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Abstract  
 
Osteoarthritis (OA) is the most common joint disease in the United States, affecting more than 30 

million people, and is characterized by cartilage degeneration in articulating joints. OA can be 

viewed as a group of overlapping disorders which result in functional failure of the joint. However 

the cellular and molecular events within the joint, which precede these clinically observable 

changes, are neither well understood nor easily measurable. It is now clear that multiple joint 

tissues are important in this process. Cartilage tissue can be challenging to image clinically, 

however bone is more readily imaged and measured. Changes in subchondral bone have long been 

recognized as a hallmark of the condition, but this is typically at late stages of OA progression. 

However, bony changes which precede cartilage changes, in the form of Bone Marrow Lesions 

(BMLs as detected by MRI), are a relatively recent discovery – and their potential utility in 

predicting OA progression, or as a target for therapy, is not yet fully understood - nor is the 

mechanism by which these two distinct, yet connected, tissue compartments communicate. Here 

we will review the current state-of-the-art in this field under three broad headings: (1) BMLs in 

symptomatic OA: Malalignment, joint pain and disease progression (2) Biological considerations 

for bone-cartilage crosstalk in joint injury and disease and (3) Mechanical factors that may underlie 

BMLs and drive their communication with other joint tissues. Thus this review will provide 

insights on this topic from a clinical, biological and mechanical perspective.  



Introduction 

Osteoarthritis (OA) is the most common joint disease in the United States, affecting more than 30 

million people [1], and is characterized by cartilage degeneration in articulating joints. This 

condition causes serious pain and/or restricted movement – and is extremely costly to national 

health systems. From a clinical perspective, OA can be viewed as a group of overlapping disorders 

which result in similar morphologic and clinical outcomes - namely functional failure of the joint. 

However the cellular and molecular events within the joint, which precede these clinically 

observable changes, are neither well understood nor easily measurable. However it is now clear 

that other joint tissues, in addition to the articular cartilage, are important in this process. While 

cartilage tissue can be challenging to image clinically, due to its small size and aqueous 

composition, bone tissue is more readily imaged and measured. Changes in subchondral bone 

(sclerosis) at late stages of OA, identifiable by simple plain film x-ray, have long been recognized 

as a hallmark of the condition. However, bony changes which precede cartilage changes, in the 

form of Bone Marrow Lesions (BMLs - detected by MRI), are a relatively recent discovery – and 

their potential utility in predicting OA progression, or as a target for therapy, is not yet fully 

understood. Here we will review the current state-of-the-art in this field from a clinical, biological 

and mechanical perspective.  

 
 
BMLs in Symptomatic OA: Malalignment, Joint Pain and Disease Progression: 
 

Understandably much of the early research into the pathophysiology of OA focused solely on 

articular cartilage, since it is primarily the status of this compartment that informs diagnosis and 

treatment. While this approach has yielded vast amounts of crucial information on the pathological 

processes involved in cartilage breakdown, it has not produced a targetable factor or strategy that 



can be exploited to treat or prevent joint degeneration. Thus, more recently there has been a move 

to consider OA as a ‘whole joint disease’, which progresses with contributions from different 

tissues. Other such tissues that communicate with the joint - synovium, ligaments, menisci and 

periarticular muscles play a hugely important role in joint function, and thus are also likely 

candidates to play some role in its degeneration. However, communication between bone and 

cartilage (termed here ‘bone-cartilage crosstalk’) is of particular interest due to the intimate linking 

and common lineage of their cells and tissues.  

 

Bone tissue has a particularly strong association with articulating joints, and unlike cartilage has 

the capacity to adapt rapidly [2]. Assessment of sclerosis and osteophyte formation in the 

subchondral and peripheral joint compartments, respectively, has long been part of the clinical 

imaging approach in late-stage OA. More recently BMLs have been presented as a useful clinically 

detectable phenomenon, which may inform treatment and management at early stages of disease. 

In the past, these have been referred to as bone marrow edema lesions or bone bruising and are 

defined as regions of hyperintense marrow signal on fluid-sensitive, fat-suppressed MR image 

sequences (Figure 1). BMLs have been associated with histological evidence of microscopic bone 

damage [3] and are related to malalignment [4], joint pain [5, 6] and to disease progression. While 

BMLs are indirectly related to the articulating joint compartment, and may be present long before 

its ultimate failure, there are precedents in other disease states for using such intermediate 

outcomes as treatment targets when the ultimate outcome occurs too infrequently (or too slowly) 

for it to be used directly. Examples include focusing on hypertension instead of the ultimate 

outcome of stroke, and the use of bone density to predict fracture. There is already evidence that 



BMLs are strongly related to OA; they increase the risk of cartilage loss [1]; likelihood of OA 

progression [3], and of the development of knee pain [8, 9]. 

 

 

The knee is a complex joint, with mechanical and biological functionalities that can be difficult to 

separate. However, knee malalignment is a common clinical issue and potent risk factor for OA 

progression, which serves as a useful natural experiment to study the effects of mechanical 

alteration on subsequent biological changes. Importantly, in this instance, one of the primary 

sequalae of knee malalignment is the formation of subchondral BMLs. Studies have shown a 

strong positive correlation between the extent of medial malalignment and the occurrence of BMLs 

in the medial joint compartment [4]. These data support the idea that altered mechanical forces 

across the joint lead to subchondral damage in the form of BMLs. Further validation of this was 

provided by demonstrating a similar relationship between lateral malalignment and the formation 

of BMLs in the lateral compartment. In those studies, which included > 250 patients, medial BMLs 

Figure 1: MR	images	in	the	sagittal	plane	of	a	knee	joint	with	Bone	Marrow	Lesions	(BMLs)	in	the	
subchondral	compartments	of	the	distal	femur	and	proximal	tibia.	These	are	the	regions	of	diffuse	
white	signal	within	the	bone	compartment	 

 



were seen predominantly in patients with varus malalignment, while lateral lesions were mostly 

present in those with valgus changes. Approximately 36%  of patients with medial BMLs showed 

medial progression, as compared with 8% of progressors without lesions (odds ratio for 

progression, 6.5 [95% CI, 3.0 to 14.0]). Around 69% of medial progressors had associated lesions, 

and lateral lesions increased risk for progression in that compartment. These increased risks were 

attenuated by 37-53% after adjustment for limb alignment. 

 

Another important parameter relating to OA that can be clinically assessed is that of pain. In 

assessing pain it is instructive to consider its potential sources in the joint. One tissue which is not 

involved is the articulating cartilage itself, which lacks any nerve supply. The periosteum has rich 

sensory nerve supply and sympathetic innervation, and also has the densest innervation of the 

tissues around the joint. Internally, the bone marrow also has a rich sensory nerve supply while 

subchondral bone has a high volume of neural innervation [7]. Synovial thickening, effusions, 

periarticular lesions and bursitis may also be sources of joint pain. A recent review of this issue 

reported an odds ratio (OR), linking pain with subchondral BMLs, ranging between 2.0 (no 

Confidence Interval (CI) reported) and 5.0 (CI: 2.4 to 10.5). The OR of pain with effusion or 

synovitis ranged between 3.2 (CI: 1.04 to 5.3) and 10.0 (CI: 1.1 to 149). The levels of evidence 

between other MRI features and pain were either limited and/or conflicting [6]. An important 

caveat to consider here is that cross-sectional studies of OA patients are inherently limited because 

many pathological features co-exist, thus isolating one feature amongst them, and assigning 

causality, can be challenging. Longitudinal studies in joints with one pathological feature, which 

can be monitored with changes in pain over time, are the ideal way to approach this issue. 

Furthermore, incorporating targeted interventions in such studies would improve their impact 



further still. Recent data from such studies have shown an intriguing link between BMLs and joint 

pain. Zhang et al. (2011) demonstrated that resolution, or decreased severity, of knee pain was 

associated with shrinkage of BMLs [8]. A randomized trial from one of the authors’ laboratory 

(DTF) showed that a knee brace designed to specifically target knee pain and BMLs in OA of the 

patella-femoral (PF) joint, significantly reduced pain. Furthermore, the PF joint brace reduced 

BML size in the PF joint, but not in the tibio-femoral joint – indicating a compartment specific 

effect.  

 

Biochemical treatments targeting BMLs in OA and joint pain have also started to show promising 

results. In a study by Laslett et al (2012) the bisphosphonate Zoledronic Acid (ZA) was shown to 

reduce BML size and also overall joint pain [9]. In that study, patients with knee OA and associated 

BMLs were randomized to receive either ZA or placebo. Pain was measured using a visual 

analogue scale (VAS). VAS pain scores were reduced by ZA after 6 months (-14.5 mm, 95% CI -

28.1 to -0.9). Reduction in total BML area was greater in the ZA group after 6 months (-175.7 

mm2, 95% CI -327.2 to -24.3) with a trend after 12 months (-146.5 mm(2), 95% CI -307.5 to 

+14.5). A greater proportion of those in the ZA group achieved a clinically significant reduction 

in BML size at 6 months (39% vs 18%, p=0.044).  

  
 
In summary, clinical studies suggest that BMLs represent some form of mechanical damage in 

sub- chondral bone, and are related to joint degeneration. BMLs may also be a source of pain, and 

they appear to respond to mechanical (bracing) and biological (bisphosphonate) interventions. 

Thus, targeting BMLs with novel treatments is a promising future strategy for OA.  

 



Biological Considerations for Bone-Cartilage Crosstalk in Joint Injury and Disease 
 

The clinical findings associating BMLs with joint disease are intriguing and compelling. In this 

section, we will discuss the current understanding of micro- structural, mechanical, and 

biochemical properties at the osteochondral interface, this will help characterize and harness this 

new information toward new treat- ments and targets. First, if subchondral events such as BMLs 

can influence articular cartilage (patho)- physiology then diffusion/molecular-transport across the 

osteochondral interface is one mechanism by which this might occur. This kind of direct solute 

transport is not easily measured using standard histological tools, since it is not associated with 

observ- able microstructural changes. Another cross-talk mechanism may involve the local 

microvasculature. In other instances of inter-tissue crosstalk local this is an important method of 

communication. In this case, changes in neovasculature can be measured directly based on 

observed microstructural change. Finally, certain mechanical changes in the subchondral bone may 

induce a significant biological response if they occur in specific regions near the osteochondral 

inter- face. This point will be discussed more detail in the next section.  

 

Before addressing these issues, a brief review of the subchondral mineralized compartment 

microanatomy will be useful. The subchondral mineralized unit is a complex composite structure 

containing three distinct tissues: (1) Zone of Calcified Cartilage (ZCC), (2) Cortical Plate (CP), 

and (3) Subchondral Trabecular Bone (STB) [10-12]. Each of these tissues has unique 

physiological, morphological and mechanical characteristics. The ZCC likely has an important 

role both mechanically and physiologically in joint injury, but relatively little is known about its 

properties [13-15]. Traditionally thought to be mechanically intermediate between underlying 

cortical bone and the more compliant cartilage, some recent evidence suggests it may actually be 



more highly mineralized than bone in certain regions [16]. In healthy joints, the ZCC represents a 

boundary between avascular cartilage and the vascular subchondral bone that is resistant to 

vascular invasion.  There is also a physiological role for this tissue in OA via reactivation of the 

‘tidemark’, which is often present in cases of advanced OA [17-19].  

 

The cortical plate (CP) is located deep to the ZCC and the two are connected by interdigitation at 

the osteochondral junction. The cortical plate is relatively well vascularized and is populated by 

osteocytes, which extend their cellular processes through canalicular channels.  The vasculature 

and canaliculi in the cortical plate of subchondral bone thus provide a network to facilitate 

molecular transport across the osteochondral junction. Subchondral trabecular bone (STB) has 

long been implicated in OA development, but no specific mechanism to describe its involvement 

has been clearly elucidated. STB represents a likely candidate for involvement in OA due the 

clinical prevalence of BMLs which are often seen there, and also due to the rich vascular and 

innervation of this compartment. 



 

The traditional view of the osteochondral interface is that both the ZCC and the dense subchondral 

cortical plate are impenetrable barriers for solute transport. However, more recent data suggest 

there are numerous canals and porosities that connect the two [12, 20]. Interestingly these features 

were primarily located beneath the meniscal regions. Some of these porosities appeared to 

penetrate through to the marrow compartment [21]. Recent data from a study using a rat model of 

knee PTOA showed that subchondral porosity co-localizes with the point of load during 

ambulation - again suggesting a mechanical component in this relationship [22]. These findings 

are consistent with the evolving view that the junction region is a complex dynamic interface, and 

suggests a potential route for molecular communication between the adjacent compartments.  

Figure 2: The	image	shows	articular	cartilage	overlaying	sequentially	the	calcified	cartilage	layer,	
the	subchondral	bone	plate,	and	the	subchondral	trabecular	bone.	Potential	treatments	that	might	
address	 the	 cartilage	 compartment,	 or	 the	 bone	 compartment,	 respectively,	 may	 also	 be	
protective	 of	 the	 other	 compartment,	 due	 to	 communication	 between	 the	 two.	 Thus,	 surgical	
distraction	of	the	knee	joint	and	HA	treatment	have	been	claimed	to	have	efficacy	for	the	cartilage	
clinically,	and	 lubricin	and	TGF-b	 in	animal	models.	Treatment	of	 the	bone	compartment	with	
anti-resorptives	 and	 anti-TGF-b	 at	 specific	 early	 time-points	 has	 been	 shown	 to	 have	
chondroprotective	effects	in	animal	models.	 

 



It has been shown that fluid flow across the interface, and thus the potential for molecular transport, 

increases in association with increasing cartilage erosion, subchondral bone plate thickness and 

vascularity [23]. Others have shown the dense subchondral vasculature in close proximity to the 

deep cartilage layer, and that micro-channels can penetrate the subchondral bone in disease, 

permitting communication between bone and cartilage [24]. Those studies also suggested that 

more than half of the glucose, oxygen, and water requirements of cartilage are provided by 

perfusion from these subchondral vessels. Consistent with this, experimentally induced hypoxia 

was found to cause cell death in both the epiphyseal and deep articular cartilage zones [25].  Arkill 

et al. (2008) carried out studies to establish ZCC permeability and the mechanism of molecular 

transport from the subchondral microcirculation, using an intact perfused joint to test the effects 

of static loading on transport. Using the equine metacarpophalangeal joint as a model, fluorescein 

and rhodamine (approximately 400 Da) were employed as tracers, introduced in the subchondral 

compartment, and then followed throughout the joint by quantitative fluorescence microscopy. 

The ZCC was indeed permeable to both solutes, from both the superficial and the subchondral 

sides. The effective diffusivity of each solute was of the order of 9 x 10-9 cm2 s-1, fivefold less than 

uncalcified cartilage. Employing a similar strategy, Pan et al. (2009) showed that comparable 

tracer molecules (sodium fluorescein, 376 Da) could diffuse readily between the subchondral and 

the joint compartments in mouse knees. These observations show the possibility of direct signaling 

between the subchondral and articulating compartments, at least for small molecules and at least 

in animal models. These data suggest that cartilage and bone form a functional unit, both 

mechanically and biochemically, which may have a role in joint homeostasis and disease. 

 



Assuming that small molecules can move across the bone-cartilage interface, the next logical step 

is to determine whether specific factors of relevance, related to joint physiology, are present and 

can do so. Intra-articular delivery of recombinant lubricin was found to attenuate the onset of OA 

by positive feedback loop between articular cartilage and subchondral bone in a rat OVX model 

[26]. Treatment was found to be chondroprotective in the joint space, and also effective in 

normalizing subchondral bone remodeling. The authors also suggest that these changes in turn 

attenuated the articular cartilage degradation by inhibition of vascular invasion based on reduced 

numbers of CD31 positive cells in calcified cartilage and angiography in subchondral bone. 

 

The growth factor TGF β is a central regulator of bone and cartilage homeostasis that likely plays 

a pivotal role in joint crosstalk.  Deregulation of TGFβ signaling in either cartilage or subchondral 

bone can drive the progression of joint disease in a compartment-specific manner.  For example, 

in work by the authors (TA), chondrocyte-intrinsic ablation of the canonical TGFβ effector Smad3 

causes cartilage degeneration by suppressing collagen II and aggrecan synthesis while inducing 

MMP13 expression.  Therefore, insufficient TGFβ signaling in articular cartilage exacerbates joint 

disease.  On the other hand, excessive TGFβ signaling in subchondral bone also causes cartilage 

degeneration.  Transgenic overexpression of TGFβ in mesenchymal progenitors propels the 

progression of OA [27]. Administration of TGFβ inhibitors to the subchondral bone compartment 

can mitigate the severity of cartilage degeneration.  Beyond these mechanistic studies in mouse 

models,  deregulation of TGFβ is apparent in humans, where TGFβ is present in increased amounts 

in OA bone [28] and synovial fluid [29]. In some of the authors’ own work (DMF), elevated levels 

of TGFβ mRNA were found in bone from end-stage OA human hip joints [30]. Furthermore, 

osteoblasts that were isolated from similar samples showed increased TGFβ expression, and 



altered relationships with the expression of other cell regulatory molecules [31].  Additional 

research is needed to better understand the compartment-specific effects of TGFβ in bone and 

cartilage, how its function is corrupted in joint disease, and how it can be targeted therapeutically. 

 

Physical cues resulting from abnormal mechanical stresses in joint disease are also important 

biological regulators.   Changes in the mechanical or material environment of the joint may directly 

influence behavior in one or other compartment, which in turn may alter the dynamic relationship 

between the two. TGFβ signaling is mechanoregulated at multiple levels of the signaling cascade, 

from extracellular ligands to transcriptional control by Smads.  It is just one of many factors that 

may participate in aberrant mechanobiologic crosstalk following joint injury. Soluble mediators 

released by bone cells in response to mechanical loading were tested in terms of their ability to 

induce catabolic activities in chondrocytes. Mouse osteoblast lineage cells were subjected to cyclic 

compression, and then their conditioned medium (CM) was used to stimulate chondrocytes. 

Expression of matrix metalloproteinase 3 (MMP-3), MMP-13, type II collagen, and aggrecan was 

then assessed. Stimulation of chondrocytes with CM from mechanically stimulated bone cells 

strongly induced MMP-3 and MMP-13 and inhibited the collagen II and aggrecan expression. In 

parallel, differential secretome analysis showed that 10 proteins were up-regulated in stimulated 

bone cells. Among them, soluble 14-3-3e (s14-3-3e) dose-dependently induced the release of 

catabolic factors by chondrocytes. Addition of a 14-3-3e blocking antibody greatly attenuated the 

CM-mediated induction of MMP activity. These results identify s14-3-3 e as a novel soluble 

mediator critical in the communication between subchondral bone and cartilage in OA. Thus, this 

may be a potential target for future therapeutic or prognostic applications in OA. [32] 

 



In order to relate these findings back to the issue of BMLs in joint disease – there is a need to link 

cases of BMLs with specific tissue characteristics. In a recent study from the authors’ group (DMF) 

BMLs were identified in tissues from human total knee arthroplasty using two different MRI 

sequences termed ‘PDFS only’ or  ‘PDFS + T1’[33]. After scanning, multi-modal tissue analyses 

of the osteochondral interface was carried out. BMLs were detected in 74 % of tibiae, of which 59 

% were designated BML 1 (detected only by PDFS) and 41 % were designated BML 2 (detected 

by both PDFS + T1). The presence of a BML was related to degeneration of the joint interface, 

particularly within the BML 2 category. When compared to controls (no BML) BML 2-containing 

joints showed impaired outcomes in cartilage and subchondral bone. For most measures, BML 1 

was intermediate between No BML and BML 2. Thus, this suggests that MRI characteristics of 

BMLs may enable identification of different BML phenotypes and help target novel approaches 

to treatment and prevention of OA. 

 
Mechanical factors that may underlie BMLs and drive their communication with other 
joint tissues.  
 
 
It has been proposed that the MRI signal that defines the presence of BMLs represents physical 

damage (microdamage), or a response to such damage, in the subchondral bone compartment [34-

36]. While this is quite a common assertion, there are relatively few studies which directly report 

specific data. This is largely because detection of bone microdamage is not a trivial task, particular 

in the clinical setting, thus confirmatory data is limited. Much of the bone microdamage 

characterization work carried out over the last 4 decades was done in preclinical models. That 

work provided reproducible ways to stain for, and identify, various types of microdamage. 

Important mechanical and biological differences were shown among linear-microcracks, diffuse 

damage, and trabecular microfracture [37].  



 

Microdamage can form in both cortical and cancellous bone, and evokes measureable mechanical 

and biological consequences in each. From a mechanical perspective, microdamage can be 

generated by a single (monotonic) significant loading event, or by multiple (up to millions) lower 

level loading cycles. Using engineering tools and calculations, it is possible to assess the amount 

of microdamage in bone tissue, and then to calculate the overall effect of that damage on the 

structural tissue properties. Various studies have addressed this question, and each arrived at a 

broadly similar conclusion, which is that a small amount of microdamage can significantly affect 

the structural performance of bone [38-43]. From a biological perspective microdamage also has 

profound consequences on bone tissue. Early studies from one of the authors (ODK), using the in 

vivo rat ulnar fatigue loading model, showed that this approach creates  regions of microdamage 

in the mid-diaphysis, which in turn result in targeted intra-cortical remodeling to remove and repair 

the damage [44]. This work was later expanded to show that a critical cellular mechanism behind 

this response is that microdamage causes apoptosis in osteocytes. Apoptosis is the central event 

which initiates the osteoclast-mediated reparative response [45]. The same group went on to 

determine that pharmacological inhibition of osteocyte apoptosis completely prevented the 

remodeling response [46], and that the underlying molecular signaling was mediated by osteocyte 

derived RANKL expression [47, 48]. These studies were carried out using the ulnar loading model, 

which generates microdamage at a purely cortical bone skeletal site. An important point to note in 

any discussion about microdamage is that its location, or more specifically the type of tissue it 

resides in (cortical, cancellous or subchondral bone), is likely to be a crucial consideration in 

understanding its implication. 

 



In relation to the role of bone in OA, the most relevant location/tissue-type is the subchondral 

compartment. It should be noted that subchondral bone microdamage in OA has been investigated 

previously, and was found to play a limited role. However – a simple reading of this can be 

misleading. The underlying mechanism that was proposed in that work was purely mechanical. 

Specifically, the hypothesis was that trabecular microfractures heal via the formation of a 

microcallus, and that the accumulation of multiple microcallus’ would result in stiffening of the 

subchondral compartment, which would in turn increase the shear stress levels in overlying 

cartilage – leading to its degeneration. This purely mechanical theory proved to have limited 

applicability. More recent theories have a similar starting point, which is that microdamage occurs 

in the subchondral compartment. However, the consequences of its presence are now thought to 

be strongly linked to biological injury and repair responses like those described above, rather than 

directly mechanical per se. 

 

 

 

Figure 3: Cyclic	 loading	 causes	 the	 initiation	 (orange)	 and	 propagation	 (green)	 of	 tissue	
microdamage	 in	 cancellous	 bone.	 Tissue	 material	 properties	 were	 associated	 with	 damage	
propagation.	Microdamage	and	associated	bone	remodeling	within	a	BML	 

 



Since many of the BMLs that are seen clinically are located in the subchondral trabecular bone 

compartment, it is instructive to discuss what is currently known about microdamage behavior in 

this tissue type, and also the biological response to its presence.  In a study from one of the authors’ 

labs (CJH) showed that loading mode and microstructure influence microdamage behaviour in 

cancellous bone following a single overload and that the proportion of damaged tissue was greater 

for tension than for compression loading. Microdamage tended to occur in regions of greater 

trabecular thickness but not near observable resorption cavities suggesting that accumulation of 

microdamage in cancellous bone is influenced more by tissue material properties than traditional 

measures of trabecular microarchitecture [38, 49]. However, in a related study from the same 

group, microdamage was found to correlate with the number of rod-like trabeculae [50].  

 

The authors then went on to test a commonly held hypothesis, which holds that resorption cavities 

on trabecular surface, resulting from osteoclast activity, act as stress risers and promote 

microdamage initiation and propagation. The data show that this is not the case, and microdamage 

is actually associated with tissue material properties as opposed to tissue stresses [51]. In 

cancellous bone, microdamage propagation during cyclic loading is dictated by heterogeneity of 

material properties associated with increased ductility at trabecular surfaces. This is somewhat 

unexpected because the opposite pattern occurs with surface treatment to increase fatigue life in 

man-made materials, which reduce surface ductility. In trabecular bone the more ductile surfaces 

are a result of reduced accumulation of advanced glycation end products compared with the 

interior, where damage is more likely to accumulate. Thus, cancellous bone becomes more tolerant 

of stress concentrations at strut surfaces. This also allows the structure to recover more deformation 

after failure and return to a closer approximation of its original shape. These intriguing findings 



suggest the presence of a biomimetic design strategy in which tissue level material heterogeneity 

is used to improve recovery after failure or damage. More research will be required to determine 

whether there is a link between these material level phenomena, at the micron scale in subchondral 

trabecular bone, to BMLs and disease related changes in articular cartilage. 

 
 

Conclusion 

Mounting evidence supports the role of subchondral bone changes in OA development. In the early 

stages of disease, prior to any radiographic changes, subchondral bone remodeling is increased. 

This may be a response to subchondral microdamage, which likely forms as a result of 

malalignment or injury. As the disease progresses and remodeling abates, an uncoupling of bone 

resorption from formation leads to a net increase in bone volume. It may be that the relationship 

between these two opposing processes, early net-resorption followed by later net-formation, plays 

an integral role in joint degeneration. The use of animal models will be key to developing our 

understanding of these complex processes. While no one model provides an exact recapitulation 

of the human condition, each provides a useful aspect, which can be exploited to tackle a specific 

question relating to injury/disease development. Use of anti-resorptives to suppress osteoclast-

mediated subchondral bone remodeling may yet be a promising line of investigation for new 

therapeutics against OA. However, it is likely that timing is critical in their use, and early 

intervention before the appearance of radiographic/clinical OA, may be required to observe this 

potentially beneficial effect. The findings reviewed here provide an excellent platform to continue 

this important area of research in the future, where novel interventions and therapies will be crucial 

for improving musculoskeletal healthcare. 



Authors contributions: All	authors	contributed	equally	to	this	paper	including	concept,	content,	

and	editing.	Each	author	has	read	and	approved	the	final	submitted	version	of	this	manuscript.	 

Acknowledgements: This project has received funding from the European Union’s Horizon 2020 

research and innovation programme under the Marie Skłodowska-Curie grant agreement No 

799283 (ODK). 

 

 

 

 

 

 

 

 

References 

1. Lawrence, R.C., Felson, D.T., Helmick, C.G., Arnold, L.M., Choi, H., Deyo, R.A., Gabriel, S., 
Hirsch, R., Hochberg, M.C., Hunder, G.G., et al. (2008). Estimates of the prevalence of 
arthritis and other rheumatic conditions in the United States. Part II. Arthritis Rheum 58, 
26-35. 

2. Felson, D.T., Parkes, M.J., Marjanovic, E.J., Callaghan, M., Gait, A., Cootes, T., Lunt, M., 
Oldham, J., and Hutchinson, C.E. (2012). Bone marrow lesions in knee osteoarthritis 
change in 6-12 weeks. Osteoarthritis Cartilage 20, 1514-1518. 



3. Taljanovic, M.S., Graham, A.R., Benjamin, J.B., Gmitro, A.F., Krupinski, E.A., Schwartz, S.A., 
Hunter, T.B., and Resnick, D.L. (2008). Bone marrow edema pattern in advanced hip 
osteoarthritis: quantitative assessment with magnetic resonance imaging and correlation 
with clinical examination, radiographic findings, and histopathology. Skeletal Radiol 37, 
423-431. 

4. Felson, D.T., McLaughlin, S., Goggins, J., LaValley, M.P., Gale, M.E., Totterman, S., Li, W., 
Hill, C., and Gale, D. (2003). Bone marrow edema and its relation to progression of knee 
osteoarthritis. Ann Intern Med 139, 330-336. 

5. Felson, D.T., Chaisson, C.E., Hill, C.L., Totterman, S.M., Gale, M.E., Skinner, K.M., Kazis, L., 
and Gale, D.R. (2001). The association of bone marrow lesions with pain in knee 
osteoarthritis. Ann Intern Med 134, 541-549. 

6. Yusuf, E., Kortekaas, M.C., Watt, I., Huizinga, T.W., and Kloppenburg, M. (2011). Do knee 
abnormalities visualised on MRI explain knee pain in knee osteoarthritis? A systematic 
review. Ann Rheum Dis 70, 60-67. 

7. Mach, D.B., Rogers, S.D., Sabino, M.C., Luger, N.M., Schwei, M.J., Pomonis, J.D., Keyser, 
C.P., Clohisy, D.R., Adams, D.J., O'Leary, P., et al. (2002). Origins of skeletal pain: sensory 
and sympathetic innervation of the mouse femur. Neuroscience 113, 155-166. 

8. Zhang, Y., Nevitt, M., Niu, J., Lewis, C., Torner, J., Guermazi, A., Roemer, F., McCulloch, C., 
and Felson, D.T. (2011). Fluctuation of knee pain and changes in bone marrow lesions, 
effusions, and synovitis on magnetic resonance imaging. Arthritis Rheum 63, 691-699. 

9. Laslett, L.L., Dore, D.A., Quinn, S.J., Boon, P., Ryan, E., Winzenberg, T.M., and Jones, G. 
(2012). Zoledronic acid reduces knee pain and bone marrow lesions over 1 year: a 
randomised controlled trial. Ann Rheum Dis 71, 1322-1328. 

10. Milz, S., and Putz, R. (1994). Quantitative morphology of the subchondral plate of the 
tibial plateau. J Anat 185 ( Pt 1), 103-110. 

11. Eckstein, F., Milz, S., Anetzberger, H., and Putz, R. (1998). Thickness of the subchondral 
mineralised tissue zone (SMZ) in normal male and female and pathological human 
patellae. J Anat 192 ( Pt 1), 81-90. 

12. Clark, J.M., and Huber, J.D. (1990). The structure of the human subchondral plate. J Bone 
Joint Surg Br 72, 866-873. 

13. Burr, D.B. (2004). The importance of subchondral bone in the progression of 
osteoarthritis. J Rheumatol Suppl 70, 77-80. 

14. Burr, D.B. (1998). The importance of subchondral bone in osteoarthrosis. Curr Opin 
Rheumatol 10, 256-262. 

15. Ferguson, V.L., Bushby, A.J., and Boyde, A. (2003). Nanomechanical properties and 
mineral concentration in articular calcified cartilage and subchondral bone. J Anat 203, 
191-202. 

16. Burr, D.B., and Gallant, M.A. (2012). Bone remodelling in osteoarthritis. Nature reviews. 
Rheumatology 8, 665-673. 

17. Green, W.T., Jr., Martin, G.N., Eanes, E.D., and Sokoloff, L. (1970). Microradiographic 
study of the calcified layer of articular cartilage. Archives of pathology 90, 151-158. 

18. Mori, S., Harruff, R., and Burr, D.B. (1993). Microcracks in articular calcified cartilage of 
human femoral heads. Arch Pathol Lab Med 117, 196-198. 



19. Sokoloff, L. (1993). Microcracks in the calcified layer of articular cartilage. Arch Pathol Lab 
Med 117, 191-195. 

20. Duncan, H., Jundt, J., Riddle, J.M., Pitchford, W., and Christopherson, T. (1987). The tibial 
subchondral plate. A scanning electron microscopic study. J Bone Joint Surg Am 69, 1212-
1220. 

21. Lyons, T.J., McClure, S.F., Stoddart, R.W., and McClure, J. (2006). The normal human 
chondro-osseous junctional region: evidence for contact of uncalcified cartilage with 
subchondral bone and marrow spaces. BMC Musculoskelet Disord 7, 52. 

22. Iijima, H., Aoyama, T., Tajino, J., Ito, A., Nagai, M., Yamaguchi, S., Zhang, X., Kiyan, W., and 
Kuroki, H. (2016). Subchondral plate porosity colocalizes with the point of mechanical 
load during ambulation in a rat knee model of post-traumatic osteoarthritis. 
Osteoarthritis Cartilage 24, 354-363. 

23. Hwang, J., Bae, W.C., Shieu, W., Lewis, C.W., Bugbee, W.D., and Sah, R.L. (2008). Increased 
hydraulic conductance of human articular cartilage and subchondral bone plate with 
progression of osteoarthritis. Arthritis Rheum 58, 3831-3842. 

24. Imhof, H., Sulzbacher, I., Grampp, S., Czerny, C., Youssefzadeh, S., and Kainberger, F. 
(2000). Subchondral bone and cartilage disease: a rediscovered functional unit. Invest 
Radiol 35, 581-588. 

25. Kim, H.K., Bian, H., Aya-ay, J., Garces, A., Morgan, E.F., and Gilbert, S.R. (2009). Hypoxia 
and HIF-1alpha expression in the epiphyseal cartilage following ischemic injury to the 
immature femoral head. Bone 45, 280-288. 

26. Cui, Z., Xu, C., Li, X., Song, J., and Yu, B. (2015). Treatment with recombinant lubricin 
attenuates osteoarthritis by positive feedback loop between articular cartilage and 
subchondral bone in ovariectomized rats. Bone 74, 37-47. 

27. Zhen, G., Wen, C., Jia, X., Li, Y., Crane, J.L., Mears, S.C., Askin, F.B., Frassica, F.J., Chang, 
W., Yao, J., et al. (2013). Inhibition of TGF-beta signaling in mesenchymal stem cells of 
subchondral bone attenuates osteoarthritis. Nat Med 19, 704-712. 

28. Dequeker, J., Mohan, S., Finkelman, R.D., Aerssens, J., and Baylink, D.J. (1993). 
Generalized osteoarthritis associated with increased insulin-like growth factor types I and 
II and transforming growth factor beta in cortical bone from the iliac crest. Possible 
mechanism of increased bone density and protection against osteoporosis. Arthritis 
Rheum 36, 1702-1708. 

29. Lotz, M., Kekow, J., and Carson, D.A. (1990). Transforming growth factor-beta and cellular 
immune responses in synovial fluids. J Immunol 144, 4189-4194. 

30. Hopwood, B., Tsykin, A., Findlay, D.M., and Fazzalari, N.L. (2007). Microarray gene 
expression profiling of osteoarthritic bone suggests altered bone remodelling, WNT and 
transforming growth factor-beta/bone morphogenic protein signalling. Arthritis Res Ther 
9, R100. 

31. Kumarasinghe, D.D., Sullivan, T., Kuliwaba, J.S., Fazzalari, N.L., and Atkins, G.J. (2012). 
Evidence for the dysregulated expression of TWIST1, TGFbeta1 and SMAD3 in 
differentiating osteoblasts from primary hip osteoarthritis patients. Osteoarthritis 
Cartilage 20, 1357-1366. 



32. Priam, S., Bougault, C., Houard, X., Gosset, M., Salvat, C., Berenbaum, F., and Jacques, C. 
(2013). Identification of soluble 14-3-3 as a novel subchondral bone mediator involved in 
cartilage degradation in osteoarthritis. Arthritis Rheum 65, 1831-1842. 

33. Muratovic, D., Cicuttini, F., Wluka, A., Findlay, D., Wang, Y., Otto, S., Taylor, D., Humphries, 
J., Lee, Y., Labrinidis, A., et al. (2016). Bone marrow lesions detected by specific 
combination of MRI sequences are associated with severity of osteochondral 
degeneration. Arthritis Res Ther 18, 54. 

34. Rangger, C., Kathrein, A., Freund, M.C., Klestil, T., and Kreczy, A. (1998). Bone bruise of 
the knee: histology and cryosections in 5 cases. Acta Orthop Scand 69, 291-294. 

35. Deangelis, J.P., and Spindler, K.P. (2010). Traumatic Bone Bruises in the Athlete's Knee. 
Sports Health 2, 398-402. 

36. Lynch, T.C., Crues, J.V., 3rd, Morgan, F.W., Sheehan, W.E., Harter, L.P., and Ryu, R. (1989). 
Bone abnormalities of the knee: prevalence and significance at MR imaging. Radiology 
171, 761-766. 

37. Burr, D.B., and Hooser, M. (1995). Alterations to the en bloc basic fuchsin staining 
protocol for the demonstration of microdamage produced in vivo. Bone 17, 431-433. 

38. Lambers, F.M., Bouman, A.R., Rimnac, C.M., and Hernandez, C.J. (2013). Microdamage 
caused by fatigue loading in human cancellous bone: relationship to reductions in bone 
biomechanical performance. PLoS One 8, e83662. 

39. Hernandez, C.J., Lambers, F.M., Widjaja, J., Chapa, C., and Rimnac, C.M. (2014). 
Quantitative relationships between microdamage and cancellous bone strength and 
stiffness. Bone 66, 205-213. 

40. Follet, H., Viguet-Carrin, S., Burt-Pichat, B., Depalle, B., Bala, Y., Gineyts, E., Munoz, F., 
Arlot, M., Boivin, G., Chapurlat, R.D., et al. (2011). Effects of preexisting microdamage, 
collagen cross-links, degree of mineralization, age, and architecture on compressive 
mechanical properties of elderly human vertebral trabecular bone. J Orthop Res 29, 481-
488. 

41. Vashishth, D., Koontz, J., Qiu, S.J., Lundin-Cannon, D., Yeni, Y.N., Schaffler, M.B., and 
Fyhrie, D.P. (2000). In vivo diffuse damage in human vertebral trabecular bone. Bone 26, 
147-152. 

42. Burr, D.B., Forwood, M.R., Fyhrie, D.P., Martin, R.B., Schaffler, M.B., and Turner, C.H. 
(1997). Bone microdamage and skeletal fragility in osteoporotic and stress fractures. 
Journal of Bone and Mineral Research 12, 6-15. 

43. Fazzalari, N.L., Forwood, M.R., Manthey, B.A., Smith, K., and Kolesik, P. (1998). Three-
dimensional confocal images of microdamage in cancellous bone. Bone 23, 373-378. 

44. Bentolila, V., Boyce, T.M., Fyhrie, D.P., Drumb, R., Skerry, T.M., and Schaffler, M.B. (1998). 
Intracortical remodeling in adult rat long bones after fatigue loading. Bone 23, 275-281. 

45. Verborgt, O., Gibson, G.J., and Schaffler, M.B. (2000). Loss of osteocyte integrity in 
association with microdamage and bone remodeling after fatigue in vivo. J Bone Miner 
Res 15, 60-67. 

46. Cardoso, L., Herman, B.C., Verborgt, O., Laudier, D., Majeska, R.J., and Schaffler, M.B. 
(2009). Osteocyte apoptosis controls activation of intracortical resorption in response to 
bone fatigue. J Bone Miner Res 24, 597-605. 



47. Kennedy, O.D., Herman, B.C., Laudier, D.M., Majeska, R.J., Sun, H.B., and Schaffler, M.B. 
(2012). Activation of resorption in fatigue-loaded bone involves both apoptosis and active 
pro-osteoclastogenic signaling by distinct osteocyte populations. Bone. 

48. Kennedy, O.D., Laudier, D.M., Majeska, R.J., Sun, H.B., and Schaffler, M.B. (2014). 
Osteocyte apoptosis is required for production of osteoclastogenic signals following bone 
fatigue in vivo. Bone 64, 132-137. 

49. Lambers, F.M., Bouman, A.R., Tkachenko, E.V., Keaveny, T.M., and Hernandez, C.J. (2014). 
The effects of tensile-compressive loading mode and microarchitecture on microdamage 
in human vertebral cancellous bone. J Biomech 47, 3605-3612. 

50. Shi, X., Liu, X.S., Wang, X., Guo, X.E., and Niebur, G.L. (2010). Effects of trabecular type 
and orientation on microdamage susceptibility in trabecular bone. Bone 46, 1260-1266. 

51. Torres, A.M., Matheny, J.B., Keaveny, T.M., Taylor, D., Rimnac, C.M., and Hernandez, C.J. 
(2016). Material heterogeneity in cancellous bone promotes deformation recovery after 
mechanical failure. Proc Natl Acad Sci U S A. 

 
 
 

 

 

 


