4.64) 0.001 7.75 (6.05, 9.47) 1.93 (1.46, 2.40) <0.001
OS/BS (%) 58.39 (484.92, 682.87) 44.55 (29.75, 59.34) 0.016 65.56 (59.52, 71.60) 37.54 (30.83, 44.26) <0.001
OS/BV (mm2/mm3) 5.42 (4.31, 6.53) 3.25 (2.03, 4.47) 0.004 5.34 (4.64, 6.04) 2.65 (2.17, 3.12) <0.001
ES/BS (%) 22.74 (15.28, 30.20) 11.69 (8.45, 14.93) 0.004 18.21 (14.89, 21.53) 12.24 (9.91, 14.58) 0.004
ES/BV (mm2/mm3) 2.17 (1.37, 2.98) 0.88 (0.58, 1.18) 0.002 1.47 (1.19, 1.75) 0.84 (0.71, 0.97) <0.001
ES/TV (mm2/mm3) 0.97 (0.68, 1.26) 0.40 (0.27, 0.52) 0.001 0.67 (0.54, 0.79) 0.41 (0.33, 0.49) 0.001
OS/ES 3.50 (1.95, 5.06) 3.43 (2.43, 6.12) 0.198 4.72 (3.26, 4.47) 3.61 (2.76, 4.46) 0.212

BSEM
Lacunar Density (#/mm2) 691.46 (559.13, 823.78) 304.33 (257.76, 350.90) 0.001 715.31 (605.13, 825.49) 262.42 (240.55, 284.29) <0.001
Lacunar Area (mm2) 53.84 (46.12, 61.55) 29.86 (26.78, 32.94) 0.001 61.02 (55.02, 67.01) 32.01 (29.73, 34.29) <0.001

Data are expressed as means (95% CI). Bold indicates statistically significant difference.
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relationship between bone cysts and bone remodeling33,49. Our
study also demonstrated that the trabecular bone immediately
circumscribing cysts is much more sclerotic than the trabecular
bone found distally, exhibiting a higher bone volume fraction, more
trabecular number, and narrower trabecular space. The level of
bone remodeling was also higher in this area. In this case, bone
formationmay outweigh bone resorption rates culminating in a net
sclerotic microarchitecture and increased mineralization. Interest-
ingly, osteocyte lacunar size and density were significantly higher
in the region surrounding cysts, which might indicate the
involvement of osteocytes in bone remodeling42e45. These phe-
nomena may be a mechano-regulatory adaptation/compensation
in response to abnormal intra-osseous stress, which is caused by
presence of cysts50.

In RA, subchondral bone cysts contain fibrotic granulation tis-
sue, necrotic debris, inflammatory cells, osteoclasts, detached
pieces of cartilage and bone22. The influence of cysts on micro-
architecture and bone remodeling of adjacent trabecular bone in RA
is not well understood. Intriguingly, our data indicate that the cyst
characteristics in RA are reminiscent to that in OA i.e., the trabec-
ular bone immediately surrounding cysts was much more sclerotic
with more active in bone remodeling, compared to the trabecular

bone distant to cysts. Therewere also some inconsistency regarding
the influence of cysts on surrounding tissues between RA and OA.
The trabecular bone immediately surrounding cysts exhibited
higher bone volume fraction and BMD than that distant to cysts in
OA, while no difference between these two regions was observed in
RA. This may be due to the higher bone resorption in RA than OA,
which was caused by higher inflammatory level10e12.

As observed in the whole subchondral bone region, the
trabecular bone immediately surrounding subchondral bone cysts
in RA and OA exhibited similar microarchitectural characteristics.
Additionally, the bone remodeling activity immediately surround-
ing bone cysts was comparable between the two diseases (despite
the slightly higher bone resorption in RA). The similarity of the
trabecular bone immediately surrounding bone cysts between RA
and OA, may be due to the similar biomechanical stress in this area.

Of note, there were no significant differences observed in either
microarchitecture or bone remodeling in both STB distant from
bone cysts and DTB between RA and OA. The absence of a direct
synovial or cystic interaction in RA may exempt these two regions
from exposure to inflammation from external influences, particu-
larly from the synovium which is enriched predominantly with
inflammatory cells1.

Table IV
Comparison of microarchitecture, histological and BSEM parameters at the Cys-Tb and Peri-Tb regions in STB between RA and OA patients

ROI Variables RA (n ¼ 14) OA (n ¼ 27) P

Cyst-Tb Microarchitecture
BV/TV (%) 56.77 (49.29, 64.25) 61.92 (57.46, 66.39) 0.196
BS/BV (1/mm) 16.11 (14.47, 17.74) 15.05 (14.10, 16.00) 0.218
Tb.Th (mm) 264.57 (241.27, 287.88) 277.03 (258.95, 295.10) 0.409
Tb.Sp (mm) 214.12 (185.29, 242.96) 197.54 (181.70, 213.38) 0.255
Tb.N (1/mm) 2.18 (1.87, 2.49) 2.25 (2.11, 2.39) 0.671
SMI 1.28 (0.93, 1.64) 1.11 (0.91, 1.31) 0.309
DA 1.64 (1.34, 1.94) 1.50 (1.34, 1.66) 0.216
Conn.D (1/mm3) 28.72 (20.83, 36.61) 30.71 (25.91, 35.51) 0.640
BMD (mg/cm3) 571.45 (511.76, 631.13) 608.13 (573.57, 642.69) 0.238

Histology
O.Th (mm) 16.73 (13.67, 19.80) 13.61 (11.96, 15.27) 0.046
OV/BV (%) 9.91 (5.74, 14.07) 7.75 (6.05, 9.47) 0.336
OS/BS (%) 58.39 (484.92, 682.87) 65.56 (59.52, 71.60) 0.179
OS/BV (mm2/mm3) 5.42 (4.31, 6.53) 5.34 (4.64, 6.04) 0.887
ES/BS (%) 22.74 (15.28, 30.20) 18.21 (14.89, 21.53) 0.249
ES/BV (mm2/mm3) 2.17 (1.37, 2.98) 1.47 (1.19, 1.75) 0.094
ES/TV (mm2/mm3) 0.97 (0.68, 1.26) 0.67 (0.54, 0.79) 0.056
OS/ES 3.50 (1.95, 5.06) 4.72 (3.26, 4.47) 0.167

BSEM
Lacunar Density (#/mm2) 691.46 (559.13, 823.78) 715.31 (605.13, 825.49) 0.680
Lacunar Area (mm2) 53.84 (46.12, 61.55) 61.02 (55.02, 67.01) 0.131

Peri-Tb Microarchitecture
BV/TV (%) 54.58 (45.87, 63.30) 54.85 (49.49, 60.21) 0.955
BS/BV (1/mm) 11.78 (9.86, 13.70) 11.38 (10.13, 12.63) 0.709
Tb.Th (mm) 329.77 (286.41, 373.14) 330.89 (307.32, 354.46) 0.959
Tb.Sp (mm) 388.38 (320.86, 455.89) 406.08 (362.78, 449.39) 0.634
Tb.N (1/mm) 1.67 (1.45, 1.88) 1.66 (1.55, 1.72) 0.920
SMI 0.14 (�0.80, 1.07) �0.02 (�0.55, 0.50) 0.454
DA 1.31 (1.22, 1.40) 1.40 (1.32, 1.48) 0.148
Conn.D (1/mm3) 17.59 (12.10, 23.07) 16.71 (13.99, 19.42) 0.989
BMD (mg/cm3) 567.18 (487.75, 646.61) 561.92 (516.72, 607.12) 0.897

Histology
O.Th (mm) 8.43 (6.43, 10.44) 6.50 (5.47, 7.53) 0.074
OV/BV (%) 3.16 (1.69, 4.64) 1.93 (1.46, 2.40) 0.488
OS/BS (%) 44.55 (29.75, 59.34) 37.54 (30.83, 44.26) 0.409
OS/BV (mm2/mm3) 3.25 (2.03, 4.47) 2.65 (2.17, 3.12) 0.582
ES/BS (%) 11.69 (8.45, 14.93) 12.24 (9.91, 14.58) 0.934
ES/BV (mm2/mm3) 0.88 (0.58, 1.18) 0.84 (0.71, 0.97) 0.891
ES/TV (mm2/mm3) 0.40 (0.27, 0.52) 0.41 (0.33, 0.49) 0.891
OS/ES 3.43 (2.43, 6.12) 3.61 (2.76, 4.46) 0.755

BSEM
Lacunar Density (#/mm2) 304.33 (257.76, 350.90) 262.42 (240.55, 284.29) 0.057
Lacunar Area (mm2) 29.86 (26.78, 32.94) 32.01 (29.73, 34.29) 0.252

Data are expressed as means (95% CI). Bold indicates statistically significant difference.
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One limitation of the current study is the absence of control
subjects. The old age of patients with terminal-staged hip RA and
OA undergoing hip replacement makes the acquisition and age
matching of control samples difficult. Cadaveric specimens are
unsatisfactory, as the degenerative changes with aging process are
often seen in “normal” hip joint51. Another limitation of our study is
the lack of inclusion of patients with early disease, was unavoid-
able, since hip joint replacement is not the treatment of choice in
early arthritis. In this sense, the reflection of trabecular bone pa-
thology observed in the study is not representative for the whole
progression of the diseases. The third limitation was a relatively
small sample sizewith a cross-sectional design. A prospective study
with more samples and dynamic bone remodeling parameters is
required in the future. Finally, the impact of DMARDs on bone
metabolism were not excluded, as all the RA patients received the
treatment.

In conclusion, RA and OA showed similar microarchitecture
characteristics in the whole region of the STB and the DTB in the
load-bearing region from the femoral head, which was distant from
synovium. However, bone resorption was increased in the sub-
chondral bone in RA compared with that in OA, which may be due
to the increased inflammation originally occurring in subchondral
bone of RA. In the STB of both RA and OA, the frequency of bone
cysts was similar. Trabecular bone immediately surrounding sub-
chondral cysts was much more sclerotic than trabecular bone
distant from cysts, with a higher level of bone remodeling observed.
There were no difference in most microarchitecture and remodel-
ing parameters in both the region immediately surrounding the
subchondral bone cyst and the remaining region between RA and
OA. We postulate that biomechanics exerts the dominant influence
on the peri-articular bone microarchitecture and remodeling in the
load-bearing region which is far from the synovium in both RA and
OA. Further studies on molecular profiling of cytokines and me-
chanical factors are needed in the future to verify the hypothesis.
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CHAPTER 7 

Discussion and future direction 
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7.1  General discussion 

Subchondral bone is an intricate structure consisting of SBP and underlying STB, 

which enjoys a close biomechanical and biochemical relationship with overlying 

cartilage 3. As a very dynamic entity, subchondral bone is not only adapted to the 

mechanical forces imposed across the joint, but also susceptible to inflammatory 

cytokines 37, 38. Subchondral bone has been indicated to play an indispensable role in the 

pathogenesis of both degenerative joint diseases (i.e. OA) 39 and inflammatory joint 

diseases (e.g. RA) 36. 

OA is the most prevalent type of arthritis, and a major cause of pain and disability in the 

aging population 40, 41. Despite the focus on the contribution of subchondral bone to the 

pathogenesis of OA for over four decades, there remains a controversy over its role: is it 

a trigger factor or a secondary consequence of cartilage degeneration? 42 Irrespective of 

the precise mechanism, subchondral bone is substantially involved in OA pathogenesis.  

With the advent of high-resolution 3D imaging techniques, such as micro-CT, 

high-resolution peripheral quantitative computed tomography (HR-pQCT) and micro 

magnetic resonance imaging (micro-MRI), information regarding microarchitecture 

alterations in subchondral bone has increased exponentially in the past decade. Despite 

the numerous subchondral bone anomalies detected, we lack a clear understanding of 

the influence of age and gender on subchondral bone in OA, and how the alterations of 

the spatially intimate SBP and STB are interrelated to each other. In addition, most 

human studies with respect to subchondral bone are confined to primary OA, neglecting 

secondary OA and other types of arthritis. The major aims of this thesis were to address 

these knowledge gaps. 

Influence of age and gender on microarchitecture and bone remodeling in STB 

and DTB of the osteoarthritic femoral head 

To understand the osteoarthritic deterioration of subchondral bone, and the influence of 

age and gender on subchondral bone homeostasis in OA, we recruited a cohort of 
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patients with OA and analysed microarchitectural and bone remodeling changes in STB 

and DTB, from the load-bearing region of femoral heads (Chapter 2). 

 

There is a significant variation in microarchitecture of bone tissue with different depth 

from the joint surface in the load-bearing region of normal joints 43. Interestingly, an 

evident depth variation was also observed in the peri-articular bone tissue in OA: the 

superior STB displayed more sclerotic microarchitecture, more active bone remodeling 

and higher frequency of bone cysts, as compared to the inferior DTB. This may be due 

to the distinct biomechanical and biochemical functions between these two structures. 

STB is a highly vascularized and permeable structure, giving rise to wide 

communication and active cytokine exchange with overlying articular cartilage 3. STB 

is essential for the biomechanical function of the joint, absorbing most of the impact 

under joint loading 4. In contrast, DTB, which has no direct contact with cartilage, 

dissipates the stress from STB and undertakes less impact of loading 1. Consistent with 

our results, a study by Messent et al also showed that STB underwent different 

structural changes in the osteoarthritic knee joint, compared to DTB 2. 

 

Gender differences of bone microarchitecture are normally not uniform throughout the 

human skeletons 5, 44. Our data showed that in the osteoarthritic femoral head, gender 

difference varied in different regions. In STB, there was no gender difference for both 

microarchitecture and bone remodeling, which was consistent with the study by Crane 

et al 45. However, in DTB, there were thinner Tb.Th but higher Tb.N in males relative to 

females. The microarchitectural differences may be due to the distinct bone remodeling 

status between genders in this region, with higher OS/BV and ES/BV observed in 

males.  

 

Age has been reported to have a remarkable impact on bone homeostasis 13. In 

subchondral bone from normal joints, the microarchitecture properties of subchondral 

bone deteriorate significantly with aging 46. However, our data showed that 

microarchitecture in STB did not change with age in OA in both genders. As for bone 
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remodeling, STB showed gender-specific differences in age-related changes. Bone 

remodeling increased significantly with age in males, while no age dependency was 

observed in females. Specifically, bone formation and resorption parameters increased 

with age simultaneously in males. This delicate simultaneous increase for both bone 

formation and resorption may lead to the independency of microarchitectural changes 

on age.  

On the other hand, no correlation was found between microarchitecture and age in DTB 

in both genders. This was in agreement with the study by Perilli et al 18. Interestingly, in 

bone remodeling, DTB showed remarkably adverse gender-specific age-related changes 

compared to STB. Bone remodeling increased significantly with age in females, while 

little dependency on age was found in males. The different response to age between 

STB and DTB could be attributed to the distinct roles of these two structures in 

maintaining joint homeostasis.  

To conclude for the first study (Chapter 2), STB is a distinct entity compared to DTB. 

OA might change the normal age and gender correlations with bone microarchitecture 

and bone remodeling in joints, in a site-specific manner.   

Relationship between SBP integrity and STB homeostasis in OA 

To gain further insights into the pathogenesis of subchondral bone deterioration in OA, 

the relationship between SBP integrity and STB homeostasis was explored in the 

following study (Chapter 3). Our data showed that, STB with full-thickness breach of 

SBP exhibited more sclerotic microarchitecture with higher bone remodeling level and 

higher SBCs frequency, as compared to those with partial-thickness breach of SBP. 

These phenomena suggested that breach of SBP is closely associated with the 

deterioration of STB in the progression of OA. SBP may act as a biomechanical and 

biochemical shield between the synovial space and STB. 
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Previous studies have proposed that anatomical configuration of SBP may be a key 

determinant in maintenance of joint homeostasis when cartilage is severely degenerated 
47. Once SBP is breached in full-thickness, the underling STB becomes exposed to the 

joint space, enabling penetration of synovial fluid containing pro-inflammatory 

cytokines 48-50. In addition, the trabecular bone underneath would be subjected to higher 

compressive, tensile and shear stresses, without the intact SBP protection 51. The 

full-thickness breach of SBP may be an inevitable ‘point of no return’ during the 

progression of OA.  

 

Concerning SBCs which showed higher frequency in samples with full-thickness breach 

of SBP, a variety of pathological changes was observed inside SBCs, including fibrous 

tissue, abnormal blood vessels, fibrocartilaginous tissue, hyaline cartilaginous tissue, 

remnant bone fragments and adipose tissue. Trabeculae adjacent to SBCs exhibited 

more sclerotic microarchitecture and higher bone remodeling level, compared to that 

found distally. This phenomenon may be a mechano-regulatory structural compensation 

in response to disturbed bone strength in subchondral bone caused by cyst formation 52.  

 

Subchondral bone deterioration in HD-OA 

Most human researches on the osteoarthritic deterioration of subchondral bone 53-58, 

including the first two studies in this thesis (Chapter 2 and 3), are restricted to primary 

OA, largely overlooking secondary OA. Hip dysplasia, as the most common underlying 

condition leading to secondary OA of the hip 29, 59, 60, is poorly investigated in the aspect 

of subchondral bone alterations. To complement the previously omitted knowledge, in 

Chapter 4 of this thesis, we performed a comparative study between patients with 

HD-OA and patients with OP. Microarchitecture, bone remodeling and bone marrow 

pathological alterations were analysed in STB from both weight-bearing and 

non-weight-bearing regions.  

 

In hip dysplasia, the deficient coverage by the acetabulum over the femoral head leads 

to reduced load-transferring areas and abnormally high contact mechanical stress, which 
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may result in premature or accelerated joint degradation29, 30, 61, 62. In concordance with 

the limited studies concerning subchondral bone in HD-OA 31, 32, our results showed 

that the weight-bearing subchondral bone exhibited more sclerotic microarchitecture 

and higher bone remodeling level in HD-OA as compared to OP. The active bone 

remodeling might be a manifestation of reparative process within the areas of 

abnormally high stress 63, 64. Bone formation activity probably outweighs that of bone 

resorption, culminating in a more sclerotic microarchitecture in OA. 

 

In the non-weight-bearing region, the two diseases shared similar microarchitecture 

characteristics, which may be due to the similar low biomechanical stress in this region 

between HD-OA and OP. Despite the structural similarity, elevated bone remodeling, 

including bone formation and resorption, was observed in HD-OA. This phenomenon 

indicated that the osteoarthritic alteration of subchondral bone induced by hip dysplasia 

might involve the whole joint, although the non-weight-bearing subchondral bone 

deterioration was not as serious as that in the weight-bearing region.   

 

In addition, HD-OA demonstrated more serious pathological alterations, especially in 

the weight-bearing region. The pathological lesions may give rise to the up-regulation 

of pro-inflammatory cytokines and matrix metalloproteinases, leading to active bone 

remodeling and structural deterioration in osteoarthritic subchondral bone 65-67. 

 

Viewed together, osteoarthritic deterioration of subchondral bone induced by hip 

dysplasia spread throughout the whole joint, but exhibit region-dependent variations, 

with the weight-bearing region more seriously affected. Biomechanical stress might 

exert a pivotal impact on subchondral bone homeostasis. 

 

Subchondral bone deterioration in RA 

RA is a common inflammatory arthritis characterized by persistent synovitis and 

juxta-articular bone erosion 33, 34. However, subchondral bone, which lies distant from 

the cartilage-pannus junction, is an often neglected anatomic structure in RA 
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pathogenesis. Therefore, the last study in this thesis (Chapter 5) was undertaken to 

clarify the subchondral bone alterations in RA. In this study, RA and OA showed 

similar sclerotic microarchitecture and high SBCs frequency in both STB and DTB. The 

similarity may be due to the similar biomechanics applied upon the underlying bone, 

regardless of aetiology. Biomechanics has been shown to play an important role in the 

bone microarchitectural structure and mineral density 68. However, higher bone eroded 

surface was observed in STB in RA, compared to that in OA. This may be due to 

inflammatory infiltrates originally occurring in subchondral bone of RA. Indeed, 

inflammatory cells including macrophages and lymphocytes, have been detected in 

subchondral bone that is apparently distant from synovial invasion 69-71. Pathological 

changes in subchondral bone in RA was also detected to precede notable synovitis 36. 

Collectively, our data suggest that subchondral bone is substantially involved in the 

pathogenesis of RA, showing sclerotic microarchitecture, high bone remodelling and 

SBCs. 

 

In conclusion, the studies in this thesis suggested that subchondral bone was 

substantially involved in the pathogenesis of OA and RA, with abnormal 

microarchitecture, bone remodelling and histopathological alterations. Maintenance of 

subchondral bone homeostasis may represent a potential alternative therapeutic 

approach for the prophylaxis and treatment of OA and RA in the future. 

 

 

7.2  Future directions  

The results from this thesis have generated several new avenues for future research, 

which need be pursued to better understand the involvement of subchondral bone in OA 

and other joint diseases.  

 

Longitudinal alterations of subchondral bone in OA 

An increasing amount of studies have reported that subchondral bone sclerosis, together 

with progressive cartilage degradation, is a hallmark of OA 3, 31, 39, 55, 56, 72-78. 
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Nonetheless, most of these studies, with a cross-sectional design, were restricted to 

late-stage OA. In animal models, temporal subchondral bone loss is observed in 

early-stage OA21, 79-81. Systemic biochemical resorption markers are also elevated in 

young and middle-aged adults with early-stage OA, but without clinical symptoms 82. 

However, little is known about the specific local pathological alterations in subchondral 

bone in early-stage OA in clinical settings. The dynamic osteoarthritic change of 

subchondral bone from early-stage to late-stage is poorly investigated in human, either.  

 

To address these knowledge gaps, a cohort of patients with early-stage OA or subjects 

with high risk factors will be recruited for a longitudinal assessment of subchondral 

bone alterations, with the use of more reliable and sensitive state-of-art imaging 

technologies, such as HR-pQCT and high spatial resolution MRI.  

 

HR-pQCT is a newly developed non-invasive 3D high-resolution in vivo clinical 

imaging modality, which allows quantitative assessment of volumetric bone mineral 

density (BMD) and bone microarchitecture at the peripheral skeletons in humans 83-85. 

HR-pQCT images can also be applied to voxel-based micro-finite element (µFE) 

analysis 86, 87, which might allow non-invasive biomechanical evaluation of subchondral 

bone. HR-pQCT has been applied to assess bone quality in patients with 

postmenopausal osteoporosis 88, 89, type 2 diabetes mellitus 90, chronic renal disease 91, 

hypoparathyroidism 92, and systemic lupus erythematosus 93. 

 

High spatial resolution MRI, in which the particular 3.0 T imaging is preferred, has 

been validated for analysis of bone structure by comparison to micro-CT 26, 94, 95. As 

indicated by previous longitudinal studies 95-99, high spatial resolution MRI could be 

applied to evaluate simultaneously the articular cartilage degeneration, subchondral 

bone microarchitectural alterations and bone marrow lesions. 

 

Synovial fluid biochemical markers in pre- and/or early-stage OA 
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As a prevalent chronic health condition, the diagnosis of OA is mainly based on the 

clinical assessment and/or conventional radiography, which is characterized with 

joint-space narrowing and osteophyte formation 100. Although conventional radiography 

remains the gold standard, it allows neither early detection of joint damage nor efficient 

monitoring of the efficacy of treatment aimed at preventing joint destruction, because of 

its poor sensitivity and relatively large precision error 101. Clearly, for identifying 

patients at high risk for OA and for monitoring the efficacy of new disease-modifying 

therapies, there is a need for better evaluation techniques. High spatial resolution MRI is 

currently being optimized for this purpose 102. As discussed in previous sections, 

HR-pQCT also has a potential to be applied in OA diagnosis and treatment evaluation 
103. Alternatively, specific and sensitive biochemical markers reflecting abnormalities of 

cartilage, synovium, and bone tissues have also been investigated in OA for their 

diagnostic utility, although the focus has been predominantly on radiographically 

defined OA, which appears to occur at a later stage of the disease 104. These studies 

failed to uncover any specific markers that could relate to early events and therefore be 

predictive of OA initiation.  

Among the sparse studies investigating biochemical markers in pre- and/or early-stage 

OA, only serum and urine samples were collected for assessment 104, 105. Whereas 

serum/urine samples provide information on the systemic turnover of metabolites, 

measurement of markers in synovial fluid probably provide the most accurate reflection 

of the current metabolic status in any specific joint involved by arthritis. Synovial fluid 

biochemical markers related to different joint components (subchondral bone, cartilage 

and synovium) in pre- and/or early-stage OA, could be investigated in future studies. 

The association between synovial fluid markers, serum/urine markers, abnormalities 

(cartilage defects, bone microarchitecture and bone marrow lesions) detected by MRI/ 

HR-pQCT, radiographic severity and histological bone turnover level could be 

evaluated, which will facilitate the understanding and future clinic application of 

synovial fluid markers. Clusters of biochemical markers appear to be a much more 

promising avenue for identifying patients at the initiation of OA compared to individual 
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markers 105-107. In addition, apart from the traditional immunoassay methods (with 

monoclonal or polyclonal antibodies) 107-110, newly developed techniques such as 

microarray analysis, could be utilized for this purpose 105. Interestingly, microRNAs 

were also reported to have the potential as diagnostic biomarkers for OA and as a tool 

for the analysis of their pathogenesis 111, 112.  

 

These markers alone or in combination with MRI/ HR-pQCT data would then provide a 

means to identify those patients at risk much earlier, with the possibility of intervention. 

These information could also help to solve the old “chicken-and-egg” debate over 

whether changes in OA first occur in subchondral bone, or cartilage, or even synovium.  

 

Subchondral bone quality framework in OA: bone strength and its determinants 

To understand why and how subchondral bone deteriorates in OA, it is necessary to 

examine the factors that affect subchondral bone quality. According to the Bone Quality 

Framework suggested by Felsenberg et al 113, bone quality can be understood as an 

umbrella term used to describe a set of characteristics that influence bone strength, 

including the structural and material properties, both of which are affected by bone 

remodeling. The structural properties of bone include its geometry (size and shape) as 

well as its microarchitecture (trabecular architecture, cortical thickness/porosity, 

intraosseous cysts) 114, 115. The material properties of bone include the composition of 

mineral (mineral density and its distribution, mineral-to-matrix ratio, size and 

organization of mineral crystals) and collagen (content, type, cross-links and 

organization), as well as microdamage (type, number, size, and localization) 39, 113, 116.  

 

However, up to date, the understanding of subchondral bone alterations in OA far from 

satisfying, with respect to the bone strength, structural and material properties, and bone 

remodelling status.  

 

1) Subchondral bone biomechanical property 
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Concerning the assessment of bone strength, most studies utilized whole-bone 

(macroscale) traditional mechanical testing techniques, including tensile or bending 

tests, bucking studies and acoustic methods 18, 57, 117-119. Nonetheless, the traditional 

mechanical testing techniques can only be performed ex vivo and are destructive 119. 

Since subchondral bone has a hierarchical structure, its mechanical behavior needs to be 

considered at a number of structural levels, especially the level of individual trabecula 
120. The average length of trabecula is 1-2 mm, with the diameter around 100 µm 117.  

With a typical working force range of 1 µN to 500 mN and displacement range of 1 nm 

to 20 µm 121, nanoindentation technique is qualified for the mechanical assessment of 

individual trabecula in subchondral bone. Nanoindentation has been widely reported to 

be useful for measuring mechanical properties of microstructural features within bulk 

samples, characterizing the properties of individual constituents within composite or 

heterogeneous samples, or mapping mechanical properties across a sample surface 121. 

In addition, due to the distinct mineral density and bone turnover level between the 

superficial and central layers of individual trabeculae 122, the mechanical property might 

vary accordingly as well, which could be testified by nanoindentation.  

 

Finite element (FE) models have been widely used to provide non-invasive estimates of 

bone biomechanical properties 123-125. However, in most studies, the FE tissue material 

properties were given an arbitrary isotropic homogeneous modulus 83, 126, which may 

vary inter-trabeculae and intra-trabecula. This will lead to a biased estimation of bone 

strength. To address this problem, FE analysis could be reinforced and perfected with 

the help of nanoindentation 127. With specific inhomogeneous Young’s modulus and 

Poisson’s ratio of trabeculae provided by nanoindentation assessment, FE model could 

estimate more accurate macroscale bone strength in a non-invasive way. 

 

2) Subchondral bone plate (SBP)  

Despite the close correlation between SBP breach and STB deterioration indicated in 

the thesis, no absolute causal relationship could be established at this point in time, due 

to the shortage of the cross-sectional design. In clinic settings, with the help of 
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HR-pQCT 103 and high spatial resolution MRI 128, 129, the structural integrity of SBP 

could be evaluated and monitored longitudinally in patients with OA. Consequently, the 

contribution of SBP to the abnormalities of other joint components (articular cartilage, 

STB, synovium, et al) and OA initiation/progression could be assessed. Furthermore, 

animal models of osteoarthritis 20 could be developed to investigate the underlying 

pathological changes and mechanisms in this case.  

 

Although stacks of researches have investigated the microarchitecture alteration of 

subchondral bone in OA 27, 28, 37, 72, 73, 76, 130, 131, the geometry of SBP is poorly 

investigated. Our study showed that, in late-stage OA, SBP is commonly breached in 

partial-thickness or full-thickness, exposing the deep layer of SBP or even underlying 

STB. The breach of SBP will render the previous smooth joint surface inhomogeneous 

and rough. However, the geometric and stereoscopic characteristics of SBP have not 

been quantitatively evaluated in details. Micro-CT images combined with 3D reverse 

engineering and computer-aided design (CAD) techniques 132 might be developed to 

analyse the 3D geometrical data of SBP.  

 

Furthermore, little is known about the biomechanical and biochemical influence of the 

disrupted SBP geometry on the underlying tissues. The biomechanical influence could 

be investigated by experimental physical mechanical test or by FE simulation analysis, 

which has been utilized in the research on SBCs related biomechanical impact 52. As for 

biochemical influence, future studies could be undertaken to investigate the phenotypic 

changes of mesenchymal cells, osteocyte, osteoblast and osteoclast in the underlying 

bone tissues, under different genomic conditions of SBP. Abnormal angiogenesis and 

neurogenesis could also be investigated for this purpose.  

 

Through these studies, the accurate relationships between SBP alterations and 

deterioration of other joint components might be unveiled. 

 

3) Subchondral bone cyst (SBCs) 
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As indicated in the thesis, SBCs frequency was much higher in samples with fully 

breached SBP compared to the counterparts with partially breached SBP, indicating a 

close relationship between SBCs formation and SBP erosion. However, the causal 

relationship could not be confirmed, due to the cross-sectional study design. As 

discussed in previous sections, HR-pQCT and high spatial resolution MRI 133 might be 

applied in future perspective and longitudinal human studies to evaluate the 

chronological occurrence of SBCs, cartilage degeneration and subchondral bone 

deterioration, which will provide more convincible evidence for the pathogenesis of 

SBCs. Specifically, whether SBCs originate from bone marrow edema-like lesions 

(BMELs) 134, could be reconfirmed by these longitudinal studies using combined 

imaging techniques. Moreover, animal studies with longitudinal design could be 

implemented to testify the corresponding rationales proposed from clinic findings.  

 

Our data also showed that, the trabecular bone immediately surrounding cysts was much 

more sclerotic with more active bone remodeling, compared to the region distant from 

cysts. Osteocyte lacunar size and density were also significantly higher in the region 

surrounding cysts. However, the underlying mechanism is still unknown. Further in vivo 

and in vitro studies, focusing on phenotypic alterations of osteoblast/osteoclast and bone 

metabolic markers in the region surrounding SBCs, could deepen our understanding of 

SBCs pathogenesis. Abnormal angiogenesis surrounding SBCs might be investigated, 

as SBCs were reported to be more like a form of osteonecrosis 135, in which interrupted 

intraosseous blood supply is usually involved 136. The pre-SBCs lesions – BMELs, were 

commonly considered to be closely associated with joint pain 137-139. This phenomenon 

might prompt further investigations on the neurogenesis surrounding SBCs. 

 

4) Subchondral bone material property   

As for material properties in subchondral bone, the progression is far from satisfying. 

Although the general areal/volumetric bone mineral density has been commonly 

determined by micro-CT 31, 73 or HR-pQCT 140, the exact material compositions in 

subchondral bone is poorly investigated. To date, only rough mass fractions (water, 
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organic and mineral content) in subchondral bone were reported, using a traditional 

destructive method 57, 118. To determine the exact material composition, such as weight 

percent of calcium and calcium-phosphorus ratio, quantitative backscattered electron 

imaging (qBEI) and energy dispersive X-ray (EDX) spectrometry could be applied 141.  

 

Concerning the distribution, size and organization of mineral crystal/collagen in 

subchondral bone, the following apparatus might be used for the assessment: 

computerized quantitative contact microradiography 142, qBEI 143, high-resolution 

synchrotron scanning X-ray diffraction microscopy 144, laser scanning confocal 

microscopy 145 and atomic force microscopy 146. 

 

5) Subchondral bone remodeling and cell phenotypic changes  

As indicated in this thesis, in late-stage OA, bone remodelling level was abnormally 

high, including both bone formation and resorption. However, similar to some other 

studies 44, 147, only static bone remodelling parameters representing osteoid and eroded 

surface were included in the histomorphometry analysis. There were neither histologic 

parameters related to osteoblast and osteoclast, nor dynamic bone remodelling 

parameters, which should be determined through appropriate histologic staining and 

analysis in future studies. These studies may unveil the underlying mechanisms of 

osteoid mineralization defect in osteoarthritic subchondral bone in the histologic level.  

 

In addition, higher values of osteocyte lacunar size and density were observed in STB of 

OA in the current study. Although osteocytes are the most numerous cells in mature 

bone and play an important part in bone remodeling, the relationship between osteocyte 

and bone remodeling is still controversial 148-152. Further study is needed to determine 

the role of osteocyte in bone remodeling of subchondral bone. 

 

Although the phenotypic changes of osteocyte/osteoblast/osteoclast from subchondral 

bone of late-stage OA have been illustrated in previous studies 153-157, little is known 

about the situation in early-stage OA. Appropriate animal models of OA could be 
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developed to investigate the cell phenotypic alterations and underlying mechanisms 

involved in subchondral bone deterioration in early-stage OA. 

Subchondral bone alterations in different subsets of “primary OA” 

Most human researches on the osteoarthritic deterioration of subchondral bone are 

restricted to the so-called “primary OA” 53-58. However, numerous studies have shown 

that “primary OA” is no longer primary and idiopathic, but a heterogeneous disorder 

which could be classified into three distinct but interrelated subsets: type I OA, 

genetically determined; type II OA, estrogen hormone dependent; and type III OA, 

aging related 158. Subchondral bone might undergo discrepant alterations under different 

etiologic background 158. In future studies, the specific subchondral bone alterations in 

different subsets of “primary OA” could be investigated, which will lead to a better 

knowledge of its pathogenesis and to the identification of new therapeutic targets in OA. 

It could also allow an appropriate selection of patients for epidemiologic and clinical 

studies, as well as for clinical trials in OA. Furthermore, it could lead to the 

development of novel and precise therapeutic approaches for each subgroup of patients. 

Subchondral bone alterations in secondary OA and other joint diseases  

As discussed in the previous section, primary OA has long been the epicentre of 

research interests 53-58. Subchondral bone alterations in secondary OA are poorly 

understood. In this thesis, we found that the weight-bearing subchondral bone showed 

more sclerotic microarchitecture, higher bone remodeling level and more serious bone 

marrow pathological alterations in OA secondary to hip dysplasia, compared to OP. 

Biomechanical stress might exert a pivotal impact on the subchondral bone deterioration 

in this situation. Future studies may focus on subchondral bone in other forms of 

secondary OA, such as OA secondary to obesity, abnormal physical activity, trauma, 

joint malalignment, and other forms of joint deformity.  

Our data showed that, apart from higher bone resorption in subchondral bone of RA 

samples, the peri-articular bone exhibited similar microarchitectural and bone 
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remodeling characteristics between RA and OA 73. However, there are limited studies 

investigating the role and pathogenesis of subchondral bone in other joint diseases, 

which include but are not limited to inflammatory joint disorders (infectious arthritis, 

psoriatic arthritis, ankylosing spondylitis, systemic lupus erythematosus, joint disorders 

associated with scleroderma and erythema nodosum), joint disorders associated with 

chronic intestinal diseases (ulcerative colitis, regional enteritis, inflammatory bowel 

disease, cirrhosis, and Whipple disease), joint disorders associated with metabolic 

diseases (gout, ochronotic arthropathy, chondrocalcinosis, renal impairment, thyroid or 

parathyroid disease and malignancy), hemorrhagic joint disorders, aseptic necrosis, 

neurogenic arthropathy, and joints with tumors. These knowledge gaps could be 

addressed in future studies.  

 

Targeting subchondral bone for OA treatment  

Substantial evidences, including this thesis, have shown that subchondral bone 

metabolic homeostasis is dramatically disrupted in the process of OA, leading to a 

deteriorated microarchitecture 3, 20, 21, 31, 39, 53-58, 72-78. These alterations might not be 

merely secondary manifestations, but also part of a more active component of the 

disease 100. Consequently, a strong rationale exists for the specific disease-modifying 

therapeutic approaches that target subchondral bone metabolism and pathological 

changes. A number of studies with respect to OA prophylaxis and treatment, most using 

OA animal models, have explored the effects of drugs/agents that can modulate bone 

metabolism, which include bisphosphonates, strontium ranelate, calcitonin, cathepsin K 

inhibitors, oestrogen, vitamin D, diacerein and nutraceutical agents (avocado/soybean 

unsaponifiables, glucosamine and chondroitin sulphate) 99, 159-189. However, to date, only 

a few human clinical trials are implemented for this purpose. While most animal studies 

have showed promising efficacy in preventing OA occurrence or reducing OA severity, 

some results from human studies have been disappointing 100. An explanation could be 

that the recruited patients were in late-stage of OA and that the methods used to 

determine the disease-modifying effect were not sensitive enough. As evidences showed 

that abnormal subchondral bone metabolism is involved in the pathogenesis of 
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early-stage OA 21, 79-82, further clinic trials, perhaps in patients with early-stage OA and 

with the application of more reliable and sensitive assessment methods (such as high 

spatial resolution MRI, HR-pQCT and biochemical markers), are needed.  
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