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Abstract

Knee osteoarthritis (OA) is a debilitating condition with limited long-term
treatment options. The therapeutic potential of mesenchymal stem cells (MSCs),
particularly those derived from bone marrow aspirate concentrate, has garnered
attention for cartilage repair in OA. While the iliac crest is the traditional site for
bone marrow harvesting (BMH), associated morbidity has prompted the
exploration of alternative sites such as the proximal tibia, distal femur, and
proximal humerus. This paper reviews the impact of different harvesting sites on
mesenchymal stem cell (MSC) yield, viability, and regenerative potential,
emphasizing their relevance in knee OA treatment. The iliac crest consistently
offers the highest MSC yield, but alternative sites within the surgical field of knee
procedures offer comparable MSC characteristics with reduced morbidity. The
integration of harvesting techniques into existing knee surgeries, such as total
knee arthroplasty, provides a less invasive approach while maintaining thera-
peutic efficacy. However, variability in MSC yield from these alternative sites
underscores the need for further research to standardize techniques and optimize
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clinical outcomes. Future directions include large-scale comparative studies, advanced characterization of MSCs,
and the development of personalized harvesting strategies. Ultimately, the findings suggest that optimizing the site
of BMH can significantly influence the quality of MSC-based therapies for knee OA, enhancing their clinical utility
and patient outcomes.

Key Words: Knee; Osteoarthritis; Mesenchymal stem cells; Bone marrow harvest; Regenerative medicine

©The Author(s) 2025. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Knee osteoarthritis (OA) has limited long-term treatments. Mesenchymal stem cells from bone marrow aspirate
concentrate show promise for cartilage repair. However, variability in mesenchymal stem cell (MSC) yield from the sites
necessitates further research to standardize techniques and optimize outcomes. Future directions include large-scale studies
and personalized harvesting strategies to enhance MSC-based therapies for knee OA.
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INTRODUCTION

Knee osteoarthritis (OA) is a prevalent and debilitating condition, contributing significantly to the global burden of
disease and affecting millions of individuals worldwide[1,2]. As one of the leading causes of disability, knee OA is
associated with chronic pain, reduced mobility, and a diminished quality of life. Current treatment modalities, including
pharmacological interventions, physical therapy, and surgical procedures, such as total knee arthroplasty, often provide
only temporary relief or are limited in their effectiveness, especially in the long term[3,4]. The limitations of these
treatments have driven the exploration of regenerative medicine, particularly the use of mesenchymal stem cells (MSCs),
as a promising alternative for cartilage repair and the management of OA[5]. Mesenchymal stem cell (MSC)-based
therapies have garnered attention due to the cells' ability to differentiate into chondrocytes, their immune-modulatory
properties, and their potential to release trophic factors that promote tissue regeneration. Bone marrow aspirate
concentrate (BMAC), which contains a high concentration of MSCs, is commonly harvested from the iliac crest and is
considered the gold standard for regenerative procedures[6]. However, the procedure is associated with significant
donor-site morbidity, which has prompted research into alternative bone marrow harvesting (BMH) sites that could
provide an adequate yield of MSCs with reduced morbidity[7].

Emerging evidence suggests that bone marrow harvested from sites such as the proximal humerus, tibia, and femur
could offer similar or even superior yields of MSCs compared to the iliac crest[8]. This is particularly relevant in knee OA
treatments, where local harvesting sites within the surgical field could not only reduce morbidity but also enhance the
efficiency of the procedure by eliminating the need for a secondary harvest site. Despite these potential benefits, there
remains a paucity of comprehensive studies comparing the yield, viability, and regenerative potential of MSCs obtained
from different anatomical sites within the same patient. While the iliac crest remains the most commonly utilized source
for MSCs due to its well-documented efficacy in providing a high yield of progenitor cells, the associated morbidity of
this harvest site necessitates the exploration of alternative sites[8]. The potential of other anatomical locations, such as the
femur, tibia, and proximal humerus, to provide MSCs with comparable regenerative capacity is yet to be fully
understood. Although some studies have investigated the yield and characteristics of MSCs from these alternative sites,
results have been inconsistent and often limited by small sample sizes or the lack of intra-subject comparisons.

The impact of anatomical variability on MSC yield and the functional abilities of these cells across different harvesting
sites is not well established. The current understanding of MSC functionality, particularly about their chondrogenic
potential and the expression of surface markers, is primarily based on studies using cells from the iliac crest, with limited
comparative data from other bone marrow sites[9]. Moreover, the clinical outcomes of using MSCs from alternative
harvest sites in regenerative procedures for knee OA remain underexplored, highlighting the need for rigorous,
standardized studies that evaluate the efficacy and safety of these approaches[10]. This review aims to discuss the optimal
BMH site for obtaining MSCs with the highest yield and regenerative potential for use in knee OA treatment.

PATIENT POSITIONING

Patient positioning is a crucial aspect of BMH techniques, particularly in procedures intended to optimize the character-
istics and purity of the harvested cells for use in knee OA treatment. Proper positioning not only enhances the efficacy of
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the procedure but also minimizes complications, thereby improving patient outcomes. This section discusses the various

aspects of patient positioning relevant to BMH, drawing on insights from multiple studies and technical guidelines
(Figure 1).

Importance of patient positioning

The correct positioning of the patient during BMH is vital for several reasons. Firstly, it ensures that the harvesting needle
is accurately guided to the optimal site, such as the iliac crest or other accessible locations like the proximal tibia or
humerus. Secondly, it helps in reducing the risk of injury to surrounding tissues, nerves, and blood vessels. Thirdly,
proper positioning facilitates the ease and efficiency of the procedure, which is crucial when large volumes of bone
marrow are required for concentration and subsequent therapeutic use[11]. Patient comfort and safety are also
paramount considerations during positioning. Incorrect positioning can lead to complications such as nerve damage,
excessive bleeding, or suboptimal cell yield, which can compromise the effectiveness of the treatment. Therefore, a
thorough understanding of anatomical landmarks and the patient’s specific anatomy is essential for optimal positioning.

Common positions used in BMH

Supine position: The supine position is one of the most commonly used positions in BMH, especially when the anterior
superior iliac spine or proximal tibia is the site of aspiration[5]. This position is favored for its accessibility and ease of
patient monitoring during the procedure. It is particularly useful in procedures where the bone marrow needs to be
harvested from the anterior iliac crest or proximal tibia, adjacent to the knee joint. In the supine position, the patient lies
flat on their back with their legs extended. For harvesting from the proximal tibia, the knee may be slightly flexed, and a
leg holder can be used to stabilize the limb. The tibial tuberosity and posteromedial border of the tibia serve as important
landmarks, and the needle is inserted at an angle directed toward the fibular head. This position provides a stable and
secure access point, which is crucial for the successful aspiration of bone marrow.

Prone position: The prone position is typically used when accessing the posterior iliac crest, which is considered one of
the gold standard sites for BMH due to its high yield of cell-dense marrow[12]. In this position, the patient lies face down
on the operating table, with their hips slightly elevated and the area around the iliac crest exposed. Pillows or foam pads
are often placed under the patient’s abdomen and pelvis to reduce pressure on the chest and abdomen, thus minimizing
discomfort and facilitating respiration during the procedure. The prone position allows for a more direct approach to the
posterior iliac crest, which can result in a higher quality and quantity of bone marrow aspirate. The use of this position,
however, requires careful consideration of the patient’s overall condition, particularly in those with respiratory or
cardiovascular issues, as lying face down for an extended period can exacerbate these conditions.

Lateral decubitus position: In some cases, particularly when accessing the posterior iliac spine, the lateral decubitus
position may be employed[11]. In this position, the patient lies on their side, with the side of interest facing up. The legs
are often bent at the knees, and pillows are placed between them to maintain spinal alignment and reduce pressure on the
lower back. This position provides good access to the posterior iliac crest while allowing for easier patient breathing
compared to the prone position. The lateral decubitus position is advantageous in situations where the prone position is
contraindicated, such as in patients with respiratory compromise. It also allows for simultaneous access to both the
anterior and posterior aspects of the iliac crest if needed, thereby increasing the flexibility and efficiency of the procedure.

Beach-chair position: For procedures involving the proximal humerus, particularly in shoulder-related harvesting, the
beach-chair position is commonly used[6]. This position involves the patient sitting in a semi-reclined position, with the
backrest of the operating table elevated to about 45-60 degrees. The arms are positioned at the sides or slightly abducted
to allow access to the humeral head. The beach chair position is particularly useful for harvesting bone marrow for
shoulder-related conditions. It allows for easy access to the proximal humerus, where the lateral acromial border and the
greater tuberosity serve as important anatomical landmarks. The position also facilitates the surgeon's ability to rotate
and manipulate the limb as needed to optimize needle placement and marrow extraction.

Positioning aids and techniques

The use of positioning aids such as leg holders, foam pads, and pillows is critical in maintaining the correct posture and
stability of the patient throughout the BMH procedure. These aids help minimize movement, reducing patient
discomfort, and ensuring that the anatomical landmarks are consistently accessible during the procedure.

Leg holders: In procedures involving the lower extremities, such as those targeting the proximal tibia, leg holders are
often used to stabilize the limb and maintain the desired flexion or extension angle[13]. This stability is crucial for
ensuring that the needle is accurately positioned and that the harvesting process is efficient.

Pillows and foam pads: Pillows and foam pads are commonly used to provide additional support and comfort, partic-
ularly in the prone and lateral decubitus positions[14]. These aids help in relieving pressure on certain body parts, thus
reducing the risk of pressure sores and enhancing overall patient comfort.

Intraoperative imaging: Intraoperative imaging techniques such as fluoroscopy or ultrasound can also be employed to
guide needle placement, particularly in challenging cases where anatomical variations or previous surgical interventions
might obscure standard landmarks[15]. These imaging techniques can help in confirming the correct needle placement
within the bone marrow cavity, thus optimizing the yield and quality of the aspirate.
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Supine position Prone position

Site: ASIS, proximal tibia Site: PSIS

Common positions used
in bone marrow
harvesting

Lateral decubitus Beach-chair position

Site: PSIS Site: Proximal humerus

Figure 1 Various positions used in bone marrow harvesting. ASIS: Anterior superior iliac spine; PSIS: Posterior superior iliac spine.

Positioning and anesthesia considerations

The choice of patient positioning must also take into account the type of anesthesia being used[7]. General anesthesia is
commonly employed for BMH, particularly when larger volumes are required, as it allows for complete muscle relaxation
and patient immobility[16]. However, in cases where local or regional anesthesia is used, positioning becomes even more
critical, as the patient may still have some degree of muscle tone or reflex movement. Under general anesthesia, the
patient’s position must be carefully monitored to avoid complications such as nerve compression or impaired circulation.
For example, in the prone position, care must be taken to ensure that the head and neck are properly aligned to prevent
airway obstruction or cervical spine injury. Similarly, in the supine position, attention must be paid to the patient’s lower
back and sacrum, areas that are prone to pressure-related injuries if not adequately supported.

PROCEDURE, TECHNIQUES, AND REQUIREMENTS

Procedure

The procedure for bone marrow aspiration (BMA) typically involves the extraction of bone marrow from the iliac crest, a
common site due to its accessibility and the richness of the marrow. The process begins with the identification and
preparation of the aspiration site, usually the posterior superior iliac spine (PSIS), under sterile conditions. Local
anesthesia is administered to minimize patient discomfort during the procedure.

Two primary techniques are utilized for BMA: (1) Single-site aspiration; and (2) Multiple-site aspiration. Each
technique has its implications for cell yield and patient outcomes. For instance, in single-site aspiration, a larger volume is
drawn from one puncture site, which may result in a higher yield of MSCs from that specific location but can also lead to
increased contamination with peripheral blood[17]. Conversely, multiple-site aspiration involves collecting smaller
volumes from several sites, potentially reducing peripheral blood dilution and improving the overall purity and quality
of the MSCs obtained[17].

TECHNIQUES

Aspiration volume management

Optimal aspiration volumes: The volume of marrow aspirated during each pull is a critical determinant of the yield and
purity of MSCs. Research indicates that larger aspiration volumes tend to dilute the marrow with peripheral blood, which
contains significantly fewer MSCs and can lower the overall cellular concentration of the aspirate[18]. Studies recommend
limiting each aspiration to approximately 5-8 mL to maintain a higher concentration of MSCs and minimize peripheral
blood contamination[19]. When more bone marrow is needed for therapeutic purposes, instead of increasing the volume
from a single site, which risks excessive dilution, it is advisable to perform multiple small-volume aspirations from
different sites. This approach, often referred to as “multi-site small volume aspiration” or “re-orientation technique”
ensures that each pull is less contaminated and remains rich in MSCs, which are essential for subsequent therapeutic
applications[20-22].
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Single vs multiple site aspiration: Single-site aspiration involves drawing a larger volume of marrow from one site,
which can lead to higher MSC yields initially but also increases the risk of peripheral blood contamination as the marrow
cavity becomes depleted[17]. In contrast, multiple-site aspiration, where smaller volumes are drawn from different sites,
can reduce this risk[17]. This technique ensures that the marrow drawn is less likely to be diluted with peripheral blood,
thus maintaining a higher purity of MSCs across the samples. The choice between these techniques often depends on the

specific clinical requirements, including the volume of MSCs needed and the patient’s tolerance to multiple puncture sites
[17].

Needle selection and insertion techniques

Needle types: The choice of needle for bone marrow aspiration significantly impacts both the quantity and quality of the
aspirated material. The traditional Jamshidi needle is commonly used due to its reliability and effectiveness[23].
However, more advanced needles, such as the Marrow Cellution™ (AMC) needle[21,24], have been developed to
optimize the process further. The AMC needle features a unique design with multiple lateral openings along its shaft.
These openings allow the needle to aspirate marrow from various points within the bone cavity, rather than from a single
location, reducing the likelihood of peripheral blood contamination. Additionally, the needle is designed to be gradually
retracted during aspiration, which increases the number of marrow pockets accessed and improves the yield of MSCs.
This design innovation represents a significant improvement over traditional needles, particularly in its ability to enhance
the purity and quantity of MSCs without requiring additional punctures.

Needle insertion techniques: The technique used to insert the needle into the bone marrow cavity is another crucial
factor. A commonly used method is the perpendicular or vertical insertion, which directly targets the marrow cavity[12,
25]. However, this method might limit the area of marrow accessed and could lead to quicker depletion of the local
marrow, increasing the risk of peripheral blood contamination in subsequent aspirations. An alternative approach is the
divergent or angled insertion technique[26]. In this method, the needle is inserted at an angle, allowing it to traverse a
broader area of the marrow cavity. This technique can access multiple inter-trabecular spaces, which are rich in MSCs,
thereby increasing the heterogeneity and overall yield of the aspirated cells. Divergent insertion also minimizes the
depletion of any single marrow pocket, maintaining a more consistent cellular concentration throughout the procedure.

Aspiration rate and pressure control

Aspiration rate: The rate at which bone marrow is aspirated plays a pivotal role in the quality of the sample obtained.
Rapid aspiration, which involves quickly drawing the marrow into the syringe, creates a high differential pressure that
can inadvertently increase the amount of peripheral blood in the sample[27]. This rapid influx of peripheral blood not
only dilutes the MSC concentration but may also cause discomfort to the patient due to the sudden change in pressure. In
contrast, a slower aspiration technique involves gently drawing the marrow at a controlled pace, typically over 5 seconds
to 15 seconds. This method reduces the likelihood of peripheral blood mixing with the marrow, thereby enhancing the
purity and concentration of MSCs. Slow aspiration is particularly beneficial in procedures where high-quality cellular
material is critical, such as in regenerative therapies for knee OA[27].

Pressure control mechanisms: Controlling the pressure during aspiration is another important consideration. Manual
aspiration techniques, where the operator controls the syringe pressure, can vary significantly depending on the practi-
tioner’s experience and technique[28]. This variability can affect the consistency of the aspirate’s quality. To address this,
some advanced systems include mechanisms that maintain a consistent differential pressure, regardless of the operator’s
manual input. These systems can help standardize the procedure, reducing the variability in MSC yield and improving
overall sample quality.

Advances in aspiration techniques

Rotational aspiration devices: Recent innovations include the development of rotational aspiration devices, which use a
powered mechanism to rotate the needle during aspiration. This rotation helps the needle traverse more marrow spaces,
potentially increasing the volume and quality of the cells collected[28,29]. These devices can reduce the time required for
the procedure and may improve patient comfort by decreasing the manual effort needed during aspiration.

OnControl powered bone marrow biopsy system: The OnControl system is one such device that has shown promise in
clinical settings. It combines a powered rotary drill with a biopsy needle, which can be used to both aspirate marrow and
obtain a core biopsy. Studies have shown that the OnControl system can increase the yield of bone marrow cells while
reducing the procedure time[30]. Moreover, the device’s ability to minimize patient discomfort, particularly in
challenging cases where manual aspiration might be difficult, makes it an attractive option in clinical practice.

Slow suction techniques: Another innovative approach is the use of slow suction techniques with controlled pressure
systems, such as the ones studied in the randomized controlled trials mentioned earlier. These systems are designed to
optimize the balance between sufficient pressure to draw marrow and minimizing peripheral blood contamination. In
clinical trials, such as those conducted by Grenkjeer et al[27], slow suction techniques have demonstrated superior sample
quality compared to rapid suction, with the added benefit of being less painful for the patient.

Aspiration technique and cell viability
Impact of technique on MSC viability: The techniques employed during bone marrow aspiration can also influence the
viability of the MSCs harvested. High shear forces, which may occur during rapid aspiration or improper needle
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handling, can damage cell membranes, reducing the viability of the cells and their subsequent proliferative and differen-
tiation capacities[31]. Therefore, it is crucial that the aspiration technique not only focuses on maximizing yield but also
preserves the functional integrity of the MSCs. To enhance cell viability, techniques that reduce mechanical stress on the
cells are preferred. These include slow aspiration, which minimizes shear forces, and the use of specially designed
needles that reduce turbulence within the syringe[22,32]. Additionally, maintaining the sample at physiological temper-
atures and processing it promptly post-aspiration are essential steps in preserving cell viability.

Post-aspiration handling: Once the bone marrow is aspirated, the sample must be handled with care to maintain the
viability of the MSCs. This includes avoiding excessive agitation, which can induce apoptosis or necrosis in sensitive cell
populations[11]. Immediate cooling of the sample and quick processing in a controlled environment are recommended to
ensure that the cells retain their functional characteristics for therapeutic use.

Patient selection criteria

Age and health status: The selection of patients for BMA plays a critical role in the success of the procedure, particularly
in the context of regenerative therapies for knee OA. Age is a significant factor, as the quantity and quality of MSCs in
bone marrow tend to decrease with age[33]. Studies have shown that older patients, especially those over the age of 60
years, often have a lower density of MSCs in their bone marrow, which can affect the therapeutic efficacy of the harvested
cells[34]. Therefore, when selecting patients, clinicians must consider the patient's age and overall health status.
Moreover, the presence of comorbid conditions such as osteoporosis or other bone-related diseases can further complicate
BMA[35]. In patients with osteoporosis, for instance, the bone marrow cavity may be less dense, potentially leading to a
lower yield of MSCs. Pre-procedure assessments, including bone density scans and possibly magnetic resonance imaging
(MRI) or computed tomography (CT) imaging, are essential to evaluate the suitability of the bone marrow site for
aspiration. These assessments help in identifying the best possible site for marrow extraction, maximizing the likelihood
of obtaining a high-quality sample.

Exclusion criteria: Certain conditions may contraindicate BMA or reduce its effectiveness. Patients with hematological
disorders that affect bone marrow quality, such as leukemia or myelodysplastic syndromes, are typically excluded from
MSC harvesting procedures unless the bone marrow is being specifically assessed or treated for these conditions[36].
Additionally, patients with active infections, especially in the area of the aspiration site, should not undergo BMA due to
the risk of spreading infection and contaminating the sample[37]. Patients on anticoagulant therapy or those with
coagulation disorders also require careful consideration. These individuals are at an increased risk of bleeding during and
after the procedure, which can lead to complications. For such patients, it may be necessary to adjust or temporarily
discontinue anticoagulation therapy under close medical supervision before proceeding with BMA[38].

Recommendations for specific patient populations

In older adults, the decline in MSC quantity and regenerative capacity requires modifications in harvesting strategies. To
maximize MSC yield, employing multiple small-volume aspirations from different sites can enhance concentration while
reducing peripheral blood contamination[7]. Harvesting from alternative sites, such as the proximal tibia or distal femur
during knee surgeries, can also minimize morbidity associated with iliac crest aspiration[7]. Advanced aspiration devices,
like the Marrow Cellution™ needle, may help optimize cell harvest with minimal manipulation[24]. For patients with
osteoporosis, considerations related to bone density are crucial. Pre-procedural imaging, including DEXA scan and MRI,
helps assess bone quality and determine optimal harvesting sites[39]. Using needles specifically designed for osteoporotic
bone, such as those with sharper tips and adjustable depths, minimizes fracture risk[7]. Gentle aspiration techniques,
applying controlled pressure, further reduce the chances of cortical breaches. In patients with comorbid conditions such
as diabetes or vascular disease, a comprehensive evaluation of how these conditions impact MSC function and healing
potential is needed[35]. Anesthesia and sedation protocols should be tailored to the patient’s cardiovascular or metabolic
status to reduce procedural risks[7]. Collaborative care, involving specialists like endocrinologists and cardiologists, helps
in optimizing patient outcomes. Optimizing aspiration techniques, such as using slow aspiration rates and limiting the
volume per pull, can improve MSC purity[7]. Ensuring strict aseptic conditions throughout the procedure is crucial to
prevent contamination and maintain cell viability. Educating patients regarding the procedure, its risks, benefits, and
post-procedural care can significantly enhance compliance and overall satisfaction.

Personalized approaches based on patient-specific factors are essential for tailoring BMH and MSC therapy. Age-
related factors, such as reduced proliferative capacity and differentiation potential of MSCs in older patients, should be
considered[7]. While the iliac crest often provides the highest MSC yield, alternative sites like the proximal tibia may be
preferred to reduce morbidity during specific surgeries. Adjunct therapies, such as combining MSCs with growth factors
or scaffolds, can be used to boost efficacy in older populations. In patients with decreased bone density, imaging
modalities help evaluate bone integrity and determine suitable harvesting sites. Adjustments in needle insertion angles
and aspiration pressures can reduce the risk of fractures[7]. For individuals with severe osteoporosis, alternative MSC
sources like adipose-derived stem cells may be considered. Comorbid conditions, such as diabetes, necessitate cus-
tomized protocols to address impaired MSC function and delayed healing[35,36]. Holistic care plans that encompass the
management of underlying conditions along with MSC therapy are essential. Engaging patients in decision-making
ensures that treatment strategies align with their preferences and expectations. An interdisciplinary approach, collab-
orating with specialists across different fields, addresses the broad needs of each patient. Adaptive treatment strategies
should be implemented based on patient response, new data, and evolving best practices. Incorporating patient-specific
factors into harvesting site selection and treatment planning enhances the safety and effectiveness of MSC therapies,
leading to improved outcomes.
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PROCEDURAL ENVIRONMENT AND EQUIPMENT

Sterile environment

Maintaining a sterile environment during the BMA procedure is crucial to prevent infections, which can have severe
consequences for both the patient and the quality of the harvested MSCs[40]. The procedure should be performed in a
controlled, sterile environment, such as an operating room or a dedicated procedure room equipped with appropriate
facilities for sterilization. All equipment, including needles, syringes, and aspiration devices, must be sterile. The skin at
the aspiration site should be thoroughly disinfected using antiseptic solutions like chlorhexidine or iodine. Sterile drapes
should be used to isolate the procedure area from potential contaminants. Additionally, the clinician performing the
aspiration should wear sterile gloves, gowns, and masks to minimize the risk of contamination.

Equipment requirements

The choice of equipment for BMA is integral to the success of the procedure. High-quality needles, such as the Jamshidi
[23] or AMC]J21] needles, should be used to ensure effective penetration of the bone and optimal aspiration of marrow.
These needles are designed to minimize trauma to the bone and surrounding tissues, reducing patient discomfort and
improving the yield of MSCs. Advanced aspiration devices that control the pressure and rate of aspiration are also
recommended. These devices can help standardize the procedure, ensuring consistent results across different patients
and operators. For example, powered bone marrow aspiration devices like the OnControl system provide a more
controlled and efficient method of marrow extraction, which can enhance the quality and quantity of the harvested cells
30]. In addition to the aspiration equipment, facilities for immediate processing of the bone marrow sample are
necessary. This includes centrifuges for separating MSCs from other cellular components and flow cytometry equipment
for assessing cell viability and concentration. In regions where regulatory requirements permit, in-room processing of the
aspirate may be performed to concentrate the MSCs before they are used in therapy.

Pre-procedure preparations

Informed consent and patient education: Obtaining informed consent is a legal and ethical requirement before
performing BMA[6]. The patient must be fully informed about the procedure, including its purpose, risks, benefits, and
potential complications. This discussion should also cover what the patient can expect during and after the procedure,
including the possibility of pain or discomfort, the time required for recovery, and any specific post-procedure care
instructions. Patient education is also critical. Educating patients about the procedure helps to alleviate anxiety, which
can significantly impact their overall experience and even the physiological outcomes of the procedure. Patients should
be informed about the importance of following pre-procedure instructions, such as fasting or avoiding certain
medications, to ensure the best possible outcome.

Pre-procedural medications: Depending on the patient’s condition and the expected level of discomfort, pre-procedural
medications may be administered[6]. Local anesthesia is typically used to numb the aspiration site, reducing pain during
the procedure. In some cases, especially in patients with high anxiety or those undergoing multiple aspirations,
additional anxiolytics or mild sedatives may be administered to help the patient relax. For patients with a history of
significant pain during previous BMAs, or those who express considerable concern about pain, stronger analgesics or
even conscious sedation may be considered. However, these decisions must be made on a case-by-case basis, weighing
the benefits of pain control against the risks of sedation.

Imaging and site selection: Pre-procedural imaging can be beneficial in selecting the optimal site for marrow aspiration.
While the PSIS is the most common site for BMA, alternative sites may be considered based on the patient’s anatomy and
bone density[25]. Imaging techniques such as MRI or CT scans provide detailed views of the bone and marrow cavity,

allowing for more precise targeting of rich marrow areas and avoiding areas with poor cellularity or high-fat content[41,
42].

Post-aspiration handling and processing

Sample transport and handling: After the bone marrow is aspirated, the sample must be handled with utmost care to
maintain the viability and quality of the MSCs. The sample should be immediately transferred to a sterile, pre-chilled
container to minimize cell degradation. Rapid transport to the processing laboratory is essential, especially if the aspirate
is being used for immediate therapeutic purposes. During transport, the sample should be kept at a controlled
temperature, ideally between 2 °C and 8 °C, to preserve cell viability[43,44]. It is also crucial to minimize agitation during
transport, as excessive movement can damage the delicate MSCs.

PROCESSING

After the successful aspiration of bone marrow, the handling and processing of the BMA are crucial steps that determine
the quality, concentration, and efficacy of the BMAC. This section provides a detailed overview of the best practices and
critical considerations involved in the post-aspiration handling and processing of BMAC. Once the bone marrow has been
aspirated, it must be promptly handled to prevent cellular degradation and clot formation, which could compromise the
viability of the stem cells and other bioactive components. The aspirate is typically collected in syringes preloaded with
anticoagulants such as heparin to prevent clotting[5]. Anticoagulation is essential because the formation of clots within
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the aspirate can significantly reduce the yield of viable cells and other critical components necessary for therapeutic use
[7]. The aspirated bone marrow should be immediately filtered through a sterile, mesh filter (typically 200-micron) to
remove bone fragments and other debris[12]. This filtration step is critical to ensure that the aspirate is free from
particulate matter that could interfere with subsequent processing or introduce complications during the injection phase.

Centrifugation process

Centrifugation is the cornerstone of BMAC processing, allowing for the concentration of stem cells, platelets, and growth
factors while removing unwanted components such as red blood cells and plasma. The process typically involves a two-
step centrifugation protocol.

First centrifugation (separation step): The filtered bone marrow aspirate is transferred into sterile 50 mL conical tubes
and subjected to an initial centrifugation at approximately 3200 rpm for 15 minutes[5]. This step separates the blood
components into distinct layers, with the buffy coat (containing mononuclear cells, including MSCs) situated between the
red blood cell layer and the plasma.

Buffy coat isolation: After the first centrifugation, the buffy coat layer, which is rich in MSCs and platelets, is carefully
extracted. This layer is crucial as it contains the highest concentration of the desired therapeutic cells and factors. The
buffy coat is typically transferred into new conical tubes for further processing.

Second centrifugation (concentration step): The isolated buffy coat undergoes a second round of centrifugation at a
higher speed, typically around 4800 rpm for 15 minutes[5]. This step further concentrates the mononuclear cells and
platelets, resulting in a denser pellet at the bottom of the tube. The supernatant, which contains platelet-poor plasma, is
carefully removed, leaving the concentrated BMAC.

Resuspension of the concentrate: The final step in the centrifugation process involves resuspending the concentrated cell
pellet in a small volume of platelet-poor plasma or another suitable carrier solution. This resuspension is essential to
achieve a consistent and injectable BMAC product, ensuring that the stem cells and growth factors are evenly distributed
throughout the solution.

Quality control and analysis

Following centrifugation, it is imperative to perform quality control checks on the BMAC to ensure its suitability for
clinical use. This typically involves performing a complete blood count with differential and a hemacytometer analysis to
assess the concentration and viability of the MSCs and other mononuclear cells within the BMAC[35,45,46]. The analysis
includes the following parameters.

Total nucleated cell count: A higher total nucleated cell count indicates a more concentrated BMAC, which is generally
desirable for therapeutic applications.

Mononuclear cell count: This specific cell count is crucial as it includes MSCs, which are the primary therapeutic agents
in BMAC.

Cell viability: Assessing cell viability is essential to ensure that the BMAC contains a high proportion of live, functional
cells capable of contributing to tissue repair and regeneration.

The results of these analyses guide the decision-making process regarding the adequacy of the BMAC for clinical
application. If the cell counts or viability are below acceptable thresholds, additional processing steps or adjustments may
be required.

Considerations for optimal processing
Several factors can influence the quality and therapeutic efficacy of BMAC, and careful attention must be paid to these
during the processing phase.

Temperature control: Maintaining the aspirate and BMAC at appropriate temperatures (typically around 4 °C to 8 °C)
throughout the processing is crucial to preserving cell viability. Prolonged exposure to suboptimal temperatures can lead
to cellular apoptosis or necrosis, reducing the efficacy of the BMAC.

Minimizing mechanical stress: The handling of BMAC during processing should be done gently to avoid mechanical
stress that could damage the cells. Excessive agitation or forceful pipetting can result in cell lysis, decreasing the overall
cell count and viability.

Processing time: The time between aspiration and final processing should be minimized. Prolonged delays can lead to
cell death and reduced growth factor activity, ultimately compromising the therapeutic potential of the BMAC.

Sterility: Throughout the handling and processing of BMAC, maintaining a sterile environment is paramount to prevent
contamination. This includes using sterile equipment, working within a laminar flow hood when possible, and
employing aseptic techniques at all stages.

The cellular characteristics of bone marrow from various anatomical locations are tabulated in Table 1[5,6,46] and
Figure 2. The clinical application of bone marrow from various anatomical locations are tabulated in Table 2. The merits
and de-merits of bone marrow from various anatomical locations are tabulated in Table 3. The factors influencing the
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marrow from various anatomical locations

. Homing and
Anatomical i " - f f
site Common use MSC characteristics Differentiation potential engraftment Therapeutic use
potential
Iliac crest[5] ~ Most commonly Robust proliferative capacity, Potent osteogenic differen- Higher due to the Ideal for bone
used site for bone multi-lineage differentiation tiation; suitable for bone high expression of regeneration due to
marrow harvesting  potential. High expression of regeneration. High expression  adhesion molecules  osteogenic potential
due to its high yield ~CD105, CD73, CD90, CD146, and of alkaline phosphatase and like CD146 and may support
and easy access CD271 osteocalcin CD271 hematopoiesis
Tibial bone Alternative site for ~ Potentially enhanced Enhanced chondrogenic Potentially higher Better suited for
marrow][6] MSC harvesting, chondrogenic differentiation. potential; produces glycosa- chondrogenic cartilage regeneration
especially for knee ~ Higher expression of minoglycans and type II activity due to in OA due to
OA treatment chondrogenic markers like Sox9  collagen. Suited for cartilage enhanced niche for ~ chondrogenic differen-

Femoral bone
marrow[46]

Commonly accessed
during orthopedic
procedures such as
total knee arthro-

plasty

and aggrecan

High osteogenic potential,

expressed higher levels of Runt-
related transcription factor-2 and

bone sialoprotein but lower

proliferation rates compared to

iliac crest

repair

Superior osteogenic potential,

higher mineralization capacity.

High calcium deposition
during osteogenic differen-
tiation

cartilage repair

Lower proliferation

tiation potential

Best suited for bone

rates but high repair applications like
osteogenic non-union fractures or
commitment large bone defects

MSC: Mesenchymal stem cell; OA: Osteoarthritis.

Table 2 Clinical application of bone marrow from various anatomical locations

Anatomical
site

Clinical application

Advantages

Drawbacks

Clinical considerations

Iliac crest

Proximal

humerus

Acetabulum

Distal femur

Proximal
tibia

Gold standard site for BMAC

harvesting, widely used in

regenerative therapies for knee
OA due to high progenitor cell
yield. High culture success rate

for MSCs

Emerging alternative,

commonly used in shoulder
surgeries such as rotator cuff

repair. Offers high-quality
BMAC without a secondary
incision

Primarily used in hip surgeries,
where BMAC harvesting can
occur within the same surgical

field, offering dual-purpose

potential. Useful for hip-related

therapies

Anatomically accessible during

knee surgeries, particularly
TKA. Can be seamlessly

integrated with the procedure

for autologous therapies

Similar to the distal femur, the
proximal tibia can be harvested

during knee surgeries like
TKA. Lower MSC yield

compared to the iliac crest but

viable for knee OA therapy

High nucleated cell and clone
forming unit yield, extensive
clinical experience, and literature
supporting efficacy. MSC yield is
superior and the culture success
rate can reach up to 90%

No need for separate incisions
during shoulder procedures, and
high progenitor cell yield even after
large volume aspirations. Reliable
across patient age groups

Convenient for hip-related
procedures, high progenitor cell
counts comparable to the iliac crest.
Single-session harvesting and
BMAC preparation

Easy anatomical access during knee
surgeries, minimally invasive,
lower complication risk, and
integrated into surgical workflow.
MSCs show similar differentiation
potential to those from the iliac
crest

Reduces invasiveness, less risk of
complications. Easier access in knee
surgeries. MSCs exhibit robust
differentiation capacity, although
yield is lower than iliac crest

Associated with donor-site
morbidity, including pain,
hematoma, and nerve
injury. Requires a
secondary surgical site,
increasing invasiveness

Primarily useful in
shoulder surgeries, less
studied compared to the
iliac crest, though efficacy
is promising

Limited to hip-related
procedures, indirect

Preferred in cases where maximum
progenitor cell yield is critical.
Established protocols and extensive
use in knee OA treatment. Potential
for postoperative complications

Best for minimizing patient
morbidity in shoulder surgeries, with
comparable efficacy to iliac crest
BMAC. Convenient for combined
procedures

Suited for scenarios where a dual-
purpose approach is needed, partic-

application in knee OA ularly in hip surgeries. Produces

treatment high-quality BMAC but is limited to
specific surgeries

Lower MSC yield A viable alternative when iliac crest

compared to iliac crest
(0.67 million cells/ mL vs
10.05 million cells/mL).
Slightly lower MSC culture
success rate

Lower MSC yield than iliac
crest (1.70 million cells/mL
vs 10.05 million cells/mL).
MSC culture success rate is
around 47%

access is limited or undesirable.
Moderate MSC culture success rate
(approximately 71%) but lower yield.
Beneficial in knee OA treatments
integrated with TKA

Suitable alternative for patients
contraindicated for iliac crest
harvesting. Moderate MSC yield and
culture success rate (approximately
47%). Useful in knee-focused
procedures

BMAC: Bone marrow aspirate concentrate; MSC:

Mesenchymal stem cell; OA: Osteoarthritis; TKA: Total knee arthroplasty.
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Table 3 Merits and de-merits of bone marrow from various anatomical locations

Anatomical site

Merits

Demerits

Anterior superior
iliac spine

Posterior superior
iliac spine

Proximal tibia

Proximal
humerus

Distal femur

Acetabulum

Ease of access: Superficially located and easy to palpate,
facilitating quicker and less invasive procedures

Adequate yield: Provides a good volume of aspirate with
acceptable TNC and CFU-f yields

Lower complication rate: Reduced risk of neurovascular injury
and other complications when performed with proper technique

High culture success rate: High success rate in MSC culture,
indicating reliable cell viability and expansion potential

High cell yield: Provides a high concentration of TNCs and
CFU-fs, making it the preferred site for harvesting high-quality
aspirates

Reduced blood dilution: Lower fatty infiltration results in
higher cell purity and reduced blood contamination

Consistency in results: Yields consistent results with less
variability in cell counts across different patients

Gold standard for MSC yield: Considered the gold standard for
bone marrow harvesting due to its high MSC yield and well-
established protocols

Convenience in certain surgeries: Proximity to the knee joint
makes it convenient during knee-related surgeries, reducing
procedure time

Adequate cell yield in some cases: Can produce a reasonable
volume of aspirate, especially when large volumes are needed

Reduced risk of major complications: Stable site with a lower
risk of major complications like neurovascular injury, making it
a safer choice in some contexts

Integrated into knee surgeries: Easily integrated into knee
surgeries like TKA, adding minimal additional risk and
reducing invasiveness

Convenience in shoulder surgeries: Located within the surgical
field during shoulder procedures, reducing the need for an
additional surgical site

High MSC yield: Can yield a comparable number of progenitor
cells to the iliac crest, making it a viable alternative for bone
marrow aspirate concentrate preparation

Reduced morbidity: Less invasive compared to iliac crest
harvesting, with a lower risk of complications and patient
discomfort

Ease of access during knee surgeries: Easily accessible during
knee surgeries such as TKA, reducing the need for additional
procedures

Lower postoperative complications: Reduced invasiveness with
potentially fewer postoperative complications, particularly in
patients with previous pelvic surgeries

Potential for integration into existing surgeries: Can be
seamlessly integrated into existing knee procedures, adding
minimal risk and enhancing therapeutic options

Dual-purpose during hip surgeries: Accessible during hip
surgeries, allowing simultaneous bone marrow harvesting
without additional surgical risks

Comparable yield to iliac crest: Studies suggest a comparable
progenitor cell yield to the iliac crest, making it a feasible
alternative in certain contexts

Lower cell purity: Increased risk of blood dilution due to fatty
tissue, potentially reducing MSC concentration

Variable CFU-f yield: Typically lower CFU-f counts compared to
the posterior superior iliac spine, which may affect the therapeutic
potential of the aspirate

Patient discomfort: Proximity to muscle attachments can cause
discomfort during and after the procedure

Postoperative pain: Potential for significant postoperative pain and
hematoma formation

Increased technical difficulty: Less accessible, particularly in
patients with high BMI or anatomical variations, requiring more
complex positioning and technique

Higher risk of complications: Proximity to the sacroiliac joint and
gluteal neurovascular bundle increases the risk of neurovascular
injury

Patient discomfort: A deeper location and the need to traverse more
tissue can cause significant post-procedural pain

Donor-site morbidity: Associated with significant morbidity,
including pain, hematoma, and nerve injury, which may deter its
use in certain populations

Lower MSC concentration: Typically provides a lower concen-
tration of MSCs compared to the iliac crest, which may limit its
effectiveness in regenerative therapies

Greater variability in yield: High variability in cell yield depending
on factors such as patient age, BMI, and bone density, leading to
inconsistent results

Difficulty in aspiration technique: Requires careful technique to
avoid complications such as cortical bone fracture, particularly in
osteoporotic patients

Lower culture success rate: MSC culture success rate is lower
compared to the iliac crest, which may limit its utility in certain
therapeutic applications

Limited data: While promising, there is limited data compared to
the iliac crest, and long-term outcomes need further study

Variability with age: Potential variability in MSC yield with age,
although studies suggest this site may still be reliable across
different age groups

Not standard practice: Not as widely used or studied as the iliac
crest, leading to less familiarity and potentially greater variability in
outcomes

Lower MSC concentration: Significantly lower MSC concentration
compared to the iliac crest, potentially limiting its effectiveness in
high-demand applications

Lower culture success rate: The culture success rate for MSCs is
lower than that of the iliac crest, which may affect the feasibility of
its use in large-scale therapeutic applications

Inconsistent yield: Variability in cell yield can lead to inconsistent
outcomes, which may affect the reliability of the site for routine use
in MSC harvesting

Limited to hip procedures: Primarily applicable in the context of
hip surgeries, limiting its broader use in other orthopedic applic-
ations such as knee OA

Not a primary choice for knee OA: While effective for hip
procedures, its role in knee OA treatment is more indirect and not
commonly pursued as a first choice

BMI: Body mass index; CFU: Clone forming unit; MSC: Mesenchymal stem cell; OA: Osteoarthritis; TKA: Total knee arthroplasty; TNC: Total nucleated
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cell count.

\

f Different sites of bone marrow harvest

Anterior superior

iliac spine Acetabulum

Posterior superior
iliac spine

Distal femur

Proximal tibia

Proximal humerus

Figure 2 Depiction of different sites of bone marrow harvest.

quality of BMAC is depicted in Figure 3.

LIMITATIONS AND FUTURE DIRECTIONS

BMH from alternative sites, such as the distal femur and proximal tibia, presents notable limitations, primarily due to
lower MSC yields compared to the gold standard iliac crest. This lower yield often necessitates the use of larger bone
marrow volumes or in vitro cell expansion, increasing both time and cost. Additionally, MSC yields are highly variable
due to factors like patient age, bone quality, and harvesting techniques, which further complicate the process. The
absence of standardized protocols for bone marrow aspiration across different sites adds to this challenge, resulting in
inconsistent outcomes and difficulties in comparing clinical studies. Moreover, donor-site morbidity, especially at the iliac
crest, raises concerns about postoperative complications such as pain, hematomas, or nerve damage, prompting the
exploration of alternative sites. However, these alternatives also carry risks, such as cortical bone fractures during
harvesting from the tibia or femur. Personalized approaches, considering patient-specific factors like age, comorbidities,
and bone health, are becoming more relevant to optimizing therapeutic outcomes. Future research should focus on
improving aspiration techniques, refining tools for harvesting, and developing standardized protocols for various
anatomical sites. Large-scale, comparative studies are needed to evaluate the yield and functionality of MSCs from
different sites. Integrating new technologies like three-dimensional (3D) bioprinting, bioengineered scaffolds, and gene
editing holds promise for improving the efficacy and safety of MSC-based therapies, particularly in regenerative applic-
ations like knee OA. The summary of challenges and limitations in isolation and characterization of bone marrow is
summarized in Table 4.

Despite the potential of alternative harvesting sites, several limitations hinder the widespread adoption of these
techniques. Many existing studies have small sample sizes and lack statistical power, which limits the generalizability of
their findings. The heterogeneity in study designs, including variations in aspiration volumes, needle types, and
processing methods, complicates comparisons and meta-analyses. The inconsistency in MSC yields from alternative sites
is also a significant concern. Factors such as patient age, bone quality, and comorbidities contribute to this variability[35].
Without standardized protocols, it is challenging to determine whether differences in outcomes are due to the harvesting
site or procedural inconsistencies. Most studies focus on short-term outcomes, with limited data on the long-term efficacy
and safety of MSC therapies derived from alternative sites. This gap makes it difficult to assess the sustained benefits and
potential risks associated with these approaches. To address these limitations, future research should conduct large-scale,
multicenter trials to increase sample sizes and include diverse populations, thereby enhancing the robustness of findings
and their applicability. Standardizing protocols by developing consensus guidelines on harvesting techniques, processing
methods, and outcome measures will facilitate comparability across studies. Stratifying patients based on age, bone
density, and comorbidities can help isolate the effects of these variables on MSC yield and therapeutic outcomes. Longit-
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Table 4 Challenges and limitations in isolation and characterization of bone marrow

Challenges/limitations

Proposed solutions

Research gaps

Future directions

Lower MSC yield from alternative
sites (distal femur, proximal tibia)

Necessity of larger volumes or in
vitro expansion due to low yield

Influence of patient-specific factors
(age and bone quality)

Variability in MSC yield and
success rates across patients

Absence of standardized aspiration
protocols for different sites

Complications at alternative sites
(e.g., cortical bone fracture)

Donor-site morbidity from iliac
crest harvesting

Age and health-related limitations
(osteoporosis, lower MSC density)

Long-term efficacy and safety of
MSC therapies not fully studied

Optimize harvesting techniques at
alternative sites to enhance MSC
yield and viability

Refinements in aspiration
technique and improvements in
instruments

Develop protocols that combine
cells from multiple sites for
therapeutic dose

Conduct large-scale comparative
studies evaluating MSC yield,
viability, and regenerative
potential

Establish standardized bone
marrow aspiration protocols

Explore less invasive harvesting
techniques to reduce morbidity

Innovate with rotational aspiration devices and powered biopsy systems

Lack of comprehensive
comparative studies of MSC yield
from different anatomical sites

Limited data on long-term efficacy
and safety of MSC-based therapies

The absence of standardized
protocols leads to variability in
outcomes

Insufficient exploration of
alternative harvesting sites for
applications beyond knee
osteoarthritis

Limited understanding of MSC
functional heterogeneity from
different sites

Lack of personalized strategies
considering genetic background,
age, and disease state

Investigate personalized approaches based on patient-specific factors

Prioritize large-scale, randomized
controlled trials across multiple anatomical
sites

Focus on personalized harvesting
strategies based on biomarkers and patient
characteristics

Explore the integration of bone marrow
harvesting techniques with emerging
technologies (three-dimensional
bioprinting, gene editing)

Develop bioengineered scaffolds to
enhance MSC survival and differentiation

Investigate pre-operative and post-
operative strategies to minimize complic-
ations

Use advanced techniques (single-cell RNA
sequencing, proteomics) to assess MSC
characteristics

Include extended follow-up in studies to assess long-term efficacy and safety

MSC: Mesenchymal stem cell.

Preparation

kit used

Aspirate

Patient age and
health condition

” ‘(‘— volume Aspiration 4
site i
Factors influencing the
quality of BMAC
Centrifugation Syringe type and

time and speed

=3

aspiration technique

Anticoagulant
used

Figure 3 Depiction of the factors influencing the quality of bone marrow aspirate concentrate. BMAC: Bone marrow aspirate concentrate.
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udinal follow-up studies, incorporating extended periods of observation, are needed to provide insights into the
durability of treatment effects and potential late-onset complications. By critically analyzing current limitations and
outlining strategies to overcome them, the field can advance towards more effective and reliable MSC-based therapies for
knee OA.

Integration of emerging technologies in MSC therapies
The incorporation of emerging technologies has the potential to significantly enhance BMH techniques and MSC
therapies for knee OA.

Single-cell sequencing: Single-cell RNA sequencing enables the detailed analysis of individual MSCs, revealing hetero-
geneity within cell populations[47]. By identifying subpopulations with superior regenerative potential or specific differ-
entiation capabilities, clinicians can select or enrich for MSCs most likely to contribute to cartilage repair. This precision
can improve therapeutic efficacy and allow for the development of customized MSC products tailored to patient needs.

Advanced imaging techniques: Utilizing advanced imaging modalities such as high-resolution MRI, micro-CT, and
ultrasound elastography can assist in assessing bone quality and marrow composition before harvesting. These
techniques can identify areas with higher MSC concentrations or better bone integrity, guiding needle placement to
optimize cell yield. Intraoperative imaging can also enhance the accuracy of needle insertion, reducing procedural
complications[48].

Artificial intelligence and machine learning: Artificial intelligence (AI) and machine learning algorithms can analyze
large datasets to predict MSC yield, viability, and differentiation potential based on patient-specific variables. By
integrating demographic data, imaging findings, and procedural parameters, Al can assist in personalizing harvesting
protocols and predicting therapeutic outcomes. Machine learning models can also optimize processing techniques by
identifying patterns that correlate with higher MSC viability and potency[49].

Intraoperative guidance systems: The development of Al-driven intraoperative guidance systems can improve the
precision of bone marrow aspiration. Real-time feedback on needle positioning and aspiration parameters can enhance
MSC yield while minimizing patient discomfort and procedural risks. Such systems can be particularly beneficial in
patients with anatomical variations or compromised bone quality[50].

3D bioprinting and tissue engineering: Advancements in 3D bioprinting allow for the creation of custom scaffolds that
can be seeded with MSCs to generate tissue constructs mimicking native cartilage. By integrating patient-specific imaging
data, personalized implants can be designed to fit precisely within cartilage defects, enhancing integration and functional
recovery[50].

Integrating these emerging technologies into clinical practice requires interdisciplinary collaboration and adherence to
regulatory standards. Continued research and development in these areas hold promise for optimizing MSC harvesting
and therapies, ultimately improving outcomes for patients with knee OA.

INNOVATIVE RESEARCH DIRECTIONS AND THEORETICAL MODELS

Advancing MSC-based therapies for knee OA necessitates exploring innovative research directions and developing
theoretical models that can shape future studies. One promising avenue is the utilization of computational modeling to
predict MSC yield and viability based on patient-specific factors such as age, bone density, and comorbidities[51,52]. By
integrating patient data into predictive algorithms, clinicians can tailor harvesting strategies to optimize both the quantity
and quality of MSCs obtained from individual patients. Systems biology approaches can be employed to unravel the
complex interactions between MSCs and the osteoarthritic joint environment. By constructing computational models of
signaling pathways and gene networks, researchers can identify key regulatory nodes that influence MSC differentiation
and cartilage regeneration. This holistic understanding can inform the development of targeted therapies that modulate
specific molecular pathways to enhance therapeutic outcomes.

Investigating the MSC secretome, particularly extracellular vesicles (EVs) and exosomes, represents another innovative
direction. These vesicles carry bioactive molecules that can modulate inflammation and promote tissue repair. Exploring
the therapeutic potential of MSC-derived EVs may lead to cell-free therapies that mitigate the risks associated with cell
transplantation while harnessing the regenerative capabilities of MSCs[53,54]. Combining MSC therapies with
biomaterials and scaffold technologies also holds significant promise. Developing bioengineered scaffolds that mimic the
native extracellular matrix can provide structural support and enhance MSC survival, proliferation, and differentiation
within the joint. Such scaffolds can be designed to deliver MSCs in a controlled manner, improving their integration and
functional contribution to cartilage repair[55]. Utilising gene-editing technologies like CRISPR/Cas9 allows for the
genetic modification of MSCs to enhance their regenerative properties[56-58]. By upregulating genes associated with
chondrogenesis or downregulating inhibitory pathways, engineered MSCs can exhibit improved efficacy in cartilage
repair. These innovative research directions and theoretical models offer valuable pathways for optimizing MSC-based
therapies and warrant further exploration in future studies.

Buissidenge WIM | hittps://www.wjgnet.com 13 June 20,2025 | Volume15 | Issue2 |



Nallakumarasamy A et al. Optimizing bone marrow harvest site

CONCLUSION

The exploration of alternative BMH sites, such as the proximal tibia, distal femur, and proximal humerus, offers
promising avenues for optimizing MSC yield and minimizing donor-site morbidity, particularly in the context of knee
OA treatment. While the iliac crest remains the gold standard due to its high MSC concentration, the emerging evidence
suggests that alternative sites may provide viable MSCs with significant therapeutic potential, albeit with some
limitations in yield and consistency. To fully harness the regenerative capabilities of MSCs, further research is essential to
standardize harvesting techniques, improve cell viability, and refine clinical applications. As the field advances, person-
alized approaches, tailored to patient-specific factors and optimized harvesting strategies, will be crucial in enhancing the
efficacy of MSC-based therapies for OA and other degenerative joint conditions, ultimately improving patient outcomes
and quality of life.
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