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Abstract 

Mesenchymal stem cells are core to bone homeostasis and repair. They both provide the progenitor cells from which 
bone cells are formed and regulate the local cytokine environment to create a pro-osteogenic environment. Dys-
regulation of these cells is often seen in orthopaedic pathology and can be manipulated by the physician treating 
the patient. This narrative review aims to describe the common applications of cell therapies to bone healing whilst 
also suggesting the future direction of these techniques.
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Introduction
The presence of a subset of non-haematopoietic stem 
cells within the bone marrow was a concept first sug-
gested in 1867 by the German pathologist Friedrich Con-
heim [1]. However, it was not until 1970 that Alexander 
Friedenstein found that this population of cells demon-
strate plastic adherence, dividing and forming small colo-
nies in culture [2]. “Mesenchymal stem cell” was a term 
first coined by Arnold Caplan in 1991, who demonstrated 
the ability of these cells to undergo trilineage differentia-
tion into osteoblasts, adipocytes and chondrocytes [3]. 
More recently, however, it has been established that this 
cell population is heterogeneous, possessing only a few 
true stem cells, which cannot be differentiated as yet; 
therefore, the term “mesenchymal stromal cell” (MSC) is 
preferred [4]. In 2006, the International Society for Cellu-
lar Therapy (ISCT) defined MSCs as cells with the follow-
ing characteristics [5]:

1. They adhere to plastic in standard culture
2.  ≥ 95% of the cell population express CD73, CD90 

and CD105, whereas < 2% express CD14, CD19, 
CD34, CD45 and HLA-DR

3. They are capable of in vitro differentiation into osteo-
blasts, chondroblasts and adipocytes under standard 
differentiating conditions.

Lately, a lot of attention has been given to the role 
of MSCs in bone repair. Bone is a unique tissue within 
the human body that can heal and regenerate without 
forming scar tissue. Key to this healing response is 
the recruitment of both local and remote MSCs to the 
site of injury, where they can differentiate into osteo-
blasts and produce local pro-osteogenic trophic factors 
[6]. Chemotaxis of MSCs is mediated by the SDF-1/
CXCR4 signalling pathway, and the CXCR4 expression 
by MSCs is associated with improved homing capacity 
[7]. Interestingly, this receptor is downregulated in cul-
ture-expanded MSCs, which have been demonstrated 
to have poorer homing abilities [8]. MSCs share several 
signalling pathways with immune cells, ensuring that 
they are recruited alongside these immune cells dur-
ing the inflammatory phase. One of the more impor-
tant is monocyte chemoattractant protein-1, which 
allows binding to CCR2 on the vascular endothelium, 
where MSCs can translocate into the target tissue [9]. 
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Pro-inflammatory cytokines, including interferon-γ and 
TNF-α, increase the production of matrix metallopro-
teinase (MMP), which allow MSCs to migrate through 
the extracellular matrix (ECM) [10]. In a pro-inflam-
matory environment, MSCs produce numerous immu-
nomodulatory substances, including prostaglandin E2, 
indoleamine 2,3-dioxygenase, nitric oxide and TGF-β 
[11]. Through their direct differentiation into bone pro-
genitor cells and modulation of the local inflammatory 
cytokine environment, MSCs are critical to bone heal-
ing and repair.

MSCs, however, are not the sole contributors to bone 
healing. Used as an injectable, MSCs can provide an 
osteogenic stimulus to a healing bone; however, as per 
the diamond concept of bone healing, MSCs must exist 
in an environment that provides sufficient osteoinduc-
tive signals and must be provided with an osteoconduc-
tive scaffold that can encourage ingrowth, appropriate 
mechanical stability and a well-vascularised bed [12]. 
As such, MSCs can be combined with a number of sub-
stances to optimise their capabilities in bone repair. 
Autograft, in either its cortical or cancellous form, pro-
vides a source of osteogenic cells, although the number 
of them is reduced during harvest and transfer. Auto-
graft provides the perfect osteoconductive scaffold onto 
which MSCs can be seeded to circumvent this problem 
and demonstrates osteoinductive properties that encour-
age MSC proliferation and differentiation [13]. Simi-
larly, allograft can be utilised as a scaffold—either as an 
unprocessed graft or in a more processed form such as 
demineralised bone matrix (DBM)—to provide osteo-
conductivity, albeit with limited osteoinductivity [14]. 
Further osteoinductivity can be achieved through the 
combination of bone morphogenetic protein (BMP) or 
platelet-rich plasma (PRP) with cells and allograft [15, 
16].

The use of both autograft and allograft is limited due 
to limited graft availability or immunogenicity; there-
fore, more recently, there has been an increase in the use 
of synthetic carriers. These scaffolds aim to mimic the 
structure of the local extracellular matrix (ECM), pro-
viding an osteoconductive structure onto which MSCs 
migrate and proliferate. Through their surface topogra-
phy, scaffolds can influence the differentiation of MSCs 
via mechanotransduction, directing MSC differentiation 
towards an osteoblastic lineage [17]. At present, scaf-
folds commonly used in the delivery of MSCs include 
bioceramics (commonly hydroxyapatite or β-tricalcium 
phosphate (β-TCP)), biodegradable polymers (such as 
polylactic acid (PLA) and polycaprolactone (PCL)), and 
composite biomaterials (combinations of ceramics and 
polymers) [18]. Bioprinting three-dimensional computer-
aided design (CAD) scaffolds with impregnated MSCs 

represents an exciting frontier, but, as of yet, it is not 
established in routine practice [19].

MSCs can be harvested from several sites, of which the 
iliac crest is the most commonly utilised due to its ease 
of access (Fig. 1). Once harvested, the cells can be either 
injected directly or expanded ex vivo and reimplanted at 
a later date [20].

In our institution, we use the anterior and/or the pos-
terior iliac crest of the pelvis as the harvesting site of the 
MSCs. The patient is placed in either the lateral or supine 
position. A stylet with its trocar point is inserted into 
the iliac crest and the bone marrow is aspirated into two 
30-ml syringes. Prior to aspiration, each 30-ml syringe is 
prefilled with 6 cc of ACD-A for a total of 60 ml of antico-
agulated marrow. The aspirate volume is then transferred 
to a tube, and the MarrowStim concentration system 
(Zimmer Biomet, Warsaw, IN, USA) is used for centrifu-
gation. After a spinning time of 15 min, a volume of 7 ml 
of concentrated marrow containing MSCs is extracted 
from the tube [21]. The concentrated bone marrow can 
then be either directly injected into the site of interest or 
loaded onto a scaffold for delivery to the site of nonun-
ion. Our previous work enumerating  CD45lowCD271high 
cells using the Attune-based method showed a median 
of 1520 cells/ml of bone marrow (95% CI: 1056 to 6112; 
range: 96 to 20,992 cells/ml of bone marrow) [22].

Direct injection has the advantage of requiring only a 
single-stage procedure, but there are concerns regard-
ing the containment of the cells with this technique, par-
ticularly when aiming to address bone defects where a 
scaffold would be beneficial in guiding cell localisation. 
Ex-vivo expansion of MSCs allows for greater cell yields 
that can be loaded onto scaffolds for the management of 

Fig. 1 Intraoperative image showing aspiration of bone marrow 
aspirate from the anterior pelvic iliac crest
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bone defects. The cells can adhere to the scaffold, provid-
ing containment and often encouraging their osteogenic 
differentiation. There are, however, concerns that cells 
lose their potency with increased time in tissue culture, 
with many opting to perform the second stage after one 
or two passages [13].

The aim of this narrative review is to describe the 
current applications of cell therapy for bone repair, 
examining current practice in harvest, application and 
supplementary therapy as well as clinical results.

Materials and methods
This scoping review was conducted in accordance with 
the guidance described in the Cochrane Handbook of Sys-
tematic Reviews. A search of the relevant electronic data-
bases (Ovid, Medline and PubMed) was conducted using 
keywords relating to MSC or marrow aspirate in bone-
healing applications. Articles were identified through the 
screening of titles and abstracts, with full texts retrieved 
for those articles relevant to this study.

Inclusion criteria included all studies published in the 
English language since 2010 that assessed the use of pro-
genitor cells or marrow aspirate for the augmentation 
of bone healing. Once identified, data were extracted, 
including the condition treated, the product used (cul-
ture-expanded cells vs marrow aspirate), supplementary 

therapy, duration of follow-up, and both radiological 
and clinical outcomes. These data are summarised in 
Tables 1–10.

MSCs in acute fracture healing
Given their key role in osteogenic differentiation and 
the control of the local paracrine environment, direct 
implantation of MSCs into acute fractures has been 
an area of particular interest (Tables  1 and 2). Osteo-
porotic vertebral fractures are endemic and can lead to 
significant pain and disability [23]. To try and improve 
outcomes in this cohort, Shim et  al. performed both 
local and systemic injection of Wharton-jelly-derived 
MSCs in combination with systemic administration of 
the synthetic parathyroid hormone (PTH) teriparatide 
[24]. Compared to teriparatide therapy alone, the experi-
mental group demonstrated significantly improved pain 
scores, Oswestry disability index scores, and bone micro-
architecture on CT at both 6 and 12 months. A number 
of authors suggest injecting MSCs in the early period fol-
lowing fracture fixation in an attempt to accelerate bone 
healing and facilitate a return to normal function. Lieber-
gall et  al. injected flow-selected MSCs into acute tibial 
fractures at between 3 and 6 weeks post-operatively and 
noted a reduction in the time to union of nearly half [25]. 
Similarly, Kim et  al. examined the injection of cultured 

Table 1 Papers assessing the use of cell therapies in acute fracture care

IMN Intramedullary Nailing

Authors Procedure Sites treated Source of MSCs Supplementary therapy

Shim et al. 2021 [24] Teriparatide ± MSC intramedul-
lary + intravenous injection 
for osteoporotic vertebral 
fractures

Experimental—7
Control—7

Wharton-jelly-derived MSCs 
harvested at passage 7

Both control and experimental 
groups received teriparatide

Verma et al. 2017 [28] Bone marrow injection dur-
ing fixation of the intracapsular 
neck of femur fractures

Experimental—16
Control—16

Anterior iliac crest, direct 
injection

All fractures fixed with can-
nulated screws, no other sup-
plementary therapy

Seebach et al. 2016 [29] MSCs in plate-stabilised proxi-
mal humeral fractures

Proximal humerus—10 Posterior iliac crest, ex-vivo 
expanded, sited on β-TCP 
scaffold

No other supplementary therapy

Libergall et al. 2013 [25] Injection of MSCs into acute 
tibial fractures at 3–6 weeks 
post-IMN

Experimental—12
Control—12

Anterior iliac crest—MSCs were 
flow sorted to ensure purity

Experimental—DMB and PRP
Control—no intervention 
at the 3- to 6-week mark

Kim et al. 2009 [26] Injection of autologous 
cultured osteoblasts into long-
bone fractures 6–8 weeks 
post-fixation

Experimental:
Tibia—13
Femur—11
Ulna—4
Humerus—2
Radius—1
Control:
Tibia—18
Femur—9
Radius—2
Ulna—2
Humerus—1
Fibula—1

Anterior iliac crest, culture 
expanded and harvested at P1

No supplementary therapy 
to experimental group 
except for injection of cells
Control group underwent 
standard care
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osteoblastic cells into a number of long-bone fractures 
(mostly tibias and femurs) at 6 to 8 weeks following the 
index procedure and also noted a significantly faster rate 
of radiological healing compared to standard treatment 
[26].

Contrastingly, not all acute fractures appear to be 
associated with such positive results. Due to a retro-
grade blood supply, femoral neck fractures are associated 
with high rates of both nonunion and avascular necrosis 
(AVN) [27]. Verma et al. therefore attempted to improve 
outcomes through the application of bone marrow aspi-
rate to the hip in young patients undergoing cannulated 
screw fixation of a displaced femoral neck fracture [28]. 
They demonstrated no difference in the rate of nonun-
ion, AVN or Harris hip score at final follow-up, though 
it is worth noting that this injection was into the hip 
joint, with no way of discerning exactly where the cells 
would seed. Similarly, Seebach et al. examined the use of 
culture-expanded MSCs on β-TCP scaffolds following 
locking-plate fixation of proximal humeral fractures [29]. 
Whilst they were able to achieve healing in all patients by 
12 weeks, functional outcomes as measured by the disa-
bilities of the arm, shoulder and hand (DASH) score were 
poor when compared to comparable series [30].

MSCs in fracture nonunion
Fracture nonunion represents a complex problem, the 
key to which is disruption to the bone’s normal healing 
mechanisms. Definitions vary, with the Food and Drug 
Administration (FDA) defining a nonunion as a fracture 
that has not gone on to heal 9 months following injury, 
with no radiological evidence of progression of healing 
for 3 consecutive months [31]. A more pragmatic defi-
nition is that of a fracture that has not gone on to heal 
within the usual timeframe of the injury and, in the 

opinion of the treating clinician, will not go on to heal 
without further intervention [32]. Fracture nonunion 
occurs due to complex interplay between biology and 
mechanics. Historically, it was felt that atrophic nonun-
ion occurs due to inadequate biology and hypertrophic 
nonunion due to inappropriate mechanics; however, 
increasingly, it is becoming evident that this is not the 
case, with each nonunion requiring careful assessment 
to ascertain which aspect of the diamond concept is 
not being supported [33]. Where surgeons aim to aug-
ment the biology, autologous bone graft remains the gold 
standard as a source of osteoconductivity, osteoinductiv-
ity and osteogenic cells. MSCs are, however, lost in the 
process of harvesting and preparing autograft, and, as 
such, augmentation with MSCs can be utilised to opti-
mise the osteogenic stimulus (Tables 3 and 4) [15].

In its simplest form, as a source of MSCs, marrow aspi-
rate can be injected directly into the nonunion site [34]. 
Using this technique, Singh et al. achieved union in 10/12 
patients that they treated with percutaneous bone mar-
row aspirate delivery into long-bone nonunion [35]. Hau 
et al. also employed marrow aspirate laden onto freeze-
dried allograft as a carrier in their cohort of long-bone 
nonunions (nine of the femur, six of the tibia, two of the 
ulna and one of the humerus) [36]. Even when compared 
to the gold standard of autologous bone graft, they saw 
accelerated bone healing with marrow aspirate, reducing 
the average time to union by 28%. Figure 2 demonstrates 
the percutaneous application of bone marrow aspirate 
to a tibial nonunion, whereas Fig.  3 shows the percuta-
neous application of bone marrow aspirate to a femoral 
nonunion.

Culture-expanded MSCs, whilst more resource inten-
sive, are beneficial in the management of fracture non-
union. Emadedin et al. injected culture-expanded MSCs 

Table 2 Outcomes following the use of cell therapies for acute fracture care

DEXA dual x-ray absorptiometry

Authors Duration of follow-up Radiological outcome Clinical outcome

Shim et al. 2021 [24] 12 months Improved microarchitecture in experimental 
group on CT at 6 and 12 months
No difference in improvement in hip and lum-
bar spine DEXA

Significantly greater improvement in pain scores 
in the experimental group
Significantly greater improvement in the Oswestry 
disability index in the experimental group

Verma et al. 2017 [28] 19.6 months Nonunion:
 4 × nonunion in each group
 1 × AVN in each group

No difference in Harris hip score between groups 
at the final follow-up

Seebach et al. 2016 [29] 12 weeks All fractures healed by 12 weeks Average DASH score by 12 weeks: 52

Libergall et al. 2013 [25] 12 months All fractures healed by 12 months
 Experimental group—2.2 months to union
 Control group—4 months to union

No difference in pain or SF-12 scores

Kim et al. 2009 [26] Not stated Callus formation score used
Statistically faster rate of healing in the experi-
mental group

No differences in rates of complications
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into three femoral and two tibial nonunions, achieving 
radiological union in 3/5 cases [37]. In their series of 
three patients with tibial/femoral nonunion, Wittig 
et al. achieved a 100% union rate within 12 months fol-
lowing the injection of culture-expanded MSCs seeded 
onto collagen microspheres as an osteoconductive 
scaffold [38]. Similarly, Giannotti et al. loaded culture-
expanded MSCs onto fibrin clot scaffolds augmented 
with autologous or synthetic bone graft in the manage-
ment of eight patients with forearm and humeral non-
union. They were able to achieve union in 8/9 patients 
without further intervention by adopting this strategy 
[39]. Ismail et  al. compared culture-expanded MSCs 
loaded on hydroxyapatite granules with autologous 
bone graft in ten patients with long-bone nonunion 
[40]. Even against the current gold standard, union 
was achieved significantly faster when using MSCs on 
a scaffold, with greater functional improvements also 
achieved in the first 4  months post-surgery. Finally, 
Gomez-Barrena et  al. seeded culture-expanded MSCs 
on 20% hydroxyapatide/80% β-TCP scaffolds in 28 
patients with long-bone nonunion [41]. They achieved 
union in 26/28 patients at 12  months, with excellent 
clinical outcomes.

With concerns about potential donor-site morbidity, 
the use of allogenic MSCs remains an option, though they 
also have associated concerns regarding disease trans-
mission and immunogenicity. To investigate the role of 
allogenic MSCs, Jayankura et al. percutaneously injected 
allogenic MSCs (ALLOB, Bone Therapeutics) into 22 
patients with long-bone nonunion [42]. Using this tech-
nique, they achieved union in 20/22 patients at 6 months, 
although they did note increased in anti-human leuko-
cyte antigen antibodies in 23% of patients, albeit with no 
clinical hypersensitivity reactions. At present, the litera-
ture is limited with regards to allogenic MSCs, and there-
fore they should be used with caution, particularly when 
repeated doses are being considered [43].

MSCs in bone defects
As with nonunion, bone defects are difficult to manage, 
as they require osteogenic cells, osteoinductive media-
tors and, importantly, an appropriate osteoconductive 
scaffold to bridge the existing gap until union is achieved. 
Current techniques for managing bone defects include 
bone transport, which takes advantage of the tension-
stress principle (whereby continuous tensile stress results 
in callus as two bone segments are gradually moved away 

Table 4 Outcomes following the use of cell therapies for nonunion

Authors Duration of follow-up Radiological outcome Clinical outcome

Jayankura et al. 2021 [42] 6 months Union achieved in 20/22 patients
Improvements in tomographic union score 
and modified radiographic union score at 3 
and 6 months

No treatment-mediated immune reactions 
observed, though the proportion of patients 
demonstrating donor-specific anti-HLA 
antibodies rose from 36 to 59%
Two patients required further operative 
intervention to achieve union

Gomez-Barrena et al. 2020 [41] 12 months Radiological healing:
 7/28 at 3 months
 19/28 at 6 months
 26/28 at 12 months

VAS score:
 < 30/100 in 85.7% at 3 months
 < 30/100 in 89% at 6 months
 Average score of 6.6 at 12 months

Emadedin et al. 2017 [37] 12 months Radiological union in 3/5 cases at an average 
of 8 months

No adverse advents related to implantation 
seen

Wittig et al. 2016 [38] 36 months Union achieved in all cases within 12 months All patients returned to normal function

Ismail et al. 2016 [40] 12 months Union achieved in all cases
Time to union:
 Experimental group—8 months
 Control group—11 months

Experimental group demonstrated greater 
functional improvements during the early 
post-op period (first 4 months)

Hau et al. 2015 [36] 24 months Experimental: union achieved in 17/18 cases 
at an average of 3.3 months
Control: union achieved in 8/9 cases 
at an average of 4.6 months

Two deep infections requiring debridement 
and suppression in experimental group
One nonunion in each group requiring 
revision

Giannotti et al. 2013 [39] 76 months 8/9 patients progressed to union with-
out further intervention

One patient required revision of radius 
nonunion at 6 months, having previously 
been managed for nonunion of their radius 
and ulna
No late refractures seen in long-term follow-
up

Singh et al. 2013 [35] Not reported Union achieved in 10/12 cases at an average 
of 4 months

2 × failures, one of which underwent revision 
fixation + bone grafting
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from one another) or bone grafting, be that acute or via 
a two-stage induced-membrane technique. Both of these 
techniques, whilst effective, carry high morbidity, both 
during and following treatment. As such, there is still 
interest in generating additional osteogenic stimulus in 
the management of bone defects to accelerate bone heal-
ing (Tables 5 and 6).

Dealing with smaller alveolar cleft defects within recon-
structive dentistry, both Shabaan et al. and Bajestan et al. 
employed cell therapies to try and reduce a defect size 
prior to siting implants [44, 45]. Shabaan utilised mar-
row aspiration, whilst Bajestan utilised culture-expanded 
MSCs on β-TCP scaffolds. Shabaan demonstrated signifi-
cantly higher bone density with the use of MSCs when 
compared to bone graft alone; however, Bajestan noted 
that the use of MSCs with a synthetic bone substitute 
resulted in inadequate defect reconstruction compared 

to bone graft and was unable to site an implant in half of 
the cases.

Sponer et al. utilised culture expanded MSCs on β-TCP 
scaffolds and compared this to allograft in the manage-
ment of proximal femoral bone defects following revision 
arthroplasty [46]. In the 19 patients managed with cell 
therapy, they noted similar graft incorporation at 1 year 
and no difference in the Harris hip score, suggesting that 
cell therapy could be safely used as an alternative to allo-
graft, avoiding the risks of contamination or immuno-
genicity. Dufrane et  al. utilised culture-expanded MSCs 
combined with DBM to facilitate the incorporation of 
intercalary replacement following bone tumour resection 
and resection of pseudoarthrosis, and they demonstrated 
excellent incorporation around the tumour prosthesis 
but poor outcomes with a high rate of failure (2/3) when 
utilised to reconstruct defects in pseudoarthrosis [47].

Fig. 2 A 42-year-old male sustained a closed distal tibial fracture following a fall (A, B). The fracture was stabilised with a MIPO plate 
and demonstrated little callus formation 6 weeks after surgery (C, D). A CT scan taken at 6 months demonstrates an established nonunion (E). 
The patient underwent the harvesting of 60 ml bone marrow from the ipsilateral iliac crest, which was concentrated down to 7 ml of BMAC. This 
was injected by a percutaneous technique into the nonunion site (F, G). Following this technique, union was achieved within 4 months (H, I). MIPO 
Minimal invasive plate osteosynthesis
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In the field of trauma, Marcacci et  al. utilised cul-
ture-expanded MSCs combined with hydroxyapatite 
scaffolds to manage long-bone defects in four patients 
(average defect size: 5.25  cm; two ulna, one tibia, one 
humerus) [48]. All four cases achieved consolidation 
within 7  months of the procedure, with no reported 
complications. Similarly, Utomo et  al. reconstructed 
one tibial (6 cm) and one humeral (5 cm) defect com-
bining bone marrow aspirate with freeze-dried allo-
graft and platelet-rich plasma, achieving union with 
good functional results in both cases [49]. The lit-
erature surrounding cell therapies in the management 
of bone defects is limited, and they are often used in 
conjunction with other techniques. The addition of 
an osteogenic stimulus does appear to provide a ben-
efit, particularly in cases where this is combined with 
bone graft, although further larger series are required 
to demonstrate this.

MSCs in avascular necrosis of the femoral head
Avascular necrosis (AVN) of the femoral head occurs as 
a result of disruption to the blood supply, which leads 
to osteocyte death. It may occur spontaneously, follow-
ing trauma, or due to risk factors such as corticosteroid 
use or alcoholism [50]. Early AVN is often an incidental 
finding on a magnetic resonance imaging (MRI) scan, 
with the disease progressing to femoral head sclerosis, 
subchondral fracture and, eventually, femoral head col-
lapse. In its early stages, management is based on joint-
preserving procedures, including core decompression, 
vascularised graft or re-directional osteotomies. Once 
femoral head collapse occurs, joint-preserving proce-
dures become ineffective, and arthroplasty becomes the 
treatment option of choice [50]. In the setting of AVN, 
cell therapies provide an exciting avenue to regenerate 
subchondral bone, preventing femoral head collapse 

Fig. 3 A 30-year-old female presented a CT-proven atrophic nonunion at 9 months following an IM nail for a closed femoral fracture (A, B). The 
patient underwent the harvesting of 60 ml of bone marrow, which was concentrated down to 8 ml volume and injected into the nonunion site (C, 
D). Images E and F demonstrate union at 3 months post-operation. IM Intramedullary
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and therefore the requirement for future arthroplasty 
(Tables 7 and 8).

MSCs can be delivered to the femoral head via several 
mechanisms, including injection into the local circula-
tion, percutaneous injection into the offending lesion, 
or application on scaffolds following core decompres-
sion. Three recent studies have examined the use of local 
injection of MSCs for femoral head AVN. Chen et  al. 
injected umbilical cord MSCs into the femoral artery in 
nine patients with stage 2 and stage 3 AVN [51]. In all 
patients, the AVN lesion remained stable over 24 months 
of follow-up, with no patient requiring conversion to 
total hip arthroplasty (THA). Mao et al. similarly injected 
bone-marrow-derived mononuclear cells into the medial 
circumflex artery in 78 patients with grade 1–3 AVN, 
and they demonstrated that there was little progression 
in stage 1 and 2 hips at 5  years and a requirement for 
THA in just 7.7% across all stages [52]. Two years later, 
the same group also published their results on porous 
tantalum rod insertion ± infusion of peripheral blood 
stem cells into the medial circumflex femoral artery, 
demonstrating that there was an improved radiological 
and clinical outcome in the infusion group at 36 months 
[53]. Within this cohort, the requirement for THA was 
reduced from 22% in the control group to 6% in the infu-
sion group. A number of authors have also examined the 
injection of cells only into the necrotic lesion. Dalto et al. 
injected minimally manipulated bone marrow into the 
hips of 89 patients with stage 1 and 2 disease; they dem-
onstrated that lesions were stable in all patients at 5 years 
and that there were no conversions to THA [54]. Li et al. 
obtained similar results at a year following the injection 
of bone marrow, adipose-derived stem cells and PRP [55].

Decompression is a key feature of the early manage-
ment of AVN. A number of authors have applied mar-
row or expanded MSCs following decompression to try 
and stimulate healing in the subchondral area. Hauzer 
et  al. compared core decompression with bone marrow 
aspirate concentrate (BMAC) injection to core decom-
pression and saline, demonstrating that there was no 
difference between the two groups with regards to radio-
logical progression, clinical outcomes or need for THA 
[56]. It should be noted, however, that all patients in this 
cohort had stage 3 disease. Gao et  al. similarly injected 
marrow aspirate supplemented with recombinant bone 
morphogenetic protein-2 (rhBMP-2) into adolescent 
patients following core decompression, achieving good 
clinical outcomes for 96% and 83% of stage 1 and stage 
2 hips, respectively, at 6.8  years [57]. Outcomes were 
poorer for stage 3 hips, with only 67% achieving a good 
outcome; however, only one patient had proceeded to 
THA. Hauzer et  al. also examined the use of expanded 
osteoblastic cells vs BMAC in patients undergoing core 
decompression for stage 1 and 2 AVN [58]. Outcomes 
were significantly better with culture-expanded cells, 
with fewer demonstrating radiological progression and 
just 15% requiring THA, compared to 35% in the BMAC 
group.

To further provide osteoconductivity, various authors 
have utilised both native and synthetic material as 
scaffolds to try and further improve the bone healing 
response. Li et al. combined bone marrow buffy coat with 
an angioconductive bioceramic rod and compared this to 
a control of β-TCP granules without marrow [59]. Within 
this cohort, patients managed with bone marrow had sig-
nificantly higher Harris hip scores at 5  years (84 vs 73) 

Table 6 Outcomes following the use of cell therapies for the management of bone defects

Authors Duration of follow-up Radiological outcome Clinical outcome

Shabaan et al. 2023 [44] 12 months Significantly higher bone volume + bone den-
sity in the experimental group

No complications in either group

Utomo et al. 2019 [49] 8 months Radiological union achieved in both cases 
(timeline not described)

Both patients regained normal function with-
out ongoing pain

Sponer et al. 2018 [46] 21 months No difference in graft incorporation at 1 year No difference in clinical or patient-reported 
outcomes (Harris hip score)

Bajestan et al. 2017 [45] 4 months Not reported Gain of horizontal augmentation was greater 
in the control group (3.3 mm) compared 
to the experimental group (1.5 mm)
Augmentation allowed the placement of implants 
in all control cases, but in just 5/10 of cases 
in the experimental group

Dufrane et al. 2015 [47] 37 months Incorporation of all tumour prosthesis
Failure of union in 2/3 pseudoarthrosis cases

1/3 with intercalary replacement developed 
a deep infection requiring removal of the implant
2/3 with pseudoarthrosis developed a nonunion 
requiring revision

Marcacci et al. 2007 [48] 60 months Consolidation achieved in all cases between 5 
and 7 months (average 6 months)

No complications reported
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and a significantly lower conversion rate to THA (4.5% vs 
17.2%). Aoyama examined the use of culture-expanded 
MSCs seeded on β-TCP scaffolds combined with vas-
cularised iliac crest graft in nine patients with stage 3 

disease [60]. At 2  years, all patients remained function-
ally high-performing, with no radiological progression 
and no conversions to THA. Both Li et al. and Zhao et al. 
examined the combination of culture-expanded MSCs 

Table 7 Papers assessing the use of cell therapy in the management of avascular necrosis of the femoral head

Authors Procedure Classification Source of MSCs Supplementary therapy

Li et al. 2021 [59] Experimental: core decom-
pression, angioconductive 
bioceramic rod + bone marrow 
buffy coat
Control: core decompression, 
angioconductive bioceramic 
rod + β-TCP granules

Experimental:
 Ficat 1: 1
 Ficat 2: 19
 Ficat 3: 2
Control:
 Ficat 1: 1
 Ficat 2: 20
 Ficat 3: 6
 Ficat 4: 2

Anterior iliac crest; injected 
directly

Experimental group 
also received iliac crest bone 
graft mixed with the marrow 
aspirate

Hauzer et al. 2020 [58] Experimental: core decom-
pression + culture-expanded 
osteoblastic cells
Control: core decompres-
sion + BMAC

Experimental:
 ARCO 1: 10
 ARCO 2: 17
Control:
 ARCO 1: 10
 ARCO 2: 16

Anterior or posterior iliac crest; 
BMAC directly injected, osteo-
blastic cell culture expanded

None

Li et al. 2020 [61] Experimental: core decompres-
sion, bone graft + bone marrow 
buffy coat
Control: core decompres-
sion + bone graft

Experimental:
 Ficat 2: 11
 Ficat 3: 10
Control:
 Ficat 2: 11
 Ficat 3: 9

Anterior iliac crest; injected 
directly

None

Hauzeur et al. 2018 [56] Experimental: core decompres-
sion + BMAC
Control: core decompres-
sion + saline

All ARCO stage 3 (23 total) Anterior iliac crest; injected 
directly

None

Chen at el 2016 [51] Umbilical cord MSCs injected 
into femoral artery

ARCO 2: 5
ARCO 3A: 4

Umbilical-cord-derived 
culture-expanded MSCs

None

Gao et al. 2016 [57] Core decompression, bone 
marrow aspirate + rh-BMP-2

ARCO 1: 3
ARCO 2: 21
ARCO 3: 27

Not stated rhBMP-2

Mao et al. 2015 [53] Experimental: porous tantalum 
rod + infusion of peripheral 
blood stem cells into medial 
circumflex artery
Control: porous tantalum rod 
only

Experimental:
 ARCO 1: 8
 ARCO 2: 29
 ARCO 3A: 11
Control:
 ARCO 1: 10
 ARCO 2: 23
 ARCO 3A: 8

Peripheral blood stem cells 
mobilised by granulocyte 
colony-stimulating factor

None

Zhao et al. 2015 [62] Porous tantalum rod 
with MSCs + vascularised iliac 
graft

ARCO 3C: 19
ARCO 4: 12

Posterior iliac crest; culture 
expanded

Vascularised iliac crest graft

Daltro et al. 2015 [54] Bone marrow injection only Ficat 0: 20
Ficat 1: 31
Ficat 2A: 16
Ficat 2B: 22

Posterior iliac crest; injected 
directly

None

Li et al. 2015 [55] Bone marrow + adipose-
derived stem cells + PRP

Ficat 1: 5
Ficat 2: 4
Ficat 3: 3
Ficat 4: 3

Anterior iliac crest + adipose; 
injected directly

PRP

Aoyama et al. 2014 [60] MSCs on β-TCP in combination 
with vascularised iliac crest 
bone graft

ARCO 3a: 5
ARCO 3b: 4

Posterior iliac crest; culture 
expanded + seeded on β-TCP

Vascularised iliac crest graft

Mao et al. 2013 [52] Bone marrow mononuclear 
cells injected via the medial 
circumflex artery

Ficat 1: 16
Ficat 2: 52
Ficat 3: 10

Anterior iliac crest; injected 
directly

None
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with bone graft [61, 62]. In a 10-year follow-up of core 
decompression, bone graft ± BMAC, Li established that 
the addition of marrow reduced radiological progression 
from 50 to 24%, produced significantly better functional 
outcomes, and reduced the requirement for arthroplasty 
from 20% to just 9.5%. Similarly, when treating exclusively 
stage 3C and 4 hips, Zhao demonstrated that a combi-
nation of a porous tantalum rod with culture-expanded 
MSCs and vascularised iliac crest graft prevented radio-
logical progression in 8/31 hips, with a THA rate of just 
16% at 5 years.

Cell therapy is particularly exciting in the management 
of early AVN, as it demonstrates strong utility in prevent-
ing progression beyond stage 1 and 2 disease. Nonethe-
less, when combined with other gold standard techniques 
such as autologous bone grafting, it can still provide 
value, even in advanced disease.

Other applications of MSCs
Whilst cell therapies are currently most commonly uti-
lised in the management of AVN and nonunion, they 
have wide-ranging potential (Tables  9 and 10). Both 

Table 8 Outcomes following the use of cell therapies for the management of avascular necrosis of the femoral head

WOMAC Western Ontario and McMaster Universities Osteoarthritis Index, THR Total hip arthroplasty, JOA Japanese Orthopaedic Association, Na Not available

Authors Duration of follow-up Radiological outcome Clinical outcome Conversion to THR

Li et al. 2021 [59] 5 years Not recorded Experimental group had signifi-
cantly higher Harris hip scores 
at final follow-up (84 vs 73)

Experimental—4.5%
Control—17.2%

Hauzer et al. 2020 [58] 36 months Progression to ARCO 3 
or beyond:
 Experimental—22%
 Control—46%

No difference in clinical out-
comes between the two groups 
with regards to VAS score 
or WOMAC score

Experimental—15%
Control—35%

Li et al. 2020 [61] 10 years Radiological progression:
 Experimental—24%
 Control—50%

VAS score was significantly 
lower in the experimental 
group at all post-operative time 
points
Functional outcomes were 
significantly better in the exper-
imental group

Experimental—9.5%
Control—20%

Hauzeur et al. 2018 [56] 24 months Radiological progression 
to stage 4:
 Experimental—43%
 Control—43%

No difference in WOMAC score 
between the experimental 
and control groups

15/23 progressed to needing 
THR
No difference between groups

Chen et a.l 2016 [51] 24 months Necrotic area reduced on MRI 
at both 12 and 24 months

Oxygen delivery increased 
within 3 days of injection

Na

Gao et al. 2016 [57] 6.8 years 17.6% of hips demonstrated 
progressive collapse of the fem-
oral head

Clinical success rate was 95.8% 
for ARCO stages 1 and 2, 
83.3% for stage 3A, and 66.7% 
for stage 3B

1 patient required THR

Mao et al. 2015 [53] 36 months Radiological progression:
 Experimental—4/48
 Control—13/41

Harris hip score was significantly 
higher in the experimental 
group

Experimental—6.25%
Control—21.95%

Zhao et al. 2015 [62] 5 years Radiological progression in 3/19 
stage 3C hips and 5/12 stage 
4 hips

Harris hip score improved 
from 39 pre-op to 77 post-op

5/31 at 5 years

Daltro et al. 2015 [54] 5 years No patient experienced disease 
progression on XR or MRI

Significant improvement in Har-
ris hip score was maintained 
to 60 months

0 conversion to THR

Li et al. 2015 [55] 12 months No radiological progression Not reported 0 conversion to THR

Aoyama et al. 2014 [60] 24 months Stable size of lesion at 1 
and 2 years

JOA score improved from 66 
at baseline to 90 at 1 year 
and 88 at 2 years

0 conversion to THR

Mao et al. 2013 [52] 5 years Radiological progression:
 Stages 1 + 2: 4%
 Stage 3: 30%

Mean HHS:
 Baseline—59
 12 months—75
 24 months—82
 36 months—81
 48 months—79
 60 months—74

6/78 (7.7%)
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Di Bella et al. and Li et al. utilised bone marrow for the 
management of paediatric bone cysts [63, 64]. In both 
of these series, the addition of bone marrow resulted in 
improved healing compared to the current standard of 
management. Lee et al. also demonstrated great efficacy 

of BMAC during distraction osteogenesis [65]. Injection 
of BMAC at the time of osteotomy in this cohort of 20 
patients undergoing bilateral tibial lengthening over a 
nail resulted in faster cortical consolidation and a faster 
return to full weight-bearing. Cell therapies have also 

Table 9 Miscellaneous papers assessing the use of cell therapy

Authors Procedure Sites treated Source of MSCs Supplementary therapy

Di Bella et al. 2010 [63] Corticosteroid vs autologous 
marrow + DBM for unicameral 
bone cysts

Experimental:
 Humerus—29
 Femur—11
 Other—1
Control:
 Humerus 108
 Femur—31
 Other—4

Anterior iliac crest; directly 
injected

MSCs combined with DBM 
for injection
Control group had injection 
of corticosteroid only

Li et al. 2016 [64] Autologous marrow vs titanium 
elastic nail for simple bone cysts

Experimental:
 Humerus—16
 Femur—7
Control:
 Humerus—14
 Femur—9

Anterior iliac crest; directly 
injected

No supplementary therapy
Control group had a titanium 
elastic nail only

Lee et al. 2014 [65] BMAC to improve regeneration 
in patients undergoing bilateral 
tibial lengthening over a nail

Tibia—40 (20 patients) Anterior iliac crest; directly 
injected

Supplemented with platelet-rich 
plasma, lengthened at a rate 
of 1 mm/day
Similar final lengthening

Thaler et al. 2013 [66] Lumbar decompression + fusion 
with autologous mar-
row + β-TCP scaffold

Lumbar spine:
 Single level—26
 Two levels—5
 Three levels—3

Anterior iliac crest; directly 
injected

PEEK cage pre-filled with β-TCP

Table 10 Outcomes of miscellaneous papers assessing the use of cell therapy

Authors Duration of follow-up Radiological outcome Clinical outcome

Di Bella et al. 2010 [63] Experimental—20 months
Control—48 months

Greater rate of healing in experimental group 
(59% vs 21%)

Fewer treatment failures (defined as refracture, 
no evidence of healing at 6 months, or recur-
rence of the cyst that requires additional treat-
ment) in experimental group

Li et al. 2016 [64] Not reported Experimental:
 Complete healing—61%
 Partial healing with small residual—26%
Control:
 Complete healing—70%
 Partial healing with small residual—17%

In both cohorts, there were three recurrences 
requiring further treatment (all had autologous 
bone marrow injection)
No difference in overall complication rate

Lee et al. 2014 [65] 24 months Similar external fixator index for the two 
groups
Faster cortical consolidation in the experimen-
tal group (0.95 vs 1.34 months/cm)

Experimental group returned to full weight-
bearing significantly more quickly (full weight-
bearing index 0.99 months/cm in the experi-
mental group vs 1.38 months/cm in the control 
group)

Thaler et al. 2013 [66] 12 months 61% fusion rate at 12 months on CT Oswestry disability index:
 Baseline—62
 3 months—24
 12 months—14
VAS back pain:
 Baseline—8/10
 12 months—3/10
VAS leg pain:
 Baseline 6/10
 12 months—2/10
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been trialled in spinal fusion as an alternative to autolo-
gous graft. Unfortunately, however, despite positive clini-
cal outcomes, the nonunion rate was 61%, and therefore 
their use is not routinely supported for this indication 
[66].

Conclusion
Cell therapy continues to be an exciting avenue for aug-
menting bone repair, spanning several key indications. 
At present, the literature remains heterogeneous, with 
the majority of publications in this area being based on 
small series, with a high risk of bias. Ex-vivo expansion 
of cells onto custom scaffolds is a desirable end point for 
the future of this technology; however, the processes to 
facilitate this are laborious and costly. The combination 
of ex-vivo expanded cells with autologous bone provides 
a clinically effective alternative, though at the cost of 
donor-site morbidity. Moving forward, research should 
seek to answer key questions, including how we can bet-
ter purify the marrow aspirates without the need for tis-
sue culture, and seek to identify improved biocompatible 
scaffolds that perform similarly to native bone.

Abbreviations
MSC  Mesenchymal stromal cell
DBM  Demineralised bone matrix
PRP  Platelet-rich plasma
ECM  Extracellular matrix
β-TCP  β-Tricalcium phosphate
PLA  Polylactic acid
PCL  Polycaprolactone
CAD  Computer-aided design
PTH  Parathyroid hormone
AVN  Avascular necrosis
DASH  Disabilities of the arm, shoulder and hand
FDA  Food and Drug Administration
MRI  Magnetic resonance imaging
THA  Total hip arthroplasty
BMAC  Bone marrow aspirate concentrate
rhBMP-2  Recombinant bone morphogenetic protein-2

Author contributions
PR collected literature, performed the literature review and prepared the 
manuscript. FK collected literature and contributed to the literature review 
and to the preparation of the manuscript. VG collected literature and con-
tributed to the literature review and to the preparation of the manuscript. PG 
provided oversight of the project and contributed to the preparation of the 
final manuscript.

Funding
No funding was received for the completion of this project.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
No ethical approval was required for this study.

Consent for publication
All authors have reviewed the final manuscript and consent to its publication.

Competing interests
All authors declare no conflict of interest.

Received: 4 December 2023   Accepted: 1 May 2024

References
 1. Cohnheim J (1897) Ueber entzündung und eiterung. Arch Für Pathol 

Anat Und Physiol Und Für Klin Med 40(1):1–79. https:// doi. org/ 10. 1007/ 
BF029 68135

 2. Friedenstein AJ, Chailakhjan RK, Lalykina KS (1970) The development of 
fibroblast colonies in monolayer cultures of guinea-pig bone marrow 
and spleen cells. Cell Tissue Kinet 3(4):393–403. https:// doi. org/ 10. 1111/j. 
1365- 2184. 1970. tb003 47.x

 3. Caplan AI (1991) Mesenchymal stem cells. J Orthop Res 9(5):641–650. 
https:// doi. org/ 10. 1002/ jor. 11000 90504

 4. Bianco P, Robey PG, Simmons PJ (2008) Mesenchymal stem cells: revisit-
ing history, concepts, and assays. Cell Stem Cell 2(4):313–319. https:// doi. 
org/ 10. 1016/j. stem. 2008. 03. 002

 5. Dominici M, Le Blanc K, Mueller I et al (2006) Minimal criteria for defining 
multipotent mesenchymal stromal cells. the International Society for Cel-
lular Therapy position statement. Cytotherapy 8(4):315–317. https:// doi. 
org/ 10. 1080/ 14653 24060 08559 05

 6. Lin W, Xu L, Zwingenberger S, Gibon E, Goodman SB, Li G (2017) Mes-
enchymal stem cells homing to improve bone healing. J Orthop Transl 
9:19–27. https:// doi. org/ 10. 1016/j. jot. 2017. 03. 002

 7. Moll NM, Ransohoff RM (2010) CXCL12 and CXCR4 in bone marrow physi-
ology. Expert Rev Hematol 3(3):315–322. https:// doi. org/ 10. 1586/ ehm. 10. 
16

 8. Rombouts WJC, Ploemacher RE (2003) Primary murine MSC show highly 
efficient homing to the bone marrow but lose homing ability following 
culture. Leukemia 17(1):160–170. https:// doi. org/ 10. 1038/ sj. leu. 24027 63

 9. Wang L, Li Y, Chen J et al (2002) Ischemic cerebral tissue and MCP-1 
enhance rat bone marrow stromal cell migration in interface culture. Exp 
Hematol 30(7):831–836. https:// doi. org/ 10. 1016/ S0301- 472X(02) 00829-9

 10. Hemeda H, Jakob M, Ludwig A-K, Giebel B, Lang S, Brandau S (2010) 
Interferon-gamma and tumor necrosis factor-alpha differentially affect 
cytokine expression and migration properties of mesenchymal stem 
cells. Stem Cell Dev 19(5):693–706. https:// doi. org/ 10. 1089/ scd. 2009. 0365

 11. English K (2013) Mechanisms of mesenchymal stromal cell immunomod-
ulation. Immunol Cell Biol 91(1):19–26. https:// doi. org/ 10. 1038/ icb. 2012. 
56

 12. Giannoudis PV, Einhorn TA, Marsh D (2007) Fracture healing: the diamond 
concept. Injury 38(Suppl 4):S3-6. https:// doi. org/ 10. 1016/ s0020- 1383(08) 
70003-2

 13. Shang F, Yu Y, Liu S et al (2021) Advancing application of mesenchymal 
stem cell-based bone tissue regeneration. Bioact Mater 6(3):666–683. 
https:// doi. org/ 10. 1016/j. bioac tmat. 2020. 08. 014

 14. Rodham PL, Giannoudis VP, Kanakaris NK, Giannoudis PV (2023) Biological 
aspects to enhance fracture healing. EFORT Open Rev 8(5):264–282. 
https:// doi. org/ 10. 1530/ EOR- 23- 0047

 15. Roberts TT, Rosenbaum AJ (2012) Bone grafts, bone substitutes and 
orthobiologics: the bridge between basic science and clinical advance-
ments in fracture healing. Organogenesis 8(4):114–124. https:// doi. org/ 
10. 4161/ org. 23306

 16. Sánchez-González DJ, Méndez-Bolaina E, Trejo-Bahena NI (2012) Platelet-
rich plasma peptides: key for regeneration. Int J Pept 2012:532519. 
https:// doi. org/ 10. 1155/ 2012/ 532519

 17. Abagnale G, Steger M, Nguyen VH et al (2015) Surface topography 
enhances differentiation of mesenchymal stem cells towards osteogenic 
and adipogenic lineages. Biomaterials 61:316–326. https:// doi. org/ 10. 
1016/j. bioma teria ls. 2015. 05. 030

 18. Stamnitz S, Klimczak A (2021) Mesenchymal stem cells, bioactive factors, 
and scaffolds in bone repair: from research perspectives to clinical prac-
tice. Cells. https:// doi. org/ 10. 3390/ cells 10081 925

 19. Gopinathan J, Noh I (2018) Recent trends in bioinks for 3D printing. 
Biomater Res 22(1):11. https:// doi. org/ 10. 1186/ s40824- 018- 0122-1

https://doi.org/10.1007/BF02968135
https://doi.org/10.1007/BF02968135
https://doi.org/10.1111/j.1365-2184.1970.tb00347.x
https://doi.org/10.1111/j.1365-2184.1970.tb00347.x
https://doi.org/10.1002/jor.1100090504
https://doi.org/10.1016/j.stem.2008.03.002
https://doi.org/10.1016/j.stem.2008.03.002
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1016/j.jot.2017.03.002
https://doi.org/10.1586/ehm.10.16
https://doi.org/10.1586/ehm.10.16
https://doi.org/10.1038/sj.leu.2402763
https://doi.org/10.1016/S0301-472X(02)00829-9
https://doi.org/10.1089/scd.2009.0365
https://doi.org/10.1038/icb.2012.56
https://doi.org/10.1038/icb.2012.56
https://doi.org/10.1016/s0020-1383(08)70003-2
https://doi.org/10.1016/s0020-1383(08)70003-2
https://doi.org/10.1016/j.bioactmat.2020.08.014
https://doi.org/10.1530/EOR-23-0047
https://doi.org/10.4161/org.23306
https://doi.org/10.4161/org.23306
https://doi.org/10.1155/2012/532519
https://doi.org/10.1016/j.biomaterials.2015.05.030
https://doi.org/10.1016/j.biomaterials.2015.05.030
https://doi.org/10.3390/cells10081925
https://doi.org/10.1186/s40824-018-0122-1


Page 15 of 16Rodham et al. Journal of Orthopaedics and Traumatology           (2024) 25:28  

 20. Qin Y, Guan J, Zhang C (2014) Mesenchymal stem cells: mechanisms and 
role in bone regeneration. Postgrad Med J 90(1069):643–647. https:// doi. 
org/ 10. 1136/ postg radme dj- 2013- 132387

 21. Zimmer Biomet. MarrowStim concentration system manual. Zimmer 
Biomet,  Warsaw, pp 1–20. https:// www. zimme rbiom et. com/ en/ produ 
cts- and- solut ions/ speci alties/ biolo gics/ biocue- bbma- conce ntrat ion- 
system. html. Accessed 1 Oct 2023

 22. El-Jawhari JJ, Cuthbert R, McGonagle D, Jones E, Giannoudis PV (2017) 
The  CD45lowCD271high cell prevalence in bone marrow samples may 
provide a useful measurement of the bone marrow quality for cartilage 
and bone regenerative therapy. J Bone Joint Surg Am 99:1305–1313

 23. Prost S, Pesenti S, Fuentes S, Tropiano P, Blondel B (2021) Treat-
ment of osteoporotic vertebral fractures. Orthop Traumatol Surg Res 
107(1):102779. https:// doi. org/ 10. 1016/j. otsr. 2020. 102779

 24. Shim J, Kim K-T, Kim KG et al (2021) Safety and efficacy of Wharton’s jelly-
derived mesenchymal stem cells with teriparatide for osteoporotic ver-
tebral fractures: a phase I/IIa study. Stem Cell Transl Med 10(4):554–567. 
https:// doi. org/ 10. 1002/ sctm. 20- 0308

 25. Liebergall M, Schroeder J, Mosheiff R et al (2013) Stem cell-based therapy 
for prevention of delayed fracture union: a randomized and prospective 
preliminary study. Mol Ther 21(8):1631–1638. https:// doi. org/ 10. 1038/ mt. 
2013. 109

 26. Kim S-J, Shin Y-W, Yang K-H et al (2009) A multi-center, randomized, 
clinical study to compare the effect and safety of autologous cultured 
osteoblast (Ossron) injection to treat fractures. BMC Musculoskelet Disord 
10:20. https:// doi. org/ 10. 1186/ 1471- 2474- 10- 20

 27. Panteli M, Rodham P, Giannoudis PV (2015) Biomechanical rationale for 
implant choices in femoral neck fracture fixation in the non-elderly. Injury 
46(3):445–452. https:// doi. org/ 10. 1016/j. injury. 2014. 12. 031

 28. Verma N, Singh MP, Ul-Haq R, Rajnish RK, Anshuman R (2017) Outcome of 
bone marrow instillation at fracture site in intracapsular fracture of femo-
ral neck treated by head preserving surgery. Chin J Traumatol Zhonghua 
Chuang Shang Za Zhi 20(4):222–225. https:// doi. org/ 10. 1016/j. cjtee. 2017. 
02. 003

 29. Seebach C, Henrich D, Meier S, Nau C, Bonig H, Marzi I (2016) Safety 
and feasibility of cell-based therapy of autologous bone marrow-
derived mononuclear cells in plate-stabilized proximal humeral 
fractures in humans. J Transl Med 14(1):314. https:// doi. org/ 10. 1186/ 
s12967- 016- 1066-7

 30. George PK, Dasgupta B, Bhaladhare SM, Reddy B, Jain A, Jogani AD (2021) 
Functional outcome and complications in management of proximal 
humerus fractures operated with proximal humerus locking plate. Malays 
Orthop J 15(2):47–54. https:// doi. org/ 10. 5704/ MOJ. 2107. 008

 31. Cunningham BP, Brazina S, Morshed S, Miclau T 3rd (2017) Fracture heal-
ing: a review of clinical, imaging and laboratory diagnostic options. Injury 
48(Suppl 1):S69–S75. https:// doi. org/ 10. 1016/j. injury. 2017. 04. 020

 32. Wittauer M, Burch M-A, McNally M et al (2021) Definition of long-bone 
nonunion: a scoping review of prospective clinical trials to evaluate 
current practice. Injury 52(11):3200–3205. https:// doi. org/ 10. 1016/j. injury. 
2021. 09. 008

 33. Andrzejowski P, Giannoudis PV (2019) The “diamond concept” for long 
bone non-union management. J Orthop Traumatol 20(1):21. https:// doi. 
org/ 10. 1186/ s10195- 019- 0528-0

 34. Li J, Wong WH-S, Chan S et al (2011) Factors affecting mesenchymal stro-
mal cells yield from bone marrow aspiration. Chin J Can Res 23(1):43–48. 
https:// doi. org/ 10. 1007/ s11670- 011- 0043-1

 35. Singh AK, Shetty S, Saraswathy JJ, Sinha A (2013) Percutaneous autolo-
gous bone marrow injections for delayed or non-union of bones. J 
Orthop Surg 21(1):60–64. https:// doi. org/ 10. 1177/ 23094 99013 02100 116

 36. Thua T, Bui D, Nguyen D et al (2015) Autologous bone marrow stem cells 
combined with allograft cancellous bone in treatment of nonunion. 
Biomed Res Ther 2(12):409–417

 37. Emadedin M, Labibzadeh N, Fazeli R et al (2017) Percutaneous autolo-
gous bone marrow-derived mesenchymal stromal cell implantation is 
safe for reconstruction of human lower limb long bone atrophic nonun-
ion. Cell J 19(1):159–165. https:// doi. org/ 10. 22074/ cellj. 2016. 4866

 38. Wittig O, Romano E, González C et al (2016) A method of treatment for 
nonunion after fractures using mesenchymal stromal cells loaded on 
collagen microspheres and incorporated into platelet-rich plasma clots. 
Int Orthop 40(5):1033–1038. https:// doi. org/ 10. 1007/ s00264- 016- 3130-6

 39. Giannotti S, Trombi L, Bottai V et al (2013) Use of autologous human mes-
enchymal stromal cell/fibrin clot constructs in upper limb non-unions: 
long-term assessment. PLoS ONE 8(8):e73893. https:// doi. org/ 10. 1371/ 
journ al. pone. 00738 93

 40. Ismail HD, Phedy P, Kholinne E et al (2016) Mesenchymal stem cell 
implantation in atrophic nonunion of the long bones: a translational 
study. Bone Joint Res 5(7):287–293. https:// doi. org/ 10. 1302/ 2046- 3758. 57. 
20005 87

 41. Gómez-Barrena E, Padilla-Eguiluz N, Rosset P et al (2020) Early efficacy 
evaluation of mesenchymal stromal cells (MSC) combined to biomateri-
als to treat long bone non-unions. Injury 51(Suppl 1):S63–S73. https:// doi. 
org/ 10. 1016/j. injury. 2020. 02. 070

 42. Jayankura M, Schulz AP, Delahaut O et al (2021) Percutaneous administra-
tion of allogeneic bone-forming cells for the treatment of delayed unions 
of fractures: a pilot study. Stem Cell Res Ther 12(1):363. https:// doi. org/ 10. 
1186/ s13287- 021- 02432-4

 43. Li C, Zhao H, Cheng L, Wang B (2021) Allogeneic vs. autologous mes-
enchymal stem/stromal cells in their medication practice. Cell Biosci 
11(1):187. https:// doi. org/ 10. 1186/ s13578- 021- 00698-y

 44. Shabaan AA, Salahuddin A, Aboulmagd I et al (2023) Alveolar cleft 
reconstruction using bone marrow aspirate concentrate and iliac 
cancellous bone: a 12 month randomized clinical study. Clin Oral Investig 
27(11):6667–6675. https:// doi. org/ 10. 1007/ s00784- 023- 05276-9

 45. Bajestan MN, Rajan A, Edwards SP et al (2017) Stem cell therapy for recon-
struction of alveolar cleft and trauma defects in adults: A randomized 
controlled, clinical trial. Clin Implant Dent Relat Res 19(5):793–801. 
https:// doi. org/ 10. 1111/ cid. 12506

 46. Šponer P, Kučera T, Brtková J et al (2018) Comparative study on the 
application of mesenchymal stromal cells combined with trical-
cium phosphate scaffold into femoral bone defects. Cell Transplant 
27(10):1459–1468. https:// doi. org/ 10. 1177/ 09636 89718 794918

 47. Dufrane D, Docquier P-L, Delloye C, Poirel HA, André W, Aouassar N (2015) 
Scaffold-free three-dimensional graft from autologous adipose-derived 
stem cells for large bone defect reconstruction: clinical proof of concept. 
Medicine 94(50):e2220. https:// doi. org/ 10. 1097/ MD. 00000 00000 002220

 48. Marcacci M, Kon E, Moukhachev V et al (2007) Stem cells associated with 
macroporous bioceramics for long bone repair: 6- to 7 year outcome of a 
pilot clinical study. Tissue Eng 13(5):947–955. https:// doi. org/ 10. 1089/ ten. 
2006. 0271

 49. Utomo DN, Hernugrahanto KD, Edward M, Widhiyanto L, Mahyudin F 
(2019) Combination of bone marrow aspirate, cancellous bone allograft, 
and platelet-rich plasma as an alternative solution to critical-sized diaphy-
seal bone defect: a case series. Int J Surg Case Rep 58:178–185. https:// 
doi. org/ 10. 1016/j. ijscr. 2019. 04. 028

 50. Konarski W, Poboży T, Śliwczyński A et al (2022) Avascular necrosis of 
femoral head-overview and current state of the art. Int J Environ Res Publ 
Health. https:// doi. org/ 10. 3390/ ijerp h1912 7348

 51. Chen C, Qu Z, Yin X et al (2016) Efficacy of umbilical cord-derived mesen-
chymal stem cell-based therapy for osteonecrosis of the femoral head: a 
3 year follow-up study. Mol Med Rep 14(5):4209–4215. https:// doi. org/ 10. 
3892/ mmr. 2016. 5745

 52. Mao Q, Jin H, Liao F, Xiao L, Chen D, Tong P (2013) The efficacy of targeted 
intraarterial delivery of concentrated autologous bone marrow contain-
ing mononuclear cells in the treatment of osteonecrosis of the femoral 
head: a 5 year follow-up study. Bone 57(2):509–516. https:// doi. org/ 10. 
1016/j. bone. 2013. 08. 022

 53. Mao Q, Wang W, Xu T et al (2015) Combination treatment of biomechani-
cal support and targeted intra-arterial infusion of peripheral blood stem 
cells mobilized by granulocyte-colony stimulating factor for the osteone-
crosis of the femoral head: a randomized controlled clinical trial. J Bone 
Miner Res Off J Am Soc Bone Miner Res 30(4):647–656. https:// doi. org/ 10. 
1002/ jbmr. 2390

 54. Daltro GC, Fortuna V, de Souza ES et al (2015) Efficacy of autologous stem 
cell-based therapy for osteonecrosis of the femoral head in sickle cell 
disease: a 5 year follow-up study. Stem Cell Res Ther 6(1):110. https:// doi. 
org/ 10. 1186/ s13287- 015- 0105-2

 55. Li Y, Tang J, Hu Y, Peng Y-H, Wang J-W (2015) A study of autologous stem 
cells therapy assisted regeneration of cartilage in avascular bone necrosis. 
Eur Rev Med Pharmacol Sci 19(20):3833–3837

 56. Hauzeur J-P, De Maertelaer V, Baudoux E, Malaise M, Beguin Y, Gangji V 
(2018) Inefficacy of autologous bone marrow concentrate in stage three 

https://doi.org/10.1136/postgradmedj-2013-132387
https://doi.org/10.1136/postgradmedj-2013-132387
https://www.zimmerbiomet.com/en/products-and-solutions/specialties/biologics/biocue-bbma-concentration-system.html
https://www.zimmerbiomet.com/en/products-and-solutions/specialties/biologics/biocue-bbma-concentration-system.html
https://www.zimmerbiomet.com/en/products-and-solutions/specialties/biologics/biocue-bbma-concentration-system.html
https://doi.org/10.1016/j.otsr.2020.102779
https://doi.org/10.1002/sctm.20-0308
https://doi.org/10.1038/mt.2013.109
https://doi.org/10.1038/mt.2013.109
https://doi.org/10.1186/1471-2474-10-20
https://doi.org/10.1016/j.injury.2014.12.031
https://doi.org/10.1016/j.cjtee.2017.02.003
https://doi.org/10.1016/j.cjtee.2017.02.003
https://doi.org/10.1186/s12967-016-1066-7
https://doi.org/10.1186/s12967-016-1066-7
https://doi.org/10.5704/MOJ.2107.008
https://doi.org/10.1016/j.injury.2017.04.020
https://doi.org/10.1016/j.injury.2021.09.008
https://doi.org/10.1016/j.injury.2021.09.008
https://doi.org/10.1186/s10195-019-0528-0
https://doi.org/10.1186/s10195-019-0528-0
https://doi.org/10.1007/s11670-011-0043-1
https://doi.org/10.1177/230949901302100116
https://doi.org/10.22074/cellj.2016.4866
https://doi.org/10.1007/s00264-016-3130-6
https://doi.org/10.1371/journal.pone.0073893
https://doi.org/10.1371/journal.pone.0073893
https://doi.org/10.1302/2046-3758.57.2000587
https://doi.org/10.1302/2046-3758.57.2000587
https://doi.org/10.1016/j.injury.2020.02.070
https://doi.org/10.1016/j.injury.2020.02.070
https://doi.org/10.1186/s13287-021-02432-4
https://doi.org/10.1186/s13287-021-02432-4
https://doi.org/10.1186/s13578-021-00698-y
https://doi.org/10.1007/s00784-023-05276-9
https://doi.org/10.1111/cid.12506
https://doi.org/10.1177/0963689718794918
https://doi.org/10.1097/MD.0000000000002220
https://doi.org/10.1089/ten.2006.0271
https://doi.org/10.1089/ten.2006.0271
https://doi.org/10.1016/j.ijscr.2019.04.028
https://doi.org/10.1016/j.ijscr.2019.04.028
https://doi.org/10.3390/ijerph19127348
https://doi.org/10.3892/mmr.2016.5745
https://doi.org/10.3892/mmr.2016.5745
https://doi.org/10.1016/j.bone.2013.08.022
https://doi.org/10.1016/j.bone.2013.08.022
https://doi.org/10.1002/jbmr.2390
https://doi.org/10.1002/jbmr.2390
https://doi.org/10.1186/s13287-015-0105-2
https://doi.org/10.1186/s13287-015-0105-2


Page 16 of 16Rodham et al. Journal of Orthopaedics and Traumatology           (2024) 25:28 

osteonecrosis: a randomized controlled double-blind trial. Int Orthop 
42(7):1429–1435. https:// doi. org/ 10. 1007/ s00264- 017- 3650-8

 57. Gao F, Sun W, Guo W, Wang B, Cheng L, Li Z (2016) Combined with bone 
marrow-derived cells and rhBMP-2 for osteonecrosis after femoral neck 
fractures in children and adolescents: a case series. Sci Rep 6:30730. 
https:// doi. org/ 10. 1038/ srep3 0730

 58. Hauzeur J-P, Lechanteur C, Baudoux E et al (2020) Did osteoblastic cell 
therapy improve the prognosis of pre-fracture osteonecrosis of the 
femoral head? a randomized controlled trial. Clin Orthop Relat Res 
478(6):1307–1315. https:// doi. org/ 10. 1097/ CORR. 00000 00000 001107

 59. Li Q, Liao W, Fu G et al (2021) Combining autologous bone marrow buffy 
coat and angioconductive bioceramic rod grafting with advanced core 
decompression improves short-term outcomes in early avascular necrosis 
of the femoral head: a prospective, randomized, comparative study. Stem 
Cell Res Ther 12(1):354. https:// doi. org/ 10. 1186/ s13287- 021- 02436-0

 60. Aoyama T, Goto K, Kakinoki R et al (2014) An exploratory clinical trial for 
idiopathic osteonecrosis of femoral head by cultured autologous multi-
potent mesenchymal stromal cells augmented with vascularized bone 
grafts. Tiss Eng Part B Rev 20(4):233–242. https:// doi. org/ 10. 1089/ ten. TEB. 
2014. 0090

 61. Li M, Ma Y, Fu G et al (2020) 10 year follow-up results of the prospective, 
double-blinded, randomized, controlled study on autologous bone mar-
row buffy coat grafting combined with core decompression in patients 
with avascular necrosis of the femoral head. Stem Cell Res Ther 11(1):287. 
https:// doi. org/ 10. 1186/ s13287- 020- 01810-8

 62. Zhao D, Liu B, Wang B et al (2015) Autologous bone marrow mesenchy-
mal stem cells associated with tantalum rod implantation and vascular-
ized iliac grafting for the treatment of end-stage osteonecrosis of the 
femoral head. Biomed Res Int 2015:240506. https:// doi. org/ 10. 1155/ 2015/ 
240506

 63. Di Bella C, Dozza B, Frisoni T, Cevolani L, Donati D (2010) Injection of dem-
ineralized bone matrix with bone marrow concentrate improves healing 
in unicameral bone cyst. Clin Orthop Relat Res 468(11):3047–3055. 
https:// doi. org/ 10. 1007/ s11999- 010- 1430-5

 64. Li W, Xu R, Du M, Chen H (2016) Comparison of titanium elastic intramed-
ullary nailing versus injection of bone marrow in treatment of simple 
bone cysts in children: a retrospective study. BMC Musculoskelet Disord 
17(1):343. https:// doi. org/ 10. 1186/ s12891- 016- 1184-7

 65. Lee DH, Ryu KJ, Kim JW, Kang KC, Choi YR (2014) Bone marrow aspirate 
concentrate and platelet-rich plasma enhanced bone healing in distrac-
tion osteogenesis of the tibia. Clin Orthop Relat Res 472(12):3789–3797. 
https:// doi. org/ 10. 1007/ s11999- 014- 3548-3

 66. Thaler M, Lechner R, Gstöttner M, Kobel C, Bach C (2013) The use of beta-
tricalcium phosphate and bone marrow aspirate as a bone graft substi-
tute in posterior lumbar interbody fusion. Eur Spine J 22(5):1173–1182. 
https:// doi. org/ 10. 1007/ s00586- 012- 2541-3

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1007/s00264-017-3650-8
https://doi.org/10.1038/srep30730
https://doi.org/10.1097/CORR.0000000000001107
https://doi.org/10.1186/s13287-021-02436-0
https://doi.org/10.1089/ten.TEB.2014.0090
https://doi.org/10.1089/ten.TEB.2014.0090
https://doi.org/10.1186/s13287-020-01810-8
https://doi.org/10.1155/2015/240506
https://doi.org/10.1155/2015/240506
https://doi.org/10.1007/s11999-010-1430-5
https://doi.org/10.1186/s12891-016-1184-7
https://doi.org/10.1007/s11999-014-3548-3
https://doi.org/10.1007/s00586-012-2541-3

	Cellular therapies for bone repair: current insights
	Abstract 
	Introduction
	Materials and methods
	MSCs in acute fracture healing
	MSCs in fracture nonunion
	MSCs in bone defects
	MSCs in avascular necrosis of the femoral head
	Other applications of MSCs

	Conclusion
	References


