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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].
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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,
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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.

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
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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].
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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 Dell 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 Col9al 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
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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
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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
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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. Malalighment 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
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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

bone. Arrows denote reduplicated tidemarks.

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

~N
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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. 1.Thickening trabeculae
[105]

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 1. Osteosclerosis
et al. [108]

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 MRL 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
BMELSs, 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
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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.

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).
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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
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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

subchondral bone structure more fragile.

* Reduplicated tidemarks

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
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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.
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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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