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Abstract:

Demineralized bone matrix (DBM) and cellular bone allografts (CBA) represent two widely utilized osteobiologic strategies in spinal fusion and orthopedic
reconstruction. While DBM primarily provides osteoinductive growth factors within a demineralized collagen scaffold, CBAs incorporate viable mesenchymal
stem or progenitor cells in addition to structural matrix components. Despite increasing clinical adoption of both graft categories, comparative evaluation
across mechanistic, clinical, regulatory, and economic domains remains limited. Accordingly, the current evidence does not support the superiority of any
specific graft type across different clinical applications. This review proposes a structured translational framework for comparative graft evaluation
integrating biologic mechanism, clinical performance, regulatory context, and economic considerations.
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Introduction:

Bone grafting remains one of the most commonly performed
procedures in orthopedic and spinal surgery, with applications
spanning spinal fusion, fracture reconstruction, and the
management of osseous defects arising from developmental
onset, trauma, revision surgery, or degenerative disease. The
volume and complexity of these procedures have increased
substantially over recent decades, driven in part by an aging
population, broadened surgical indications, and advances in
fixation technology [135, 164]. As the demand for bone grafting
has grown, so too has the need for reliable, well-characterized
graft materials capable of supporting predictable bone
regeneration across a range of clinical contexts.

Autologous bone graft, most commonly harvested from the iliac
crest, has long been regarded as the reference standard for bone
grafting because it provides all three components of the
osteogenic triad: osteogenic cells, osteoinductive signaling
molecules, and an osteoconductive scaffold [104, 124]. However,
autograft use is subject to several well-documented limitations
that constrain its clinical utility. Donor-site morbidity, including
chronic pain, hematoma, infection, and nerve injury, has been
reported in a substantial proportion of patients undergoing iliac
crest bone graft harvest [114, 115]. Available graft volume is
finite and may be insufficient for large or multilevel surgical
constructs, particularly in revision settings. Additionally, the
biological quality of autograft tissue may vary with patient age,
metabolic status, and comorbid conditions, introducing further
uncertainty regarding its osteogenic reliability. These limitations
have motivated the development and clinical adoption of a
diverse array of bone graft substitutes and alternatives intended
to reduce dependence on autologous harvest while maintaining
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acceptable healing outcomes [87, 165].

These limitations have driven a progression in graft substitute
development that broadly follows the expanding understanding
of bone biology. Early alternatives focused on providing
osteoconductive scaffolding and preserving matrix-bound
growth factors through demineralization of cadaveric bone,
yielding the category now recognized as demineralized bone
matrix. As the role of viable progenitor cells in bone repair
became better characterized, a subsequent generation of graft
technologies sought to incorporate living cellular populations
within allogeneic matrices, giving rise to cellular bone allografts.
More recently, recombinant growth factor platforms, synthetic
scaffolds with bioactive modifications, and emerging cell-based
therapies have further expanded the landscape of commercially
available options. This trajectory from passive scaffold to
biologically augmented construct reflects both genuine scientific
advancement and the commercial imperative to differentiate
products within an increasingly competitive market, and it
provides the context within which the comparative analysis that
follows should be understood.

Among the most widely utilized categories of commercially
available bone graft substitutes are demineralized bone matrix
(DBM) and cellular bone allografts (CBAs). DBM is an allogeneic
bone graft material produced through acid extraction of the
mineral phase from cadaveric cortical bone, yielding a collagen
scaffold with retained matrix-bound growth factors, principally
members of the bone morphogenetic protein (BMP) family, that
are proposed to support osteoinduction and osteoconduction at
the transplant site [43]. CBAs represent a more recently
developed category that incorporates viable mesenchymal stem
or progenitor cells within a processed allogeneic matrix, with the
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intent of providing osteogenic cellular contribution in addition to
the scaffold and signaling components offered by acellular
preparations [131]. Both graft categories have been the subject of
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expanding clinical utilization and a growing body of published
literature, though the evidence base for each varies in depth,
design, and methodological rigor.
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Figure 1: The image on the left depicts demineralized bone matrix (DBM), an acellular allogeneic graft material typically presented as a
putty, paste, strip, fiber, or particulate-based formulation intended to provide an osteoconductive scaffold with retained matrix-associated
osteoinductive potential. The image on the right depicts a cellular bone allograft (CBA), which generally consists of an allogeneic bone-
derived matrix combined with viable cells, often presented in a hydrated or particulate format for surgical implantation. The figure is
intended to illustrate general product configuration differences between DBM and CBA categories and is not meant to indicate comparative

performance, handling superiority, or clinical efficacy.

Despite the increasing clinical adoption of both DBM and CBA
products, structured comparative evaluation across the domains
most relevant to clinical decision-making (biologic mechanism,
clinical performance, regulatory classification, manufacturing
consistency, and economic considerations) remains limited.
Much of the available literature focuses on individual product
evaluations or single-category reviews rather than systematic
cross-category comparison. Furthermore, meaningful
comparison is complicated by substantial heterogeneity within
each graft class, as products marketed under the same category
designation may differ meaningfully in processing methods,
carrier composition, cellular content, potency specifications, and
regulatory pathway.

This review presents a narrative review of DBM and CBA
technologies intended for clinicians, researchers, and
translational stakeholders. The analysis is organized around a
translational framework that evaluates graft technologies across
four interrelated domains: biologic mechanism, clinical
performance within defined surgical indications, regulatory
classification and evidentiary context, and economic
sustainability. This multi-domain approach was adopted because
no single axis of comparison adequately captures the factors that
influence graft selection in practice; a product may demonstrate
favorable biological properties while lacking controlled clinical
evidence, or may be supported by clinical data generated under
regulatory conditions that do not require demonstration of
efficacy. The analysis begins with a discussion of the biological
foundations of bone regeneration and their mapping to
contemporary graft strategies (Section 2), followed by detailed
examination of DBM technologies (Section 3) and cellular bone
allografts (Section 4). A comparative clinical and translational
analysis evaluates the available evidence across spinal fusion,
trauma, and biologically compromised settings while addressing
product heterogeneity, regulatory context, and economic
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considerations (Section 5). Regulatory and manufacturing factors
that complicate cross-product comparison (Section 6), and future
directions in graft evaluation methodology are considered
(Section 7). Throughout, the emphasis is on evidence-weighted
interpretation rather than categorical claims of superiority,
recognizing that graft selection is most appropriately guided by
indication-specific evidence, patient-level risk assessment, and
transparent evaluation of the evidentiary standards supporting
individual products.

2. Biological Foundations of Bone Regeneration

2.1 Osteogenesis, Osteoinduction, Osteoconduction

Successful bone regeneration is commonly described through
three interdependent biological principles: osteogenesis,
osteoinduction, and osteoconduction [4, 5]. These principles
collectively define the biologic requirements for predictable
osseous healing following spinal fusion, fracture repair, or defect
reconstruction, and their relative contribution varies depending
on graft composition, host biology, and the local mechanical
environment.

Osteogenesis refers to the direct contribution of living osteogenic
cells capable of forming new bone, while osteoinduction
describes the recruitment and differentiation of progenitor cells
through molecular signaling, a process first characterized
through the identification of bone morphogenetic proteins in
demineralized bone matrix [1, 2]. Osteoconduction reflects the
structural support provided by a scaffold that permits cellular
attachment, migration, and vascular ingrowth into the graft site
[4]. Although frequently discussed as discrete properties, these
mechanisms operate simultaneously within a mechanically
stabilized and biologically active environment, and the clinical
performance of any graft material depends on the interplay
among all three rather than on any single mechanism in isolation
[5, 6].
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This triad provides a useful framework for evaluating graft
substitutes, as commercially available products tend to
emphasize particular mechanisms while relying on host biology
to supply the remainder [15, 126, 128, 129]. Some materials
function primarily as structural scaffolds that support cellular
infiltration and vascularization, while others are designed to
deliver signaling molecules capable of recruiting and
differentiating endogenous progenitor cells, and additional
strategies attempt to introduce viable cellular populations
intended to contribute directly to new bone formation. The
relative contribution of each mechanism to clinical outcomes
depends not only on graft composition but also on local biological
conditions including vascular supply, inflammatory signaling, and
mechanical stability at the implantation site, factors that are
themselves variable across patients and surgical contexts [6, 13].
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Central to osteoinduction is the activity of growth factors
embedded within the extracellular matrix, which initiate
signaling cascades that regulate progenitor cell recruitment,
lineage commitment, and tissue remodeling during the early
stages of bone repair [1, 2, 7]. The preservation and
bioavailability of these factors following tissue processing is a key
variable that distinguishes graft categories and contributes to
differences in osteoinductive capacity across commercial
preparations. Table one summarizes the three interdependent
mechanisms of osteogenesis, osteoinduction, and
osteoconduction whose relative contributions vary depending on
graft composition, host biology, and the local mechanical
environment. These mechanisms operate simultaneously rather
than independently, and their interplay ultimately determines
clinical outcomes.
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Figure 2: Schematic illustration of the three fundamental biological mechanisms involved in bone regeneration: osteogenesis,
osteoinduction, and osteoconduction, and their integrated contribution to new bone formation. Panel 1 (left) depicts osteogenesis, where
viable osteogenic cells directly produce new bone matrix at the defect site. Panel 2 (center) illustrates osteoinduction, in which growth factor
signaling recruits progenitor cells and directs their differentiation into osteogenic cells. Panel 3 (right) demonstrates osteoconduction, where
a three-dimensional porous scaffold supports cellular attachment, vascular ingrowth, and tissue infiltration. The lower panel integrates these
processes, showing the formation of new bone supported by a developing vascular network and ongoing matrix remodeling.

Table 1: Interdependent Roles of Osteogenesis, Osteoinduction, and Osteoconduction in Bone Regeneration

by viable osteogenic cells

Feature | | Osteogenesis | | Osteoinduction | | Osteoconduction
. . Recruitment and differentiation of Structural support that permits
N Direct formation of new bone : : . . . .
Definition progenitor cells via molecular signaling cellular attachment, migration, and

pathways

vascular ingrowth

Primary Biological
Role

Contributes living cells
capable of synthesizing bone
matrix

Initiates signaling cascades that drive
lineage commitment and bone formation

Provides a scaffold enabling tissue
infiltration and spatial guidance for
new bone growth

Mechanism of Action

Activity of transplanted or
resident osteoblasts and
progenitor cells

Growth factor-mediated signaling (e.g.,
BMPs) that regulates progenitor cell
recruitment and differentiation

Passive physical framework
supporting host-driven cellular and
vascular infiltration

Key Biological
Drivers

Viable osteogenic cells and
extracellular matrix
deposition

Extracellular matrix-associated growth
factors (e.g., bone morphogenetic proteins)

Scaffold architecture, porosity, and
surface properties

Dependence on
Recipients Biology

Moderate (requires survival
and integration of viable

High (depends on host progenitor cell
availability and responsiveness)

High (entirely dependent on host cells
for bone formation)
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| Feature | | Osteogenesis | |

Osteoinduction ||

Osteoconduction |

| ||cells) “

[ |

Temporal Role in Immediate contribution if
Healing viable cells are present

Early-stage activation of bone repair
through cellular signaling cascades

Ongoing support throughout healing
via structural guidance and
vascularization

Strategies autograft

Representative Graft||Cell-based therapies (CBA), ||Demineralized bone matrix, growth factor- (|Synthetic scaffolds (e.g., HA, TCP,
enhanced grafts

biphasic calcium phosphate)

Cell viability, donor site
Key Limiting Factors ||morbidity, limited cell
numbers

Variability in growth factor preservation Lack of intrinsic biological signaling;
and bioavailability

relies on host environment

Contribution to Direct bone formation
Clinical Outcomes ||capacity

Determines initiation and magnitude of
regenerative response

Enables space maintenance and
organized tissue ingrowth

Role in the “Triad” ||Cellular component of bone
Framework regeneration

Biological signaling component

Structural component of bone
regeneration

2.2 The Role of Growth Factors and Cellular Components

Osteoinductive signaling during bone repair is largely mediated
by a network of growth factors that regulate progenitor cell
recruitment, differentiation, and matrix production [7, 14].
Among the most extensively studied mediators are members of
the bone morphogenetic protein (BMP) family, particularly BMP-
2 and BMP-7, which play central roles in initiating osteogenic
differentiation of mesenchymal stem and progenitor cells
through receptor-mediated signaling pathways that activate
transcriptional programs responsible for osteoblast lineage
commitment and extracellular matrix (ECM) deposition [3, 8, 9,
10]. DBM preparations retain many of these factors within
collagen scaffolds following removal of the mineral phase, with
biological activity dependent upon both preservation during
processing and subsequent release kinetics at the implantation
site [16, 24]. However, such preparations may also contain BMP
antagonists and variable concentrations of non-osteoinductive
matrix components, contributing to heterogeneity in net
bioactive factor availability across commercial products [24].

Several hundreds of additional signaling molecules contribute to
the broader regenerative environment. Key molecules include
transforming growth factor- (TGF-f3), platelet-derived growth
factor (PDGF), and vascular endothelial growth factor (VEGF).
These growth factors coordinate angiogenesis, cellular
proliferation, and early inflammatory responses that precede
bone formation [11, 14, 86].

In many bone graft substitutes, these signaling molecules are not
delivered as isolated recombinant proteins but are instead
present within the extracellular matrix of donor-derived tissues,
where they may be released gradually through scaffold
degradation and cell-mediated liberation [7, 16]. This matrix-
bound delivery mechanism is thought to contribute to the
recruitment and differentiation of host progenitor cells, though
the kinetics and dose of growth factor release vary with
processing conditions, carrier composition, and scaffold
architecture across commercial processing preparations.

At the same time, more recent graft technologies have attempted
to supplement or augment these signaling processes by
incorporating viable cellular populations [47, 50]. Such
approaches seek to reduce dependence on host cell recruitment
by delivering exogenous cells capable of direct osteogenic
differentiation and paracrine signaling [50, 51, 132, 133]. The
extent to which transplanted cells survive, engraft, and contribute
functionally to repair varies by platform and remains an active
area of research and clinical investigation [54, 131].
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2.3 Importance of the Host Microenvironment

While growth factor signaling and cellular recruitment are central
to osteoinductive activity, the regenerative potential of any graft
material is constrained by the local biological environment in
which it is implanted [12, 13]. Following graft placement, cells
and signaling molecules must function within a dynamic
microenvironment characterized by limited oxygen availability,
evolving inflammatory signaling, and variable mechanical
stabilization, conditions that may differ substantially across
surgical sites and patient populations.

Early stages of bone repair are frequently associated with relative
hypoxia and restricted nutrient diffusion until neovascularization
establishes adequate perfusion [13]. During this interval, cell
survival and metabolic activity depend heavily on oxygen
diffusion, nutrient availability, and the rate of vascular ingrowth,
all of which are influenced by scaffold porosity, architecture, and
host vascular access [7, 11]. Early healing also occurs within an
inflammatory milieu characterized by macrophage infiltration
and cytokine signaling that can either support or impair graft
integration, depending on polarization state and duration [12,
106]. Patient-specific factors also bear on this process. Genetic
background and lifestyle-related influences, such as smoking
status, nutrition, metabolic health, and physical activity, may
substantially shape the host microenvironment and thereby
affect graft integration. These variables may influence
vascularity, inflammatory tone, cellular responsiveness, and
remodeling capacity, further contributing to interpatient
variability in regenerative outcomes [75]. These constraints
highlight that graft performance is not determined solely by
intrinsic composition, but by the capacity of the host
microenvironment to support cellular viability, signaling
persistence, and tissue remodeling [6, 13, 84].

2.4 Mapping Biological Mechanisms to Graft Categories

Contemporary graft technologies address the osteogenic triad
through distinct strategic emphases, and these differences in
mechanistic approach have important implications for
comparative evaluation [5, 15]. Some products prioritize
osteoinduction and osteoconduction through matrix-bound
growth factors and scaffold architecture while relying on host
biology to supply the osteogenic cellular component [16, 43].
Others incorporate viable cells with the intent of providing all
three components (scaffold, signaling, and cellular osteogenesis),
though the magnitude and durability of such cellular
contributions in clinical environments remain under
investigation, and the extent to which they translate into
measurable clinical advantages over acellular alternatives has not
been definitively established [47, 131]. These differing
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mechanistic strategies form the basis for the comparative
evaluation of DBM and CBA technologies presented in the
following sections.

3. Demineralized Bone Matrix Technologies

Demineralized bone matrix (DBM) represents a widely utilized
class of allogeneic bone graft substitutes in orthopedic and spinal
surgery [16, 43]. DBM is produced through acid extraction of
cadaveric cortical bone, a process that removes the mineralized
component while preserving the underlying collagen matrix and
a range of matrix-bound growth factors. The resulting material is
classified primarily as an osteoinductive and osteoconductive
graft substrate, providing a collagen scaffold capable of
supporting cellular infiltration while releasing endogenous
signaling molecules that may recruit and differentiate host
progenitor cells [1, 16]. Because DBM is derived from donor bone
and processed through various proprietary manufacturing
methods, its biological activity can vary substantially across
preparations [20, 44]. Differences in donor characteristics,
processing techniques, residual calcium content, carrier
materials, and sterilization methods may influence growth factor
preservation, scaffold architecture, and overall osteoinductive
potential. DBM products are accordingly better understood as a
heterogeneous category than as a single uniform graft technology
[43]. Another consideration is the regulatory pathway that DBM
manufacturers or processors take. While some follow a
traditional medical device pathway others fall under a
homologous tissue designation or Human Cells, Tissues, and
Cellular and Tissue-Based Products (HCT/Ps) [101]. Medical
devices are approved or cleared to make specific claims while
HCT/Ps must make homologous intent usage statement(s). These
regulatory classifications can dictate the labels and instructions
for use (IFU). Regardless of the regulatory pathway these
products are scientifically osteoinductive and osteoconductive in
nature, while they may or may not be able to state this from a
regulatory standpoint.

3.1 Processing and Mechanism

Demineralized bone matrix is produced through chemical
extraction processes that remove the mineral phase of donor
cortical bone while preserving the collagenous extracellular
matrix and associated non-collagenous proteins [16].
Demineralization is most commonly achieved through exposure
to dilute hydrochloric acid or similar agents, which dissolve
hydroxyapatite crystals and expose matrix-bound growth factors
embedded within the bone matrix [1, 16]. The extent of
demineralization varies across commercial preparations, with
residual calcium content ranging from negligible to substantially
present [17, 19, 21]. This variation influences both growth factor
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bioavailability and scaffold resorption kinetics. This
demineralization transforms rigid mineralized bone into a more
compliant collagen scaffold in which matrix-bound signaling
molecules may become more bioavailable following implantation.

The osteoinductive properties attributed to DBM arise largely
from the exposure and subsequent release of growth factors
retained within the extracellular matrix, particularly members of
the bone morphogenetic protein (BMP) family [1, 3, 24].
Following implantation, these signaling molecules may be
liberated through scaffold degradation and cell-mediated
remodeling, thereby contributing to recruitment and
differentiation of host progenitor populations [16, 24]. This
mechanism positions DBM as a biologically active matrix
proposed to promote recruitment and differentiation of host
mesenchymal progenitor cells while simultaneously providing an
osteoconductive framework for tissue ingrowth.

Commercial DBM products frequently incorporate carrier
materials designed to improve handling characteristics,
structural stability, and graft retention within surgical sites [18].
Common carrier materials include glycerol, hyaluronic acid,
collagen gels, or other biodegradable polymers that transform
particulate DBM into moldable putties, pastes, or injectable
formulations [18, 43]. While carriers enhance surgical usability,
they may also influence graft performance by diluting the
concentration of matrix-derived growth factors or altering
release kinetics within the implantation environment [24].

DBM products undergo terminal sterilization through one of
several options including gamma irradiation, electron beam
irradiation, or aseptic processing techniques [16, 123].
Sterilization method and dose may affect BMP retention and
matrix integrity, thereby contributing to inter-product variability
in biological activity [20, 123].

Donor variability and differences in manufacturing protocols
produce substantial heterogeneity in osteoinductive potential
across DBM products [20, 44]. Factors such as donor age, bone
source, demineralization conditions, residual calcium content,
sterilization parameters, and carrier composition collectively
influence the preservation and bioavailability of osteoinductive
proteins [19, 23]. This variability has led to considerable interest
in developing standardized assays capable of assessing
osteoinductive potency across preparations, although widely
accepted clinical benchmarks remain limited [22, 44].
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Figure 3: Schematic representation of demineralized bone matrix (DBM) processing, composition, and biological function. This schematic
illustrates the production and functional mechanisms of demineralized bone matrix (DBM) used in spinal applications. Donor cortical bone
undergoes acid-mediated demineralization, typically using hydrochloric acid, to remove the mineral phase while preserving the collagenous
extracellular matrix and embedded growth factors. The resulting DBM is shown as a collagen-rich scaffold containing matrix-bound signaling
molecules, including bone morphogenetic proteins, which contribute to osteoinductive activity.

3.2 Clinical Evidence Across Applications

Demineralized bone matrix has been evaluated across a range of
orthopedic and spinal indications, most extensively as an adjunct
in spinal fusion procedures and to a lesser degree in the
management of fracture defects and non-union [36, 43]. In
clinical practice, DBM is frequently used as a graft extender or
substitute combined with autograft, allograft, or structural
implants rather than as a standalone graft material [31, 43].
Reported clinical outcomes therefore reflect not only the
biological activity of DBM itself but also surgical technique,
fixation stability, and the characteristics of adjunct graft materials
used in combination. Despite these confounding variables, a body
of clinical literature has examined DBM-containing graft
constructs in spinal fusion and trauma applications, providing
insight into its performance across diverse surgical contexts.

3.2.1 Spinal Fusion

Spinal fusion represents the most extensively studied
clinical application of DBM [29, 37]. Numerous retrospective and
prospective studies have evaluated DBM as a graft extender in
posterolateral lumbar fusion, cervical fusion, and interbody
procedures [25, 26, 27, 28, 39]. In many of these settings, DBM is
combined with local autograft or cancellous allograft to increase
graft volume while attempting to augment biological activity.

Reported fusion rates in DBM-augmented constructs commonly
fall within ranges comparable to traditional graft strategies when
adequate mechanical stabilization is achieved [29, 37]. Several
studies have described fusion outcomes in ranges overlapping
those reported for autograft-containing constructs, particularly
when DBM is used as an extender rather than a complete graft
substitute [26, 31, 32, 35]. However, interpretation of these
results is complicated by heterogeneity in DBM formulations,
carrier materials, surgical techniques, and patient populations
across studies [36, 38]. The literature suggests that DBM can
function effectively as part of multicomponent graft constructs,
but the relative contribution of DBM itself to fusion success
remains difficult to isolate in many clinical series. For example, Fu
et al. [26] compared DBM with autogenous iliac bone graft in
multisegment posterolateral fusion and reported fusion rates of
80.8% versus 85.7%, a difference that did not reach statistical
significance but demonstrated reduced donor-site morbidity in
the DBM group. Buser et al. [31] conducted a systematic review
of allograft and DBM in instrumented lumbar fusion and found
broadly comparable radiographic fusion outcomes across graft
types. Kim et al. [32] reported that DBM within a PEEK cage
achieved fusion rates comparable to iliac crest autograft in
anterior cervical procedures.

Table 2. Summary of Clinical Studies Evaluating Demineralized Bone Matrix (DBM) in Spinal Fusion

. Fusion/Union Follow-
Author(s) & Year = Study Design Procedure Product Comparator Rate (%) Up
Cammisa et al. Prospective Posterolateral Grafton DBM Autograft (side- Equivalent fusion 24 mo
(2004) [37] controlled lumbar fusion Gel by-side) rates at 2 years
Fuetal (2016) Retrospective | Multisegment DBM Autogenous iliac | 80.8% (DBM) vs NR
[26] posterolateral bone graft 85.7% (ICBG); p =

lumbar fusion NS

Nam & Yi (2016) Retrospective | Posterolateral DBM Hydroxyapatite Compared bone NR
[27] lumbar fusion union rates;

Kim et al. (2017) Retrospective | ACDF (cervical)

Chin et al. (2017) Retrospective | Outpatient ACDF
[35] (cervical)

Zadegan et al. Systematic ACDF (cervical)
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DBM in PEEK Iliac crest
[32] cage
DBM in PEEK

outcomes reported
Comparable fusion NR
autograft rates

None (single- Evaluated soft NR
arm) tissue swelling
incidence
DBM (multiple) | Autograft Non-inferior to Variable
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(2017) [39] review (historical) autograft across

most studies
Buser etal. (2018) | Systematic Instrumented Allograftvs Autograft / Similar fusion rates | Variable
[31] review lumbar fusion DBM allograft across graft types
Han et al. (2020) Meta-analysis | Posterolateral DBM + Autograft alone No significant Variable
[29] lumbar fusion autograft difference in fusion

rate

Chang et al. Retrospective | Posterolateral Grafton vs DBX | Head-to-head Similar fusion rates | NR
(2021) [28] lumbar fusion DBM comparison | between products
Eleswarapu et al. Retrospective | Instrumented DBM rhBMP-2 87% (DBM) vs NR
(2021) [25] cohort lumbar fusion 98.5% (rhBMP-2);

lower

cost/complications

with DBM

3.2.2 Trauma and Non-Union Applications

Beyond spinal fusion, DBM has also been investigated in the
treatment of bone defects, fracture repair, and non-union
management [41, 116]. In these contexts, DBM is typically used as
a filler material combined with cancellous grafts, structural
allografts, or fixation constructs designed to stabilize the defect
environment. Clinical reports describe bone healing in DBM-
augmented constructs, although the evidence base for trauma
applications remains smaller and more heterogeneous than that
for spinal fusion [42, 116]. Drosos et al. [42] reviewed the
comparative use of allograft and DBM in orthopedic trauma and
concluded that neither material demonstrated clear superiority
across all indications. Van der Stok et al. [116] examined the
available clinical evidence for DBM in long bone fracture
augmentation, noting acceptable healing rates but emphasizing
the limited quality and heterogeneity of the existing literature.

As in spinal applications, variability in product
formulation and surgical technique complicates direct
comparisons across studies [42]. Differences in defect size,
vascularity, and host biology may further influence clinical
outcomes in trauma and non-union settings. DBM is frequently
incorporated into reconstructive strategies for bone defects, yet
high-quality comparative studies isolating its independent
contribution remain limited [122].

3.3 Limitations and Variability

DBM exhibits several limitations that complicate both
mechanistic interpretation and clinical evaluation, arising from
its biological origin and manufacturing complexity [20, 44]. A
central challenge is variability in osteoinductive activity across
preparations. Because DBM is derived from donor bone,
biological differences in donor age, skeletal site, and metabolic
status may influence the concentration and activity of matrix-
bound growth factors [19, 23]. These donor-dependent factors
contribute to variation in osteoinductive potential prior to any
processing effects.

Tissue manufacturing processes further contribute to
heterogeneity across commercial DBM products [16, 20].
Differences in demineralization conditions, residual mineral
content, sterilization methods, and carrier composition may
influence the preservation and bioavailability of osteoinductive
proteins [24, 123]. High-dose irradiation or aggressive chemical
processing can reduce growth factor activity, whereas carrier
materials used to improve handling characteristics may dilute the
concentration of biologically active matrix components within
the final allograft formulation [18, 20]. Products processed by
different tissue banks or commercial entities may therefore
exhibit meaningful differences in biological activity despite
similar regulatory and product classification [21, 44].

Another challenge is the absence of widely accepted standardized
assays for evaluating osteoinductive potency [22, 45]. Although
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in vivo animal assays have historically been used to assess
osteoinductive activity, these models are difficult to standardize
due to species variability, site-dependent response, and uncertain
translation to human clinical performance [19, 22, 46]. In
practice, product selection often depends on manufacturer-
reported processing standards, institutional preference, or
limited comparative clinical evidence. This leaves the relative
biological activity of individual formulations uncertain [44].

Finally, the interpretation of clinical outcomes associated with
DBM is complicated by its frequent use as a graft extender rather
than a standalone graft material [31, 43]. In many surgical
applications, DBM is combined with autograft, cancellous
allograft, or structural implants. While this strategy can improve
graft volume and handling characteristics, it also makes it difficult
to isolate the independent contribution of DBM to fusion or bone
healing outcomes in clinical studies [29, 36]. These limitations
underscore the importance of interpreting DBM-associated
clinical results within the broader context of multicomponent
graft constructs and heterogeneous manufacturing practices.

4. Cellular Bone Allograft Technologies

Cellular bone allografts (CBAs) represent a more recently
developed category of osteobiologic graft materials distinguished
from conventional bone graft substitutes by the intentional
inclusion of viable cellular populations within a processed
allogeneic matrix [131]. Unlike DBM, which relies on matrix-
bound growth factors and scaffold architecture to recruit and
differentiate host progenitor cells, CBAs are designed to deliver
mesenchymal stem cells (MSCs) or osteoprogenitor cells that may
contribute directly to bone formation at the implantation site [47,
50]. This cellular augmentation strategy is predicated on the
hypothesis that introducing exogenous progenitor cell
populations may reduce dependence on host-derived cellular
recruitment, with the intent of offering advantages in
environments where endogenous progenitor cell availability is
limited [55, 56]. Despite growing clinical adoption, the evidence
base supporting CBAs continues to evolve, and important
questions regarding cell viability, functional contribution, and
comparative efficacy relative to established graft categories
remain areas of active investigation [63, 77].

4.1 Biological Rationale

The theoretical foundation of CBAs rests on an attempt to address
a recognized limitation of matrix-based graft technologies:
reliance on the host microenvironment to supply the osteogenic
cellular component necessary for de novo bone formation [5,
131]. DBM and similar preparations may provide osteoinductive
signaling and osteoconductive scaffolding, but they depend on
host mesenchymal progenitor cells to migrate into the graft site,
receive inductive signals, and differentiate into bone-forming
osteoblasts [16, 43]. In environments characterized by poor
vascularity, diminished host progenitor cell availability, or
significant biological compromise, such as revision surgery,

Page 7 of 22


http://www.alcrut.com/

Clinical and Medlcal Research and Stu(llec

radiation-affected tissue, or metabolically impaired patients, this
dependence on host cell recruitment may be insufficient to
achieve consistent osteogenesis [55, 85].

CBAs are designed to supplement this process by incorporating
viable MSCs or osteoprogenitor cells within a structural matrix
that also retains osteoconductive and potentially osteoinductive
properties [47, 131]. In principle, transplanted cellular
populations may contribute to bone formation through two
complementary mechanisms. First, progenitor cells with
osteogenic capacity may differentiate directly into osteoblasts
and contribute to new bone matrix synthesis, a process analogous
to the osteogenic contribution of autograft-derived cells [47, 48,

Implanted Cellular
Bone Allograft

® <

/ Viable MSCs/

osteoprogenitor cells

Structural *

matrix | =
\ &
N @

V|able‘—2'—7

%
cells >

e 4

oo

S - Transplanted

(3 Proposed direct

www.alcrut.com
Copyright: © 2026 Aaron J. Tabor

120]. Second, transplanted cells may exert paracrine effects by
secreting a range of bioactive factors, including cytokines,
chemokines, and extracellular vesicles, that modulate local
inflammatory responses, promote angiogenesis, and enhance
recruitment of endogenous progenitor populations [50, 51, 52].
The relative magnitude of these direct and paracrine
contributions in the clinical implantation environment has not
been fully characterized and likely varies across platforms and
host conditions [54].
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Figure 4: The combined effects of (1) the direct osteogenic contribution of live stem cells found in CBAs and (2) the additional paracrine
signaling support contributing to bone regeneration.

The preservation of viable cellular constituents introduces
processing complexity that distinguishes CBAs from acellular
graft preparations. CBA products are typically derived from
donor bone marrow, demineralized allograft matrix, or similar
allogeneic substrates, and are processed using cryopreservation
protocols intended to maintain cellular viability through the
storage and thawing cycle [53, 54]. Cryoprotectants such as
dimethyl sulfoxide (DMSO) are commonly employed to mitigate
ice crystal formation and protect cell membrane integrity during
freezing for allograft storage [53]. Upon thawing, the degree of
cellular recovery, measured by both cell number and metabolic
activity, is subject to variability related to processing parameters,
storage duration, and handling at the point of implantation [54].
Commercial CBA preparations therefore aim to deliver a defined
number of viable, functionally active progenitor cells, though
cellular potency assays and minimum viability thresholds vary
across commercial platforms [49, 131]. CBAs thus represent a
strategy that attempts to reconstitute the three-component
osteogenic framework, being scaffold, signaling, and cellular
contribution, within a single allogeneic construct, though the net
clinical benefit of the cellular component relative to acellular
alternatives remains incompletely defined.

4.2 Clinical Evidence Across Applications

Clinical evaluation of CBAs has expanded considerably over the
past decade, with reports spanning spinal fusion, fracture repair,
and the management of bone defects and established non-union
[63, 131]. The preponderance of available evidence derives from
retrospective case series and single-arm prospective studies,
with relatively limited representation of randomized or
controlled designs [62, 77]. This evidentiary profile reflects, in
part, the practical challenges associated with conducting
controlled trials for graft biologics, as well as the relatively recent
commercial availability of cellular allograft platforms.
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Interpretation of published outcomes requires consideration of
variability in study design, patient selection, adjunct fixation
strategies, and endpoint definitions across reports.

In spinal fusion, several commercial CBA products have been the
subject of clinical series reporting fusion rates in instrumented
lumbar and cervical procedures [57, 66, 72]. Reported fusion
rates in prospective cohorts have ranged from approximately
88% in cervical applications to 97-100% at 12 to 24 months of
follow-up in lumbar fusion settings when outcomes are assessed
per level under standardized fusion criteria [57, 58, 63, 72]. Some
investigators have reported results comparable to historical
benchmarks associated with iliac crest autograft, though direct
comparisons are constrained by differences in patient
populations, fixation constructs, and imaging-based fusion
assessment methodologies [60, 65, 67, 71]. Notably, few
published studies have incorporated randomized controls using
DBM or other biologic comparators under equivalent surgical
conditions, making definitive conclusions regarding relative
efficacy difficult to establish [62, 64, 77]. The contribution of
transplanted cellular elements to observed fusion rates, as
distinct from scaffold-mediated and growth factor-mediated
effects, has not been rigorously established through controlled
mechanistic endpoints.

In trauma and non-union applications, the clinical literature for
CBAs remains smaller and more heterogeneous than that
available for spinal indications [70]. Some retrospective series
describe union rates when cellular grafts are used as adjuncts in
fracture defect repair or revision non-union management,
including in settings where prior grafting attempts had been
unsuccessful [59, 61, 68, 130]. These reports have contributed to
interest in CBAs in biologically challenging environments where
the potential benefit of exogenous progenitor cell delivery may be
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most clinically relevant. However, as with the spinal fusion data,
these reports are predominantly retrospective, involve variable
patient populations, and lack standardized comparator arms [77].
The absence of prospective head-to-head comparisons with

www.alcrut.com
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established DBM products under controlled conditions and
defined endpoints makes it difficult to isolate the incremental
contribution of the cellular component to observed healing
outcomes [78].

Table 3. Summary of Clinical Studies Evaluating Cellular Bone Allografts (CBAs)

. Fusion/Union Follow-

Author(s) & Year Study Design Procedure Product Comparator Rate (%) Up
Kerr etal. (2011) Retrospective | Lumbar interbody | Osteocel rhBMP-2 CBA suggested as NR
[66] fusion viable alternative to

rhBMP-2
Hollawell (2012) Retrospective | Hindfootand Trinity Autograft Favorable fusion NR
[68] ankle fusion Evolution (historical) outcomes reported
Tohmeh et al. Prospective XLIF (lateral Osteocel Plus None (single- High fusion ratesat | 12 mo
(2012) [65] lumbar interbody) arm) 12 months
Eastlack et al. Prospective ACDF (cervical) Osteocel Plus None (single- High radiographic 12 mo
(2014) [71] multicenter arm) and clinical fusion

rates
Jones etal. (2015) | Prospective Foot and ankle Trinity ELITE None (single- Favorable fusion 12 mo
[70] multicenter arthrodesis arm) outcomes
Vanichkachorn et Prospective Single-level ACDF | Trinity Historical 93.5% fusion at 12 12 mo
al. (2016) [72] (cervical) Evolution controls months
Hsieh etal. (2019) | Systematic Spinal fusion Multiple CBA Various Overall favorable Variable
[63] review (multiple) products comparators fusion rates across

studies
Elgafy et al. Retrospective | Lumbar spine V-CBA None (single- Fusion outcomes NR
(2021) [59] fusion arm) reported with

lineage-committed

cells
Saitta etal. (2021) | Prospective Multilevel ACDF ViviGen CBA None (single- High 1-year fusion 12 mo
[67] (cervical) arm) rates and favorable

PROs
Goldman et al. Prospective ACDF (cervical) ACBM None (single- Favorable NR
(2024) [60] arm) radiographic and

clinical outcomes
Lansford et al. Prospective Lumbar spinal Trinity Elite None (single- High fusion rates 12 mo
(2024) [57] fusion arm) irrespective of

surgical risk factors
Russo etal. (2024) | Prospective Lumbar spinal Trinity Elite None (single- Maintained high 12 mo
[58] fusion arm) fusion rates despite

risk factors for non-

union

4.3 Limitations and Open Questions

Despite the biological rationale supporting CBA technologies and
the outcomes reported in available clinical series, several
important uncertainties remain unresolved and merit careful
consideration in the evaluation of this graft category [77]. A
central question concerns the extent to which transplanted cells
survive and maintain functional activity following implantation in
human bone defect or fusion environments [76]. The early post-
implantation period is characterized by relative hypoxia, limited
nutrient availability, and an evolving inflammatory milieu that
may adversely affect cellular viability before adequate
neovascularization is established [12, 13]. Direct evidence of
long-term cellular engraftment and osteogenic contribution at
human implantation sites is limited, and the degree to which
initial cellular content translates into sustained functional
activity in vivo has not been comprehensively characterized
across commercial platforms [54, 131].

Cryopreservation and thawing protocols introduce additional
sources of variability that may affect product consistency and
delivered cellular potency [53, 54]. Differences in cryoprotectant
formulations, freeze-thaw cycle parameters, post-thaw handling
requirements, and storage duration can influence cellular
recovery and metabolic activity following reconstitution. Because
many CBA products require cold-chain logistics and specific
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preparation protocols at the point of care, departures from
recommended handling procedures may reduce viable cell
content prior to implantation, with potentially meaningful
consequences for biological activity for the recipient [54].
Standardized viability thresholds and potency release criteria
vary across commercial products and have not been harmonized
through broadly accepted industry benchmarks, limiting the
comparability of cellular specifications across platforms [49, 77].

Regulatory classification of CBA products adds further
complexity to comparative evaluation [101, 131]. Depending on
processing methods and claimed indications, CBA products may
be classified as HCT/Ps under Section 361 of the Public Health
Service Act, subject to donor screening and tissue banking
regulations but not required to demonstrate clinical efficacy
through premarket review, or as biologics under Section 351,
which carries a substantially more rigorous evidentiary standard
[101, 146]. This regulatory heterogeneity means that products
within the same clinical category may not be held to equivalent
evidentiary  requirements, complicating  cross-product
comparison and the interpretation of published outcome data
based on the regulations and what specific claim indications can
be made or stated. Heterogeneity across commercial platforms
with respect to cellular composition, matrix source, processing
methods, and potency specifications further limits the
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generalizability of findings from individual product studies to the
broader CBA category [63, 131]. Results reported for one
commercial preparation cannot be assumed to reflect the
performance of other products, even when surface-level cellular
viability metrics appear similar [78]. The difficulty of isolating the
independent contribution of transplanted cells from matrix-
mediated osteoinduction and scaffold effects further complicates
attribution: clinical outcomes associated with CBA constructs
cannot be credited to the cellular component alone without
controlled mechanistic data [69, 77].

Long-term controlled trials evaluating CBA performance against
established graft standards across defined surgical indications
remain limited, and the durability of reported outcomes over
extended follow-up periods has not been uniformly characterized
[73, 74]. These uncertainties collectively underscore the
importance of structured, comparative evaluation that accounts
for product-level heterogeneity, regulatory context, and
mechanistic distinction. A systematic framework for cross-
category comparison, integrating biological mechanism, clinical
performance data, regulatory pathway, and economic
considerations, is developed in Section 5 of this review.

. Comparative Clinical and Translational Analysis

Clinical decision-making in bone grafting ultimately depends not
on theoretical osteogenic potential alone, but on reproducible
patient outcomes across defined surgical contexts, interpreted
through the lens of evidence quality, regulatory pathway, and
economic sustainability. While both demineralized bone matrix
(DBM) and cellular bone allografts (CBAs) are intended to
support bone regeneration, their comparative efficacy is highly
context-dependent and influenced by surgical indication, graft
formulation, host biology, and the evidentiary standards under
which clinical data have been generated [81]. Although CBAs are

www.alcrut.com
Copyright: © 2026 Aaron J. Tabor

designed to augment osteogenesis through the inclusion of viable
mesenchymal stem or progenitor cells, DBM products have
demonstrated fusion and defect-healing rates that are broadly
comparable to those reported for other graft categories across
multiple orthopedic and spinal applications [29, 82]. An
evaluation of the available clinical literature suggests that,
despite mechanistic distinctions, categorical superiority between
these graft categories has not been established and appears to
vary by indication, study design, and product selection [136].

5.1 Comparative Evidence in Spinal Fusion

Spinal fusion represents the most extensively studied clinical
indication for both DBM and CBAs, and the setting in which
comparative evaluation is most feasible. Systematic reviews of
graft alternatives in lumbar fusion have reported that DBM and
structural allograft achieve broadly comparable fusion rates in
instrumented procedures, with differences emerging primarily in
noninstrumented settings where osteoinductive capacity may
assume greater relative importance [79, 31]. Reported fusion
rates for commerecially available DBM products frequently range
between 80 and 100 percent, depending on formulation, fixation
strategy, and patient-specific risk factors, while CBA products
have reported rates of approximately 88 percent in cervical
applications and 97 to 100 percent in lumbar settings [29, 63].
These rates were assessed at 12 to 24 months postoperatively,
though follow-up duration varied across studies. In anterior
cervical discectomy and fusion, comparative cohort data suggest
that cellular and noncellular allografts achieve similar
radiographic fusion rates and clinical outcomes when used with
contemporary interbody devices [139, 140], a finding consistent
with broader systematic reviews indicating substantial overlap in
outcome ranges across graft categories [83].

Table 4. Comparative Clinical Evidence in Spinal Fusion: DBM vs CBA

Graft

Author(s) &

Study

Category Year Design LU

DBM Cammisa et al. Prospective Posterolateral
(2004) [37] controlled lumbar fusion

DBM Fuetal. (2016) Retrospectiv | Multisegment
[26] ® PLF

DBM Kimetal. (2017) | Retrospectiv | ACDF (cervical)
[32] e

DBM Zadegan et al. Systematic ACDF (cervical)
(2017) [39] review

DBM Buser et al. Systematic Instrumented
(2018) [31] review lumbar fusion

DBM Han etal. (2020) | Meta- PLF (lumbar)
[29] analysis

DBM Eleswarapuetal. | Retrospectiv | Instrumented
(2021) [25] e cohort lumbar fusion

CBA Kerretal. (2011) | Retrospectiv | Lumbar
[66] e interbody fusion

CBA Tohmeh et al. Prospective XLIF (lumbar)
(2012) [65]

CBA Eastlack et al. Prospective | ACDF (cervical)
(2014) [71] multicenter

CBA Vanichkachorn Prospective Single-level
etal. (2016) [72] ACDF

CBA Hsieh et al. Systematic Spinal fusion
(2019) [63] review (multiple)

CBA Saitta et al. Prospective Multilevel ACDF
(2021) [67]

CBA Lansford et al. Prospective Lumbar spinal
(2024) [57] fusion

CBA Russo et al. Prospective Lumbar spinal
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(2024) [58]

fusion

Fusion/Union Follo
Product Comparator Rate (%) w-Up
Grafton DBM Autograft (side- | Equivalent 24 mo
Gel by-side) fusion rates at 2
years
DBM ICBG 80.8% vs 85.7%; | NR
p=NS
DBM in PEEK ICBG Comparable NR
cage fusion rates
DBM Autograft Non-inferior to Varia
(multiple) (historical) autograft ble
Allograft vs Autograft / Similar fusion Varia
DBM allograft rates ble
DBM + Autograft alone | No significant Varia
autograft difference ble
DBM rhBMP-2 87% vs 98.5%; NR
lower cost with
DBM
Osteocel rhBMP-2 CBA as viable NR
alternative
Osteocel Plus None (single- High fusion rates | 12 mo
arm)
Osteocel Plus None (single- High fusion rates | 12 mo
arm)
Trinity Historical 93.5% at 12 12 mo
Evolution controls months
Multiple CBA Various Favorable fusion | Varia
products rates ble
ViviGen CBA None (single- High 1-year 12 mo
arm) fusion rates
Trinity Elite None (single- High rates 12 mo
arm) irrespective of
risk factors
Trinity Elite None (single- Maintained high 12 mo

arm)

rates despite risk
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Cross- Fischer et al. Systematic Lumbar/cervical
Cat. (2013) [136] review fusion

Cross- Tuchman et al. Systematic Lumbar spinal
Cat. (2016) [79] review fusion

Cross- Tuchman et al. Systematic Cervical spinal
Cat. (2017) [140] review fusion

Cross- Lietal. (2022) SR / Meta- Spine surgery
Cat. [83] analysis (general)

Cross- Zakko et al. Comparative | ACDF (cervical)
Cat. (2023) [139] cohort

Despite these reports, interpretation requires attention to study
design limitations. The majority of available data for both graft
categories, DBM and CBA, derive from retrospective series,
single-arm prospective cohorts, or studies with industry
sponsorship. Few rigorously designed head-to-head randomized
controlled , level one trials directly compare DBM and CBA
products under equivalent surgical conditions [81]. Meta-analytic
efforts have been constrained by heterogeneity in endpoint
definitions, imaging-based fusion assessment criteria, and
inconsistent adjustment for confounding variables including
fixation construct, smoking status, and metabolic comorbidities
[118,119, 136]. The relative contribution of transplanted cellular
elements to observed fusion outcomes, as distinct from scaffold-
mediated and growth factor-mediated effects, has not been
isolated through controlled mechanistic endpoints in any
published comparative trial [138].

An additional consideration in interpreting these data is the
asymmetry in evidence maturity between the two graft
categories. The clinical literature supporting DBM spans more
than two decades and includes multiple meta-analyses,
systematic reviews, and prospective controlled comparisons,
whereas the CBA evidence base is concentrated within the past
ten to twelve years and remains predominantly composed of
single-arm prospective cohorts and retrospective case series [63,
77,131]. This difference in evidentiary depth does not inherently
favor one category over the other, but it does mean that the
confidence intervals around DBM performance estimates are
generally narrower, and that the consistency of reported
outcomes has been tested across a broader range of surgical
contexts, patient populations, and product formulations.
Comparisons drawn from overlapping fusion rate ranges should
therefore be interpreted with attention to the volume, design, and
independence of the studies generating those estimates.

5.2 Trauma, Non-Union, and Biologically Compromised Settings
Beyond spinal fusion, both DBM and CBAs are utilized in the
management of traumatic bone defects, established non-unions,
and reconstructive procedures in which host osteogenic capacity
may be compromised. In these settings, graft selection is
influenced by defect geometry, vascularity, mechanical stability,
and the availability of endogenous progenitor cell populations.
Evidence reviews of bone graft substitutes in orthopedic trauma
have noted acceptable healing rates with multiple graft
categories, while emphasizing that surgical technique,
mechanical fixation, and host biology often exert greater
influence on union outcomes than graft material selection alone
[88, 122]. Some retrospective series describe union rates when
cellular grafts are used as adjuncts in revision non-union cases,
though these reports involve heterogeneous patient populations
and lack standardized comparator arms [70, 141].
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factors
Multiple graft | Cross-category | High Varia
types heterogeneity; ble
no definitive
recommendation
ICBG vs Cross-category | Comparable Varia
local/allograft fusion; allograft ble
less morbidity
Autograft vs Cross-category | Similar fusion Varia
allograft rates ble
Multiple graft | Cross-category | 64 articles; Varia
categories fusion rates ble
across graft
types
Cellular vs Head-to-head Similar fusion NR
noncellular and clinical
outcomes

The rationale for CBAs in biologically compromised
environments, including patients with smoking history, diabetes,
osteoporosis, or prior radiation exposure, rests on the premise
that exogenous progenitor cell delivery may compensate for
diminished host cell recruitment [40, 89, 90]. While this rationale
is biologically plausible, definitive clinical evidence establishing
superior outcomes for CBAs over comparable DBM preparations
in these specific populations remains limited [91, 92]. The
absence of prospective comparative data stratified by host risk
factors represents a notable gap in the current evidence base and
an area where future investigation may clarify the clinical
circumstances under which cellular augmentation confers
meaningful incremental benefit.

It bears noting that clinical adoption of CBAs in biologically
compromised settings has, in some respects, outpaced the
controlled evidence supporting their preferential use in those
populations. The biological rationale for delivering exogenous
progenitor cells to environments with diminished host
recruitment capacity is sound in principle, but the published
literature does not yet include prospective trials that stratify CBA
and DBM outcomes by specific host risk factors under equivalent
surgical conditions. The gap between the plausibility of the
mechanism and the rigor of the supporting clinical data is a
recurring theme in this field, and it underscores the importance
of distinguishing between what a graft technology is designed to
do and what it has been demonstrated to do in controlled settings.

5.3 Product Heterogeneity and Evidence Generalizability

A persistent challenge in comparative graft evaluation is the
substantial heterogeneity that exists both within and between
graft categories. Among DBM products, donor-to-donor
variability in retained bone morphogenetic protein content,
differences in demineralization protocols, and the influence of
carrier formulations on handling and resorption characteristics
contribute to meaningful inter-product performance differences
that are not captured by class-level comparisons [44]. Similarly,
CBA products vary considerably in cellular composition, matrix
source, cryopreservation protocols, viability thresholds, and
potency release criteria, limiting the generalizability of findings
from individual product studies to the broader category [77,131].
Results reported for one commercial preparation cannot be
assumed to reflect the performance of other products within the
same class, even when surface-level specifications appear similar
[143]. This product-level heterogeneity complicates the
interpretation of systematic reviews and meta-analyses that
aggregate data across platforms, as class-level effect estimates
may obscure clinically relevant differences between specific
formulations [136, 127, 144]. Comparative evaluation would
benefit from product-specific outcome registries and
standardized potency assays that permit more precise
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characterization of the relationship between graft composition
and clinical performance [145]. Table five demonstrates a

Product
Grafton DBM

DBX

Accell Evo3

Progenix Plus

InterGro DBM

Optium DBM

Magnifuse

Staysis DBM

AlloFuse DBM

Osteocel Plus

/ Osteocel Pro

Trinity ELITE

ViviGen

Cellentra

VCBM

Map3

Bio4

the market.

www.alcrut.com
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Table 5. Representative Commercial DBM and CBA Products: Comparative Translational Features

Class

DBM

DBM

DBM

DBM

DBM

DBM

DBM

DBM

DBM

CBA

CBA

CBA

CBA

CBA

CBA

Processing / Preservation
Features
Aseptic processing; low-dose
gamma irradiation (1.0-1.5
Mrad)

Demineralization with lot-
level osteoinductive potency
testing (validated ectopic
bone assay)

Aseptic processing from
AATB-accredited tissue bank

Demineralization with two-
stage osteoinductive testing

Demineralization optimized
for osteoinductivity; lecithin
carrier

PAD technology for
controlled residual calcium
levels

Aseptic processing with
optional low-dose gamma
irradiation

100% allograft bone with no
synthetic carriers; room
temperature storage; 2-year
shelf life; available as putty
and crunch (putty +
cancellous chips) forms
Validated Sterilizer
disinfection (SAL 107).
AATB-accredited processing

Cryopreserved at -80°C.
Donor tissue recovered
within 24h of death

Cryopreserved in liquid
nitrogen at -185°C. Strict
donor selection with viability
testing

Cryopreserved viable cells.
Proprietary preservation
protocol

Cryopreservation method;
specific parameters not
publicly disclosed

Cryogenic preservation of
MAPC cells. Available in putty
and strip forms

BioSmart proprietary
cryopreservation technology
(no DMSO)

Representative Clinical
Use(s)
Posterolateral lumbar fusion
(graft extender); bone void
filling in spine and orthopedic
procedures

Bone void filling; graft
extender in spinal and trauma
applications

Posterolateral lumbar fusion;
bone void filling

Spinal fusion; bone defect
applications

Bone void filling in spine and
orthopedic applications

Spinal fusion; orthopedic and
neurosurgery applications

Posterolateral spine fusion;
bone void filling

Bone void filling; repair,
replacement, or reconstruction
of bony defects of the skeletal
system

Spinal fusion; extremity and
pelvis applications

ACDF (87-92% fusion
reported); TLIF (91% at 12
mo)

ACDF (93.5% SL, 97.4% ML
high-risk fusion); PLF (97-
100% at 12-24 mo)

Spinal fusion; foot/ankle
arthrodesis; trauma/extremity
fusion

Posterolateral spinal fusion.
Prospective ACDF trial

ALIF (fusion rates comparable
to rhBMP-2 in retrospective
data)

Bone void filling; foot/ankle
bone regeneration; trauma

Major Comparative Caveat

Glycerol carrier may dilute effective
DBM concentration; donor variability
in growth factor content affects lot-to-
lot performance

Carrier composition differs from
glycerol-based products; limited
published comparative data relative to
other DBM platforms

Reverse-phase carrier mechanism
differs from standard glycerol/sodium
hyaluronate carriers used in other
DBM products

Bovine collagen carrier introduces
xenogeneic component absent from
other listed DBM products

Lecithin carrier is compositionally
distinct from glycerol-based DBM
products

Clinical literature frequently pools
glycerol-carrier DBMs without
product-level differentiation

Multi-component design and
containment mesh distinguish it from
single-component DBM formulations

Recently introduced carrier-free DBM
platform; independent peer-reviewed
clinical outcome data not yet available
at time of publication; author
disclosure applies

Multiple formulation variants span
acellular and cellular categories,
complicating class-level comparison

Evidence largely retrospective and
single-arm. Section 361 HCT/P
pathway does not require premarket
efficacy

Among the most published CBA
platforms, but evidence base is
predominantly prospective single-arm

Manufacturer’s distinction between
“lineage-committed bone-forming
cells” and MSCs lacks independent
verification

Publicly available product
specifications are less detailed than
those for competing CBA products

MAPC cell type is proprietary and
distinct from MSCs; limited
independent peer-reviewed clinical
data

Rebranded from OvationOS following
2019 Stryker acquisition; clinical
evidence is limited relative to longer-
established CBA platforms

noncomprehensive list of DBM and CBA known products within

Ref(s)

(37]

[16]

[184],
[193]F

(36],
(188]F

[19],
[191]%

[38]

[184],
[189]t

[34]t

[16],
[190]F

[169],
[67]

[74],
[186]

[185],
[70]

[187],
[192]F

[137]

[142]

1 Denotes non-peer-reviewed source (FDA 510(k) summary, ClinicalTrials.gov registration, or manufacturer product documentation). These
sources are included in the manuscript bibliography and are flagged for transparency regarding evidence type.
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5.4 Regulatory Classification and Evidentiary Context

The regulatory framework governing DBM and CBA products
adds further complexity to comparative evaluation. Depending on
product composition, processing, and intended use, DBM and CBA
products may be regulated either as human cells, tissues, and
cellular and tissue-based products (HCT/Ps) under Section 361 of
the United States Public Health Service Act or, alternatively, as
biological products under Section 351, which carries
substantially more rigorous evidentiary requirements [101, 146].
Products marketed as HCT/Ps are subject to donor screening and
tissue banking requirements but are not required to undergo
premarket review for clinical efficacy. In addition, DBM and CBA
products regulated as HCT/Ps are not permitted to include
mechanism-based claims in their labeling. Nevertheless, scientific
evidence suggests that these materials may exhibit
osteoinductive and osteoconductive properties based on their
composition and retained growth factor content. As a result,
although these biological functions are commonly described in
the scientific literature, commercially marketed HCT/P products
are limited to homologous use statements and do not explicitly
reference such mechanisms in their labeling. This regulatory
heterogeneity carries a practical consequence that is often
underappreciated in comparative evaluation: products
distributed under the HCT/P framework can reach widespread
clinical adoption without generating controlled efficacy data of
the type that would be required under a biologics or device
pathway. As a result, the evidence supporting individual products
within the same clinical category may differ not only in quantity
and quality, but in kind, with some products supported primarily
by post-market observational experience and others by
premarket controlled investigation. This asymmetry complicates
cross-product comparison and means that similar clinical
adoption levels should not be interpreted as reflecting equivalent
evidentiary support. The regulatory pathway through which a
product is marketed has important implications for the nature of
the evidence available in support of its use. Products distributed
under tissue banking frameworks are commonly supported by
donor screening, processing controls, preclinical and bench
characterization, and post-market clinical experience, while
biologic products are generally supported by additional
controlled clinical investigation requirements [99, 147]. As such,
consideration of regulatory pathway can provide helpful context
when interpreting the rigor, scope, and type of evidence reported
across published clinical studies [98].

5.5 Economic Considerations

Economic analysis represents an important but underdeveloped
component of comparative graft evaluation. Within commerecially
available alternatives, DBM products are generally positioned at
a lower acquisition cost compared with CBAs, reflecting
differences in processing complexity, cold-chain logistics, and the
inclusion of viable cellular components. Health economic
modeling in spinal fusion has suggested that cost-effectiveness
depends not solely on upfront material costs but on downstream
outcomes including revision surgery rates, hospital length of stay,
and return-to-function timelines [93, 94, 95]. In scenarios where
reported clinical outcomes overlap substantially between graft
categories, the higher acquisition cost of CBAs may warrant
scrutiny absent clear evidence of superior healing rates or
reduced complications [96, 148]. Conversely, the lower
acquisition cost of DBM does not inherently establish cost-
effectiveness when well-documented lot-to-lot variability in
osteoinductive potency is considered, as inconsistent biological
activity may contribute to unpredictable clinical performance and
associated downstream costs [44, 96].
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To date, no high-quality cost-effectiveness analysis has directly
compared commercially available DBM and CBA products under
equivalent surgical conditions and standardized clinical
endpoints [149, 150]. Developing such analyses will require
integration of product-specific clinical outcome data, procedure-
level cost accounting, and long-term follow-up sufficient to
capture differences in revision rates and functional recovery [96].
Until such data are available, cost-benefit considerations remain
closely tied to the strength and specificity of supporting clinical
evidence.

5.6 Toward a Structured Comparative Framework

The preceding analysis underscores the difficulty of rendering
categorical judgments regarding graft superiority across diverse
clinical contexts. Rather than framing the comparison as a binary
question of which graft category is superior, a more productive
approach involves structured, multi-domain evaluation that
accounts for biological mechanism, clinical performance within
specific indications, regulatory pathway, product-level
heterogeneity, and economic sustainability. Such a framework
acknowledges that graft selection is optimally guided by
indication-specific evidence, patient-level risk assessment, and
transparent evaluation of the evidentiary standards supporting
individual products [81, 103]. Consensus recommendations for
orthobiologic evaluation have emphasized the need for
standardized product characterization, minimum clinical trial
design standards, and patient registries that can support
comparative effectiveness research across graft platforms [103,
151]. Until rigorous head-to-head comparative trials with
standardized endpoints are conducted, definitive conclusions
regarding the relative merits of DBM and CBA technologies across
clinical applications will remain incompletely defined.

6. Regulatory and Manufacturing Considerations

The comparative evaluation of demineralized bone matrix (DBM)
and cellular bone allografts (CBAs) is complicated not only by
differences in biological mechanism, scientific study support and
clinical evidence, as discussed in preceding sections, but also by
the regulatory and manufacturing frameworks under which
individual products are developed, classified, and brought to
market. These frameworks determine the regulatory standards
applied to each product, the scope of permissible clinical claims,
and the degree of manufacturing consistency required across
production lots. Because regulatory classification and
manufacturing processes differ both between and within graft
categories, an understanding of these factors is essential for
interpreting the published comparative literature and assessing
the generalizability of product-specific clinical findings.

6.1 Regulatory Classification Framework

In the United States, nonsynthetic bone graft products may be
regulated through several distinct pathways depending on their
composition, processing, and intended use. Human cells, tissues,
and cellular and tissue-based products (HCT/Ps) that meet the
criteria for minimal manipulation and homologous use under
Section 361 of the Public Health Service Act are subject to donor
screening, tissue banking, and establishment registration
requirements but are not required to demonstrate clinical
efficacy through premarket review [101, 146]. Products that do
not satisfy these criteria, or that incorporate more-than-
minimally-manipulated cellular components, may be classified as
biological products under Section 351, which requires
submission of a biologics license application (BLA) supported by
clinical evidence of safety and efficacy [99]. Certain DBM
formulations may also follow traditional medical device
pathways, including 510(k) clearance, depending on their
composition and intended use claims [105, 157].
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Comparative Overview of 361, 351, and 820 Regulatory Classifications
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Figure 5: Differences in regulatory classifications between Section 361 HCT/Ps (left), Section 351 Biologics (middle), and Section 820
Medical Devices (right).

This regulatory heterogeneity means that products marketed for
overlapping clinical indications may differ substantially in
evidentiary requirements for market access. Products classified
under tissue banking frameworks may enter clinical use
supported by donor safety screening, manufacturing
characterization and post-market surveillance, whereas products
regulated as biologics or devices must meet different structured
premarket standards [100]. These pathway-dependent
differences have direct implications for interpreting published
clinical data, as the regulatory context under which a product was
commercialized provides important information about the
independence and design of its supporting evidence base [147,
157].

6.2 Minimal Manipulation and Homologous Use

The regulatory criteria of minimal manipulation and homologous
use are central to the classification of allograft-based bone
products and merit careful definition. For structural tissues such
as bone, minimal manipulation generally requires that processing
does not alter the original relevant characteristics of the tissue
relating to its utility for reconstruction, repair, or replacement
[101]. Homologous use requires that the product performs the
same basic function or functions in the recipient as in the donor.
When both criteria are met, along with additional requirements
regarding combinational products and systemic effects, the
product may qualify for regulation solely as an HCT/P under
Section 361 without  premarket clinical review.
The application of these criteria to bone graft products is not
always straightforward. Demineralization, for example, removes
the mineral phase of bone and alters its structural properties, and
the regulatory classification of demineralized products depends
on how the resulting material is positioned relative to the original
tissue’s relevant characteristics [16]. For cellular allografts, the
determination of whether cryopreservation, cell selection, or
other processing steps constitute more than minimal
manipulation depends on sponsor-specific details regarding
processing protocols and intended use [99]. Products within the
same general category may therefore receive different regulatory
classifications based on their specific manufacturing details,
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claims, or intended uses, and generalizations about the regulatory
status of an entire graft class should be made cautiously.

6.3 Manufacturing and Processing Variability

Manufacturing variability represents a significant but
underappreciated source of heterogeneity across commercially
available bone graft products. For DBM, inter-product variability
arises from multiple sources including donor characteristics,
bone procurement and storage practices, demineralization
protocols, residual calcium content, terminal sterilization
methods and dose, and the composition of carrier materials used
to achieve desired handling properties [16, 18]. Gamma
irradiation, widely employed for terminal sterilization, has been
shown to affect osteoinductive activity in a dose-dependent and
moisture-dependent manner, with potential reduction in retained
growth factor bioactivity at higher radiation exposures [152,
153]. Alternative terminal sterilization approaches include
electron beam (e-beam) irradiation, which delivers comparable
sterilizing doses over shorter exposure times and may reduce
cumulative protein degradation relative to gamma irradiation at
equivalent doses, and chemical sterilization agents such as
ethylene oxide or peracetic acid, which operate through distinct
mechanisms but may introduce residual chemical effects on
matrix composition [152, 153]. Aseptic processing, in which
sterility is maintained through controlled environmental and
procedural conditions without a terminal sterilization step,
avoids radiation-induced or chemical damage to matrix proteins
but depends on rigorous process validation and environmental
controls to ensure microbiological safety. Studies examining lot-
to-lot variability within individual DBM products have
demonstrated substantial differences in bone morphogenetic
protein content and in vivo osteoinductive performance across
production lots from the same manufacturer, underscoring that
even within a single commercial product, consistency cannot be
assumed [44].

For CBAs, manufacturing variability extends to additional
parameters including cellular composition, tissue sourcing,
cryopreservation protocols, cryoprotectant selection and
concentration, post-thaw handling requirements, viability
thresholds, and potency release criteria [154, 155]. Systematic
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reviews of cryopreservation effects on mesenchymal stromal cells
have reported that while core phenotypic markers and
differentiation capacity are generally preserved, effects on
viability, paracrine function, and immunomodulatory properties
may vary depending on freezing methodology and post-thaw
assessment timing [154]. Potency assays used to characterize
cellular activity prior to release differ across commercial
platforms, and no broadly accepted standardized potency
benchmark exists for cellular bone allografts, limiting the
comparability of cellular specifications across products [155,
156].

6.4 Implications for Evidence Interpretation

The regulatory and manufacturing considerations described
above have direct consequences for evidence interpretation.
When products classified under different regulatory pathways
are compared on the basis of published clinical series, differences
in study design and evidentiary independence may reflect not
only investigator choices but also the regulatory expectations
applied to each product category. Products brought to market
through HCT/Ps pathways may generate evidence primarily
through post-market observational data, while those regulated as
biologics may produce controlled trial data of higher
methodological rigor, though with narrower indications.

Manufacturing heterogeneity further limits the generalizability of
product-specific findings to broader graft categories. Class-level
conclusions derived from aggregating data across products with
different processing methods, carrier formulations, sterilization
parameters, or cellular potency specifications may obscure
clinically meaningful differences between individual formulations
[22, 136]. This consideration is particularly relevant when
interpreting systematic reviews and meta-analyses that pool data
across heterogeneous products, as the resulting effect estimates
may not reliably characterize the performance of any individual
product within the class.

These regulatory and manufacturing considerations, viewed as a
whole, reinforce the need for product-level rather than class-level
evaluation when assessing the comparative merits of DBM and
CBA technologies. Readers of the comparative literature should
consider regulatory pathway, manufacturing specifications, and
evidence design alongside clinical outcomes when evaluating the
strength and applicability of published data to specific clinical
contexts.

7. Future Directions in Bone Graft Evaluation

While it is evident that bone allografts demonstrate degrees of
clinical efficacy the preceding sections have identified several
recurring limitations in the comparative evaluation of
demineralized bone matrix and cellular bone allografts, including
heterogeneity in manufacturing processes, variability in
regulatory classification, reliance on retrospective and single-arm
study designs, and the absence of standardized metrics for
assessing biological potency across products and platforms.
Addressing these limitations will require coordinated advances
across multiple domains, including assay development, clinical
trial design, biomarker discovery, and data infrastructure. While
progress in each of these areas is ongoing, the translation of
emerging methods into clinical practice remains at an early stage,
and the extent to which any single advance will fundamentally
alter the comparative evidence landscape is not yet clear.

7.1 Standardized Potency and Characterization Assays

A central challenge in bone graft evaluation is the absence of
broadly accepted assays capable of quantifying the biological
potency of graft products in a manner that permits meaningful
cross-product and cross-category comparison. For DBM,
osteoinductive activity has historically been assessed through in
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vivo ectopic bone formation models, most commonly the athymic
rat or nude mouse assay [19]. However, these models are
resource-intensive, difficult to standardize across laboratories,
and subject to species-dependent variability that limits
translation to human clinical performance [134]. In vitro
approaches using alkaline phosphatase induction in responsive
cell lines have been proposed as alternatives, offering more rapid
and quantitative readouts, though the correlation between in
vitro potency and clinical osteoinductive activity remains
incompletely validated [22]. For cellular bone allografts, potency
characterization is further complicated by the need to assess not
only matrix-mediated osteoinduction but also the viability and
functional capacity of transplanted cellular populations. Potency
assays for mesenchymal stromal cell products have been the
subject of increasing attention, with combinatorial assay matrices
and multiplex functional readouts proposed as strategies for
capturing the multidimensional nature of cellular activity [155,
156]. Nevertheless, no single standardized potency benchmark
has been adopted across the cellular allograft field, and the
relationship between in vitro potency metrics and clinical healing
outcomes has not been prospectively established. Development of
validated, clinically predictive potency assays represents a
prerequisite for meaningful comparative evaluation, as without
such benchmarks, comparisons between products or categories
remain limited to clinical endpoint data that may be confounded
by differences in manufacturing, regulatory pathway, and study
design.

7.2 Comparative Clinical Trial Design

The paucity of rigorously designed head-to-head comparative
trials remains one of the most significant barriers to evidence-
based graft selection. As noted throughout this review, the
majority of published clinical evidence for both DBM and cellular
bone allografts derives from retrospective series, single-arm
cohort studies, or studies comparing a single product to autograft
rather than to other commercial graft alternatives. The practical
barriers to conducting randomized controlled trials for bone graft
biologics are well recognized and include patient enrollment
challenges in the setting of surgeon preference and product
availability, difficulty in blinding graft identity, variability in
fixation constructs and surgical technique across sites, and the
relatively long follow-up periods required to capture meaningful
differences in fusion or healing endpoints [80, 81].

Pragmatic trial designs, adaptive randomization strategies, and
registry-embedded randomized trials have been proposed as
approaches that may overcome some of these barriers while
preserving methodological rigor [151]. Such frameworks could
facilitate direct comparisons between graft categories or between
individual products under conditions more reflective of routine
clinical practice than traditional efficacy trials. However, the
feasibility and adoption of these designs within the orthobiologic
field remain limited, and their successful implementation will
depend on collaborative infrastructure involving surgeons,
regulatory authorities, and industry stakeholders willing to
support comparisons that may not favor any single commercial
product but rather the field as a whole.

7.3 Biomarker-Guided Graft Selection

The concept of biomarker-guided or patient-specific graft
selection represents an emerging area of investigation with the
potential to move graft decision-making beyond categorical
assumptions toward individualized strategies informed by host
biology. Clinical experience and observational data suggest that
patient-specific factors including smoking status, metabolic
comorbidities, vascularity, and prior surgical history influence
healing outcomes in ways that may interact with graft selection
[85, 89]. However, the identification of reliable preoperative
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biomarkers capable of predicting which patients are most likely
to benefit from a given graft category remains at an early stage.

Serum biomarkers of bone turnover, including osteocalcin,
procollagen type 1 N-terminal propeptide, and collagen
degradation products, have been investigated as potential
indicators of bone healing capacity and fracture nonunion risk
[159, 160]. More recently, circulating collagen X fragments have
been explored as quantitative markers of endochondral
ossification activity during fracture repair, with preliminary
evidence suggesting that such markers may correlate with healing
trajectory [161]. The molecular profiling of fracture nonunion
tissue has identified distinct biological signatures that distinguish
successful from compromised repair environments, raising the
possibility that tissue-level or circulating biomarkers could
eventually inform graft selection decisions [162]. Despite these
developments, no validated biomarker panel currently exists for
guiding bone graft selection in clinical practice. The translation of
candidate biomarkers from research settings to clinical decision
support will require prospective validation studies,
standardization of analytical platforms, and integration with
clinical outcome data across diverse graft types and surgical
contexts.

7.4 Longitudinal Registry Data and Real-World Evidence

The limitations of conventional clinical trial data for bone graft
evaluation have prompted growing interest in registry-based
approaches and real-world evidence as complementary sources
of comparative effectiveness information [158]. Clinical registries
have the capacity to capture longitudinal outcomes across large,
heterogeneous patient populations under routine surgical
conditions, providing data that may better reflect the
performance of graft products in the full spectrum of clinical
practice rather than in the controlled environments of efficacy
trials. Registry infrastructure for orthopedic devices and biologics
has expanded in recent years including the American Academy of
Orthopaedic Surgeons (AAOS) American Joint Replacement
Registry, the Quality Outcomes Database (QOD) maintained by
the AANS/CNS for spine procedures, and international efforts
such as the National Joint Registry of England, Wales, Northern
Ireland and the Isle of Man,, though the incorporation of graft-
specific outcome data into existing spine and trauma registries
remains incomplete [103].

The development of product-specific outcome
registries, in which graft type, manufacturer, formulation, and
handling conditions are systematically recorded alongside
patient outcomes, would represent a meaningful advance in the
capacity to generate comparative evidence. Such registries could
facilitate post-market surveillance, enable identification of
product-level performance differences that are not apparent in
aggregated class-level data, and provide the longitudinal follow-
up necessary to detect differences in revision rates, fusion
durability, and patient-reported outcomes that may not emerge
within the follow-up windows of conventional studies.
International efforts to establish coordinated registry networks
for orthopedic interventions offer a potential framework, though
the inclusion of detailed biologic graft data within these systems
is not yet standard practice.

7.5 Emerging Technologies and Future Graft Strategies

Beyond improvements in evaluation methodology, the broader
landscape of bone graft technology continues to evolve in ways
that may reshape the comparative framework over time.
Advances in three-dimensional bioprinting have introduced the
possibility of patient-specific scaffold architectures with precisely
controlled porosity, geometry, and compositional gradients,
potentially enabling graft constructs that are tailored to specific
defect characteristics and host conditions [107, 108, 112, 113,
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121]. Gene-enhanced strategies, including regional gene therapy
approaches using viral or non-viral delivery of osteogenic
transgenes such as BMP-2, have demonstrated efficacy in
preclinical models and are beginning to enter early-phase clinical
investigation [163]. Synthetic bone graft materials are also
evolving through the addition of bioactive components and the
design of increasingly complex architectures intended to better
regulate the local regenerative environment. Additives such as
trace ions, polymer carriers, and composite ceramic phases may
alter resorption Kkinetics, surface reactivity, and cell-material
interactions, while engineered pore networks and micro- or
nanoscale surface features can improve osteoconduction,
vascular ingrowth, and mechanical integration [112]. These
developments suggest that future comparative frameworks will
need to account not only for biologic activity derived from donor
tissue or viable cells, but also for the capacity of synthetic
materials to achieve functional performance through controlled
chemistry and structural design.

These emerging technologies are not yet positioned to displace
established DBM or CBA platforms in current clinical practice, and
some of their regulatory and commercialization pathways remain
incompletely defined [109, 110, 111]. However, they highlight the
dynamic nature of the field and underscore the importance of
developing evaluation frameworks that are sufficiently flexible to
accommodate new graft strategies as they mature, thus providing
clinicians with options for the best graft for their patient(s). The
comparative analysis presented in this review is intended not as
a fixed ranking of existing products but as a methodological
template for the structured, multi-domain evaluation of bone
graft technologies, as the evidence base continues to expand [117,
125,127].

8. Conclusion

The comparative analysis presented in this review underscores
the fundamental challenge of rendering categorical judgments
regarding the relative merits of demineralized bone matrix (DBM)
and cellular bone allografts (CBAs) across diverse clinical
applications. Both graft categories offer important biologic
advantages and remain clinically relevant options within
contemporary bone grafting strategies. DBM provides a widely
used and biologically active matrix that combines osteoinductive
potential with osteoconductive scaffold support, while CBAs are
designed to build upon this framework through the addition of
viable cellular components intended to enhance osteogenic
contribution. Although these graft categories differ meaningfully
in biologic rationale, the currently available clinical evidence does
not establish consistent superiority of one category over the other
across the range of surgical indications in which both are utilized.
Rather, the scientific literature, including preclinical work,
retrospective case studies, case series, and single-arm clinical
investigations, supports clinical merit for both categories, while
also indicating that further high-quality comparative evaluation is
needed.

The clinical evidence supporting both graft categories is
characterized by heterogeneity in study design, substantial
reliance on retrospective and single-arm methodologies,
variability in endpoint definitions and imaging-based fusion
assessment criteria, and limited representation of rigorously
controlled head-to-head comparisons. The evidence base for DBM
benefits from greater depth and longer accrual, including meta-
analytic synthesis, while CBA evidence, though growing, remains
concentrated in single-arm prospective designs that do not yet
permit the same level of confidence in cross-study generalization.
Manufacturing and regulatory heterogeneity within each graft
class further complicates interpretation, as products marketed
under the same general category may differ in processing
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methods, carrier composition, cellular specifications, potency
criteria, and regulatory pathway. These factors collectively limit
the generalizability of product-specific results to broader graft
categories and argue against reliance on class-level assumptions
in clinical decision-making.

Graft selection in current clinical practice is therefore most
appropriately guided by an integrated assessment that considers
indication-specific clinical evidence, patient-level host biology
and risk factors, regulatory transparency, manufacturing
consistency, handling characteristics, and economic sustainability
rather than categorical graft class preference alone. In this
context, DBM remains attractive for its long history of clinical use,
versatile handling formats, and established role as an extender or
biologically active scaffold, whereas CBAs may offer value in
settings where the addition of viable cellular elements is
considered desirable within the overall graft construct. At
present, however, graft selection is influenced at least as much by
regulatory access, institutional formulary decisions, and
perceived biological advantage as by definitive comparative
evidence. The development of standardized potency assays,
comparative clinical trial designs, biomarker-guided selection
strategies, and product-specific outcome registries will be
essential for advancing the evidence base toward the resolution
necessary to support more precise, individualized graft selection.
Until such data are available, the field would benefit from greater
transparency regarding the evidentiary basis supporting
individual products and a clearer distinction between what
current graft technologies are designed to achieve and what they
have been shown to deliver under controlled conditions.
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