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Bone marrow aspirate concentrate (BMAC) is now commonly used in orthopedic surgery. Animal studies showed
promising results for cartilage, bone, and soft tissue healing; however, many of these outcomes have yet to be translated
to human models. While there has been an increase in the use of BMAC in foot and ankle procedures, the associated
clinical evidence is limited. The purpose of this review is to analyze the existing literature in order to evaluate the safety

and efficacy of BMAC in foot and ankle surgery.
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marrow aspirate concentrate

Biologics are becoming increasingly popular in foot and
ankle surgery, with one of the most popular being bone mar-
row aspirate concentrate (BMAC).*!12>3 Bone marrow is
the primary site for storage of mesenchymal stem cells
(MSCs). MSCs are multipotent cells that have the ability to
differentiate into various cell types based on environmental
factors, allowing the cells to aid in soft tissue and bone
healing.3?3363 Their use in bone and soft tissue healing has
shown positive results, and it is one of the few ways of
intraoperatively delivering concentrated stem cells that is
approved by the US Food and Drug Administration.*
Despite these encouraging findings, there is limited
knowledge, conclusive evidence, and succinct organization
of the results of BMAC use in foot and ankle procedures.
Therefore, the purpose of this review is to critically evaluate
the safety and efficacy of BMAC in foot and ankle surgery.

Methods

Search Strategy

MEDLINE, EMBASE, Google Scholar, and the Cochrane
Library were searched in October 2020 without

*References 1, 2, 8, 10, 11, 12, 18, 19, 22-24, 31, 32, 37, 39, 44,
47,49, 58, 59.

restrictions. The search strategy was developed with the
assistance of a medical librarian and included the follow-
ing key terms: “bone marrow aspirate,” “bone marrow
aspirate concentrate,” “foot and ankle,” and “foot and
ankle surgery” combined using Boolean operators “AND”
or “OR.” The bibliographies of all relevant publications
identified through this search strategy were searched for
additional studies pertaining to BMAC use in foot and
ankle surgeries.

Inclusion and/or Exclusion Criteria

The inclusion criteria were studies that report clinical out-
comes following use of BMAC in any foot and ankle sur-
geries. The exclusion criteria were those studies that were
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not written in the English language and those that did not
assess outcomes following the use of bone marrow aspirate
concentration use.

Mechanism of Action

Several human tissues contain MSCs, including bone, adi-
pose, synovium, and blood.'®3! Bone marrow aspiration is
one way to isolate MSCs for targeted delivery to a specific
area during surgery. A higher concentration of MSCs may
theoretically be more clinically potent and effective when
using BMAC.’ A study by Sakai et al** used a simple centri-
fuge method and evaluated the BMAC after its use. The con-
centrations of the colony-forming units, which represented
the amount of progenitor cells, were approximately 5 times
higher than in aspirate prior to concentration. In addition, the
nucleated cells were 7 times higher than they were precon-
centration. Similarly, Kim et al*® reported that after centrifu-
gation, the harvested cells may be concentrated up to 7 times
the original amount. This concentration increases the con-
tent of growth factors ultimately secreted by the MSCs.

BMAC allows the transfer of a high concentration of
both live cells and growth factors. Cellular elements include
MSCs and hematopoictic stem cells (HSCs). Potentially
transferred growth factors include vascular endothelial
growth factor (VEGF), platelet-derived growth factor
(PDGF), transforming growth factor 3 (TGF-p), bone mor-
phogenic proteins (BMPs), interleukin 8, and interleukin 1
(IL-1) receptor antagonist.>!%!>18:19 When MSCs are in the
appropriate environment in the presence of growth factors
and induction proteins, either in the BMAC or at the site of
injection, they have the ability to differentiate into osteo-
genic cells such as osteoblasts.®?4*3

MSCs also assist in regulating tissue regeneration by
secreting cytokines and growth factors, as well as recruiting
other cells and growth factors by paracrine signaling.>**
This can be an adjuvant to osteoinductive and/or osteocon-
ductive biologics that need additional cells for complete
function and clinically aids with healing fusion sites, frac-
tures, and devascularized areas.!'®!6-36:4648:50.51 Byrthermore,
the recruitment of cells that produce TGF-f and BMPs may
help with integration of the graft and host interface.®* In
addition, studies have shown that BMAC decreases the
amount of fibrocartilage growth and promotes the growth
of hyaline cartilage.!®1833:40

Harvesting BMAC

As the clinical applications of BMAC have grown, the loca-
tion, quality, and quantity of the aspirate have been studied.
McLain et al*® showed that the quantity of osteogenic pro-
genitor cells decreases from the axial to appendicular skel-
eton, as well as proximal to distal in the appendicular

skeleton, with the vertebral bodies having the highest quan-
tity of osteoblastic progenitor cells. In foot and ankle sur-
gery, the most frequently accessed harvest sites are the iliac
crest, tibia, and calcaneus.

The concentration of progenitor cells has been found to
vary by harvest location. In a study by Hyer et al,> there
was a higher concentration of progenitor cells in the iliac
crest than either the calcaneus or the distal tibia. There was
no difference between the concentrations in the distal tibia
or calcaneus. In a study by Marx and Tursun,* aspirate
from the anterior and posterior iliac crest yielded the same
quantity of multipotent stem cells, and this was twice as
much as from the proximal tibia. Similarly, Chiodo et al’
demonstrated that the iliac crest contained active hemopoi-
etic cells while the proximal tibia primarily contained qui-
escent medullary fat.

When planning BMAC in foot and ankle surgery, the
distal tibia and calcaneus may be considered more conve-
nient harvest sites because they can easily be included in
the sterile field. Although the concentration of cells is less
than the iliac crest, there are still viable MSCs in these
aspirates.® The progenitor cells and hematopoietic MSCs
from calcaneal BMAC are similar to distal tibia with the
same ability to undergo osteogenic differentiation and self-
renew.*>*! Li et al*! recently published on 10 patients who
had calcaneal BMAC aspirated. The aspirated cells were
viable MSCs that were able to differentiate into a variety of
cell lineages. Based on this literature, there are several
options to harvest BMAC; however, more research is
needed to better understand the ideal location that can pro-
vide the most clinical value.

To procure a usable yield of aspirate, appropriate tech-
nique must be used. In 1 study by Hernigou et al,” 50-mL,
10-mL, and 5-mL syringes were used to aspirate the iliac
crest. A higher concentration of MSCs was obtained with
smaller syringes. When using the 10-mL syringe, the yield
of progenitor cell concentrations increased 300% compared
to matched controls using a 50-mL syringe. The authors
attributed this to the smaller syringes having a smaller
diameter, which creates greater negative pressure.

Following aspiration, the collection of bone marrow
aspirate is concentrated to its maximum via centrifuge
machines. Three commercially available machines were
compared by Hegde et al,’® specifically the Harvest
SmartPReP 2 BMAC, Biomet BioCUE, and Arteriocyte
Magellan systems. The authors studied 40 patients under-
going bilateral iliac crest aspirate. Samples were analyzed
before and after the centrifuge system was used, estimat-
ing the number for progenitor cells in each sample by
counting the connective tissue progenitor cells (CTPs). It
was concluded that the Harvest system had a greater num-
ber and concentration of CTPs after the centrifugation
process.
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Safety of BMAC

Overall, the evidence shows that the harvest and utilization
of BMAC are safe. The complications that are reported in
the literature usually are unrelated to BMAC itself and
related to the primary procedure instead.!3233237 Harvesting
BMAC in the lower extremity has a reported complication
rate that ranges from 0% to 12%.%%%7 Roukis et al’? per-
formed a large retrospective, multicenter review of 530
patients who underwent bone marrow aspiration from mul-
tiple locations in the lower extremity. All aspirations were
successful, and there were no reports of nerve injury,
wound-healing difficulties, infection, or iatrogenic frac-
tures. However, donor site pain can be an issue for some
patients. Daigre et al'3 evaluated visual analog scale (VAS)
scores from 3 different sites, specifically the distal tibia,
calcaneus, and iliac crest. The authors reported significantly
higher pain scores in patients who underwent calcaneal har-
vesting compared to those who underwent iliac crest or dis-
tal tibia harvesting.

One theoretical concern with the utilization of pluripo-
tent stem cells is the potential for the development of a neo-
plastic process at the site of injection. In a large study of
1873 patients with an average 12.5-year follow-up, only 53
patients were diagnosed with cancers, and all cancers were
located away from the injection site.>® This has been cor-
roborated by additional studies that reported no evidence of
local neoplasms in their patient groups.?!-222337

Animal Studies

Animal studies have shown promising evidence for the use
of BMAC to improve soft tissue healing; increase bone vol-
ume, callus formation, and woven bone formation; and
improve osteocyte number,?18.20.24:45,60.61,64

Adams et al> examined Achilles tendon ruptures in 108
rats. They compared treatments with regular suture, suture
plus stem cell concentrate injection, or stem cell-loaded
suture. In each group, the tendon was loaded at a 223-N load
cell at 0.17 mm/s. Compared to regular suture, there was a
higher load to failure both with suture plus stem cell concen-
trate and stem cell-loaded suture. The authors therefore con-
cluded that the addition of stem cells was associated with
stronger tendon repairs. Similarly, Yao et al® looked at the
treatment of MSC-coated suture in Achilles repair in 105
rats. They demonstrated that the MSC-coated sutured cre-
ated a stronger repair than standard suture repair. Urdzikova
et al®' compared 40 rat models that were treated nonopera-
tively without injection and 41 rat models that were treated
nonoperatively but underwent MSC injection. They found
an increase in collagen organization and increased vascular-
ization in the rat models that underwent MSC injection.

BMAC has also been shown to improve bone healing in
animal models. Gianakos et al?’ reviewed the literature for

animal models and long bone healing for segmental
defects. All articles included in the analysis reported a sig-
nificant increase in radiographic bone formation compared
to controls. In over 90% of the articles included in the
analysis, there was significantly earlier bone healing seen
histologically. In 81% of the studies, there was increased
bone measured by micro—computed topography. Some of
the studies also reported higher torsional stiffness when
BMAC was used.

With regard to osteochondral lesions, Fortier et al'®
examined the utilization of MSCs and microfracture com-
pared to microfracture alone in equine models. They found
that there was greater healing of full-thickness defects in
those lesions treated with MSC augmentation compared to
those treated with microfracture alone. For those treated
with BMAC, there was better repair of the defect with
improved integration of repair tissue, superior collagen ori-
entation, and increases in glycosaminoglycan and type II
collagen content.'® Similarly, Mcllwraith et al*® investi-
gated equine models with chondral defects treated by the
injection of MSCs. The authors reported improved quality
of the cartilage repair with increased aggrecan content and
tissue firmness in those with MSCs.

Human Evidence in the Lower
Extremity

Tibia Fracture Nonunions

Early human studies examined the use of BMAC in tibial
fracture nonunions. Hernigou et al*' used BMAC to aug-
ment repair of distal tibial atrophic nonunions. Sixty patients
with atrophic nonunions underwent percutaneous injection
of BMAC around the nonunion gap. Fifty-three patients
healed while 7 nonunions persisted. In these 7 patients, it
was found that the patients were injected with lower con-
centrations of BMAC than the other 53, containing fewer
than 1000 progenitors per cm® and fewer than 30000 pro-
genitor cells in total. The authors concluded that percutane-
ous BMAC is effective and safe for the treatment of an
atrophic tibial diaphyseal nonunion and that the BMAC
must be sufficiently concentrated.’!

In another study, Hernigou et al*/ compared patients
treated with single-stage debridement with iliac crest bone
graft with or without the use of BMAC for the treatment of
infected tibial nonunions. Over a 7-year follow up period,
95% of patients in the BMAC group compared to 70% of
the control group went on to union without recurrence of
infection.

127

Ankle Fracture Nonunions

In the setting of ankle fracture nonunions in patients with
diabetes, Hernigou et al?® compared matched diabetic
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patients who underwent either open iliac crest bone grafting
or injection of the nonunion with bone marrow aspiration
from the iliac crest. In the BMAC group, 82% of patients
healed their nonunion compared to only 62% of patients in
the iliac crest group. In addition, the authors reported a
higher complication rate (11%) at the donor site in the open
iliac crest group compared to the percutancous marrow
aspiration rate (2%).

Fifth Metatarsal Fractures

The use of BMAC for the treatment of fifth metatarsal frac-
tures has recently been investigated. O’Malley et al*® retro-
spectively reviewed professional basketball players with
Jones fractures. The authors retrospectively reviewed the
records of 10 players. Seven underwent standard percutane-
ous screw fixation combined with BMAC, and another 3
underwent screw fixation with “prophylactic” open bone
grafting augmented with BMAC. Radiographic healing was
seen at an overall average of 7.5 weeks, and average return
to play was 9.8 weeks. Based on computed tomography, the
authors reported no nonunions. However, 3 athletes in the
percutaneous group refractured. All had high metatarsus
adductus angles. The authors opined that the addition of
BMAC assisted in fracture healing; however, the impact of
the addition of BMAC to the rate of refracture warrants fur-
ther investigation.

Murawski and Kennedy*’ investigated 26 nonprofes-
sional athletes with fifth metatarsal fractures treated with
percutaneous screw fixation and BMAC. Of the 26 frac-
tures, 17 were Jones fractures and 9 were more distal zone
3 fractures. At an average follow-up of 5 weeks, 24 cases
healed without complications. Twenty-four patients
returned to their previous level of activity. One patient had
a delayed union, and 1 healed but refractured at a later date.
Although this was a noncontrolled study, the authors con-
cluded the addition of BMAC to screw fixation provides
“more predictable results” with regard to healing and allow-
ing athletes to return to their previous levels of activity with
few complications.*’

Hunt and Anderson® retrospectively reviewed 21 elite
athletes who underwent revision surgery for a refractured or
nonunion of a fifth metatarsal fracture. In the revision sur-
gery, patients were treated using intramedullary screw fixa-
tion with autologous bone graft, bone marrow aspirate (not
concentrate) combined with demineralized bone matrix, or
no bone graft. All of the athletes returned to their prior level
of sport at 12.3 months, with only 1 patient subsequently
refracturing. The authors concluded that treatment for
patients in need of revision surgery for nonunion or refrac-
ture should be performed with a large solid screw and can-
cellous autograft. However, given that almost all patients in
this series did well, further investigation is necessary to

examine the role of bone marrow aspirate and demineral-
ized bone matrix in these fractures. Furthermore, it is
important to note in this study that only 1 patient was treated
without bone graft or aspirate, and this patient did well.

Tendon Injuries

In vitro, BMAC has been shown to assist in healing tendon
injuries by controlling inflammation, reducing fibrosis, and
recruiting other cells, including tenocytes and MSCs.'?
Vascular endothelial growth factor and other cells that aid in
healing are also found in BMAC and therefore have been an
area of interest for use in tendon injuries as most nontraumatic
tendon injuries initially begin as asymptomatic dysvascular
insult.'? Stein et al*® reviewed 27 patients who had an Achilles
rupture and underwent open repair with the addition of BMAC.
At an average follow-up of 29.7 months, there were no rerup-
tures, and 92% of the patients had returned to their sport at 5.9
months. They concluded that the addition of BMAC in treat-
ment of Achilles tendon tears is safe, but it should be further
investigated prospectively with a control group.

Osteochondral Lesions of the Talus

BMAC has also been frequently used in the treatment of
osteochondral lesions of the talus (OLTs). Hannon et al®
looked at patients with OLTs and compared BMAC com-
bined with bone marrow stimulation (BMS) to bone marrow
stimulation alone. Both groups had significantly improved
foot and ankle outcome score (FAOS) and 12-item short form
survey physical component score (SF-12 PCS) postopera-
tively. Clinical outcomes between groups were similar.
However, the BMAC/BMS group had a significantly
improved magnetic resonance observation of cartilage repair
tissue (MOCART) scores, indicating improved cartilage
repair when assessed by advanced imaging. Specifically,
magnetic resonance imaging (MRI) demonstrated improved
border tissue integration and repair with less fissuring in
those treated in the BMAC/BMS group.

Shimozono et al*® compared autologous osteochondral
transplantation (AOT) with and without BMAC. Initially,
both groups had significant improvement in FAOS and
SF-12 scores, and at final follow-up, there were no statisti-
cal differences between groups with regard to FAOS,
MOCART, or SF-12 scores. On imaging, the group treated
with AOT and BMAC did have a significantly lower rate of
cyst formation, but there were no clinically significant dif-
ference between patients who did and did not form cysts.

In 2009, Giannini et al??> performed a prospective study
looking at 48 patients who were treated with BMAC for talar
osteochondral lesions. They obtained 60 mL of aspirate from
the posterior iliac crest, which was concentrated. Arthroscopy
was then performed. The lesion was prepared by removing
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the unstable cartilage and subchondral plate until healthy
bone was reached. The BMAC composite was then placed
on top of the lesion. At a minimum follow-up of 24 months,
the mean American Orthopaedic Foot & Ankle Society
(AOFAS) score improved from 64.4 to 91.4 points. In addi-
tion, histologic evaluation demonstrated new cartilaginous
tissue formation in different stages of remodeling, similar to
what would be seen after autologous chondrocyte implanta-
tion. Furthermore, 94% of patients returned to low-impact
activity at a mean of 4.4 months, and 77% returned to high-
impact activity at a mean of 11.3 months. Two patients
underwent arthroscopy for continued pain, which demon-
strated full-cartilage integrate but chondral hypertrophy.

As a follow-up study in 2013, Giannini et al?*' collected
4-year follow-up results. At 48 months on average, the
overall AOFAS score improved significantly from 63.73
preoperatively to 82.19, and 73% of patients returned to
sports. There was a peak time at 24-month follow-up where
patients had the most improved AOFAS score. In addition,
on examination of the lesions on T2 MRI, 78% of patients
had regenerated tissue in the lesion area that was similar to
hyaline cartilage. They concluded that there were good clin-
ical results and regeneration of hyaline cartilage when using
BMAC for treatment of OCL of talus.

With regard to advanced imaging, Hannon et al*> and
Giannini et al??> both used MRI at a minimum 24 months
postoperatively to evaluate cartilage healing. They both
found that there was filling of the defect, integration of the
borders, and repair of the surface tissue with decreased fis-
suring and fibrillation.

Kennedy et al’’ reviewed 72 patients with OCL of the
talus who were treated with autologous osteochondral
transplantation and BMAC. There was improvement of the
mean FAOS scores in these patients from 52.67 to 86.19
pre- to postoperatively. The mean SF-12 scores also
improved from 59.4 to 88.63 pre- to postoperatively. At an
average of 23 weeks, 95% of patients had returned to their
preinjury pain level.

Similarly, Clanton et al® reported short-term follow-up
for 32 patients with 38 OCLs of the talus who underwent
microfracture plus augmentation with cartilage extracellu-
lar matrix and BMAC. At a median follow-up time of 36.7
months, they showed improvements in all FAOS domains;
83% of patients returned to playing sports, and 9 patients
required a second surgery. However, it is important to note
that this was a case series, and there was no control/com-
parison group.

Osteoarthritis of the Ankle and Lower Extremity

The anti-inflammatory effect of BMAC has also been
studied for its potential use in osteoarthritis.>!”>>%? The
interleukin receptor antagonist proteins in BMAC may
possibly decrease the catabolic effects of IL-1 and other

inflammatory cytokines.>!” This may potentially result in
decreased inflammation, assist in cartilage repair, and
facilitate chondrogenesis.”*? Further clinic research is
needed to determine if BMAC will play any future clinical
role in the treatment of foot and ankle arthritis.

Conclusion

BMAC is used with increasing frequency in foot and ankle
surgery. In addition to animal studies, there are now early
clinical series that describe its use in various pathologies.
Further high-level, prospective, and comparative investiga-
tions will be necessary to fully assess BMAC’s clinical util-
ity in foot and ankle surgery.
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