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ABSTRACT
Subchondral bone has received in-
creasing attention in both basic and 
clinical research on osteoarthritis 
(OA). Subchondral bone in OA presents 
abnormalities in structure, biochemi-
cal composition, biomechanics and 
cellular function. Overall, subchondral 
bone mainly shows bone resorption in 
early OA and bone formation in late 
OA. More and more evidence suggests 
that abnormalities in subchondral 
bone of OA promote joint pain gen-
eration and articular cartilage degen-
eration. Inhibition or amelioration of 
subchondral bone abnormalities can 
reduce joint pain and can delay carti-
lage degeneration; thus, subchondral 
bone-targeted treatment promises to 
be a new treatment approach for OA. 
The pathological changes and the role 
of subchondral bone in OA still require 
further investigation.

Introduction
Osteoarthritis (OA) is the most com-
mon bone and joint disease. Its patho-
logical features mainly include pro-
gressive loss of articular cartilage, 
changes in subchondral bones, mild 
synovial reaction and abnormalities in 
adjacent soft tissue. Chronic joint pain, 
especially weight-bearing pain, is a ma-
jor clinical symptom of OA. Numerous 
studies in recent years have suggested 
that abnormal changes in subchondral 
bones of OA are closely related to joint 
pain and articular cartilage degenera-
tion. This paper reviews and analyses 
the roles of subchondral bones in OA.

Anatomical structure and biological 
function of subchondral bone
Typically, subchondral bone refers to 
the subchondral bone plate and the sub-
chondral trabecular bone distal to the 
calcified zone of the articular cartilage. 
The subchondral bone plate is between 

the calcified cartilage layer and the tra-
becular bone and consists of cortical 
lamellar bone, similar to cortical bone 
(1-3). Some scholars also define sub-
chondral bone as the calcified structure 
distal to the tidemark of articular carti-
lage; the calcified cartilage layer is at-
tributed to the subchondral bone plate 
(1, 4-6). Structures such as calcified 
cartilage, the subchondral bone plate 
and the trabecular bone might have 
different impacts on OA pathogenesis. 
However, current imaging technolo-
gies cannot distinguish these structures 
based on anatomy, and many clinical 
imaging studies are actually based on 
the observation of subchondral calci-
fied tissue.
Under physiological conditions, sub-
chondral bone may provide mechani-
cal support for the articular cartilage, 
and, together with articular cartilage, 
transmit the intra-articular load. Sub-
chondral bone can buffer approximate-
ly 30% of the intra-articular stress, can 
maintain the matching of the joint, and 
can prevent intra-articular stress con-
centration. In addition, it provides nu-
tritional support for articular cartilage 
through the terminal vasculature in the 
bone plate and the calcified cartilage 
layer (2, 4, 7).

Pathological changes 
of subchondral bone in OA
One of the main features of OA is sub-
chondral bone sclerosis, as revealed via 
imaging. However, this study shows 
that the manifestations of subchondral 
bone exhibit dynamic changes with OA 
disease progress, with mainly bone re-
sorption in the early stages and bone 
formation in the late stages.
In the early or progressive stage of OA, 
subchondral bone exhibits signs of ac-
tive remodelling. The subchondral bone 
mineral apposition rate is increased by 
3–5 times (8, 9), and bone remodelling 
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sites are also increased; active bone 
remodelling reduces the subchondral 
bone plate thickness (10). Previously, 
using an anterior cruciate ligament tran-
section (ACLT) model, it was observed 
that early-stage OA induces a signifi-
cant reduction in the subchondral bone 
plate thickness and a significant in-
crease in plate porosity (11). Observa-
tions based on the collagenase-induced 
mouse model of OA (12, 13) and the 
rat ACLT model (14) or combined with 
medial meniscectomy (ACLT + MMx) 
(15) all identified significant loss of 
subchondral bone plate and/or trabecu-
lar bone in the early stage of OA. Simi-
lar findings have also been reported 
in early OA patients (16, 17), and one 
study revealed that bone resorption 
markers were significantly increased in 
patients with progressive OA, but not 
in patients with non-progressive OA 
(18). In middle-aged and young male 
early-stage OA patients with no clini-
cal symptoms, bone resorption markers 
were also elevated (19).
The causes leading to increased sub-
chondral bone remodelling in early OA 
remain unknown. The possible mecha-
nisms include repair of microscopic 
damage, vascular invasion induced by 
pro-angiogenic factors, and bone and 
cartilage interactions via micropores 
in the subchondral bone. Sustained 
intra-articular load can lead to micro-
scopic cracks in the subchondral bone 
plate, and these microscopic cracks can 
initiate bone remodelling (20, 21). In 
OA, the production of pro-angiogenic 
factors, such as vascular endothelial 
growth factor (VEGF), is increased in 
bone and cartilage, angiogenesis is in-
creased in subchondral bone, and blood 
vessels invade into the deep layer of 
the articular cartilage (22). It is well 
known that increased bone remodel-
ling is associated with vascular inva-
sion. Degenerative cartilage and sub-
chondral bone present increased trans-
forming growth factor beta (TGF-β), 
insulin-like growth factor 1 (IGF-1), 
interleukin (IL)-1, IL-6 and prosta-
glandin E2 (PGE2) levels, upregulated 
Wnt signalling, upregulated receptor 
activator of nuclear factor kappa-B li-
gand (RANKL) and downregulated os-
teoprotegerin (OPG) expression, which 

can stimulate bone remodelling (23-26). 
In normal joints, there are micropores 
in the subchondral bone plate, enabling 
interactions between subchondral bone 
and cartilage (7), while the porosity of 
the subchondral bone plate is increased 
in OA pathogenesis (13). Using tracer 
techniques, it has been observed that 
physiological interactions may occur 
between rat subchondral bone and artic-
ular cartilage (27). It has been demon-
strated in two mouse models that carti-
lage damage and vascular invasion can 
increase the size and number of pores, 
allowing bone and cartilage interaction 
via small molecule diffusion (28, 29).
In the late stages of OA, bone turnover 
is reduced and bone resorption is de-
creased, while bone formation is rela-
tively increased, resulting in the mani-
festation of subchondral bone plate 
sclerosis in imaging (26, 30, 31). The 
coupling mechanism between normal 
bone resorption and bone formation is 
disturbed in late OA, and the balance 
tilts toward bone formation (32). Mul-
tiple studies have shown that compared 
to the normal population, subchondral 
bone of late OA patients exhibits in-
creased bone density, bone volume, and 
collagen content and decreased calcium 
to collagen ratio, bone mineralisation, 
and mechanical strength (33-36). This 
situation is caused by the difference be-
tween the apparent and material densi-
ties of bones. If the bone volume frac-
tion is increased, the apparent density is 
also increased, while insufficient bone 
mineralisation leads to reduced mate-
rial density and decreased mechani-
cal strength. Studies have shown that 
the subchondral bone volume fraction 
and bone mineralization have a nega-
tive correlation in late OA, which is a 
process of co-adaptation, namely to in-
crease bone mass in response to inad-
equate bone mineralisation (37).
The mechanisms by which subchon-
dral bone mineralisation is reduced in 
late OA are not clear but may be related 
to osteoblast differentiation factors [38]. 
It has been revealed that reductions in 
bone mineralisation are related to in-
creased production of TGF-β and Dick-
kopf WNT signalling pathway inhibitor 
2 (DKK-2) in subchondral osteoblasts 
(39, 40). DKK-2 is the Wnt signalling 

inhibitor and can inhibit osteoblast 
mineralisation (41). Other studies have 
also shown that, under physiological 
conditions, type I collagen produced 
by osteoblasts consists of heterotrimers 
of 2 a2 chains and 1 a1 chain and that 
collagen produced by osteoblasts in late 
OA consists of a1 homotrimers, which 
can damage the normal mineralisation 
process of collagen (42).
In addition, with the development of 
medicine, magnetic resonance imaging 
(MRI) techniques have been wildly ap-
plied for the diagnosis and examination 
of articular OA. Subchondral bone mar-
row lesions (BMLs) are a characteristic 
feature of OA on MRI imaging, revealed 
as subchondral hypersignal areas with 
fuzzy boundaries in either T2-weighted 
fat suppression sequences or short tau 
inversion recovery sequences. In the 
histopathology, the manifestations of 
subchondral BMLs include oedema, 
fibrosis, bone necrosis, trabecular bone 
damage and bone remodelling (43). 
With the progression of OA, BMLs can 
present no significant changes, expand 
continuously, disappear or form new le-
sions (44, 45). Analysis based on MRI 
combined with microcomputed tomog-
raphy (Micro-CT), quantitative CT 
(QCT) or dual-energy x-ray absorpti-
ometry (DXA) revealed that in late OA, 
areas with subchondral BMLs present 
bone sclerosis, an increased bone vol-
ume fraction and reduced bone density 
in the tissue (46-48).

OA subchondral bone and joint pain
Chronic joint pain is a prominent OA 
symptom. The causes of pain and its 
treatment programs have remained ma-
jor problems in orthopaedic basic and 
clinical research. Current studies sug-
gest an important role of subchondral 
bone in the generation and treatment of 
joint pain in OA.
Many studies based on clinical imaging 
studies prove that subchondral bone ab-
normalities in OA are positively corre-
lated with joint pain. Structural changes 
in the knees of OA patients on x-ray im-
ages (Kellgren and Lawrence grade) are 
significantly correlated with joint pain 
(49). Knee subchondral bone attrition 
(SBA) refers to the vertical bone loss or 
compression of the affected plateau and 
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is considered to be the manifestations 
of subchondral bone remodelling (17), 
a common imaging finding in patients 
with knee OA. SBA identified in knee 
x-ray and MRI images are strongly as-
sociated with joint pain (50, 51), and 
the degree of exposure of subchondral 
bone is positively correlated with joint 
pain (52). BMLs observed on MRI im-
ages are correlated with knee pain and 
can even predict joint pain better than 
synovitis (53, 54). Additionally, the oc-
currence or development of BMLs is 
associated with increased pain (45).
Histopathological studies have ob-
served that pain sensory nerve fibers are 
distributed in the subchondral bone of 
normal joints (55), while the neurovas-
cular bundles are increased in subchon-
dral bone plates with OA and invade 
the osteochondral junction until the 
deep articular cartilage layer is reached 
(56-58). It has also been found that the 
production of a variety of inflammatory 
mediators and pain neurotransmitters 
is increased in OA subchondral bone 
(59). Using rat models of OA joint pain, 
it has been observed that injuries and 
changes can occur in the sensory neu-
rons controlling the knee (60, 61).
Results of studies focusing on treat-
ments targeting subchondral bone also 
support the notion that subchondral 
bone changes play an important role 
in the generation of joint pain. Some 
clinical studies have observed that bone 
protection drugs inhibiting bone re-
sorption or promoting bone formation, 
such as bisphosphonates (62, 63), and 
strontium ranelate (64, 65), can ease 
joint pain in patients with OA by im-
proving or inhibiting abnormalities in 
subchondral bone. Animal experiments 
in mice (66), rats (67-69) and dogs (70) 
also found that drugs for bone protec-
tion can improve the subchondral bone 
structure, reduce the behavior of joint 
pain, and reduce the expression of 
markers of pain.
There are several possibilities by which 
improvement in subchondral bone can 
mitigate joint pain. Under physiological 
conditions, articular cartilage is avascu-
lar and aneural (71), while subchondral 
bone is rich in blood vessels and nerves 
(72, 73). In addition, neurovascular 
bundles in the subchondral bone plate 

are increased and invade the bone car-
tilage interface in OA (56, 58). Due to 
changes in the structural and mechani-
cal properties of subchondral bone in 
OA (74, 75) and the increased produc-
tion of inflammatory pain-causing fac-
tors, pain receptors in the subchondral 
bone are vulnerable to chemical or me-
chanical irritation or injury (76), there-
by presenting symptoms of OA pain, 
particularly weight-bearing pain (72). 
Therefore, improving the structural and 
mechanical properties of the subchon-
dral bone can protect subchondral pain 
receptors from irritation or damage and 
can thus relieve joint pain. In addition, 
studies have shown that the acidic envi-
ronment that results from the increased 
activity of osteoclasts can also lead 
to the generation of pain (77). In OA 
pathogenesis, subchondral bone turno-
ver is active, and osteoclast activity is 
enhanced; thus, inhibition of osteoclast 
activity may also help reduce joint pain.
In clinical practice, OA pain in the me-
dial or lateral single compartment of 
the knee can often be effectively alle-
viated via high tibial osteotomy. This 
treatment adjusts the line of force of 
the knee, balances the intra-articular 
load, and reduces hyperstimulation on 
the cartilage and subchondral bone of 
the lesion side due to excessive stress 
(78). Unicompartmental or total knee 
replacement for the treatment of OA 
joint pain is already a mature operation 
in bone and joint surgery. This treat-
ment removes diseased cartilage and 
subchondral bone and replaces articular 
friction pairs (79), which further indi-
cates that subchondral bone is a major 
source of joint pain in OA.

Subchondral bone and articular 
cartilage degeneration in OA
Currently, whether changes in sub-
chondral bone are the initiating factor 
or secondary changes for articular car-
tilage degeneration in OA is contro-
versial. For a long time, subchondral 
bone abnormalities in OA have been 
considered secondary to degeneration 
of articular cartilage, which has been 
supported by many experimental stud-
ies (80, 81). However, other experimen-
tal studies have found that changes in 
subchondral bone can occur prior to or 

simultaneously with the occurrence of 
cartilage degeneration (82-85). In any 
case, it is certain that there is a corre-
lation between changes in subchondral 
bone and the degeneration of articular 
cartilage; occurrence of subchondral 
bone abnormalities may accelerate car-
tilage degeneration, and improvement 
of bone abnormalities can slow down 
cartilage degeneration.
Using bone scintigraphy, it has been 
observed that enhanced subchondral 
bone turnover in patients with knee OA 
is related to rapid disease progression 
(16). Multiple imaging studies based 
on MRI have revealed that the loss of 
articular cartilage in OA is strongly re-
lated to subchondral BMLs and SBA 
(50, 52, 86-92), the loss of articular car-
tilage and subchondral bone resorption 
are correlated in anatomical positions 
(37), and the risk of articular cartilage 
loss is increased 7-fold in areas of SBA 
(92). Using a canine ACLT model (11) 
and a rabbit osteoporosis model of joint 
instability (93), it was observed that 
articular cartilage damage is related to 
a reduction in subchondral bone plate 
thickness. Experimental studies using 
mice and rabbits have shown that car-
tilage degeneration occurs in the bone 
plate-thickening region, and no de-
generation occurs in the area without 
bone plate thickening (8, 94). There 
are a variety of animal models, such as 
type I collagen mutant mice (95), mice 
overexpressing Runt-related transcrip-
tion factor 2 (RUNX2) (96), and osteo-
porosis rats (97) and rabbits (98, 99), 
confirming that increased subchondral 
bone turnover can promote the loss of 
articular chondrocytes and cartilage 
matrix, thus increasing articular carti-
lage damage.
In the mouse ACLT model, inhibi-
tion of excessive TGF-β1 levels in 
subchondral bone can improve bone 
structure and can slow down cartilage 
degeneration (100). Using genetically 
modified mice, it was observed that 
bone-specific over-expression of the 
osteogenic stimulator Ephrin type-B 
receptor 4 (EphB4) could protect sub-
chondral bone in OA and could reduce 
articular cartilage damage (101). Mul-
tiple animal experiments demonstrated 
that inhibiting or improving subchon-
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dral bone damage by the application of 
osteoprotective agents, such as the an-
ti-bone resorption drugs of oestrogen, 
calcitonin, bisphosphonates and OPG, 
the pro-osteogenesis drug teriparatide, 
and the bidirectional regulation drug 
strontium ranelate, could slow down 
articular cartilage degeneration (14, 
22, 66, 97, 98, 102, 103). In addition, 
a number of clinical trial results also 
support the positive roles of osteopro-
tective agents in inhibiting the degra-
dation of cartilage type II collagen and 
delaying cartilage degeneration in OA 
(65, 104-107).
The mechanism by which subchondral 
bone affects articular cartilage degen-
eration remains unclear and may be 
related to the following two aspects. 
From the biomechanical point of view, 
articular cartilage contains a lot of wa-
ter and has a strong capacity to with-
stand compressive stress but has weak 
capacities to withstand tensile and 
shear stress. Heterogeneities in the den-
sity and rigidity of subchondral bone 
in OA, along with reduced elasticity, 
result in abnormal tensile stress and 
shear stress towards articular cartilage, 
thus facilitating cartilage degeneration 
(108). From the aspect of molecular 
biology, the porosity is increased for 
the micropores in the subchondral bone 
plate of OA, interaction between bone 
and cartilage is strengthened (13, 29), 
and the subchondral osteoblasts, os-
teoclasts, and osteoblasts in OA can 
release a variety of proteases, inflam-
matory mediators and growth factors 
that can promote chondrocyte death in 
the upper layer and matrix degradation 
(109, 110).
Finally, it should be noted that, despite 
the growing number of animal and clin-
ical experiments confirming that target-
ing subchondral bone via bone protec-
tive agents can relieve joint pain and 
can slow down articular cartilage de-
generation, some clinical studies have 
also observed that the efficacy remains 
controversial (62). A main reason for 
this inconsistency may be that subchon-
dral bone presents dynamic transitions 
in the course of OA and cannot always 
be suppressed or improved; therefore, 
the intervention effects rely on the ini-
tial treatment period (68).

Summary
In OA, subchondral bone presents dy-
namic changes in the course of the dis-
ease, mainly showing bone resorption 
in the early stage and bone formation in 
the late stage. More and more evidence 
proves that subchondral bone abnor-
malities in OA promote the occurrence 
of joint pain and articular cartilage de-
generation. With the gradual deepening 
of our understanding of subchondral 
bone in OA, therapies targeting sub-
chondral bone could become a new 
treatment in clinical practice.

References
   1. MADRY H, van DIJK CN, MUELLER-GERBL 

M: The basic science of the subchondral 
bone. Knee Surg Sports Traumatol Arthrosc 
2010; 18: 419-33.

   2. IMHOF H, SULZBACHER I, GRAMPP S et al.: 
Subchondral bone and cartilage disease: a 
rediscovered functional unit. Invest Radiol 
2000; 35: 581-8.

   3. BURR DB, GALLANT MA: Bone remodelling 
in osteoarthritis. Nat Rev Rheumatol 2012; 
8: 665-73.

   4. DUNCAN H, JUNDT J, RIDDLE JM et al.: The 
tibial subchondral plate. A scanning elec-
tron microscopic study. J Bone Joint Surg 
Am 1987; 69: 1212-20.

   5. CASTANEDA S, ROMAN-BLAS JA, LARGO R 
et al.: Subchondral bone as a key target for 
osteoarthritis treatment. Biochem Pharma-
col 2012; 83: 315-23.

   6. BURR DB: Anatomy and physiology of the 
mineralized tissues: role in the pathogenesis 
of osteoarthrosis. Osteoarthritis Cartilage 
2004; 12 (Suppl. A): S20-30.

   7. LYONS TJ, McCLURE SF, STODDART RW 
et al.: 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.

   8. BENSKE J, SCHUNKE M, TILLMANN B: 
Subchondral bone formation in arthrosis. 
Polychrome labeling studies in mice. Acta 
Orthop Scand 1988; 59: 536-41.

   9. AMIR G, PIRIE CJ, RASHAD S et al.: Remod-
elling of subchondral bone in osteoarthritis: 
a histomorphometric study. J Clin Pathol 
1992; 45: 990-2.

 10. INTEMA F, SNIEKERS YH, WEINANS H et 
al.: Similarities and discrepancies in sub-
chondral bone structure in two differently 
induced canine models of osteoarthritis. J 
Bone Miner Res 2010; 25: 1650-7.

 11. SNIEKERS YH, INTEMA F, LAFEBER FP et 
al.: A role for subchondral bone changes 
in the process of osteoarthritis; a micro-CT 
study of two canine models. BMC Musculo-
skelet Disord 2008; 9: 20.

 12. BOTTER SM, van OSCH GJ, WAARSING JH 
et al.: Cartilage damage pattern in relation 
to subchondral plate thickness in a colla-
genase-induced model of osteoarthritis. Os-
teoarthritis Cartilage 2008; 16: 506-14.

 13. BOTTER SM, VAN OSCH GJ, CLOCKAERTS S 
et al.: Osteoarthritis induction leads to early 
and temporal subchondral plate porosity in 
the tibial plateau of mice: an in vivo micro-
focal computed tomography study. Arthritis 
Rheum 2011; 63: 2690-9.

 14. HAYAMI T, PICKARSKI M, WESOLOWSKI GA 
et al.: The role of subchondral bone remod-
eling in osteoarthritis: reduction of cartilage 
degeneration and prevention of osteophyte 
formation by alendronate in the rat anterior 
cruciate ligament transection model. Arthri-
tis Rheum 2004; 50: 1193-206.

 15. HAYAMI T, PICKARSKI M, ZHUO Y et al.: 
Characterization of articular cartilage and 
subchondral bone changes in the rat anterior 
cruciate ligament transection and meniscect-
omized models of osteoarthritis. Bone 2006; 
38: 234-43.

 16. DIEPPE P, CUSHNAGHAN J, YOUNG P et al.: 
Prediction of the progression of joint space 
narrowing in osteoarthritis of the knee by 
bone scintigraphy. Ann Rheum Dis 1993; 52: 
557-63.

 17. REICHENBACH S, GUERMAZI A, NIU J et 
al.: Prevalence of bone attrition on knee ra-
diographs and MRI in a community-based 
cohort. Osteoarthritis Cartilage 2008; 16: 
1005-10.

 18. BETTICA P, CLINE G, HART DJ et al.: Evi-
dence for increased bone resorption in pa-
tients with progressive knee osteoarthritis: 
longitudinal results from the Chingford 
study. Arthritis Rheum 2002; 46: 3178-84.

 19. BOLBOS RI, ZUO J, BANERJEE S et al.:       
Relationship between trabecular bone struc-
ture and articular cartilage morphology and 
relaxation times in early OA of the knee joint 
using parallel MRI at 3 T. Osteoarthritis 
Cartilage 2008; 16: 1150-9.

 20. BENTOLILA V, BOYCE TM, FYHRIE DP et 
al.: Intracortical remodeling in adult rat long 
bones after fatigue loading. Bone 1998; 23: 
275-81.

 21. VERBORGT O, GIBSON GJ, SCHAFFLER MB: 
Loss of osteocyte integrity in association 
with microdamage and bone remodeling af-
ter fatigue in vivo. J Bone Miner Res 2000; 
15: 60-7.

 22. PESESSE L, SANCHEZ C, HENROTIN Y: 
Osteochondral plate angiogenesis: a new 
treatment target in osteoarthritis. Joint Bone 
Spine 2011; 78: 144-9.

 23. TAT SK, PELLETIER JP, LAJEUNESSE D et 
al.: Differential modulation of RANKL iso-
forms by human osteoarthritic subchondral 
bone osteoblasts: influence of osteotropic 
factors. Bone 2008; 43: 284-91.

 24. MASSICOTTE F, LAJEUNESSE D, BENDER-
DOUR M et al.: Can altered production of in-
terleukin-1beta, interleukin-6, transforming 
growth factor-beta and prostaglandin E(2) 
by isolated human subchondral osteoblasts 
identify two subgroups of osteoarthritic 
patients. Osteoarthritis Cartilage 2002; 10: 
491-500.

 25. MANSELL JP, COLLINS C, BAILEY AJ: Bone, 
not cartilage, should be the major focus in 
osteoarthritis. Nat Clin Pract Rheumatol 
2007; 3: 306-7.

 26. VALCAMONICA E, CHIGHIZOLA CB, COMI 
D et al.: Levels of chemerin and interleu-
kin 8 in the synovial fluid of patients with 



933

REVIEWChanges and roles of subchondral bone in OA / D. Yu et al.

inflammatory arthritides and osteoarthritis. 
Clin Exp Rheumatol 2014; 32: 243-50.

 27. PAN J, ZHOU X, LI W et al.: In situ measure-
ment of transport between subchondral bone 
and articular cartilage. J Orthop Res 2009; 
27: 1347-52.

 28. HWANG J, BAE WC, SHIEU W et al.: Increased 
hydraulic conductance of human articular 
cartilage and subchondral bone plate with 
progression of osteoarthritis. Arthritis Rheum 
2008; 58: 3831-42.

 29. PAN J, WANG B, LI W et al.: Elevated cross-
talk between subchondral bone and cartilage 
in osteoarthritic joints. Bone 2012; 51: 212-7.

 30. KARSDAL MA, LEEMING DJ, DAM EB et al.: 
Should subchondral bone turnover be target-
ed when treating osteoarthritis? Osteoarthri-
tis Cartilage 2008; 16: 638-46.

 31. BEVERS K, ZWEERS MC, VRIEZEKOLK JE et 
al.: Are ultrasonographic signs of inflamma-
tion predictors for response to intra-articular 
glucocorticoids in knee osteoarthritis? Clin 
Exp Rheumatol 2014; 32.

 32. KUMARASINGHE DD, PERILLI E, TSANGARI 
H et al.: Critical molecular regulators, histo-
morphometric indices and their correlations 
in the trabecular bone in primary hip osteo-
arthritis. Osteoarthritis Cartilage 2010; 18: 
1337-44.

 33. FAZZALARI NL, PARKINSON IH: Fractal 
properties of subchondral cancellous bone in 
severe osteoarthritis of the hip. J Bone Miner 
Res 1997; 12: 632-40.

 34. LI B, ASPDEN RM: Composition and me-
chanical properties of cancellous bone from 
the femoral head of patients with osteoporo-
sis or osteoarthritis. J Bone Miner Res 1997; 
12: 641-51.

 35. COATS AM, ZIOUPOS P, ASPDEN RM: Mate-
rial properties of subchondral bone from pa-
tients with osteoporosis or osteoarthritis by 
microindentation testing and electron probe 
microanalysis. Calcif Tissue Int 2003; 73: 
66-71.

 36. BAILEY AJ, MANSELL JP, SIMS TJ et al.: Bio-
chemical and mechanical properties of sub-
chondral bone in osteoarthritis. Biorheology 
2004; 41: 349-58.

 37. COX LG, van DONKELAAR CC, van RIET-
BERGEN B et al.: Decreased bone tissue 
mineralization can partly explain subchon-
dral sclerosis observed in osteoarthritis. 
Bone 2012; 50: 1152-61.

 38. HOPWOOD B, TSYKIN A, FINDLAY DM et 
al.: Microarray gene expression profiling 
of osteoarthritic bone suggests altered bone 
remodelling, WNT and transforming growth 
factor-beta/bone morphogenic protein sig-
nalling. Arthritis Res Ther 2007; 9: R100.

 39. CHAN TF, COUCHOUREL D, ABED E et al.: 
Elevated Dickkopf-2 levels contribute to the 
abnormal phenotype of human osteoarthritic 
osteoblasts. J Bone Miner Res 2011; 26: 
1399-410.

 40. ZHEN G, CAO X: Targeting TGFbeta signal-
ing in subchondral bone and articular car-
tilage homeostasis. Trends Pharmacol Sci 
2014; 35: 227-36.

 41. LI X, LIU P, LIU W et al.: Dkk2 has a role in 
terminal osteoblast differentiation and min-
eralized matrix formation. Nat Genet 2005; 
37: 945-52.

 42. COUCHOUREL D, AUBRY I, DELALANDRE A 

et al.: Altered mineralization of human os-
teoarthritic osteoblasts is attributable to ab-
normal type I collagen production. Arthritis 
Rheum 2009; 60: 1438-50.

 43. ZANETTI M, BRUDER E, ROMERO J et al.: 
Bone marrow edema pattern in osteoarthritic 
knees: correlation between MR imaging and 
histologic findings. Radiology 2000; 215: 
835-40.

 44. KORNAAT PR, KLOPPENBURG M, SHARMA 
R et al.: Bone marrow edema-like lesions 
change in volume in the majority of patients 
with osteoarthritis; associations with clinical 
features. Eur Radiol 2007; 17: 3073-8.

 45. FOONG YC, KHAN HI, BLIZZARD L et al.: 
The clinical significance, natural history and 
predictors of bone marrow lesion change 
over eight years. Arthritis Res Ther 2014; 
16: R149.

 46. HUNTER DJ, GERSTENFELD L, BISHOP G et 
al.: Bone marrow lesions from osteoarthri-
tis knees are characterized by sclerotic bone 
that is less well mineralized. Arthritis Res 
Ther 2009; 11: R11.

 47. LO GH, HUNTER DJ, ZHANG Y et al.: Bone 
marrow lesions in the knee are associated 
with increased local bone density. Arthritis 
Rheum 2005; 52: 2814-21.

 48. LOWITZ T, MUSEYKO O, BOUSSON V et al.: 
Bone marrow lesions identified by MRI in 
knee osteoarthritis are associated with local-
ly increased bone mineral density measured 
by QCT. Osteoarthritis Cartilage 2013; 21: 
957-64.

 49. NEOGI T, FELSON D, NIU J et al.: Association 
between radiographic features of knee os-
teoarthritis and pain: results from two cohort 
studies. Bmj 2009; 339: b2844.

 50. REICHENBACH S, DIEPPE PA, NÜESCH E et 
al.: Association of bone attrition with knee 
pain, stiffness and disability: a cross-section-
al study. Ann Rheum Dis 2011; 70: 293-8.

 51. HERNÁNDEZ-MOLINA G, NEOGI T, HUNTER 
DJ et al.: The association of bone attrition 
with knee pain and other MRI features of 
osteoarthritis. Ann Rheum Dis 2008; 67: 43.

 52. MOISIO K, ECKSTEIN F, CHMIEL JS et al.: 
Denuded subchondral bone and knee pain in 
persons with knee osteoarthritis. Arthritis & 
Rheumatism 2009; 60: 3703-10.

 53. YUSUF E, KORTEKAAS MC et al.: Do knee 
abnormalities visualised on MRI explain 
knee pain in knee osteoarthritis? A system-
atic review. Ann Rheum Dis 2011; 70: 60-7.

 54. ZHANG Y, NEVITT M, NIU J et al.: Fluctua-
tion of knee pain and changes in bone mar-
row lesions, effusions, and synovitis on 
magnetic resonance imaging. Arthritis & 
Rheumatism 2011; 63: 691-9.

 55. ASO K, IKEUCHI M, IZUMI M et al.: Nocic-
eptive phenotype of dorsal root ganglia neu-
rons innervating the subchondral bone in rat 
knee joints. Eur J Pain 2014; 18: 174-81.

 56. WALSH D, BONNET C, TURNER E et al.: An-
giogenesis in the synovium and at the osteo-
chondral junction in osteoarthritis.  Osteoar-
thritis Cartilage 2007; 15: 743-51.

 57. WALSH DA, McWILLIAMS DF, TURLEY MJ 
et al.: Angiogenesis and nerve growth factor 
at the osteochondral junction in rheumatoid 
arthritis and osteoarthritis. Rheumatology 
(Oxford) 2010; 49: 1852.

 58. SURI S, GILL SE, de CAMIN SM et al.:      

Neurovascular invasion at the osteochondral 
junction and in osteophytes in osteoarthritis. 
Ann Rheum Dis 2007; 66: 1423-8.

 59. OGINO S, SASHO T, NAKAGAWA K et al.:  
Detection of pain-related molecules in the 
subchondral bone of osteoarthritic knees. 
Clin Rheumatol 2009; 28: 1395-402.

 60. IVANAVICIUS SP, BALL AD, HEAPY CG et 
al.: Structural pathology in a rodent model 
of osteoarthritis is associated with neuro-
pathic pain: increased expression of ATF-3 
and pharmacological characterisation. Pain 
2007; 128: 272-82.

 61. FERREIRA-GOMES J, ADAES S, SOUSA RM et 
al.: Dose-dependent expression of neuronal 
injury markers during experimental osteo-
arthritis induced by monoiodoacetate in the 
rat. Mol Pain 2012; 8: 50.

 62. SAAG KG: Bisphosphonates for osteoarthri-
tis prevention: “Holy Grail” or not? Ann 
Rheum Dis 2008; 67: 1358-9.

 63. CARBONE LD, NEVITT MC, WILDY K et al.: 
The relationship of antiresorptive drug use 
to structural findings and symptoms of knee 
osteoarthritis. Arthritis Rheum 2004; 50: 
3516-25.

 64. REGINSTER JY: Efficacy and safety of 
strontium ranelate in the treatment of knee 
osteoarthritis: results of a double-blind 
randomised, placebo-controlled trial. Ann 
Rheum Dis 2014; 73: e8.

 65. PELLETIER JP, ROUBILLE C, RAYNAULD 
JP et al.: Disease-modifying effect of stron-
tium ranelate in a subset of patients from the 
Phase III knee osteoarthritis study SEKOIA 
using quantitative MRI: reduction in bone 
marrow lesions protects against cartilage 
loss. Ann Rheum Dis 2015; 74: 422-9.

 66. SAGAR DR, ASHRAF S, XU L et al.: Osteo-
protegerin reduces the development of pain 
behaviour and joint pathology in a model 
of osteoarthritis. Ann Rheum Dis 2014; 73: 
1558-65.

 67. STRASSLE BW, MARK L, LEVENTHAL L et 
al.: Inhibition of osteoclasts prevents carti-
lage loss and pain in a rat model of degenera-
tive joint disease. Osteoarthritis Cartilage 
2010; 18: 1319-28.

 68. YU DG, YU B, MAO YQ et al.: Efficacy of 
zoledronic acid in treatment of teoarthri-
tis is dependent on the disease progression 
stage in rat medial meniscal tear model. Acta 
Pharmacol Sin 2012; 33: 924-34.

 69. YU D, LIU F, LIU M et al.: The inhibition 
of subchondral bone lesions significantly 
reversed the weight-bearing deficit and the 
overexpression of CGRP in DRG neurons, 
GFAP and Iba-1 in the spinal dorsal horn in 
the monosodium iodoacetate induced model 
of osteoarthritis pain. PLoS One 2013; 8.

 70. MOREAU M, RIALLAND P, PELLETIER JP et 
al.: Tiludronate treatment improves structur-
al changes and symptoms of osteoarthritis in 
the canine anterior cruciate ligament model. 
Arthritis Res Ther 2011; 13: R98.

 71. HUNTER DJ, McDOUGALL JJ, KEEFE FJ:   
The symptoms of osteoarthritis and the gen-
esis of pain. Med Clin North Am 2009; 93: 
83-100, xi.

 72. HUNTER DJ, McDOUGALL JJ, KEEFE FJ:  
The symptoms of osteoarthritis and the 
genesis of pain. Rheum Dis Clin North Am 
2008; 34: 623-43.



934

REVIEW Changes and roles of subchondral bone in OA / D. Yu et al.

 73. MACH D, ROGERS S, SABINO M et al.:      
Origins of skeletal pain: sensory and sym-
pathetic innervation of the mouse femur. 
Neuroscience 2002; 113: 155-66.

 74. BAILEY AJ, MANSELL JP, SIMS TJ et al.: 
Biochemical and mechanical properties 
of subchondral bone in osteoarthritis. Bio-    
rheology 2004; 41: 349-58.

 75. BURR DB: Anatomy and physiology of the 
mineralized tissues: role in the pathogenesis 
of osteoarthrosis. Osteoarthritis Cartilage 
2004; 12: 20-30.

 76. MAPP PI, WALSH DA: Mechanisms and tar-
gets of angiogenesis and nerve growth in 
osteoarthritis. Nat Rev Rheumatol 2012; 8: 
390-8.

 77. YONEDA T, HATA K, NAKANISHI M et al.: 
Involvement of acidic microenvironment in 
the pathophysiology of cancer-associated 
bone pain. Bone 2011; 48: 100-5.

 78. HUI C, SALMON LJ, KOK A et al.: Long-term 
survival of high tibial osteotomy for me-
dial compartment osteoarthritis of the knee.     
Am J Sports Med 2011; 39: 64-70.

 79. ETHGEN O, BRUYERE O, RICHY F et al.: 
Health-related quality of life in total hip and 
total knee arthroplasty. A qualitative and 
systematic review of the literature. J Bone 
Joint Surg Am 2004; 86-A: 963-74.

 80. CALVO E, PALACIOS I, DELGADO E et al.: 
High-resolution MRI detects cartilage swell-
ing at the early stages of experimental osteo-
arthritis. Osteoarthritis Cartilage 2001; 9: 
463-72.

 81. SONG Y, GREVE JM, CARTER DR et al.:     
Meniscectomy alters the dynamic defor-
mational behavior and cumulative strain of 
tibial articular cartilage in knee joints sub-
jected to cyclic loads. Osteoarthritis Carti-
lage 2008; 16: 1545-54.

 82. CARLSON CS, LOESER RF, JAYO MJ et al.: 
Osteoarthritis in cynomolgus macaques: a 
primate model of naturally occurring dis-
ease. J Orthop Res 1994; 12: 331-9.

 83. CARLSON CS, LOESER RF, PURSER CB et 
al.: Osteoarthritis in cynomolgus macaques. 
III: Effects of age, gender, and subchondral 
bone thickness on the severity of disease.      
J Bone Miner Res 1996; 11: 1209-17.

 84. HUEBNER JL, HANES MA, BEEKMAN B et 
al.: A comparative analysis of bone and car-
tilage metabolism in two strains of guinea-
pig with varying degrees of naturally occur-
ring osteoarthritis. Osteoarthritis Cartilage 
2002; 10: 758-67.

 85 A I: Ultrasound in osteoarthritis. Clin Exp 
Rheumatol 2014; 32: S48-52.

 86. RAYNAULD J, MARTEL-PELLETIER J, BER-
THIAUME M et al.: Long term evaluation of 
disease progression through the quantitative 
magnetic resonance imaging of symptomat-
ic knee osteoarthritis patients: correlation 
with clinical symptoms and radiographic 
changes. Arthritis Res Ther 2006; 8: 21.

 87. ROEMER FW, GUERMAZI A, JAVAID MK et 

al.: Change in MRI-detected subchondral 
bone marrow lesions is associated with car-
tilage loss: the MOST Study. A longitudinal 
multicentre study of knee osteoarthritis. Ann 
Rheum Dis 2009; 68: 1461.

 88. WLUKA A, WANG Y, DAVIES-TUCK M et al.: 
Bone marrow lesions predict progression of 
cartilage defects and loss of cartilage vol-
ume in healthy middle-aged adults without 
knee pain over 2 yrs. Rheumatology (Ox-
ford) 2008; 47: 1392-6.

 89. WILDI LM, RAYNAULD JP, MARTEL-        
PELLETIER J et al.: Relationship between 
bone marrow lesions, cartilage loss and pain 
in knee osteoarthritis: results from a ran-
domised controlled clinical trial using MRI. 
Ann Rheum Dis 2010; 69: 2118-24.

 90. RAYNAULD J, MARTEL-PELLETIER J, BER-
THIAUME M 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.

 91. DAVIES-TUCK ML, WLUKA AE, FORBES A et 
al.: Research article Development of bone 
mar row lesions is associated with adverse 
effects on knee cartilage while resolution 
is associated with improvement-a potential 
target for prevention of knee osteoarthritis: 
a longitudinal study. 2010.

 92. NEOGI T, FELSON D, NIU J et al.: Cartilage 
loss occurs in the same subregions as sub-
chondral bone attrition: a within-knee sub-
region-matched approach from the Multi-
center Osteoarthritis Study. Arthritis Rheum 
2009; 61: 1539-44.

 93. BELLIDO M, LUGO L, ROMAN-BLAS JA et 
al.: Subchondral bone microstructural dam-
age by increased remodelling aggravates 
experimental osteoarthritis preceded by 
osteoporosis. Arthritis Res Ther 2010; 12: 
R152.

 94. WU DD, BURR DB, BOYD RD et al.: Bone 
and cartilage changes following experimen-
tal varus or valgus tibial angulation. J Or-
thop Res 1990; 8: 572-85.

 95. BLAIR-LEVY JM, WATTS CE, FIORENTINO 
NM et al.: A type I collagen defect leads to 
rapidly progressive osteoarthritis in a mouse 
model. Arthritis Rheum 2008; 58: 1096-106.

 96. KADRI A, FUNCK-BRENTANO T, LIN H et 
al.: Inhibition of bone resorption blunts os-
teoarthritis in mice with high bone remodel-
ling. Ann Rheum Dis 2010; 69: 1533-8.

 97. NIELSEN RH, BAY-JENSEN AC, BYRJALSEN 
I et al.: Oral salmon calcitonin reduces carti-
lage and bone pathology in an osteoarthritis 
rat model with increased subchondral bone 
turnover. Osteoarthritis Cartilage 2011; 19: 
466-73.

 98. BELLIDO M, LUGO L, ROMAN-BLAS JA et 
al.: Improving subchondral bone integrity 
reduces progression of cartilage damage in 
experimental osteoarthritis preceded by os-

teoporosis. Osteoarthritis Cartilage 2011; 
19: 1228-36.

 99. CALVO E, CASTANEDA S, LARGO R et al.: 
Osteoporosis increases the severity of car-
tilage damage in an experimental model of 
osteoarthritis in rabbits. Osteoarthritis Car-
tilage 2007; 15: 69-77.

100. ZHEN G, WEN C, JIA X et al.: Inhibition of 
TGF-beta ≠ in mesenchymal stem cells of 
subchondral bone attenuates osteoarthritis. 
Nat Med 2013; 19: 704-12.

101. VALVERDE-FRANCO G, PELLETIER JP, 
FAHMI H et al.: In vivo bone-specific EphB4 
overexpression in mice protects both sub-
chondral bone and cartilage during osteoar-
thritis. Arthritis Rheum 2012; 64: 3614-25.

102. YU DG, DING HF, MAO YQ et al.: Strontium 
ranelate reduces cartilage degeneration and 
subchondral bone remodeling in rat osteoar-
thritis model. Acta Pharmacol Sin 2013; 34: 
393-402.

103. KARSDAL MA, TANKO LB, RIIS BJ et al.: 
Calcitonin is involved in cartilage homeo-
stasis: is calcitonin a treatment for OA?   
Osteoarthritis Cartilage 2006; 14: 617-24.

104. BINGHAM CO, BUCKLAND-WRIGHT JC, 
GARNERO P et al.: Risedronate decreases 
biochemical markers of cartilage degrada-
tion but does not decrease symptoms or slow 
radiographic progression in patients with 
medial compartment osteoarthritis of the 
knee: results of the two-year multinational 
knee osteoarthritis structural arthritis study. 
Arthritis Rheum 2006; 54: 3494-507.

105. KARSDAL MA, BYRJALSEN I, HENRIKSEN 
K et al.: The effect of oral salmon calcitonin 
delivered with 5-CNAC on bone and carti-
lage degradation in osteoarthritic patients: 
a 14-day randomized study. Osteoarthritis 
Cartilage 2010; 18: 150-9.

106. REGINSTER JY, BADURSKI J, BELLAMY N et 
al.: Efficacy and safety of strontium ranelate 
in the treatment of knee osteoarthritis: results 
of a double-blind, randomised placebo-con-
trolled trial. Ann Rheum Dis 2013; 72: 179-86.

107. BAGGER YZ, TANKO LB, ALEXANDERSEN P 
et al.: Oral salmon calcitonin induced sup-
pression of urinary collagen type II degra-
dation in postmenopausal women: a new 
potential treatment of osteoarthritis. Bone 
2005; 37: 425-30.

108. RADIN EL, ROSE RM: Role of subchondral 
bone in the initiation and progression of car-
tilage damage. Clin Orthop Relat Res 1986: 
34-40.

109. LAJEUNESSE D, REBOUL P: Subchondral 
bone in osteoarthritis: a biologic link with ar-
ticular cartilage leading to abnormal remod-
eling. Curr Opin Rheumatol 2003; 15: 628.

110. PRASADAM I, van GENNIP S, FRIIS T et al.: 
ERK-1/2 and p38 in the regulation of hyper-
trophic changes of normal articular cartilage 
chondrocytes induced by osteoarthritic sub-
chondral osteoblasts. Arthritis Rheum 2010; 
62: 1349-60.


