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ARTICLE INFO ABSTRACT

Keywords: Introduction: Subchondral bone pathology includes a wide range of pathologies, such as os-
Bone Marrow Lesions teoarthritis, spontaneous insufficiency fractures, osteonecrosis, transient bone marrow lesions
BMA

syndromes, and trauma. They show typical magnetic resonance imaging (MRI) findings termed
bone marrow lesions (BMLs). However, the etiology and evolution of BMLs in multiple conditions
remains unclear. There is still no gold standard treatment protocol in treating BMLs in the knee,
and a variety of treatment modalities have been tested in the hope that they might reduce pain
and stop disease progression.

Objectives: To review the treatment options for BMLs of the knee.

Methods: A literature review was performed that included searches of PubMed, Cochrane, and
Medline databases using the following keywords: Bone marrow lesions, sub chondroplasty, bone
marrow concentrate, platelet-rich plasma (PRP), subchondral bone augmentation.

Results: The use of novel biologic techniques to treat BMLs in the knee, such as PRP and Bone
Marrow Cells, has yielded promising clinical outcomes.

Conclusions: Future research of BMLs will be mandatory to address the different pathologies
better and determining appropriate treatment strategies. There is still a need for high-quality RCTs
studies and systematic reviews in the future to enhance further treatment strategy in preventing
or treating BMLs of the knee.

Osteo-Core-Plasty

Osteochondral Unit

Knee osteoarthritis

Subchondral Bone Augmentation

Introduction

The subchondral bone is a structure present underneath articular cartilage consisting of two major parts: the bone plate and the
spongiosa. It is responsible for cartilage nutrition and plays an essential role in the healing of chondral lesions.! Focal changes in the
subchondral bone, termed bone marrow lesions (BMLs), are features detected by magnetic resonance imaging (MRI). In patients with
knee osteoarthritis (OA), BMLs can correlate with faster joint degeneration®® and increased pain.*® Recent research has focused on
using biologic therapeutics to help maintain and improve cartilage health’-'° however, treatment options taking into account the
subchondral bone are still limited. Osteo-core plasty is a new, minimally invasive procedure for treating subchondral pathologies to
prevent the progression of osteoarthritis.!!
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Fig. 1. Sagittal section of fresh frozen knee specimen (less than 40 years old) showing the patella, medial femoral condyle, and tibial plateau with
the integrity of chondral surfaces and subchondral bone.

Fig. 2. Sagittal section of the lateral femoral condyle showing a cartilage lesion that involves the subchondral bone.

The osteochondral unit and bone marrow lesions

Articular cartilage and subchondral bone act as a functional unit, the osteochondral unit (OCU), to maintain joint homeostasis
(Fig. 1). Numerous research efforts have focused on articular cartilage damage, while relatively few are focused on subchondral
bone pathology. (Fig. 2) BMLs represent an alteration of bone marrow signal intensity, with high signal on fluid-sensitive sequences
(T2/proton density with fat suppression and short tau inversion recovery (STIR) with or without low T1WI signal by magnetic
resonance imaging (MRI). BMLs are present in a wide range of pathologies, including traumatic contusions and fractures, post-cartilage
surgery, OA, transient BML syndromes, spontaneous insufficiency fractures (SIFK), osteonecrosis (ON), and conditions associated with
Complex Regional Pain Syndrome (CRPS). These MRI alterations may correspond histologically to edema and trabecular necrosis,
cysts, fibrosis, and cartilage fragments. Thus, instead of the commonly used term “bone marrow edema,” the terms “bone marrow
edema-like signal” or “BMLs” are potentially more appropriate. MRI plays a fundamental role in guiding the diagnosis of BMLs based
on recognizable typical patterns even at the early stages. BMLs remain controversial for their still unidentified role in pathological
processes, clinical impact, and treatment.

Classification of bone marrow lesions

A classification of BMLs based on etiology (ischemic, mechanical, and reactive) has been proposed. However, as BML etiology is
poorly understood, subchondral bone marrow edema-like lesions around the knee can alternatively be classified as traumatic/non-
traumatic and reversible/irreversible.? The reversibility of the BML depends on its etiology and whether there is an alteration to the
structure of the osteochondral unit. There are distinctive features on MRI that can help to predict if the BML is reversible. Prognostic
criteria that appear to indicate a benign course are no changes on plain radiographs, the lack of additional subchondral changes other
than BML and the absence of focal epiphyseal contour depression. Conversely, the presence on MRI of low signal intensity lines deep
in the condyles,®* or a subchondral area of low signal thicker than 4 mm, strongly predict irreversibility.>!2
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Traumatic bone marrow lesions

Trauma-induced BMLs can be associated with acute direct (ie, contusion, knee ligament tear) or indirect (subacute lesions resulting
from overload) trauma.,?-°-13 However, there is a subset of asymptomatic patients subject to repetitive microtrauma, with subchondral
edema-like signal(s) on MRI.!*15 These types of lesions have been shown in up to 41% of collegiate basketball players.'® Osseous
injuries can be caused by a direct strike, applied shear forces, multiple bones impacting one another, or from traction forces in the
context of avulsion injuries.!” These mechanisms and their associated soft-tissue injuries can be revealed by studying their associated
marrow edema-like signal distribution.'® Pivot shift injuries, often related to ACL tears, are the most common cause of subchondral
contusions.!319,20

The damage to the osteochondral unit plays a significant role in the evolution of BMLs. While edema-like signal in ACL lesions
without cortical involvement tend to resolve spontaneously in 95% of cases,?! BMLs are still present at three years in lesions associated
with a disruption of the femoral cortical surface. With respect to ACL injury mechanism, it has been suggested that noncontact injuries
appear to cause more severe BMLs in both the medial and lateral compartments than contact injuries.'® The location of the lesion is
another factor that may affect the evolution of BML. In the setting of an ACL tear, BMLs located on the femoral condyle tend to resolve
at three months versus six months for lateral tibial BMLs.> Moreover, 67% of lateral femoral condyle ACL injury-associated bone
bruises have been related to osteochondral damage. In contrast, no cartilage defects were found in cases of BML of the posterolateral
tibial plateau.??

There is no agreement in the literature regarding a correlation at short-term follow-up between BMLs and functional status, even
though it has been reported that patients with an ACL tear and BML have increased pain scores and longer rehabilitation time,?3
mainly if the alteration is still detectable three months after the injury.?* It is still under debate if the initial joint injury and BML are
directly correlated to long-term function and OA development.'?

Atraumatic bone marrow lesions
Subchondral insufficiency fractures

Spontaneous Insufficiency Fractures of the Knee (SIFK) are non-traumatic fractures without histological evidence of necrosis,
usually occurring in overweight, elderly female patients. SIFK involves a physiologic force applied to weakened trabeculae, which
leads to a fracture along the subchondral area of the bone.> SIFK can be reversible, but also can progress to a permanent collapse of
the articular surface, resulting in rapidly destructive OA.>2°

On MR, SIFK is best shown on T2-weighted and proton density-weighted images associated with marked bone marrow edema.
Other MRI findings include a hypointense line that is irregular, sometimes discontinuous, in the subarticular marrow, and an area
of low signal intensity immediately subjacent to and creating the appearance of a thickened subchondral bone plate. These localized
abnormalities represent the fracture line and the granulation tissue.>> The low signal intensity area has prognostic relevance, if it is
thicker than 4 mm or longer than 14 mm, the lesion may be irreversible and evolve into irreparable epiphyseal collapse and articular
destruction.!?-2” Edema-like signals present in SIFK extend from the subchondral region over large areas, often involving the entire
femoral condyle and reaching the metaphysis.?® This differs from the more localized BMLs subjacent to cartilage loss in osteoarthritis.
However, the extent of the lesion has no known prognostic significance.?® SIFK typically is observed along the central weight-bearing
aspect of the femoral condyle (60%-90%) and is commonly associated with meniscus pathology.?%-*? Notably, it has been suggested
that over 50% of patients demonstrate radial or posterior root tears.>! These findings support the proposed role of mechanical stress
in the development of SIFK and emphasize the rationale for meniscal conservation.

The clinical course of SIFK can be unpredictable, and does not necessarily progress in every patient.”> Typically, the initial phase
consists of severe pain with functional impairment for at least three to six months, followed by spontaneous resolution with functional
and radiographic improvement.>? While subtle contour deformities occasionally can be observed in self-resolving lesions, prominent
contour deformity and the collapse of the subchondral bone plate are poor prognostic factors.?> On the contrary, the lack of additional
subchondral changes other than BML is 100% predictive of reversibility.'> Markers of high-grade BMLs include medial meniscus
posterior root tears with associated moderate to severe extrusion, high-grade chondrosis, larger lesion sizes, and articular surface
collapse.*?

Osteonecrosis

Ahlback first described osteonecrosis (ON) of the knee in 1968.%% Since then, the improvement of knowledge in this field has led to
the identification of three distinct categories of ON: spontaneous osteonecrosis of the knee (SONK or SPONK), avascular osteonecrosis
(AVN), and post-arthroscopic ON. SONK was recognized early as a distinct form of epiphyseal osteonecrosis. This condition typically
is seen in patients after the 6th decade of life and more frequently in women. Patients usually report a sudden onset of knee joint
pain related to minimal or no trauma, and often recall a precise moment when the symptoms started.>> SONK is the most common
form of osteonecrosis of the knee.?*

The etiology of SONK is not completely understood, but two hypotheses have been proposed. Avascular origin was initially
suggested as the underlying etiology; however, the evidence in favor of this theory is limited. More recently, SONK has been associated
with subchondral insufficiency fractures of the knee (SIFK). A study by Yamamoto and Bullough,> which was supported by results of
later studies,?®-3” showed that the first event is a SIFK, which progresses into collapse followed by secondary necrosis limited to the
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area between the fracture line and the subchondral bone plate. Moreover, the MRI features of this lesion also are profoundly different
from those of AVN studies.?®

Avascular necrosis (also called atraumatic, ischemic, or idiopathic osteonecrosis) is a degenerative bone condition characterized
by the death of the bone secondary to an interruption of the subchondral blood supply,>® usually affecting the epiphysis of long bones
in patients under 45 years. It can be secondary to systemic diseases, radiation, chemotherapy, or substance consumption of alcohol,
corticosteroids, and tobacco. These underlying systemic conditions and bone infarcts at other locations can narrow the differential
diagnosis between SONK and AVN.%7-34 In most cases, a "double-line sign," an inner high-signal-intensity band (vascularized granula-
tion tissue), and an outer low-signal-intensity band (sclerotic appositional new bone), are visible on T2-weighted.?> Advanced disease
may result in subchondral collapse, which threatens the viability of the joint involved. Lesions involving more than one-third of the
condyle on midcoronal MR images or the middle and posterior one- a third of the condyle on midsagittal MR images are at higher
risk of collapse.3?

Bone marrow lesions in osteoarthritis

Subchondral BMLs are a common finding in patients with both early and advanced OA. These are often associated with meniscus
damage, thinning, or focal cartilage defects and subchondral cyst-like lesions.”> The most common histologic findings in bone marrow
edema-like lesions in OA include bone necrosis, fibrosis, hemorrhage, and trabecular abnormalities, while edema is infrequent. These
findings might be seen as well in SIFK. However, the bone marrow edema-like pattern is typically localized in OA and extensive
in SIFK. The articular cartilage may be preserved in early SIFK, while significant cartilage loss typically accompanies eburnation
in osteoarthritis. Once SIFK progresses to collapse and articular surface destruction, distinguishing it from primary osteoarthritis at
imaging may be impossible.?> The evolution of BML in the setting of OA is exceptionally variable. Subchondral lesions may regress or
resolve entirely within 30 months follow-up,*® but some studies showed the persistence of BML in the majority of patients.*!>*?> The
clinical correlation of BMLs in the setting of OA is still under debate; moderate evidence supports that the severity and enlargement
of BML are predictors of pain, the progression of cartilage damage, and subchondral bone attrition.3243:44

A new topographic classification of BMLs named, the six-letter system, concerning their anatomical location in the distal femur
or proximal tibia based on the coronal T2 MRI images of 520 patients was described recently by Compagnoni et al.*>

Bone marrow lesions and cartilage

The subchondral bone plays a vital role in natural cartilage healing. Certain diseases of the cartilage are diseases of the osteo-
chondral unit rather than the cartilage disease alone. Imhoff et al. showed the presence of arteriovenous complexes penetrating the
subchondral bone plate and reaching into the calcified cartilage, so consequently, it possesses a blood supply layer up to the tide-
mark.“® The study by Lane et al. demonstrated higher vascular perforations at higher stress areas, indicating that the subchondral
bone responds to high loads by increasing the blood supply.*” However, overloading the degenerated joint will impede the flow of
nutrients from the subchondral bone to the cartilage and disturb natural healing. Although the mechanisms are still debated, pain may
result from impaired venous drainage due to repetitive microtrauma.*8:4° A recent study by MacKay et al. demonstrated that sub-
chondral bone texture is associated with radiographic knee osteoarthritis progression.® Besides, several studies correlate outcomes
with known subchondral BMLs before cartilage restoration procedures. Severe subchondral bone marrow edema was associated with
poor knee function in patients with chondral lesions. It was a reliable prognostic factor in the first year after autologous chondrocyte
implantation.®! Additionally, the persistence of edema-like signs in the subchondral bone is a predictor of poor clinical outcome after
microfracture surgery.>?

Biology of bmac and subchondral bone

Before aspirated bone marrow concentrate, commonly referred to as bone marrow aspirate concentrate (BMAC), becomes the
concentrated MSC-containing biologic often used as a treatment method for various bone BMLs of the knee, unprocessed bone marrow
aspirate (BMA) is obtained. Bone marrow aspirate mainly comprise hematopoietic tissue and fat cells and contain three major cell
types: myelopoietic cells, erythropoietic cells, and lymphocytes.>* Supporting cells also include fibroblasts, macrophages, adipocytes,
osteoblasts, osteoclasts, endothelial cells, and hematopoietic cells.>> Only 0.001% of nucleated cells in BMA are MSCs, a key factor in
articular cartilage and subchondral bone repair, which has led to the concept of concentrating BMA via density-gradient centrifugation
to produce BMAC."? BMAC contains increased amounts of MSCs, platelets containing growth factors, and hematopoietic cells.>> Each
of these more concentrated components contribute to the healing and repairing capabilities of BMAC, enabling it to be a useful
treatment method for subchondral bone and cartilage pathologies. However, a recent study by Everts et al. concluded that the CFU/f
counts were not significantly increased compared to the counts of the first 10 ml of BMA.>* This study supported the results by
Hernigou et al., who showed that large volume aspirates tend to be infiltrated by significant amounts of peripheral blood, which
contains fewer MSCs, leading to lower CFU-f counts.”>

Subchondral bone comprises a superficial plate and deep spongy bone, which together support and maintain overlying cartilage.>®
The subchondral bone can be further divided into the subchondral bone plate and the subchondral trabecular bone.>” The subchondral
bone plate lies immediately deep to the calcified articular cartilage, separated by a “cement line”.>® Supporting trabeculae arise from
the subchondral bone plate, and in combination with the deeper bone structure, comprises the subchondral trabecular bone.°” The
subchondral bone plate contains channels with arterial and venous vessels and nerves, directly linking the subchondral trabecular bone
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Fig. 3. Osteo-core-plasty surgical instruments.
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Fig. 4. Osteo-core-plasty surgical instruments. closed aspiration cannula tip to prevent aspiration of excess blood from the entry channel.

and the articular cartilage for communication via biochemical signals.>®-°”7 The subchondral trabecular bone is more metabolically
active and porous than the subchondral plate and has higher contents of blood vessels, sensory nerves, and bone marrow.>’ Its
makeup is directly related to its functions of shock absorption and joint support, as well as having a role in cartilage nutrient supply
and metabolism.>” Overall, subchondral bone has various bone density patterns and is dynamic and adaptable as it responds to
mechanical stress on the joint via bone modeling and remodeling.®” It plays an important interactive role with the overlying articular
cartilage, forming the OCU, to support and maintain the environment of the joint.

Biomechanics of subchondral bone

Biomechanical dysfunction does not solely cause subchondral bone abnormalities or knee OA.°° OA is the result of competing
multi-factorial etiologies: mechanical, systemic and joint homeostasis, and physiological inputs.®® Subchondral bone anatomy consists
of two layers. The first is the subchondral bone plate, that is adjacent to and separated by the cement line from the calcified zone of
the articular cartilage. The second is the subarticular spongiosa that is above the trabecular bone. Both layers often become diseased
as OA progresses.!
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Fig. 5. A case example of Bone Marrow Lesion (BML) in the medial femoral condyle of the Knee treated with Osteo core plasty. Pre-treatment,
coronal view of knee MRI.
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Fig. 6. A case example of Bone Marrow Lesion (BML) in the medial femoral condyle of the Knee treated with Osteo core plasty. Pre-treatment,
sagittal view of knee MRI.

Abnormality of subchondral bone due to mechanical dysfunction can occur after traumatic insult, such as in the case of ligament
tear. Damage of the subchondral bone can also result from adjacent tissue dysfunction or disease stemming from meniscal or car-
tilage deficiency. Finally, compartment overload due to varus or valgus malalignment can contribute to subchondral bone disease
transformation along with the production of BMLs.5!

BMLs result from microdamage to the bone and demonstrate localized fibrosis, fat necrosis and a response in bone remodeling that
results in microfractures of the trabecular bone.®? Diseased subchondral bone and subsequent development of bone marrow lesions
(BML) are poorly understood. BMLs can occur with and without coronal mechanical plane malalignment of the knee. Although BMLs
can arise when the meniscus is intact, most often the condition results from articular cartilage overload/disruption following meniscal
root tear and/or extrusion.®®
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Fig. 7. A case example of Bone Marrow Lesion (BML) in the medial femoral condyle of the Knee treated with Osteo core plasty. Two months
post-treatment, coronal view of knee MRI.

Treatment options

Treating subchondral bone marrow lesions requires consideration of both biologic as well as structural contributions to the overall
clinical picture. Biological aspects of treatment include marrow stimulation techniques such as marrow stimulation, nano-fracturing,
and core decompression.®* This treatment strategy can also include additive therapies such as autologous Platelet Rich Plasma (PRP)
injections,® adipose treatments, °© and bone marrow aspirate/concentrate injections.®” Structural aspects of treatment include con-
sideration of sub chondroplasty and/or intraosseous bioplasty (IOBP) as well as realignment osteotomies. °®

Osteo-core-plasty an emerging minimally invasive one-stage treatment for subchondral bone marrow lesions

Osteo-core-plasty is a novel, minimally invasive procedure for treating BMLs. During osteo-core plasty, bone marrow and small
dowels of autologous bone are injected the affected area to fill the intertrabecular space, thereby inducing improved bone remodeling.

High-quality bone marrow is a readily available source of mesenchymal stromal/signaling cells (MSCs) and growth factors, in-
cluding platelet-derived growth factor (PDGF), transforming growth factor-beta (TGF-p), and bone morphogenetic proteins (BMP-2,
BMP-7), which have anabolic and anti-immunomodulatory effects.®® Although high-quality bone marrow is one of the most attrac-
tive sources of MSCs, the amount and processing of BMA required are poorly understood. Bone autograft augmentation can deliver
additional supportive and biologically active tissue to the subchondral lesion.

Studies have shown that bone marrow samples containing a relatively high CFU-fs/mL and CD34+/mL can be attained without
the need for centrifugation.”®>”! The level of CFU-fs/mL was significantly higher in the Osteo-Core-Plasty compared to BMACs in
side-by-side comparison from the same patients using the contralateral iliac crest. 7! Osteo-core-plasty had over twice as many
fibroblast-like colony forming units (CFU-f) and only half as many nucleated cells compared to centrifugation techniques. Moreover,
the Osteo-core-plasty showed the same numbers of CD34+and CD117+cells compared to centrifugation techniques. 7'

The technique

The procedure is initiated by aspiration of the bone marrow from the ipsilateral iliac crest using a sharp trocar with a hollow
aspiration sleeve. The introducer needle with a sharp stylet is placed in the cancellous bone between the cortices. When 1 mL of
bone marrow is aspirated to ensure proper positioning of the needle tip, a sharp stylet is replaced with a blunt one. From a single
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Fig. 8. A case example BML in the Knee treated with Osteo core plasty. Twelve months post-treatment, coronal view of knee MRI.

stick, Marrow Cellution is capable of collecting up to 10 ml of high-quality bone marrow aspirate (BMA) (Marrow Cellution, Aspire
Medical Innovation, Germany) equivalent or superior to other systems that require additional manipulation steps outside of the sterile
field, such as centrifugation (BMAC) or chemical separation in a laboratory. Additionally, a sharp trocar is used to harvest some bone
dowels (Fig. 3,4).11

The patient under regional or spinal anesthesia is placed in the supine position as for standard knee arthroscopy. Before BMA
injection, any concomitant abnormalities such as chondral lesions, meniscal tears and ligament lesions should be addressed and
treated. Limb alignment plays a crucial role in cartilage lesion treatment. Therefore, any abnormalities should be treated as well. A
30° 4.0 mm arthroscope (Smith & Nephew, USA) is used to perform a comprehensive arthroscopic examination of the knee. Antero-
posterior (AP) and lateral fluoroscopic images cross-referenced with the MRI study are used to place the guide pin precisely in the
bone marrow edema. A cannula is then placed over the guide pin, which is subsequently removed. It is left for a few minutes in the
bone to perform core decompression.

Furthermore, bone dowels are inserted into the cannula and pushed through into the subchondral lesion by a blunt trocar. Then, the
BMA is inserted through the cannula into the treated area. A final arthroscopic look is performed to confirm the lack of intra-articular
leakage.

There are several benefits of Osteo-Core-Plasty. It allows the clinician to retain the product entirely on the sterile area rather than
necessitating the product to leave the sterile area for centrifugation and re-enter the sterile area for administration to the patient,
decreases procedural expenses and maintain all the cells and growth factors obtained during aspiration. Users of this technique
reported that another advantage is the ability to advance into and retreat from the marrow area in a precise and controlled manner
(Fig 5,6,7,8).

Conclusions

Future research of BMLs will be mandatory to address the different pathologies better and determining appropriate treatment
strategies. Subchondral bone augmentation by osteo-core-plasty is a viable option in treating BMLs of the knee by reducing pain over
the affected area, returning to activity early and improved MRI imaging showing increased hypo intensity over the subchondral bone
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lesion. There is still a need for high-quality RCTs studies and systematic reviews in the future to enhance further treatment strategy
in preventing or treating BMLs of the knee.
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