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17.1	 �Introduction

Osteoarthritis (OA) is a chronic degenerative dis-
ease, which affects articular cartilage. The preva-
lence of osteoarthritis ranges from 14% to 18% 
of the adult population aged over 60 years old, of 
which knee OA is the most prevalent, followed 
by hip and hand OA [1, 2]. Current conventional 
treatments for early osteoarthritis include medi-
cations such as nonsteroidal anti-inflammatory 
drugs, steroids, and supplements, which focus on 
managing pain and inflammation. The recent 

advancement to the use of orthobiologics such as 
platelet-rich plasma (PRP), mesenchymal stem 
cells (MSCs), and bone marrow aspirate concen-
trate (BMAC) aims to prevent disease progres-
sion by altering tissue homeostasis. As 
disease-modifying treatments are limited in clini-
cal late-stage osteoarthritis, early intervention 
with biologics such as BMAC can be critical in 
preventing disease progression.

Bone marrow (BM)-derived cells are one of 
the commonly used biologics for the treatment of 
osteoarthritis. Bone marrow MSCs (BM MSCs) 
are a progenitor stem cell population found in the 
bone marrow that appear to be promising for the 
treatment of OA upon intra-articular injection [3, 
4]. They act by three different mechanisms: (a) 
differentiation of MSCs into specific cell lin-
eages, (b) secretion of exosomes and cytokines 
by MSCs to modulate inflammation, cell growth, 
and survival, and (c) direct MSC contact with 
host cells to modulate function [5]. However, 
since they need to be culture expanded before 
implantation, they are more than “minimally 
manipulated” and, as such, subject to regulatory 
approval. The clinical use of BM MSC therapies 
is currently not approved by the Food and Drug 
Administration (FDA) [6]. The use of BMAC is, 
thus, one of the few methods, by which progeni-
tor cells such as BM MSCs can be implanted 
clinically, as it is currently approved by many 
regulatory bodies around the world, including the 
FDA. The processing of BMAC is typically done 
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at the point of care in an entirely closed system, 
making it one of the safest and most feasible 
ways to implant bone-marrow-derived progeni-
tors and growth factors.

Autologous BMAC has been used clinically 
in many studies for the treatment of early osteo-
arthritis. In this chapter, we discuss the methods 
and equipment used for the harvest and process-
ing of BMAC, its cellular and growth factor 
components, and possible mechanisms of 
action. We review published clinical studies that 
have applied BMAC for the treatment of early 
osteoarthritis and discuss their findings, includ-
ing the various factors that may affect treatment 
outcomes.

17.2	 �Harvest and Processing 
of BMAC

Bone marrow aspirate (BMA) is typically har-
vested from the iliac crest, femur, or tibia. The 
posterior iliac crest is the most common aspira-
tion site, as it gives a better yield of BM MSCs 
compared to other sites such as the anterior iliac 
crest, femur, or tibia [7, 8]. However, the percent-
age of BM MSCs in BMA is extremely low, 
between 0.001% and 0.01% [9], and the delivery 
of large volumes of BMA to the treatment site is 
not feasible. The centrifugation of BMA over-
comes this issue by achieving the concentration 
of most cell types and growth factors found in 
BMA into a small volume that can be directly 
implanted. The BMA is typically concentrated at 
the point of care using commercially available 
centrifuges to create BMAC.  Most commercial 
systems utilize density gradient centrifugation to 
isolate and concentrate the mononuclear cell 
(MNC) or total nucleated cell (TNC) fraction 
along with platelets, which is separated from the 
red blood cells (RBCs) and plasma. Nearly all the 
supernatant plasma is then removed, and the total 
nucleated cell fraction and platelets are resus-
pended in the remaining plasma, resulting in a 
concentrated mixture of cells and growth factors 
(Fig.  17.1). A stepwise method for the harvest 
and processing of BMAC is described by Chahla 
et al. [10].

There are multiple commercial systems avail-
able today to achieve the concentration of bone 
marrow aspirate at the point of care. These 
include the Harvest Smart Prep system (Terumo 
BCT), the BioCUE (Zimmer Biomet), the 
Magellan (Isto Biologics), the Angel Bone 
Marrow Processing System (Arthrex), the Pure 
BMC device (Angel Corporation), the ART BMC 
device (Celling Biosciences), and Accelerate 
BMC (Exactech). The technical features and 
quality parameters of many of these point-of-care 
devices are reviewed in [11]. One prospective 
study compared the Harvest, Magellan, and 
BioCUE systems and found that the Harvest sys-
tem achieved a significantly higher number and 
concentration of MSCs, after centrifugation, 
compared to the Biomet and Magellan systems 
[12]. This may indicate that the Harvest system 
achieves more efficient concentration compared 
to the other two systems studied. Another study 
that compared the Biomet, Harvest, and Arthrex 
systems noted that the Harvest system concen-
trated white blood cells (WBCs) more consis-
tently than the Arthrex system. The Harvest 
system recovered the highest percentage of 
colony-forming units (CFU-Fs), indicating 
MSCs, CD34+ hematopoietic stem cells (HSCs), 
and WBCs, while the Biomet system recovered 
the highest percentage of platelets [13]. Thus, it 
seems that BMACs processed in different com-
mercial systems show differences in cellular 
composition, which may lead to differences in 
clinical outcomes. Each system holds an advan-
tage for the concentration of a particular cell 
type, indicating the clinical significance of the 
system used.

Some studies continue to utilize Ficoll–Paque-
based density gradient centrifugation to isolate 
and concentrate the bone marrow mononuclear 
cell (BM MNC) fraction. This method eliminates 
platelets and granulocytes as well as red blood 
cells, leading to higher concentrations of uncom-
mitted stem cells [14]. However, it has been 
shown that Ficoll–Paque density gradient cen-
trifugation can compromise BM MNC yield [15], 
and that the use of a BMAC device improved 
total nucleated cell (TNC) count to 2.4 times that 
of the Ficoll method [16]. The Ficoll method is 

A. Srinivasan et al.



233

Bone Marrow Aspirate Harvesta Density Gradient Centrifugationb
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Fig. 17.1  Harvest, processing, and delivery of bone mar-
row aspirate concentrate (BMAC). (a) Bone marrow aspi-
rate is harvested typically from iliac crest bone, (b) 
undergoes centrifugation either using a commercially 
available BMAC device or a Ficoll–Paque density gradi-

ent procedure to isolate (c) the mononuclear cell (MNC) 
or the total nucleated cell (TNC) fraction, which is then 
(d) applied to the osteoarthritic (OA) site for treatment. 
Images from our clinic showing a patellar cartilage lesion 
(e) before and (f) after application of BMAC treatment

17  Bone Marrow Aspirate Concentrate for the Treatment of Early Osteoarthritis
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also not an entirely closed system unlike many 
commercial BMAC devices. It requires careful 
manual layering of the BMA over the Ficoll solu-
tion, making it investigator dependent, time-
consuming, and requiring the use of a GMP 
facility.

17.3	 �BMAC Components 
and Possible Mechanism 
of Action

BMAC contains concentrated cells, including 
platelets, granulocytes, lymphocytes, monocytes, 
progenitor cells, and a small proportion of stem 
cells—MSCs and hematopoietic stem cells 
(HSCs) (Fig. 17.2a). A three- to fourfold increase 
in total nucleated cells was reported after bone 
marrow concentration compared to the same vol-
ume of bone marrow aspirate [16, 17], verifying 
that the systems used did concentrate nucleated 
cells. An increase of MSC concentration in 
BMAC compared to BMA has also been reported, 
with higher CD90+/CD73+/CD271+ MSC popu-
lations [18], and higher colony-forming unit 
(CFU) counts in BMAC [17–19]. MSCs have 
self-renewal capabilities and the ability to differ-
entiate into osteocytes and chondrocytes upon 
implantation, to regenerate injured tissue. They 
also secrete a range of trophic factors, which can 

modulate inflammation, cell growth, and sur-
vival. CD34+ HSCs are also enriched in BMAC, 
making up 1–2% of cells [19, 20]. HSCs can pro-
mote angiogenesis and promote MSC osteogen-
esis [21, 22]. The platelet component of BMAC 
is rich in growth factors, which can aid in stem 
cell migration and provide stem cell adhesion 
sites [23].

BMAC also contains enriched levels of the 
growth factors such as platelet-derived growth 
factor-BB (PDGF-BB), vascular endothelial 
growth factor (VEGF), transforming growth fac-
tor- β1 (TGFβ1), bone morphogenic protein-2 
(BMP2), and basic fibroblast growth factor 
(b-FGF) as well as cytokines such as interleukins 
(IL) IL-18 and IL-1β and the interleukin receptor 
antagonist IL-1ra (Fig. 17.2b). These growth fac-
tors can influence cell behavior upon implanta-
tion and promote MSC differentiation. TGFβ1 is 
known to promote MSC differentiation and chon-
drocyte proliferation [24, 25]. BMP-2 can have a 
synergistic effect along with TGFβ in promoting 
chondrogenesis [26]. PDGF functions to promote 
collagen synthesis and angiogenesis [27] and can 
suppress IL-1β cartilage degradation [28].

The growth factor and cellular components of 
BMAC differs significantly from those contained 
in other orthobiologics such as platelet-rich 
plasma (PRP), which is also commonly used in 
the treatment of OA. The most important distinc-

Cellular Components
Platelets Monocytes Lymphocytes

Granulocytes Stem Cells

Eosinophils Neutrophils

Basophils

MSCs HSCs

Cytokines and Growth Factors
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TGFβ1, 2

VEGF
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IGF-1
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Fig. 17.2  The typical components of BMAC. (a) Cells including platelets, monocytes, lymphocytes, granulocytes, 
mesenchymal stem cells (MSCs) and hematopoietic stem cells (HSCs). (b) Growth factors and cytokines
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tion is that BMAC contains MSCs, while PRP 
does not have any. While the number of platelets 
was similar in BMAC and PRP, WBCs were 
enriched 11-fold in BMAC compared to PRP 
[17]. BMAC also contained higher levels of 
bFGF than PRP, but similar levels of TGFβ1, 
PDGF-BB, VEGF, and BMP2 [17, 19]. BMAC 
contained higher levels of pro-inflammatory 
cytokines IL-1β and IL-8 than PRP, but also a 
clinically relevant concentration of IL-1ra [17]. 
The presence of IL-1β and IL-8  in BMAC may 
cause an unintended effect of neutrophil migra-
tion and monocyte stimulation at the injection 
site, leading to a more inflammatory phenotype. 
However, this is offset by the high levels of IL-1ra 
found in BMAC, which may lead to an overall 
anti-inflammatory effect via the prevention of 
IL-1 catabolism. Importantly, the ratio of IL-1ra/
IL-1  in the BMAC needs to be considered, and 
this may vary based on the donor and the cen-
trifugation system. When BMAC was processed 
using the Angel Arthrex system, the average 
ratios of IL-1ra/IL-1β were 193.54 at a 2% hema-
tocrit setting and 720.62 at a 15% hematocrit set-
ting, indicating that the BMAC would have 
significant anti-inflammatory effects [29]. 
Advantageously, the presence of other inflamma-
tory cytokines such as tumor necrosis factor-
alpha (TNF-α), interferon gamma (IFNγ), and 
IL-6 was undetectable in BMAC [17].

17.4	 �Clinical Outcomes

In this review, our focus is on the use of BMAC 
for the treatment of early stage OA. Studies that 
included only early OA patients or those that 
included patients of all OA severity were 
reviewed and are summarized in Table  17.1. 
Studies that primarily focused on patients with 
severe Kellgren–Lawrence (KL) Scale Grade 3–4 
OA or severe OA were omitted during review. 
The KL scale ranks the severity of knee OA based 
on AP knee radiographs through the identifica-
tion of five hallmark radiological features of OA: 
formation of osteophytes on joint margins or tib-
ial spines, periarticular ossicles associated with 
the distal and proximal interphalangeal joints, 

narrowing of the joint cartilage associated with 
sclerosis of subchondral bone, small pseudocys-
tic areas with sclerotic walls situated usually in 
the subchondral bone, and finally the altered 
shape of the bone ends, in particular, the head of 
the femur [41]. Out of the 12 studies reviewed, 
nine focused on knee OA, one on hip OA, and 
one on both knee and hip OA.  One study by 
Centeno et  al. in 2015 focused on OA and/or 
rotator cuff tears of the shoulder [31]. Here, 
shoulder pathology was assessed through mag-
netic resonance imaging (MRI) and physical 
examinations.

Across the studies listed in the table, there is a 
general trend of improvement in outcome scores 
that mainly pertain to function and pain regard-
less of the method used to assess treatment out-
come. These improvements can be seen as early 
as 1-month post-treatment with BMAC and the 
effect persists in subsequent follow-ups of up to 2 
years [37, 38]. One of these studies compared the 
effect of BMAC alone to exercise therapy, con-
cluding that the injection of BMAC showed more 
benefits [34]. All patients who received exercise 
therapy converted to BMAC injection after 3 
months and showed results that were comparable 
to the initial BMAC injection group.

To note, the time of follow-up post-treatment 
is typical across all studies with the maximum 
data available being a 2-year follow-up. While it 
is evident that the short-term effects of BMAC 
are beneficial, the long-term effects of BMAC 
have yet to be elucidated. Therefore, continuous 
follow-up will be fruitful to determine if a single 
BMAC injection is sufficient in mitigating OA 
progression.

Apart from these measurement outcomes, 
which are reliant on patient response, two sepa-
rate studies have reported MRI scores to objec-
tively quantify the local effect of BMAC on the 
treated knee. Goncars and colleagues utilized the 
Whole Organ MRI Scoring (WORMS) method to 
determine the degree of abnormality within the 
affected region [35]. Of the 14 different features 
measured by WORMS, 3 were identified to have 
a significant improvement. These features are 
articular cartilage integrity, bone marrow abnor-
mality and synovitis, all of which demonstrated-

17  Bone Marrow Aspirate Concentrate for the Treatment of Early Osteoarthritis
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vdecreases in abnormalities after 6 months of 
treatment. Compared to the rest of the clinical 
studies we have identified, only the MNC frac-
tion of BMAC was used in Goncars’ study. The 
absence of other factors normally present within 
BMAC may alter treatment outcomes, indicating 
that the improvements seen in WORMS were due 
solely to the MNCs.

In contrast, Shapiro et al. used quantitative T2 
MRI mapping to determine the regenerative 
capacity of BMAC in bilateral knee OA [39]. 
Each patient in the study received a BMAC injec-
tion to one knee and saline to the other, allowing 
the saline-injected knee to act as a placebo con-
trol. While the same short-term benefits of 
BMAC were evident, no significant changes that 
indicated cartilage regeneration due to BMAC 
were seen a year post-treatment. This led to the 
conclusion by the authors that BMAC failed to 
show regenerative potential as results were simi-
lar to the saline-injected knees. Interestingly, 
patients in the study reported improvements in 
the placebo knee, which may be indicative of the 
systemic effect of the MSCs originally injected to 
the treated knee or instead might be indicative of 
a placebo effect [40].

Of the 13 studies that have been listed in 
Table  17.1, 3 have reported the need for total 
knee or hip arthroplasty (TKA or THA) after 
BMAC injection. Patients receiving these inter-
ventions were those that did not respond posi-
tively to BMAC and typically had higher severity 
of OA compared to the rest of the group. 
Nevertheless, the need for knee or hip replace-
ment makes up a minority in each study. In 
Centeno’s 2018 study, before receiving BMAC 
treatment, 52% of the patients were candidates 
for TKA as they had KL Grade III OA. However, 
only 3 of the 48 patients received TKA during the 
follow-up period [34], perhaps indicating the 
success of the BMAC intervention. Rodriguez-
Fontan reported that while 7 of the 19 patients in 
the study were unsatisfied with BMAC, only 2 
received THA after 8 months post-treatment [38]. 
Of note, one of these patients was 65 and had pre-
existing comorbidities such as diabetes, obesity, 
and osteoporosis, which would have contributed 
to the need for THA. Finally, in Kim’s study, 22 

of the 75 knees treated showed unfavorable 
results, but only four of these knees underwent 
additional interventions such as TKA, high tibial 
osteotomy, and unicondylar knee arthroplasty 
[36]. However, the medical history was not indi-
cated for most patients that received these addi-
tional treatments, so it is unknown what the 
patient’s OA severity was and what other con-
founding conditions they might have had. As the 
time of follow-up across all these studies is only 
available for up to 2 years, long-term data on the 
number of patients requiring TKA after early-
stage BMAC treatment are needed to better 
determine the long-term efficacy of BMAC.

The severity of OA at the time of therapy 
could possibly be an important predictor of clini-
cal outcomes. In one study by Centeno et al. in 
2014, it was found that patients with lower OA 
severity (KL Grade 2) were significantly more 
likely (2.2 times) to report ≥50% improvement 
on the subjective reported outcome scale than KL 
Grade 3 patients [30]. However, this correlation 
did not extend to other outcomes such as the 
lower extremity functional questionnaire (LEFS) 
or the numeric pain scale (NPS). Similarly, Kim 
et  al. reported that as KL grade increased, the 
response to BMAC injection was poorer, imply-
ing that patients with early OA benefitted greatly 
to the treatment compared to more severe OA 
[36]. Unlike the studies that we have listed in 
Table  17.1, the study by Kim and colleagues 
included additional treatment of PRP post-
injection of up to 4 weeks for patients that experi-
ence pain and swelling at the joint site. This may 
lead to confounding effects of the initial treat-
ment, masking the true effect of BMAC. Contrary 
to these studies, Oliver et  al. showed that the 
severity of OA did not affect treatment outcomes, 
reporting that Visual Analog Scale (VAS), 
Western Ontario and McMaster Universities 
Arthritis Index (WOMAC) pain, and WOMAC 
stiffness scores across KL Grades 2–4 showed 
similar improvements [29, 37].

Age may also be another important predictor 
of clinical outcomes. In 2014, Centeno et  al. 
conducted a separate study on the efficacy of 
BMAC on hip OA.  They found that patients 
younger than 55 years old were likely to answer 
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more favorably on the numeric pain scale (NPS) 
and Oxford Hip Scores (OHS) [31]. However, 
age did not have a strong correlation with posi-
tive treatment outcome. When grouping patients 
by age, Kim and colleagues found that older 
patients showed marginally inferior scores but 
were still statistically insignificant [36]. Thus, 
more investigation needs to be done to determine 
the effect of age on BMAC treatment efficacy. 
Moreover, other predictors such as gender and 
BMI were shown not to significantly affect out-
come scores [29, 31–33].

Such variations in reporting especially with 
regard to whether KL grade correlates with favor-
able outcomes may suggest various possibilities. 
The method in which BMAC was processed and 
prepared to produce the final injectate may lead 
to differences in cellular composition that ulti-
mately affect treatment outcomes. Another factor 
that is glaring across all the studies identified in 
Table 17.1 is the different measurement outcomes 
used to assess OA progression, leading to the 
inconsistencies across various studies. 
Furthermore, the follow-up surveys that are con-
ducted in most studies are self-assessments by 
the patients. As these tests are subjective in 
nature, the response to and perception of these 
assessments, along with the degree of treatment 
satisfaction measured, will vary from patient to 
patient.

17.5	 �Perspectives

17.5.1	 �Augmentation of BMAC 
with Additional Factors

The combinatorial delivery of BMAC along with 
additional factors that could possibly enhance the 
therapeutic effects of BMAC has been trialled. In 
four studies, BMAC was injected along with PRP 
and platelet lysate (PL) [30, 32–34], while in one 
study, platelet-poor plasma was used [40]. In 
vitro, when added to culture medium, both PL 
and PRP improve MSC proliferation [42, 43] and 
differentiation into chondrocytes [43, 44]. Thus, 
they may improve the activity of MSCs when 
injected along with BMAC. Four studies reported 

the addition of adipose tissue (in the form of 
lipoaspirate) to the BMAC before injection. In 
one report, the addition of an adipose graft to 
BMAC did not produce any detectible benefits 
over the use of BMAC alone, upon intra-articular 
injection [30]. Other studies injected BMAC 
along with a few milliliters of lipoaspirate into 
involved soft tissue structures to utilize the inher-
ent scaffolding properties of adipose tissue [29, 
37]. However, as no control arm (BMAC without 
lipoaspirate) was included in these studies, the 
additional beneficial effects of lipoaspirate are 
unknown. Overall, it is undetermined whether the 
beneficial effects reported in these studies are due 
to the BMAC, the adjuvant factors, or a synergis-
tic effect of the two. In the absence of further 
studies with appropriate controls, the optimal 
method to augment BMAC therapy remains 
undetermined.

17.5.2	 �Allogeneic or 
Autologous BMAC

All the studies reviewed in this chapter 
(Table 17.1) used autologous BMAC. While the 
use of autologous BMAC has obvious advan-
tages due to the lack of immune response, it may 
not be as effective in older patients. The number 
of stem cells present in BMA and their efficacy is 
significantly lower in older patients than younger 
ones [45]. The use of allogeneic BMAC from 
younger patients may result in greater efficacy; 
however, there is currently a lack of studies uti-
lizing allogeneic BMAC. This may be due to the 
potential safety concerns of graft versus host dis-
ease or secondary infection from the donor [46]. 
Until these concerns can be appropriately 
addressed, autologous BMAC may be the only 
suitable option for treatment as its benefits out-
weigh the risks that come with allogeneic BMAC.

17.5.3	 �Cellular Composition

The method of BMAC processing has a signifi-
cant impact on the cellular composition of the 
BMAC (Fig.  17.1c). In two of the studies 
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reviewed, Ficoll–Paque density gradient centrifu-
gation was used to concentrate BMA [14, 35]. 
Thus, in these studies, BMAC only contained the 
MNC fraction. In five studies by Centeno et al., 
the method of density gradient centrifugation 
(whether Ficoll–Paque or commercial device) 
was not mentioned. However, in these studies, 
BMAC was combined with PRP/PL before 
injection, introducing platelets, plasma, and 
growth factors. In the other five studies that used 
a commercial BMAC device, the BMAC included 
the TNC fraction, platelets, and a small amount 
of plasma. Varying efficacies of BMAC in these 
groups that used different methods could be due 
to the differences in cellular composition due to 
the BMAC processing method used and combi-
nation with other biologics.

17.5.4	 �Dosage

The amount of BMAC that was finally injected 
ranged from 1 to 12 mL in the studies reviewed 
(Table 17.1). However, only 4 of the 12 studies 
reviewed analyzed the cellular concentration of 
the BMAC product. It is probable that patient 
characteristics and the method of BMAC pro-
cessing would have a significant effect on cellular 
concentration within a given amount of 
BMAC. Thus, it is difficult to compare dosages 
in different studies if the cellular concentration is 
not specified, even if the injection volumes were 
similar. The age of the patient may also affect the 
minimal effective dose of autologous BMAC. In 
older patients, larger volumes of BMA may need 
to be aspirated in order to achieve a similar stem 
cell yield as younger patients.

In one study where patients received either a 
low dose (<4  ×  108 nucleated cells) or a high 
dose (>4  ×  108 nucleated cells), both groups 
reported significant improvements in pain and 
function of the osteoarthritic knee joint. The 
only significantly improved outcome in the high 
cell dose group was a reported lower post-treat-
ment pain scale value [32]. Although there were 
no differences in functional outcomes, the 
improved pain relief with a higher cell dose is 
an important finding. Another study that 

involved the injection of only BM MNCs used 
an average cell dose of 45.56 ± 34.94 × 106 cells 
[35], which was effective in causing a signifi-
cant improvement in Knee Injury and 
Osteoarthritis Outcome Score and WORMS 
scores after 6- and 12-month follow-ups.

Two studies estimated the number of MSCs 
injected—while one study injected a median of 
4.4  ×  106 HSCs and 3.4  ×  104 MSCs (out of 
8  ×  107 total MNCs) [40], another estimated 
2.4 × 105 adult stem cells and 1.8 × 109 MNCs 
were implanted when using a mixture of BMAC 
and adipose tissue [36]. These reported numbers 
of MSCs are far lower than the dosage of culture-
expanded MSCs that appears to be effective for 
OA treatment [4]. This is expected, as other 
reports have noted that the amount of MSCs 
implanted using BMAC is several magnitudes 
lower than if culture-expanded MSCs are used 
[32, 47]. However, the presence of other cell 
types and concentrated growth factors in BMAC 
may lead to a combinatorial effect in the manage-
ment of pain and inflammation, as well tissue 
regrowth. Overall, the dose of MNCs or TNCs 
required to achieve an effective clinical outcome 
for the treatment of OA is still unresolved.

More cell dose response studies are required 
in order to elucidate the appropriate BMAC dos-
age for the maximization of clinical outcomes. 
Future clinical studies should quantify cellular 
concentration in the BMAC before implantation. 
Understandably, there are difficulties in enumer-
ating MSC numbers in BMAC by counting 
CFU-Fs or using flow cytometry, as these meth-
ods can be time consuming and require dedicated 
technical staff and equipment. However, the enu-
meration of nucleated cells within the BMAC 
using either a hematology analyzer or hemocy-
tometer is both quick and feasible in a regular 
clinical setting.

17.5.5	 �Safety and Limitations 
of the BMAC Technique

Most of the clinical studies reviewed 
(Table 17.1) did not report any serious adverse 
effects after BMAC treatment. However, com-
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mon minor adverse effects included short-term 
pain at the site of bone marrow harvest and 
transient swelling and pain at the site of injec-
tion up to 7-day post-injection. Centeno et  al. 
reported 6% adverse events in the BMAC group 
(including two severe events) and 8.9% adverse 
effects in the BMAC + adipose graft group 
(including one severe event) [30]. However, 
they did not define what qualified as a severe 
adverse event. Overall, BMAC treatment 
appears to be a generally safe procedure, with 
few serious adverse events reported.

The invasive harvesting of autologous bone 
marrow aspirate from the iliac crest is a signifi-
cant disadvantage of the BMAC technique, which 
can lead to pain at the harvest site. The presence 
of white blood cells such as monocytes and neu-
trophils in BMAC can cause the increased secre-
tion of pro-inflammatory cytokines such as IL-1β 
and IL-8 [17], promoting inflammation at the 
injection site. However, the presence of IL-1β 
and IL-8 is offset by the high levels of IL-1ra 
found in BMAC, which may lead to an overall 
anti-inflammatory effect.

17.6	 �Conclusions

BMAC is one of the emerging orthobiologics that 
have shown promise for the treatment of early 
osteoarthritis. Several studies have evaluated 
BMAC as a treatment for OA, and it was found to 
be a generally safe treatment. Many studies have 
reported the reduction of pain and improved joint 
function after BMAC treatment. However, the 
regenerative effects of BMAC are still unre-
solved, and the varying efficacies of BMAC ther-
apies reported indicate the need for the 
standardization of processing technique and dos-
age applied. The lack of information on cellular 
composition and concentration in many clinical 
studies makes it difficult to compare across stud-
ies and determine the true efficacy of BMAC, 
especially with regard to the minimum effective 
dose. Overall, longer term follow-up studies are 
required to determine the exact effects of BMAC 
treatment on disease progression.

References

	 1.	Zhang Y, Jordan JM. Epidemiology of osteoarthritis. 
Clin Geriatr Med. 2010;26(3):355–69.

	 2.	Plotnikoff R, Karunamuni N, Lytvyak E, Penfold 
C, Schopflocher D, Imayama I, et al. Osteoarthritis 
prevalence and modifiable factors: a population study. 
BMC Public Health. 2015;15(1):1195.

	 3.	Teo AQA, Wong KL, Shen L, Lim JY, Toh WS, Lee 
EH, et al. Equivalent 10-year outcomes after implan-
tation of autologous bone marrow-derived mesen-
chymal stem cells versus autologous chondrocyte 
implantation for chondral defects of the knee. Am J 
Sports Med. 2019;47(12):2881–7.

	 4.	Afizah H, Hui JHP.  Mesenchymal stem cell ther-
apy for osteoarthritis. J Clin Orthop Trauma. 
2016;7(3):177–82.

	 5.	Kabat M, Bobkov I, Kumar S, Grumet M. Trends in 
mesenchymal stem cell clinical trials 2004–2018: is 
efficacy optimal in a narrow dose range? Stem Cells 
Transl Med. 2020;9(1):17–27.

	 6.	Lamplot JD, Rodeo SA, Brophy RH. A practical guide 
for the current use of biologic therapies in sports med-
icine. Am J Sports Med. 2020;48(2):488–503.

	 7.	Hyer CF, Berlet GC, Bussewitz BW, Hankins T, 
Ziegler HL, Philbin TM.  Quantitative assessment 
of the yield of osteoblastic connective tissue pro-
genitors in bone marrow aspirate from the iliac 
crest, tibia, and calcaneus. J Bone Joint Surg Am. 
2013;95(14):1312–6.

	 8.	Pierini M, Di Bella C, Dozza B, Frisoni T, Martella E, 
Bellotti C, et al. The posterior iliac crest outperforms 
the anterior iliac crest when obtaining mesenchymal 
stem cells from bone marrow. J Bone Joint Surg Am. 
2013;95(12):1101–7.

	 9.	Alvarez-Viejo M, Menendez-Menendez Y, Blanco-
Gelaz MA, Ferrero-Gutierrez A, Fernandez-Rodriguez 
MA, Gala J, et al. Quantifying mesenchymal stem 
cells in the mononuclear cell fraction of bone marrow 
samples obtained for cell therapy. Transplant Proc. 
2013;45(1):434–9.

	10.	Chahla J, Mannava S, Cinque ME, Geeslin AG, 
Codina D, LaPrade RF. Bone marrow aspirate concen-
trate harvesting and processing technique. Arthrosc 
Tech. 2017;6(2):e441–e5.

	11.	Gaul F, Bugbee WD, Hoenecke HR Jr, D’Lima 
DD. A review of commercially available point-of-care 
devices to concentrate bone marrow for the treatment 
of osteoarthritis and focal cartilage lesions. Cartilage. 
2019;10(4):387–94.

	12.	Hegde V, Shonuga O, Ellis S, Fragomen A, Kennedy 
J, Kudryashov V, et al. A prospective comparison of 3 
approved systems for autologous bone marrow con-
centration demonstrated nonequivalency in progeni-
tor cell number and concentration. J Orthop Trauma. 
2014;28(10):591–8.

	13.	Dragoo JL, Guzman RA.  Evaluation of the consis-
tency and composition of commercially available 

A. Srinivasan et al.



245

bone marrow aspirate concentrate systems. Orthop J 
Sports Med. 2020;8(1):2325967119893634.

	14.	Upadhyay S, Varma H, Chansoria M, Chaurasia 
S.  Randomized blinded comparative analysis of 
autologous mononuclear medullary fraction and 
viscosupplementation in grade 0 and grade 1 radio-
graphic scale of knee osteoarthritis. Indian J Pain. 
2014;28(3):134.

	15.	Posel C, Moller K, Frohlich W, Schulz I, Boltze J, 
Wagner DC.  Density gradient centrifugation com-
promises bone marrow mononuclear cell yield. PLoS 
One. 2012;7(12):e50293.

	16.	Hermann PC, Huber SL, Herrler T, von Hesler C, 
Andrassy J, Kevy SV, et al. Concentration of bone 
marrow total nucleated cells by a point-of-care device 
provides a high yield and preserves their functional 
activity. Cell Transplant. 2008;16(10):1059–69.

	17.	Cassano JM, Kennedy JG, Ross KA, Fraser EJ, 
Goodale MB, Fortier LA. Bone marrow concentrate 
and platelet-rich plasma differ in cell distribution 
and interleukin 1 receptor antagonist protein con-
centration. Knee Surg Sports Traumatol Arthrosc. 
2018;26(1):333–42.

	18.	Schafer R, DeBaun MR, Fleck E, Centeno CJ, Kraft 
D, Leibacher J, et al. Quantitation of progenitor cell 
populations and growth factors after bone marrow 
aspirate concentration. J Transl Med. 2019;17(1):115.

	19.	Sugaya H, Yoshioka T, Kato T, Taniguchi Y, Kumagai 
H, Hyodo K, et al. Comparative analysis of cellu-
lar and growth factor composition in bone marrow 
aspirate concentrate and platelet-rich plasma. Bone 
Marrow Res. 2018;2018:1549826.

	20.	Gangji V, Hauzeur JP, Matos C, De Maertelaer V, 
Toungouz M, Lambermont M. Treatment of osteone-
crosis of the femoral head with implantation of autol-
ogous bone-marrow cells. A pilot study. J Bone Joint 
Surg Am. 2004;86(6):1153–60.

	21.	Takakura N, Watanabe T, Suenobu S, Yamada Y, Noda 
T, Ito Y, et al. A role for hematopoietic stem cells in 
promoting angiogenesis. Cell. 2000;102(2):199–209.

	22.	Jung Y, Song J, Shiozawa Y, Wang J, Wang Z, 
Williams B, et al. Hematopoietic stem cells regulate 
mesenchymal stromal cell induction into osteoblasts 
thereby participating in the formation of the stem cell 
niche. Stem Cells. 2008;26(8):2042–51.

	23.	Madry H, Gao L, Eichler H, Orth P, Cucchiarini 
M. Bone marrow aspirate concentrate-enhanced mar-
row stimulation of chondral defects. Stem Cells Int. 
2017;2017:1609685.

	24.	Zhao L, Hantash BM. TGF-beta1 regulates differenti-
ation of bone marrow mesenchymal stem cells. Vitam 
Horm. 2011;87:127–41.

	25.	Diao H, Wang J, Shen C, Xia S, Guo T, Dong L, et al. 
Improved cartilage regeneration utilizing mesenchy-
mal stem cells in TGF-beta1 gene-activated scaffolds. 
Tissue Eng Part A. 2009;15(9):2687–98.

	26.	Zhou N, Li Q, Lin X, Hu N, Liao JY, Lin LB, et al. 
BMP2 induces chondrogenic differentiation, osteo-
genic differentiation and endochondral ossification in 
stem cells. Cell Tissue Res. 2016;366(1):101–11.

	27.	Civinini R, Nistri L, Martini C, Redl B, Ristori 
G, Innocenti M.  Growth factors in the treatment of 
early osteoarthritis. Clin Cases Miner Bone Metab. 
2013;10(1):26–9.

	28.	Montaseri A, Busch F, Mobasheri A, Buhrmann 
C, Aldinger C, Rad JS, et al. IGF-1 and PDGF-bb 
suppress IL-1beta-induced cartilage degradation 
through down-regulation of NF-kappaB signaling: 
involvement of Src/PI-3K/AKT pathway. PLoS One. 
2011;6(12):e28663.

	29.	Oliver KS, Bayes M, Crane D, Pathikonda C. Clinical 
outcome of bone marrow concentrate in knee osteoar-
thritis. J Prolother. 2015;7(2):e937–e46.

	30.	Centeno C, Pitts J, Al-Sayegh H, Freeman M. Efficacy 
of autologous bone marrow concentrate for knee 
osteoarthritis with and without adipose graft. Biomed 
Res Int. 2014;2014:370621.

	31.	Centeno C, Pitts J, Al-Sayegh H, Freeman M. Efficacy 
and safety of bone marrow concentrate for osteoar-
thritis of the hip; treatment registry results for 196 
patients. J Stem Cell Res Ther. 2014;4:2.

	32.	Centeno CJ, Al-Sayegh H, Bashir J, Goodyear S, 
Freeman MD.  A dose response analysis of a spe-
cific bone marrow concentrate treatment protocol 
for knee osteoarthritis. BMC Musculoskelet Disord. 
2015;16:258.

	33.	Centeno C, Al-Sayegh H, Bashir J, Goodyear S, 
Freeman MD. A prospective multi-site registry study 
of a specific protocol of autologous bone marrow con-
centrate for the treatment of shoulder rotator cuff tears 
and osteoarthritis. J Pain Res. 2015;8:269–76.

	34.	Centeno C, Sheinkop M, Dodson E, Stemper I, 
Williams C, Hyzy M, et al. A specific protocol of 
autologous bone marrow concentrate and platelet 
products versus exercise therapy for symptomatic 
knee osteoarthritis: a randomized controlled trial with 
2 year follow-up. J Transl Med. 2018;16(1):355.

	35.	Goncars V, Kalnberzs K, Jakobsons E, Engele I, 
Briede I, Blums K, et al. Treatment of knee osteo-
arthritis with bone marrow-derived mononuclear 
cell injection: 12-month follow-up. Cartilage. 
2019;10(1):26–35.

	36.	Kim JD, Lee GW, Jung GH, Kim CK, Kim T, Park 
JH, et al. Clinical outcome of autologous bone mar-
row aspirates concentrate (BMAC) injection in 
degenerative arthritis of the knee. Eur J Orthop Surg 
Traumatol. 2014;24(8):1505–11.

	37.	Oliver KS, Bayes M, Crane DM, Briggs E. Autologous 
bone marrow concentrate-clinical efficacy in the treat-
ment of knee osteoarthritis. Recent Adv Arthroplast. 
2018;2(2):75–81.

	38.	Rodriguez-Fontan F, Piuzzi NS, Kraeutler MJ, Pascual-
Garrido C. Early clinical outcomes of intra-articular 
injections of bone marrow aspirate concentrate for the 
treatment of early osteoarthritis of the hip and knee: a 
cohort study. PM&R. 2018;10(12):1353–9.

	39.	Shapiro SA, Arthurs JR, Heckman MG, Bestic JM, 
Kazmerchak SE, Diehl NN, et al. Quantitative T2 
MRI mapping and 12-month follow-up in a random-
ized, blinded, placebo controlled trial of bone marrow 

17  Bone Marrow Aspirate Concentrate for the Treatment of Early Osteoarthritis



246

aspiration and concentration for osteoarthritis of the 
knees. Cartilage. 2019;10(4):432–43.

	40.	Shapiro SA, Kazmerchak SE, Heckman MG, Zubair 
AC, O’Connor MI. A prospective, single-blind, pla-
cebo-controlled trial of bone marrow aspirate con-
centrate for knee osteoarthritis. Am J Sports Med. 
2017;45(1):82–90.

	41.	Kellgren JH, Lawrence JS. Radiological assessment of 
osteo-arthrosis. Ann Rheum Dis. 1957;16(4):494–502.

	42.	Fernandez-Rebollo E, Mentrup B, Ebert R, Franzen 
J, Abagnale G, Sieben T, et al. Human platelet lysate 
versus fetal calf serum: these supplements do not 
select for different mesenchymal stromal cells. Sci 
Rep. 2017;7(1):5132.

	43.	Mishra A, Tummala P, King A, Lee B, Kraus M, 
Tse V, et al. Buffered platelet-rich plasma enhances 
mesenchymal stem cell proliferation and chondro-
genic differentiation. Tissue Eng Part C Methods. 
2009;15(3):431–5.

	44.	Moroz A, Bittencourt RAC, Almeida RP, Felisbino 
SL, Deffune E.  Platelet lysate 3D scaffold supports 
mesenchymal stem cell chondrogenesis: an improved 
approach in cartilage tissue engineering. Platelets. 
2013;24(3):219–25.

	45.	Ganguly P, El-Jawhari JJ, Giannoudis PV, Burska 
AN, Ponchel F, Jones EA.  Age-related changes in 
bone marrow mesenchymal stromal cells: a potential 
impact on osteoporosis and osteoarthritis develop-
ment. Cell Transplant. 2017;26(9):1520–9.

	46.	Singh AK, McGuirk JP.  Allogeneic stem cell trans-
plantation: a historical and scientific overview. Cancer 
Res. 2016;76(22):6445–51.

	47.	Veronesi F, Giavaresi G, Tschon M, Borsari V, Nicoli 
Aldini N, Fini M. Clinical use of bone marrow, bone 
marrow concentrate, and expanded bone marrow mes-
enchymal stem cells in cartilage disease. Stem Cells 
Dev. 2012;22(2):181–92.

A. Srinivasan et al.


	17: Bone Marrow Aspirate Concentrate for the Treatment of Early Osteoarthritis
	17.1	 Introduction
	17.2	 Harvest and Processing of BMAC
	17.3	 BMAC Components and Possible Mechanism of Action
	17.4	 Clinical Outcomes
	17.5	 Perspectives
	17.5.1	 Augmentation of BMAC with Additional Factors
	17.5.2	 Allogeneic or Autologous BMAC
	17.5.3	 Cellular Composition
	17.5.4	 Dosage
	17.5.5	 Safety and Limitations of the BMAC Technique

	17.6	 Conclusions
	References


