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Abstract

This systematic review evaluated the effectiveness of bone marrow aspirate (BMA) to enhance bone repair in humans.
Comprehensive survey of ramdomized clinical trials published up to June 2021 and listed in PubMed/MEDLINE,
EMBASE, and Cochrane Library databases following the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) statement. Two reviewers independently searched eligible studies, made a final article
selection, and extracted the data of the selected studies to evaluate it qualitatively. Overall, 13 studies were included in
the review. Experimental models involved Posttraumatical aseptic nonunions of long bones of the upper limb, alveolar
ridges following tooth extraction, atrophic mandibular fracture, benign bone lesions, bilateral tibial lengthening,
fracture of intracapsular neck femur, maxillary horizontal ridge augmentation, non-traumatic femoral head necrosis,
and sinus maxillary augmentation. The analyses included radiography, tomography, biopsies, and clinical evaluations.
Ten studies reported enahanced bone formation (primary outcome) with combined use or not of BMA with other
biomaterials and three studies found no benefit resulting from the use of BMA to treat bony defects. Secundary
outcomes related to the healing process were also evaluated and positive, such as postoperative complications and
pain visual analogue score. Within the limits of the present study, it can be concluded that BMA can improve the early
stages of bone healing process.

Keywords: Bone marrow; Bone regeneration; Bone; Systematic review; Stem cells.

Resumo

Esta revisdo sistemética avaliou a eficacia do aspirado de medula dssea (AMO) para melhorar o reparo ésseo em
humanos. Pesquisa abrangente de ensaios clinicos ramificados publicados até junho de 2021 e listados nos bancos de
dados PubMed / MEDLINE, EMBASE e Cochrane Library seguindo a declaracdo de itens de relatério preferidos para
revisdes sistematicas e meta-andlises (PRISMA). Dois revisores pesquisaram independentemente estudos elegiveis,
fizeram uma selecdo final do artigo e extrairam os dados dos estudos selecionados para avalia-los qualitativamente.
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No geral, 13 estudos foram incluidos na revisdo. Modelos experimentais envolveram ndo unido asséptica pos-
traumatica de ossos longos do membro superior, cristas alveolares ap6s extracdo de dente, fratura mandibular atréfica,
lesbes 6sseas benignas, alongamento tibial bilateral, fratura de fémur do colo intracapsular, aumento da crista
horizontal maxilar, necrose da cabeca femoral ndo traumatica, e aumento do seio maxilar. As analises incluiram
radiografia, tomografia, biopsias e avaliacdes clinicas. Dez estudos relataram formacdo 6ssea aprimorada (desfecho
primario) com o uso combinado ou ndo de AMO com outros biomateriais e trés estudos ndo encontraram nenhum
beneficio resultante do uso de AMO para tratar defeitos 6sseos. Desfechos secundarios relacionados ao processo de
cicatrizacdo também foram avaliados e positivos, como complicagdes pos-operatorias e escore visual analégico de
dor. Dentro dos limites do presente estudo, pode-se concluir que a AMO pode melhorar as fases iniciais do processo
de consolidagdo 6ssea.

Palavras-chave: Medula 6ssea; Regeneracgdo 0ssea; Osso; Revisdo sistematica; Células-tronco.

Resumen

Esta revision sistematica evalud la efectividad del aspirado de médula 6sea (AMO) para mejorar la reparacion dsea en
humanos. Encuesta exhaustiva de ensayos clinicos aleatorios publicados hasta junio de 2021 y enumerados en las
bases de datos de PubMed / MEDLINE, EMBASE y Cochrane Library siguiendo la declaracion Preferred Reporting
Items for Systematic Reviews and Meta-Analyzes (PRISMA). Dos revisores buscaron de forma independiente los
estudios elegibles, seleccionaron el articulo final y extrajeron los datos de los estudios seleccionados para evaluarlos
cualitativamente. En general, se incluyeron 13 estudios en la revision. Modelos experimentales implicados
Seudoartrosis aseptica postraumatica de huesos largos del miembro superior, crestas alveolares después de extraccion
dentaria, fractura atréfica mandibular, lesiones dseas benignas, alargamiento tibial bilateral, fractura del fémur del
cuello intracapsular, aumento del reborde horizontal maxilar, necrosis de la cabeza femoral no traumatica, y aumento
del seno maxilar. Los anélisis incluyeron radiografias, tomografias, biopsias y evaluaciones clinicas. Diez estudios
informaron una mejora en la formacién de hueso (resultado primario) con el uso combinado o no de AMO con otros
biomateriales y tres estudios no encontraron ningun beneficio como resultado del uso de AMO para tratar defectos
6seos. Los resultados secundarios relacionados con el proceso de curacion también se evaluaron y fueron positivos,
como las complicaciones posoperatorias y la puntuacién analogica visual del dolor. Dentro de los limites del presente
estudio, se puede concluir que BMA puede mejorar las primeras etapas del proceso de curacion ésea.

Palabras clave: Médula 6sea; Regeneracion 6sea; Hueso; Revisidn sistematica; Células madre.

1. Introduction

Surgery to reconstruct extensive bone defects is a huge challenge for professionals in orthopaedic field. Tissue
engineering has been considered an emergent and alternative strategy for the treatment of these defects. In this context, a
groing interest have been directed to bone marrow derived cells for regenerative therapies (Lana et al., 2021; Pelegrine et al.,
2016; Kaigler et al., 2010).

Although autogenous bone graft remains the gold standard bone graft, it is associated with some disadvantages such
high incidence of morbidity, prolonged operative time, blood loss, and length of hospitalization (Siegel et al., 2008).
Osteoinduction growth factors and osteogenesis progenitor cells are some carachteristics of bone substitutes that are expected
to achieve the potential healing of the autogenous graft (Siegel et al., 2008). A graft substitute that presents a scaffold and cells
to promote osteogenesis from bone marrow aspirate (BMA) may reach the benefits of autogenous bone grafts without the
undesirable points such as restrict availability (Siegel et al., 2008).

Evidence indicates that stem cells derived from bone marrow (BMSCs) have the potential to treat many disorders
given their plasticity and ability to differentiate into various types of cells, including bone cells (Gupta et al., 2017; Badiavas
and Falanga, 2013). Inflammatory response seems to be one important step in the bone repair process once it activates bone
marrow cells and initiates the cascade of bone healing. BMSCs give rise to the cells that form mesenchymal tissues like bone
and cartilage (Weel et al., 2015; Iser and Méndez-Ferrer, 2011; Pittenger et al., 1999).

Recent studies have evaluated the use of cultivated mesenchymal stem cells (MSC) derived from bone marrow to
promote bone regeneration (Clough et al., 2015; Harada et al., 2014; He et al., 2014). The cultivation of MSC is a promising
technique, but process involved in the in vitro expansion promotes loss of the original MSC phenotype resulting in significant

implications for the development of regenerative therapies. The loss of the original phenotypic associated with in vitro
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cultivation has turned attention towards using unprocessed bone marrow or freshly isolated mononuclear cells (Bara et al.,
2014). On a cellular level, using unprocessed BMSCs may preserve its capacities and abilities of multipotency, self-renew and
homing. Using unprocessed cells can strength therapeutic potential and avoid treatment delay and extensive costs associated
with cultivation steps (Bara et al., 2014). Therefore, studies have evaluated the use of BMA in bone healing, either alone or
combined with other therapeutic modalities (Santinoni et al., 2021; Nagata et al., 2013; Bansal et al., 2009; Soltan et al., 2007),
with promising results. Besides MSC, BMA contains a substantial amount of hematopoietic and endothelial stem cells (Smiler
et al., 2008). However, it is also important to consider a decrease in the number and function of MSC in the bone marrow
microenvironment when age related changes happen, and it can influence its ability of differentiate into osteoblasts and
promote bone tissue formation (Duque, 2008). Furthermore, the number of MSC in bone marrow can also reduce in young
individuals submitted to radiotherapy for cancer (Greenberger and Epperly, 2009) or ovariectomy in females performed before
the natural age for menopause (Tewari et al., 2015). Thus, a reduction in endogenous MSCs due to advancing age or an
underlying medical condition will also compromise the use of BMA as a rich source of these cells.

The present review was the first one to evaluate the clinical potential of BMA as a viable source of mesenchymal stem
cells (MSC) to promote bone healing in human. Null hypothesis is there are no differences between bone defects treated with
other biomaterials graft or untreated defects compared to bone marrow aspirate. Published scientific studies were reviewed to
assess the information available on this topic to provide a more detailed understanding of the clinical effects of BMA on

enhancing bone repair, and any other relevant circumstances regarding healing.

2. Methodology

This systematic review is based on the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) checklist structure (Moher et al., 2010) and is in accordance with a model proposed in previously published reports
(Oliveira et al., 2020; Santinoni et al., 2017; Lemos et al., 2016). Moreover, this study was registered on the international
prospective register of systematic reviews (PROSPERO CRD42017069050). Two independent investigators (J.P.P. and
J.A.C.) conducted an electronic search of PubMed/MEDLINE, EMBASE and Cochrane Library for articles published up to
June 2021, using the following search terms: bone marrow aspirate AND bone healing OR bone marrow aspirate AND bone
reapair OR bone marrow aspirate AND bone regeneration. They also conducted a search of the non-peer reviewed reports and
currently unpublished registered trials. All differences in choices between the investigators were analyzed by a third
investigator (F.R.V.), and consensus was reached through discussion.

Studies were independently selected and classified as included or excluded by the two researchers (J.P.P. and J.A.C.),
based on the title and abstract of the articles. Eligible studies included randomized controlled trials (RCTSs), studies that
compared bone marrow aspirate and other treatments to promote bone formation, and studies published in English. Exclusion
criteria were retrospective or prospective studies, in vitro or animal studies, computer simulations, case reports, studies that
evaluated only one type of treatment without a comparison group, and published report reviews. A specific question was
formulated based on the population, intervention, control, and outcome (PICO) criteria. The focused question was: “Bone
marrow aspirate promotes bone regeneration?”. Based on these criteria, the population was the participants who needed bone
regeneration, the intervention was bone marrow aspirate, and the comparison was other biomaterials for bone graft. The
primary outcome was bone formation, and secondary outcomes were other possible benefits observed and reported in the
studies.

The Cochrane collaboration criteria for judging risk of bias were used to assess the quality of the studies included in

the review (Figure 1).
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Two investigators (J.P.P. and J.A.C.) assessed the methodological quality of studies according to the Jadad scale,
which ranges from 0 to 5, with studies that scored greater than or equal to 3 considered to be high quality (Jadad et al., 1996)

Figure 1. Assessing risk of bias in included studies by Cochrane risk of bias tools.
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Table 1. Quality assessment of the selected studies by JADAD scale.
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3. Results
3.1 Literature search

The database search retrieved 87 references. After applying the inclusion/exclusion criteria to the titles and abstracts
of the selected comparative studies, 14 studies remained. Reading these study texts resulted in exclusion of 1 more study
because it was not controlled (J&ger et al., 2011). The manual search for articles did not identify more studies. Details of the
search strategy are presented in Figure 2. Overall, 13 studies (Fontes Martins et al., 2021; Mazzotta et al., 2021; U et al., 2019;
Manelli et al., 2017; Verma et al., 2017; Pepke et al., 2016; Pasquali et al., 2015; Lee et al., 2014; Damron et al., 2013; Ed-AdI
et al., 2013; Sauerbier et al., 2011; Da Costa et al., 2011) were selected for the analysis (Tables 1 and 2).

The kappa inter-investigator agreement for articles that were selected from databases (kappa value=0.83) showed an
almost perfect agreement (Landis & Koch, 1977).
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Table 2. Qualitative characteristics of the included studies related to patients, treatments and results.
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3.2 Characteristics of the included studies related to patients

A total of 368 patients were treated with BMA, and they had a mean age of 47.53 years. All studies included patients
of both sexes. The following experimental models in medical and dental areas were evaluated: posttraumatical aseptic
nonunions of long bones of the upper limb (Mazzotta et al., 2021), atrophic mandibular fracture (Manello et al., 2017), fracture
of intracapsular neck femur (Verma et al., 2017), non-traumatic femoral head necrosis (Pepke et al., 206), sinus maxillary
augmentation (Pasquali et al., 2015; Sauerbier et al., 2011), bilateral tibial lengthening (Lee et al., 2014), benign bone lesions
(U et al., 2019; Damron et al., 2013; EI-AdI et al., 2013), maxillary horizontal ridge augmentation (Da Costa et al., 2011),
alveolar ridges following tooth extraction (Fontes Martins et al., 2021; Pelegrine et al., 2010). Regarding systemic conditions,
one study reported that included patients submitted to chemiotherapy or immunosuppressive therapy (Pepke et al., 2016) and
another one did not report systemic conditions (Mazzotta et al., 2021). Remaining studies mentioned excluded patients with

pathologic fracture, polytraumatisms, or systemic conditions that would compromise the results.

3.3 Characteristics of the included studies related to treatment and results

Regarding the technique, most studies (seven) did not centrifugate BMA before its clinical use (U et al., 2019; Verma
et al., 2017; Damron et al., 2013; EI-AdI et al., 2013; Sauerbier et al., 2011; Da Costa et al., 2011; Pelegrine et al., 2010). Six
studies centrifuated BMA using different protocols: Fontes Martins et al. (2021) protocol was 400 g for 12 min. Mazzotta et al.
(2021) was 3200 rpm for 10 min. Manneli et al. (2017) processed BMA at 1600g for 8 minutes. Pepke et al. (2016) followed
Sepax centrifugation protocol. Pasquali et al. (2015) centrifugated it for 14 minutes. Lee et al. (2014) centrifugated BMA at
3200 rpm for 15 minutes.

Ten studies combined BMA with another biomaterial to induce bone regeneration (Fontes Martins et al., 2021,
Mazzotta et al., 2021; U et al., 2019; Manelli et al., 2017; Pasquali et al., 2015; Lee et al., 2014; Damron et al., 2013; EI-AdI et
al., 2013; Sauerbier et al., 2011; Da Costa et al., 2011), such as platelet-rich fibrin (Fontes Martins et al., 2021; Mazzotta et al.,
2021) or platelet-rich plasma (Manelli et al., 2017; Lee et al., 2014), xenogeneic bone from bovine hydroxyapatite (Pasquali et
al., 2015), ultraporous B-tricaicium phosphate (Damron et al., 2013), composite ceramic graft (EI-Adl et al., 2013), misture of
70% of bovine bone mineral and 30% of autogenous bone (Sauerbier et al., 2011) or allogeneic block grafts (Da Costa et al.,
2011).

Follow-up varied from 0-47 months (mean = 15.96). The analyses were performed by radiography, tomography,
biopsies and clinical evaluation. From 13 selected studies, nine reported a better or faster bone regeneration (primary
outcomes) when BMA was used combined (Fontes Martins et al., 2021; Mazzotta et al., 2021; U et al., 2019; Manelli et al.,
2017; Pasquali et al., 2015; Lee et al., 2014; EI-AdI et al., 2013; Sauerbier et al., 2011; Da Costa et al., 2011) or not (Pelegrine
et al., 2010) with other biomaterials. Three studies did not find advantage in the use of BMA to treat bone defects (Verma et
al., 2017; Pepke et al., 2016; Damron et al., 2013). All selected studies also evaluated other parameters (secondary results)
related to healing, such as postoperative complications and pain visual analogue score. There were no adverse or negative
effects of BMA reported.

4. Discussion

One of the methods able to improve healing of damaged tissue is the use of cellular based therapies. Expanded
cultured mesenchymal stem cells (MSCs), bone marrow concentrate and bone marrow in toto, or bone marrow aspirate

(BMA), represent the main strategies developed and used for tissue regeneration (Lana et al., 2021; Salamanna et al., 2018).
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Studies have demonstrated that MSC derived from bone marrow have a higher osteogenic potential than those from other
anatomical origins (Schneider et al., 2010; Zhang et al., 2009). Also, it is clear in the literature that its in vitro expansion phase
causes dramatic changes in MSC phenotype, what has very significant implications for the development of effective therapies
(Bara et al., 2014). So, genuine use of BMA is a very interesting way to apply MSC in surgical sites to promote bone healing.
In recent years, there has been much research on this topic, but the benefits of BMA are still controversial. Thus, we
systematically investigated the results published on the effect of this therapeutic approach on bone formarion in the health
field.

The present review included only studies that clinically evaluated bone defects treated with BMA and compared to a
control group. Most studies evaluated the results of bone formation radiographically (primary outcomes). In the qualitative
analysis, most of the included studies presented positive primary or secondary outcomes with BMA treatment in bone defects
(Martins et al., 2021; Mazzotta et al., 2021; U et al., 2019; Manelli et al., 2017; Pasquali et al., 2015; Lee et al., 2014; Damron
et al.,, 2013; EI-Adl et al., 2013; Sauerbier et al., 2011; Da Costa et al., 2011; Pelegrine et al., 2010). These studies
demonstrated that BMA can be a useful tool to promote bone formation. It is possible that the positive bone regeneration
results observed in groups treated with BMA in the selected studies were due to a significant increase in MSC at the surgical
site (Santinoni et al., 2021; Nagata et al., 2013). This hypothesis is supported by the findings of Smiler et al. (2008) who
analyzed samples of BMA of patients aged 23-73 years by flow cytometry analysis. The authors used cell markers for stem
cells and observed that BMA contains a significantly amount of hematopoietic, endothelial and MSC.

However, some authors believe that BMA alone is not enough use unmodified as a source of MSC (Schneider et al.,
2010; Kraus t al., 2006). Age related changes in the bone marrow microenvironment result in a decrease in the number and
function of MSC that differentiate into bone forming osteoblasts (Duque, 2008). The MSC pool can also be depleted in
younger individuals because of radiotherapy for cancer (Greenberger & Epperly, 2009). Thus, a reduction in endogenous MSC
due to advancing age or an underlying medical condition will also compromise bone regeneration (Gao et al., 2012; Chines,
2010). In fact, three studies included in this review reported no improvement with the treatment (Verma et al., 2017; Pepke et
al., 2016; Damron et al., 2013). Verma et al. (2017) used BMA to treat fracture of intracapsular neck femur. The authors did
not perform any processing of BMA and did not associate another biomaterial to it. Evaluated groups were closed reduction
and cannulated cancellous screw fixation (Group A) and additional percutaneous autologous bone marrow aspirate instillation
at fracture site was done along with cannulated cancellous screw fixation (Group B). Results were evaluated until 19.6 months
(mean follow up) and mean age of the patients was 39.5 years. They have not found significant difference between test and
control groups. Pepke et al. (2016) evaluated healing of non-traumatic femoral head necrosis with injection of BMA
concentrate (BMAC) during core decompression in comparison to core decompression only. BMA processing followed Sepax
centrifugation device protocol. Results were evaluated until 24 months follow up and mean age of the patients was 44.4 years.
It was not observed any benefit from the injection of bone marrow concentrate with regard to bone regeneration and clinical
outcomes. Damron et al. (2013) treated benign bone lesion healing filled with ultraporous 3-tricaicium phosphate (TCP) versus
TCP plus BMA (TCP/BMA) with the hypothesis that BMA speeds incorporation of bone graft substitute. The authors did not
perform any processing of BMA and found that the addition of BMA did not provide any significant benefit. Findings were
analyzed until 19 months (mean follow up) and mean age of the patients was 23.5 years.

These results demonstrate that centrigugation, combination with other biomaterials, or patient age could not
absolutely influence the results of BMA on bone healing. The main subjects that seem to influence the results was the systemic
condition of the patients and experimental models involved. While the study by Pepke et al. (2016) involved patients submitted

to chemotherapy or immunosuppressive therapy and did not find positive results in groups treated with BMA, other studies had
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found positive results and excluded patients that had a history of neoplastic disease treated with radiotherapy or chemotherapy,
if they were pregnant or breastfeeding, if they were receiving treatment or were affected by an illness that could have a change
on bone homeostasis, and other that coul affect healing (U et al., 2019; Manelli et al., 2017; Pasquali et al., 2015; Lee et al.,
2014; Damron et al., 2013; EI-Adl et al., 2013; Sauerbier et al., 2011; Da Costa et al., 2011; Pelegrine et al., 2010).

Finally, is important to highlight the secondary outcomes, which also had positive results after BMA treatment in
bone defects. Besides the amount of bone formed have been greater in the test groups with BMA, other advantages related to
the acceleration of healing, decreasing the postoperative morbidity of the patients, and the shorter time for reabsorption of
biomaterials were also observed as secondary results of this treatment. This therapy can show a benefit to the population, even
for elderly patients or for whom additional care is required (Santinoni et al., 2017).

5. Conclusion
Within the limitation of this review, an improvement in the healing can be found when BMA is used to treat bone
defects if patients had not a history of radiotherapy, chemotherapy or suppressive treatment. BMA should be be further

evaluated in comparison with autologous bone graft.
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