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1. Introduction

Spinal fusion is currently one of the most
commonly performed surgical procedures for the
treatment of various spinal pathologies [1]. It is widely
used in the management of spinal fractures, spinal
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Abstract

Spinal fusion is one of the most common methods of treating spinal injuries, but despite
improvements in implant designs, the incidence of pseudoarthrosis remains high. In this
regard, there is growing interest in cell technologies aimed at enhancing osteogenesis.
A literature search was conducted in the PubMed, Web of Science, and Google Scholar
databases for the period 2016 - 2025. The analysis included clinical studies, systematic
reviews, and meta-analyses on the use of cell technologies in spondylodesis of the
thoracic and lumbar spine. The review examines the use of mesenchymal stromal cells,
bone marrow aspirate, stromal - vascular fraction, bone morphogenetic proteins,
bioactive peptides, and autologous growth factors. Analysis of the literature shows that
the use of cell technologies contributes to the enhancement of regenerative processes in
spinal fusion and improves clinical treatment outcomes. Cell technologies represent a
promising direction for improving the effectiveness of spinal fusion. Further research
should focus on standardising application protocols and studying long-term treatment
outcomes.

Keywords: thoracic and lumbar spine, spinal fusion, mesenchymal stromal cells, bone
morphogenetic protein, stromal vascular fraction, bone marrow aspirate, cell-based
therapies.

canal stenosis, segmental instability, and post-
traumatic kyphotic deformities [2]. Spinal fusion has
been shown to reduce pain, improve neurological
outcomes, and restore spinal stability [3]. The reported
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incidence of traumatic spinal injuries ranges from 20 to
70 cases per 100,000 population annually [4]. In the
United States alone, approximately 500,000 spinal
fusion procedures are performed each year for various
spinal conditions [5].

Traditionally, the gold standard for achieving
spinal fusion has been autologous bone graft harvested
from the iliac crest [6]. However, autograft use is
associated with a substantial rate of donor-site
complications [7]. These limitations have driven the
search for alternative strategies aimed at improving
fusion outcomes [8]. Various metal, ceramic,
polymeric, and composite biomaterials are currently
being investigated as tissue-engineering scaffolds for
bone regeneration [9].

Despite advances in implant design and fixation
techniques, the incidence of pseudoarthrosis remains

2. Materials and methods

A literature search was performed using the
PubMed, Web of Science, and Google Scholar
databases. Publications published between January
2016 and December 2025 were considered eligible for
inclusion.

The following keywords and their combinations
were used to identify relevant studies: «thoracic and
lumbar spine», «spinal fusion», «mesenchymal stromal
cells», «bone morphogenetic protein», «stromal
vascular fraction», «<bone marrow aspirate» and «cell-
based therapies».

Eligible studies included original clinical

investigations, randomized controlled trials,
3. Results
Successful spinal fusion requires graft materials
possessing osteogenic, osteoinductive, and

osteoconductive properties [12]. Osteoconduction
refers to the ability of a scaffold to provide a structural
framework that supports bone ingrowth, whereas
osteoinduction involves the stimulation of osteogenic
cell differentiation mediated by bioactive factors [13].
Osteogenesis represents the formation of new bone

through the differentiation of osteoprogenitor cells [14].

The combination of cell-based therapies with carrier
graft materials represents a promising tissue-
engineering strategy aimed at enhancing bone
regeneration and improving fusion outcomes [15].

Mesenchymal stromal cells (MSCs)

In 1966, Friedenstein et al. first described
mesenchymal stromal cells (MSCs) as fibroblast-like
bone marrow—derived cells capable of ectopic
osteogenesis, establishing their role as osteogenic
progenitors [16]. MSCs are multipotent cells with the
capacity to differentiate into several mesodermal

high, ranging from 13% to 41.4% [10]. The limited
osteoinductive capacity of synthetic implants, which
primarily  provide mechanical support and
osteoconduction, highlights the critical role of
biological and cellular regenerative mechanisms in
achieving solid fusion [6]. Consequently, interest in
cell-based therapies has increased considerably in
recent years. Owing to their ability to undergo
osteogenic differentiation, secrete angiogenic and
growth factors, and modulate the local tissue
microenvironment, these approaches promote bone
remodeling and regeneration [11].

The aim of this review is to analyse and synthesise
current evidence regarding the regenerative potential,
clinical efficacy, and safety of cell-based therapies used
to enhance osteogenesis in spinal fusion.

systematic reviews, and meta-analyses evaluating the
application of cell-based approaches in thoracic and
lumbar spinal fusion. Particular attention was given to
studies assessing regenerative potential, fusion
outcomes, and safety profiles.

Review articles without original data, case
reports, letters to the editor, and studies unrelated to
biological or cellular augmentation in spinal fusion
were excluded. Publications lacking adequate
methodological description or clinical outcome
reporting, as well as purely experimental studies
without clinical relevance, were also excluded from the
analysis.

lineages, including bone, cartilage, adipose, and
tendon tissues [17]. The primary clinical sources of
MSCs include bone marrow, adipose tissue, and
umbilical cord blood [13]. Bone marrow remains the
most commonly used source; however, its harvest
requires invasive procedures associated with donor-
site morbidity and infection risk [7]. Adipose tissue has
therefore emerged as an attractive alternative, as its
procurement is less invasive and yields substantially
higher numbers of MSC progenitors compared with
equivalent volumes of bone marrow [18]. The
therapeutic effects of MSCs are largely mediated by
their paracrine activity and stromal support functions,
involving the secretion of bioactive molecules that
regulate tissue repair [18,19]. Through osteogenic
differentiation, secretion of angiogenic and growth
factors, and modulation of the local microenvironment,
MSCs play a central role in bone remodeling and
regeneration [11].
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Spinal fracture models have demonstrated the
potential advantages of MSC-based constructs [20].
The use of porous titanium scaffolds combined with
MSCs has been associated with enhanced bone
formation and improved osseointegration compared
with cell-free scaffolds. Similar findings have been
reported with strontium-modified hydroxyapatite
combined with adipose-derived MSCs [20].

A prospective clinical study by Gomez-Ruiz et al.
(2023) demonstrated a favourable safety profile of MSC
application in lumbar spinal fusion. The study
included 11 patients with a mean follow-up period of
10 years. No cases of tumor formation, infectious
complications, inflammatory reactions, or heterotopic
ossification were reported during the follow-up period
[21].

Comparable findings were reported in a clinical
study by Blanco et al. (2019), which evaluated the
safety and efficacy of MSCs in lumbar spinal fusion.
The study included 11 patients with a follow-up period
exceeding five years, with successful fusion achieved
in 81% of cases [22].

In another clinical study involving 73 patients,
Garcia de Frutos et al. (2020) reported earlier and more
pronounced fusion at 12 months following MSC
application [23].

Bone marrow aspirate (BMA)

Bone marrow aspirate (BMA) is a biologically
active graft containing MSCs and growth factors,
including BMP-2 and BMP-7, which can confer
osteogenic and  osteoinductive  properties to
osteoconductive scaffolds [24]. The osteoinductive
potential of BMA is attributed to the release of
cytokines and growth factors produced by cellular
components within the aspirate [25]. BMA is typically
harvested from the iliac crest using a minimally
invasive technique [26].

A prospective study involving 10 patients
demonstrated that the vertebral body may also serve
as an alternative source of BMA. The aspirate obtained
intraoperatively formed a natural clot that was applied
to the spinal fusion site, creating a biologically active
environment favorable for successful fusion [27].

Clinical evidence suggests that the effectiveness of
BMA may be influenced by patient age. One study
reported fusion rates of 35.7% in patients older than 65
years compared with 76.4% in younger patients [28].

Several clinical investigations evaluating BMA in
lumbar spinal fusion have demonstrated consistently
high fusion rates [10,24,29,30].

In a prospective study by Chatterjee et al. (2020)
involving 42 patients, solid fusion was achieved in all
cases within three months following spinal fusion
using BMA [29]. Similarly, Noh et al. (2021) reported a

fusion rate of 92.8% in a cohort of 150 patients treated
with concentrated bone marrow aspirate (cBMA)
combined with autograft, allograft, and demineralized
bone matrix (DBM) during a follow-up period of up to
24 months [10]. Ajiboye et al. (2016) observed
successful fusion in 92.5% of 80 patients treated with
cBMA in combination with DBM at 12 months of
follow-up [24]. Comparable outcomes were reported
by Robbins et al. (2017), who achieved a 91% fusion
rate at 12 months using autologous bone graft
combined with BMA and nanohydroxyapatite in 46
patients [30].

Stromal-vascular fraction (SVF)

The stromal vascular fraction (SVF) derived from
adipose tissue following enzymatic processing of
lipoaspirate represents a rich source of regenerative
cells and bioactive factors [31]. SVF is a heterogeneous
cell population comprising mesenchymal stromal,
endothelial, and perivascular cells, as well as
fibroblasts and immune cells, and is enriched with
growth factors and cytokines [32]. Its regenerative
effects are primarily mediated through paracrine
signaling, promotion of angiogenesis,
immunomodulatory activity, and the contribution of
progenitor cells to tissue repair processes [33].
Available clinical evidence suggests that SVF
application in spinal fusion demonstrates promising
regenerative potential with a favourable safety profile
[2,34].

A prospective clinical study by Kim et al. (2020)
reported favourable safety outcomes and promising
efficacy of SVF application in lumbar spinal fusion in a
cohort of 10 patients. The combination of SVF with 3-
tricalcium phosphate and interbody PEEK cages
resulted in successful fusion in all patients at 12
months of follow-up [2].

Comparable findings were reported in a clinical
study published in 2025, in which SVF incorporated
into a biocomposite hydrogel during interbody cage
implantation achieved a fusion rate of 90% in 30
patients after 12 months of follow-up [34].

Bone morphogenetic proteins (BMP)

Bone morphogenetic proteins (BMPs) are
members of the transforming growth factor-g (TGF-{3)
superfamily and play a central role in bone formation
and regeneration [35]. BMPs were first described by
Urist in 1965 as biological factors capable of inducing
ectopic bone formation [36]. To date, approximately 20
BMP subtypes have been identified, among which
BMP-2, BMP-4, BMP-5, BMP-6, BMP-7, and BMP-9 are
considered key regulators of osteogenesis [37].

https:/ldoi.org/10.52889/1684-9280-2026-77-1-jt0038
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BMP-2 promotes osteogenic differentiation of
mesenchymal cells, upregulates osteogenic gene
expression, and initiates endochondral ossification
[38,39], whereas BMP-7 supports osteoblast
maturation and enhances fracture healing [40]. In
current clinical practice, recombinant human BMP-2
(rhBMP-2) is the most widely used form, as regulatory
approval for BMP-7 has been withdrawn in several
countries [41].

A large meta-analysis by Yang et al. (2024),
including 39 cohort studies and 7,145 patients,
demonstrated significantly higher fusion rates
associated with BMP-2 use, whereas the absence of
BMP-2 increased the risk of nonunion more than
fourfold [5]. A network meta-analysis and systematic
review of 43 randomized controlled trials conducted
by Ambrosio et al. (2025) further confirmed that
rhBMP-2 achieved superior fusion outcomes and lower
complication rates compared with autograft [8].

In a retrospective study of 93 patients, Graillon et
al. (2016) reported a 100% fusion rate following
rhBMP-2 application in combination with interbody
cages, without procedure-specific complications at a
mean follow-up of 22 months [42].

Similarly, a large prospective clinical study by
Scott-Young et al. (2024), involving 1,335 patients with
12 months of follow-up, demonstrated high fusion
success when rhBMP-2 was used in combination with
structural allograft and PEEK cages [43].

Despite its strong osteoinductive properties,
rhBMP-2 use may be associated with adverse events,
including radiculitis, heterotopic ossification, transient
bone resorption, seroma or hematoma formation, and
soft tissue edema, underscoring the importance of
strict adherence to dosing and application protocols
[39,44,45].

Table 1 - Clinical outcomes of cell-based and biologic technologies in spinal fusion

Studies Number of Follow-up Method of cell application Fusion
patients period rate
included in the
study
Gomez-Ruiz et al. (21) 11 10 years MSCs + tricalcium phosphate scaffold 100%
Blanco et al. (22) 11 5 years MSCs + tricalcium phosphate scaffold 80%
Garcia de Frutos et al. 65 12 months MSCs + allograft 92,3%
(23)
Chatterjee et al. (42) 42 3 months BMA + interbody implant 100%
Noh et al.(10) 150 24 months BMA + autograft, allograft, and DBM 92.8%
Ajiboye et al. (24) 80 12 months BMA + DBM 92,5%
Robbins et al.(30) 46 12 months BMA and nanohydroxyapatite 91%
Salamanna et al. (27) 10 12 months BMA clot + posterior lumbar fusion 100%
Kim et al.(2) 10 12 months SVF + B-tricalcium phosphate + PEEK >90%
cage
Baidarbekov et al. (34) 30 12 months SVEF/biocomposite hydrogel + 90%
interbody cage
Graillon et al. (42) 93 22 months rhBMP-2 + interbody cage 100%
Scott-Young et al.(43) 1,335 12 months rhBMP-2 + allograft + PEEK cage 99.6%
Sathe et al.(49) 140 12 months ABM/P-15 + interbody cage 97,9%
Andresen et al.(50) 101 10 years ABM/P-15 + local bone (non- 50%

instrumented fusion)

Bioactive peptides

Bioactive peptides are short amino acid sequences
derived from functional domains of proteins that can
modulate cellular mechanisms involved in tissue
regeneration [46]. Experimental and clinical studies
suggest that bioactive peptides promote osteogenesis
by enhancing cell  proliferation, adhesion,
differentiation, and bone matrix mineralization [47].

Among them, the synthetic peptide P-15 is one of the
most extensively studied and demonstrates biological
activity when adsorbed onto calcium phosphate—based
carriers or incorporated into hydrogel matrices [48].

In a retrospective clinical study by Sathe et al. (2022)
involving 140 patients, the use of the ABM/P-15 peptide
was associated with earlier fusion compared with
rhBMP-2 and DBM [49].

https:/ldoi.org/10.52889/1684-9280-2026-77-1-jt0038
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Similarly, Andresen et al. (2025) reported
improved fusion outcomes with ABM/P-15 compared
with allograft in a cohort of 101 patients followed for 10
years [50].

A systematic review by Hasan et al. (2024) further
suggested that ABM/P-15 may promote earlier fusion in
lumbar spinal fusion procedures compared with
conventional graft materials [51].

Autologous growth factors

Among the most extensively studied growth
factors are platelet-derived growth factor (PDGF) and
transforming growth factor-g (TGF-f). These factors are
obtained through platelet concentration techniques and
can be combined with autografts, allografts, or ceramic
scaffolds to enhance the likelihood of successful spinal
fusion [52]. In bone regeneration, PDGF - particularly
the PDGF-BB isoform - stimulates progenitor cell
migration and angiogenesis, thereby creating a
favorable microenvironment for bone formation and
supporting osteogenic activity in synergy with other
growth factors [53].

Three isoforms of TGF- - TGF-p1, TGF-$2, and
TGF- 3 - are involved in key biological processes,
including inflammation, skeletal development, tumor
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these growth factors is platelet-rich plasma (PRP),
which serves as a concentrated autologous source of
biologically active molecules [55].

Evidence regarding the impact of PRP on spinal
fusion outcomes remains inconsistent [56]. Prospective
studies have suggested that PRP with high platelet
concentrations may enhance early bone regeneration
and accelerate initial bone formation following spinal
fusion. However, clinically relevant effects were
observed primarily when growth factor concentrations
exceeded peripheral blood levels by more than fivefold
[57].

A meta-analysis by Muthu et al. (2022) reported
limited clinical efficacy of PRP in spinal fusion. The use
of PRP was not associated with significant
improvements in pain outcomes and did not result in
higher fusion rates compared with conventional
grafting techniques [10].
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Figure 1 - Comparative heat map of cell-based therapies in spinal fusion illustrating their osteointegration potential, level of
clinical evidence, and safety profile

4. Discussion

A review of the available literature suggests that
cell-based therapies may enhance spinal fusion by
promoting bone repair and regenerative processes.
Several clinical studies report favourable safety
profiles of MSCs and indicate their potential to
improve fusion outcomes and functional recovery
[2,23,29]. Among currently available biological agents,
BMP demonstrate the most pronounced fusion-

enhancing effect [8,42,43]; however, their use is
associated with a risk of complications, highlighting
the importance of strict adherence to clinical
indications and application protocols [39,44,45].
Synthetic peptides facilitate osteogenic cell attachment
to graft materials and support extracellular matrix
formation, thereby promoting bone formation at the
fusion site [13,49,50].
https://doi.org/10.52889/1684-9280-2026-77-1-jto038
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At the same time, the clinical effectiveness of PRP
remains inconsistent, largely due to variability in
preparation and application protocols [10,56,57].

5. Conclusions

Cell-based technologies represent a modern
approach to improving the effectiveness of spinal
fusion by stimulating osteogenesis and enhancing
bone regeneration processes. Research findings
demonstrate the therapeutic safety of cell-based
technologies and their ability to improve clinical
outcomes of spinal fusion. The combined application
of biomaterials, cell-based technologies, and
osteoinductive adjuvants promotes the formation of
stable spinal bone fusion. Future studies should focus
on standardizing protocols for the application of cell-
based technologies, optimizing tissue-engineered
constructs, and evaluating their long-term safety and

Future studies should focus on standardizing
protocols for the application of cell-based technologies
and evaluating long-term clinical outcomes.
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Tyiingeme

OMBIpTKa CIIOHAMAOAE3i OMBIPTKA 3aKbIMAAaHyAapBIH eMAeyAiH eH KeH TapadfaH aJicTepiHiH 6ipi 604w
Tabblaadbl, alalija MMIIAAQHTAaOMAABIK KOHCTPYKUMAAAPABIH >KeTiAAipidyiHe KapamacTaH, >KaAfaH OYBIHHBIH
(TIceBAOApPTPO3ABIH) JaMy >KMiairi >Korapbl geHrelige cakTaayaa. OcblFaH OaliaaHBICTBI OCTeOTeHe3Ai KYIIelTyre
OarpITTaAfaH >KacyIlaAblK TeXHOAOTVsAapFa KBISBIFYIIBIABIK apThII Keledi. Ogebnerrepai isaey PubMed, Web of
Science >xone Google Scholar gepexkkopaapsiaga 2016 - 2025 >xp1a4ap apaabIFbIHAA XY Priziagi. Taasayra keyae sxoHe
0ea OMBIPTKACH AeHTIelliHAe CIIOHAMA0Ae3 Ke3iHJe JKacyIIaAbIK, TeXHOAOTMAAapAbl KOA4aHyFa apHaAFaH KAMHMUKAABIK,
3epTTeyaep, XKylieai moayaap >KeHe MeTaaHaAusJep eHrisiaai. [lloaysa MeseHXxmMaAbIK AiH >KacyllalapblH, CylieK
KeMITriHiH acIMpaThIH, CTPOMaAbAbI-BaCKyAsIpABIK (PaKIUAHEL, CylieK MOp(OreHeTHKaABIK aKybI3AapblH, OMOaKTUBTI
MeNTUATEPA] JKoHe ayTOAOTMAABIK ocy (paKTopAapbH KOAAaHY KapacThIPBIAABL. OAebuertepAl Taajay >KacyIlaablk,
TeXHOAOTMsIAapAbl KOAAaHy OMBIPTKaHbIH CYMeKTiK OiTicyi KesiHAe pereHepaTUBTIK yAepicTepai KyIIenTin, eMAeyAiH
KAVHUKAABIK, HOTYDKeAePiH JKaKcapTaThIHBIH KepceTeai. JKacyIaablK TeXHOAOIMIAap OMBIPTKAHbIH CYMEeKTiK OiTicy
TUIMAIAITIH apTTBIPYABIH IIepCIIeKTuBaAbl OaFbITBl 0O0ABII TaOblAagbl. boaamrak seprreyaep >KacCyIIaablk
TEeXHOAOIMAAAPABI KOAAaHY XaTTaMaJAapblH CTaHAapTTayra >KoHe eMAeyAiH y3aK Mep3iMAl HoTU KeAepiH 3epTreyre
OaFpITTaAybI THIC.

Tyiiin ce3aep: keye >KoHe Oea OMBIPTKa OeaiMaepi, CIIOHAMA0A€e3, Me3eHXMMAaABIK AiH >KacyIlladaphl, Cyliek
MOp(OreHeTNKaAbIK aKybI3bl, CTPOMAaAbABI-BACKyASPABIK (pakius, cyileK KeMiriHiH acmmparsl, >KacyIlaAblk,
TeXHOAOTMSAAP.
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Pe3srome

Crnonauiaoaes sABAseTCs OAHUM U3 Hambo/lee pacHpOCTpaHEHHBIX METOAOB JA€YeHMs] IIOBPeXXAeHUII
IIO3BOHOYHMKA, OJHAKO, HeCMOTpsS Ha COBEepPIIeHCTBOBAaHME MMILAAHTAI[MOHHBIX KOHCTPYKIMII, dYacToTa
IICeBA0apTPO3a OCTAeTCs BRICOKOI. B CBsA3M ¢ 5TMM BO3pacTaeT MHTepecC K KAeTOYHBIM TeXHOAOIVAM, HallpaBAeHHBIM
Ha ycuaeHue ocreoreHesa. Ilomck aurepatypnr mposoguacs B 6asax ganHbix PubMed, Web of Science u Google
Scholar 3a nmepuog 20162025 rr. B aHaan3 BKAIOYaAMCh KAMHIYIECKIE UCCAeJ0BaHI, CYICTeMaTIecKue 0030PsI 1
MeTaaHaAM3bl, TIOCBSIIeHHbIe IIPYMEHEeHNIO KA€TOYHBIX TEXHOAOTUI PN CIIOHAMAOJEe3€e TPYAHOTO M ITOSCHIMYHOTO
OTJe/A0B IIO3BOHOYHMKA. B 0030pe paccMOTpeHO IpMMeHeHMe Me3eHXMMaAbHBIX CTPOMAaAbHBIX KAETOK, acIupara
KOCTHOTO MO3Ia, CTPOMAaAbHO-BaCKyAsIpHON (Ppakijuy, KOCTHBIX MOpP(OreHeTNYecKnX OeAKOB, OMOaKTMBHBIX
IeNTIAOB UM ayTOAOTMYHBIX (PaKTOPOB pocTa. AHaAmM3 AUTEpaTyphl ITOKa3bIBaeT, 4TO IPUMEHEeHNe KJEeTOYHBIX
TEXHOAOTUII CIIOCOOCTBYET YCHAEHMIO pereHepaTMBHEIX IIPOILIECCOB IIPM KOCTHOM CpallleHMM ITO3BOHOYHMKA U
YAY4IIEHNIO KAMHWYECKNX pe3yAbTaTroB JedeHnsA. KaeTO4yHble TeXHOAOTMM MPeACTaBASIOT II€PCIEKTMBHOE
HallpaBAeHye MOBbImIeHnA 5¢QQPeKTUBHOCTY KOCTHOIO CpallleHMsl IO3BOHOYHNMKA. JaibHeilIne MccAeAOBaHNA
AO/KHBI OBITh HaIlpaB/AeHBI Ha CTaHAAPTU3ALNIO IIPOTOKOA0B IIPUMEHEHN U M3y4deHre 40ATOCPOYHBIX pe3yAbTaToB
A€4EeHsI.

https://doi.org/10.52889/1684-9280-2026-77-1-jt0038


https://orcid.org/0009-0008-4223-7651
https://orcid.org/0000-0002-7304-4261
https://orcid.org/0000-0001-5333-1362
https://orcid.org/0000-0001-8276-9216
https://orcid.org/0009-0007-7188-1369
https://orcid.org/0009-0006-5292-4821
https://orcid.org/0009-0000-4050-3831
mailto:alikhan.akbergen@gmail.com
mailto:b.m.u.80@mail.ru
mailto:m.sorokina@qmu.kz
mailto:sndk-ar@yandex.ru
mailto:jangir89@googlemail.com
mailto:makoz12@mail.ru
mailto:sanakovabubakir@gmail.com

Trauma & Ortho Kaz, 2026, 77 (1)

KaoueBnsie caosa: pr,ZI,HOﬁI U TIOSICHUYHBIN oTaeAabl IIO3BOHOYHMKaA, CIIOHANAOAE3, Me3eHXMMadbHbIe
CTBOAOBbBIE€ KAETKW, KOCTHBIN MOp(I)OI'eHeTI/I‘IeCKI/HZ 66/101(, CTpOMaabHO-BaCKyAsIpHasI Cl)paKI_H/I}I, acImmpar KOCTHOTO
MO3I, KA€TOYHbIE TEXHOAOTUIA.
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