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Abstract

Study Design: Systematic review.

Objectives: To systematically review, critically appraise and synthesize evidence on use of stem cells from autologous stem cells
from bone marrow aspirate, adipose, or any other autologous sources for fusion in the cervical spine compared with other graft
materials.

Methods: A systematic search of PubMed/MEDLINE was conducted for literature published through October 31, 2018 and
through February 20, 2020 for EMBASE and ClinicalTrials.gov comparing autologous cell sources for cervical spine fusion to other
graft options.

Results: From 36 potentially relevant citations identified, 10 studies on cervical fusion met the inclusion criteria set a priori. Two
retrospective cohort studies, one comparing cancellous bone marrow (CBM) versus hydroxyapatite (HA) and the other bone
marrow aspirate (BMA) combined with autograft and HA versus autograft and HA alone, were identified. No statistical differ-
ences were seen between groups in either study for improvement in function, symptoms, or fusion; however, in the study
evaluating BMA, the authors reported a statistically greater fusion rate and probability of fusion over time in the BMA versus the
non-BMA group. Across case series evaluating BMA, authors reported improved function and pain and fusion ranged from 84% to
100% across the studies. In general, complications were poorly reported.

Conclusions: The overall quality (strength) of evidence of effectiveness and safety of autologous BMA for cervical arthrodesis in
the current available literature was very low. Based on currently available data, firm conclusions regarding the effectiveness or
safety of BMA in cervical fusions cannot be made.
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Introduction

Anterior cervical discectomy and fusion (ACDF) and posterior

cervical laminectomy and fusion (PCLF) are mainstay surgical

treatments of symptomatic cervical degenerative disc disease.

While stable osteosynthesis prevents motion that may contrib-

ute to further degeneration, pain, and symptoms secondary to

neural compression, pseudarthrosis remains a problem. In mul-

tilevel anterior cervical fusions, pseudarthrosis rates of up to

30% have been reported.1,2 Similarly, in posterior cervical

spine fusions, pseudarthrosis rates are observed up to 38% of
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the time.3,4 Fortunately, recent technological advancements

appeared to have improved rates of fusion and evidence sug-

gests that many patients with pseudarthrosis may in fact, be

asymptomatic.5 Nonetheless, it remains a surgical dilemma as

long-term clinical data suggests that it may contribute to late

onset morbidity.6,7 It has been suggested that up to 37% of

patients who develop pseudarthrosis may require revision sur-

gery at the index level by the 7-year follow-up.8

Autologous iliac crest bone graft (ICBG) has long been

considered the gold standard for promoting spinal fusion.

While iliac crest autograft exhibits excellent osteogenic,

osteoconductive, and osteoinductive properties without risk

of immunogenicity or disease transmission, graft site morbid-

ity, prolonged surgical time, and greater blood loss have all

been associated with ICBG use.9 Moreover, the quality of the

autograft is of concern in elderly patients or patients with

cancer, diabetes, autoimmune disorders and in patients with

a history of irradiated bone. In addition, the quantity of avail-

able ICBG may be limited in the setting of long segment

fusions or revision surgery. Given these latter disadvantages,

various osteobiologics have been utilized as bone graft exten-

ders and as alternatives to ICBG to promote bony fusion.

Allograft, ceramics, demineralized bone matrices (DBM),

synthetic peptides, bioactive glasses, and stem cells have all

been utilized, each with their own advantages and disadvan-

tages.10-14

Of late, there has been significant enthusiasm for stem cell

research in many areas of regenerative medicine. Stem cells

are undifferentiated cells that can be differentiated into cell

types of multiple lineages and that exhibit the regenerative

property of self-renewal. In the setting of spinal fusions,

mesenchymal stem cells (MSCs) are progenitor cells that can

be differentiated into osteoblasts to promote bone fusion.

Sources of MSCs can be autologous or allogenic. Autologous

sources for MSC include the iliac crests, vertebral bodies, and

adipose tissues. Iliac crest remains an optimal source of

autologous MSCs, with MSCs representing 0.0017% to

0.0201% of the cell population.15 Bone marrow aspirate (BMA)

is harvested by aspirating the vertebral body or iliac crest bone

marrow. The aspirate is then typically concentrated to allow for

the isolation of MSCs that can then be implanted for use in

spinal fusion.16 It is believed that the autologous MSCs isolated

from BMA can provide osteogenic and osteoinductive proper-

ties similar to ICBG without the morbidity of harvesting ICBG.

In animal models, high concentrations of cultured autologous

bone marrow MSCs produced similar rates of posterolateral

fusions compared to autograft when combined with a

hydroxyapatite-granule carrier.17 Despite existing animal data

and the wide availability of BMA harvesting systems today, it

is still unclear if autologous BMA can provide similar spine

fusions rates and clinical outcomes compared with ICBG, par-

ticularly in the setting of cervical spine fusion.

In this study, we aimed to systematically review and criti-

cally appraise current evidence on use of stem cells from auto-

logous sources and compare this with more commonly utilized

osteobiologics in the setting of cervical spinal arthrodesis for

degenerative cervical spine disease. We sought to answer the

following key questions (Figure 1):

Figure 1. Analytics framework—provides an overview of the patients, interventions, and outcomes considered for these key questions (KQ) 1 to 4.
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Key Question 1: Is use of autologous stem cells for fusion

as effective as fusion with standard autograft or other

graft materials in the cervical spine?

Key Question 2: What complications are associated with

autologous stem cell use in cervical fusion? Is use of

stem cells safer than fusion with standard allograft or

autograft in the cervical spine?

Key Question 3: Is there evidence that patient factors (eg,

age, smoking, comorbid conditions, revision status,

presence of deformity), number of levels treated, cell

type or preparation modify the association between

autologous stem cell–based cervical fusion and the

primary outcomes?

Key Question 4: Is autologous stem-cell use for fusion in

the cervical spine cost-effective compared with other

graft materials?

Materials and Methods

The methods for this systematic review followed accepted stan-

dards for systematic review/comparative effectiveness reviews

for rigor, quality, and transparency including those described

by the Agency for Healthcare Research and Quality (AHRQ),18

Institute of Medicine Standards for Systematic Reviews19 and

the PCORI Methods Guide.20

Electronic Literature Search

A systematic search of PubMed/MEDLINE was conducted for

literature published through October 31, 2018 and through

April 13, 2018 for EMBASE and ClinicalTrials.gov data bases.

An updated search of PubMed and ClinicalTrials.gov data

bases was conducted for new studies published between Octo-

ber 1, 2018 and February 20, 2020. Only studies with abstracts

in humans, written in English were considered for inclusion,

with no other limits were placed on the search. A priori inclu-

sion and exclusion criteria are detailed in Appendix A. Briefly,

we sought to identify comparative studies of autologous stem

cell use versus more commonly used methods of fusion (allo-

graft, other autograft) in persons with degenerative disease of

the cervical spine. The search strategy included use of con-

trolled vocabulary (MeSH terms) as well as key words (Appen-

dix B). Bibliographies of included studies and relevant

systematic reviews were reviewed to identify pertinent studies.

Citations were dual reviewed for inclusion at both title/abstract

and full text stages. ClincalTrials.gov was searched to identify

studies which may have new publications (Appendix H).

Data Extraction

In addition to results, data abstraction included patient charac-

teristics, demographics, lifestyle choices (eg, smoking), comor-

bidities (eg, obesity), cointerventions (eg, pharmaceutical,

physical therapy, etc) intervention and comparator details

(eg, spinal levels treated, use of anesthetic, cell preparation and

concentration, delivery, etc).

Study Quality

Each included study was independently assessed for risk of bias

and methodological quality by 2 reviewers (ACS, EB) using

preset criteria based on criteria and methods delineated in the

Cochrane Handbook for Systematic Reviews of Interventions,21

The Journal of Bone and Joint Surgery,22 and the Agency for

Healthcare Research and Quality18 with adaptations focusing

on criteria associated with methodological quality (Appendix

D and E). Economic studies were evaluated according to the

Quality of Health Economic Studies (QHES) instrument devel-

oped by Ofman et al.23 Where feasible, the focus was on studies

with the least potential for bias and the fewest limitations. Risk

of bias criteria and assessments are detailed in Appendix D.

Data Analysis

For continuous measures from randomized controlled trials

(RCTs), mean differences and corresponding confidence inter-

vals were calculated with unpaired t tests used for statistical

testing when applicable. Statistical testing was not performed

for observational studies. Risk ratios were calculated for

dichotomous outcomes from RCTs if differences between

groups were or approached statistical significance. For contin-

uous outcomes standard error of the mean was converted to

standard deviation where applicable using Graphpad.24 Study

design, heterogeneity across studies and variation in reporting

precluded the pooling of data.

Overall Strength of Body of Evidence

For the primary outcomes of function and pain and for adverse

events, the overall strength of evidence across included studies

was assessed using the precepts outlined the Grading of Recom-

mendations Assessment, Development and Evaluation

(GRADE) working group25-27 and recommendations made by

the AHRQ18 and is further described in Appendix E. The overall

quality of evidence was based on studies at least risk for bias. In

determining the quality (strength) of a body of evidence regard-

ing a given outcome, the overall quality may be downgraded 1 or

2 levels based the following domains: (1) risk of bias due to study

limitations; (2) consistency (heterogeneity) of results; (3) direct-

ness of evidence (eg, hard clinical outcomes); (4) precision of

effect size estimates (eg, width of confidence intervals); and (5)

publication or reporting bias. Publication and reporting bias are

difficult to assess, particularly with fewer than 10 RCTs.18 Pub-

lication bias was unknown in all studies and thus this domain was

eliminated from the strength of evidence tables. The initial qual-

ity of the overall body of evidence begins as high for RCTs and

low for observational studies. The body of evidence for metho-

dologically strong observational studies may be upgraded one or

two levels if there are no downgrades in the primary domains

above and one or more of the following are met: (1) large mag-

nitude of effect; (2) dose-response gradient; and (3) all plausible

biases would decrease the magnitude of an apparent effect. The

final overall quality (strength) of the body of literature expresses
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Table 1. Summary of Patient Demographics and Surgical Characteristics for Studies Evaluating the Use of Autologous Stem Cells for Cervical
Fusion.

Study, RoB
Demographics
(mean or %) Diagnosis

Surgical approach
Previous treatment Treatment groupsa Level, %

Comparative studies

Barber 2018,
moderately high
RoB

N ¼ 92
Age: 53 years
Male: 39%
Smoker: 15%

Combination of neck pain,
radiculopathy, and/or
myelopathy

ACDF
Failed conservative

treatment: NR
Prior surgery: 0%

PEEK cage þ vertebral autograft þ
collagen HA sponge soaked in:

Group 1: BMA (iliac crest)
Group 2: saline (no BMA)

Multilevel
Mean levels/

patient: 2.2

Chang, 2009
moderately high

RoB

N ¼ 45
Age: 55 years
Male: 58%
Smoker: NR

DDD with radiculopathy and/
or myelopathy

ACDF
Failed conservative

treatment: 100%
Prior surgery: NR

Radiolucent cages filled with:
Group 1: impacted CBM (iliac

crest)
Group 2: HA (Sinbone)

Multilevelb

(C2-7)
-1-level: 15%
-2-levels: 38%
-3-levels: 36%
-4-levels: 11%

Study, RoB Demographics
(mean or %)

Diagnosis Surgical approach
Previous treatment

BMAa

Graft materials
Level, %

Anterior approach

Acharya 2011,
high RoB

N ¼ 15
Age: 45 years
Male: 60%
Symptom

duration:
7.2 mo

Cervical disc prolapse with
monoradiculopathy

ACDF
Failed conservative

treatment: 100%
Prior surgery: 0%

BMA (“local”)
Local autograft þ HA (Chronos)

Single-level
C4-5: 20%
C5-6: 40%
C6-7: 40%

Chaput 2018,
high RoB

N ¼ 24
Age: 47 years
Male: 42%
Symptom

duration:
NR

Smoker: 50%

Cervical DDD, degenerative
spondylolisthesis, spinal
stenosis, radiculopathy, or
myelopathy

ACDF
Failed conservative

treatment: NR
Prior surgery: 0%

Concentrated BMA (iliac crest)
Allograft bone matrix

Single- and
multilevel
1-level: 71%
2-level: 29%

Khoueir 2007,
high RoB

N ¼ 66
Age: 45 years
Male: NR
Symptom

duration:
NR

Cervical spinal cord and/or
nerve root compression
with myelopathy or
radiculopathy

ACDF (74%) and/
or ACCF (26%)

Failed conservative
treatment: 100%

Prior surgery: 8%

BMA (iliac crest)
collagen-HA matrix

Multilevel (C3-
T1)
2-level: 33%
3-level: 26%
4-level: 38%
5-level: 3%

Papavero 2002,
high RoB

N ¼ 78
Age: 52 years
Male: 58%
Symptom

duration:
NR

Smoker: 44%

Cervical DDD with
radiculopathy, myelopathy,
or anterior horn cell
syndrome

ACF
Failed conservative

treatment: 100%
Prior surgery: NR

BMA (vertebra)
HA

Single- and
multilevel

(C3-T1)
1-level: 74%
2-level: 21%
3-level: 5%

Ray 2009, high
RoB

N ¼ 123
Age: NR
Male: NR
Symptom

duration:
NR

Smoker: 7%

Cervical DDD or ruptured
soft discs with
radiculopathy or
myelopathy

ACDF
Failed conservative

treatment: NR
Prior surgery: NR

BMA (vertebra)
b-TCP putty þ collagen

Single- and
multilevel (n
¼ 101)
1-level: 52%
2-level: 44%
3-level: 4%

Sudraspert 2012,
high RoB

N ¼ 16
Age: 57 years
Male: 63%
Symptom

duration:
NR

Cervical spinal cord and/or
nerve root compression
with myelopathy or
radiculopathy

ACDF
Failed conservative

treatment: NR
Prior surgery: NR

BMA (iliac crest)
b-TCP þ HA (Triosite)

Multilevel
C3-6 (3-level):
56%
C4-7 (3-level):
13%
C3-7 (4-level):
31%

(continued)
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the confidence in the estimate of effect and the impact that

further research may have on the results as follows:

� High—High confidence that the evidence reflects the

true effect. Further research is very unlikely to change

our confidence in the estimate of effect.

� Moderate—Moderate confidence that the evidence

reflects the true effect. Further research may change our

confidence in the estimate of effect and may change the

estimate.

� Low—Low confidence that the evidence reflects the true

effect. Further research is likely to change the confidence

in the estimate of effect and likely to change the estimate.

� Very low—Very little confidence that the evidence

reflects the true effect; the true effect is likely to be

substantially different than the estimated effect. In addi-

tion, this rating may be used if there is no evidence or it

is not possible to estimate an effect

Results

Study Selection

A broad search was performed for studies using stem cells for

spinal fusion in patients with symptomatic degenerative con-

ditions of the cervical spine. From 36 potentially relevant cita-

tions identified, 19 were excluded based on title and/or abstract

review; a total of 17 studies were selected for full text, of which

10 met inclusion criteria (Figure 2). Three retrospective cohorts

studies28-30 and 7 case series (5 prospective31-35 and 2 retro-

spective36,37) met the inclusion criteria. No ongoing clinical

trials of cervical fusion were identified. No additional studies

were identified from hand searching bibliographies of included

studies or identified systematic reviews. Regarding study qual-

ity, all comparative cohort studies were at moderately high risk

of bias; case series are considered high risk of bias. Studies

excluded at full-text are listed in Appendix C and details

regarding methodological concerns and risk of bias rating can

be found in Appendix D.

Key Question 1: Effectiveness of Autologous Cells for
Arthrodesis in the Cervical Spine

Seven case series (N ¼ 15 to 123)31-37 were identified that

evaluated the use of autologous BMA in conjunction with var-

ious types of graft materials. Two comparative studies were

identified.28,29 The BMA was harvested from either the iliac

crest or the vertebra and only 1 study used concentrated

BMA.32 All case series are considered high risk of bias.

(Appendix D).

Anterior Cervical Fusion. Six case series used an anterior approach

to fusion, including ACDF (5 studies)31,32,34,36,37 and/or ante-

rior cervical corpectomy and fusion (ACCF) (1 study),36 and

anterior cervical fusion (ACF) (1 study).34 A summary of

patient demographics, treatment and control groups, and surgi-

cal characteristics can be found in Table 1. Details can be found

in Appendix G.

Table 1. (continued)

Study, RoB
Demographics
(mean or %) Diagnosis

Surgical approach
Previous treatment Treatment groupsa Level, %

Posterior approach

Epstein 2017,
high RoB

N ¼ 16
Age: 63 years
Male: 59%
Symptom

duration:
NR

Smoker: 22%

Cervical stenosis and OPLL/
OYL with severe
myeloradiculopathy

Laminectomy and
posterior fusion

Failed conservative
treatment: NR

Prior surgery: NR

BMA (iliac crest)
lamina/iliac crest autograft þ HA

matrix (nanOss)

Multilevel
C2-T2 (8-
level): 91%
C2-T1 (7-
level): 3%
C2-6 (5-level):
6%

Abbreviations: b-TCP, beta-tricalcium phosphate; ACCF, anterior cervical corpectomy and fusion; ACDF, anterior cervical discectomy and fusion; BMA, bone
marrow aspirate; CBM, cancellous bone marrow; DDD, degenerative disc disease; HA, hydroxyapatite; NR, not reported; OPLL, ossification of the posterior
longitudinal ligament; OYL, ossification of the yellow ligament; PEEK, polyetheretherketone.
a Unconcentrated BMA unless otherwise indicated.
b Authors specify their population as undergoing multilevel ACDF.

Figure 2. Flowchart Outlining Systematic Review.
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Function. Various functional measures were reported across 5

case series (Table 2, Appendix Table F3).31,32,34,36,37

Compared with baseline, statistical improvements in mean

scores were seen for both Nurick grade and Japanese Orthopedic

Association (JOA) score in one study37 and Neck Disability

Index (NDI) in another.32 The proportion of patients rated excel-

lent or good according to Odom’s criteria ranged from 81% to

96% at final follow-up across 3 studies31,34,37; 2 other studies

Table 2. Function and Pain Outcomes for Case Series Evaluating the Use of Autologous BMA in Conjunction With Various Types of Graft
Materials for Cervical Fusion Using an Anterior Approach.

Outcome measure
Author, year Interventiona F/U Mean + SD (n)

P based on
D vs baselineb

Nurick grade (0-5 [worst])
Sudraspert, 2012 ACDF þ BMA þ b-TCP þ HA Baseline 2.9 + 1.2 (n ¼ 16) —

Mean 36 mo 1.9 + 0.9 (n ¼ 16) .0001
JOA (0-18 [best])
Sudraspert, 2012 ACDF þ BMA þ b-TCP þ HA Baseline 2.9 + 1.2 (n ¼ 16) —

Mean 36 mo 1.9 + 0.9 (n ¼ 16) .0001
NDI, % (0-50 [worst])
Chaput, 2018 ACDF þ concentrated BMA þ allograft Baseline 48.0% + 18.8% (n ¼ 24) —

12 mo 21.1% + 19.2% (n ¼ 24) <.001
D% NDI �26.9% + 16.9% (n ¼ 24) <.001

VAS pain (0-10 [worst])
Sudraspert, 2012 ACDF þ BMA þ b-TCP þ HA Baseline 6.1 + 1.9 (n ¼ 16) —
Acharya, 2011 ACDF þ BMA þ autograft þ HA 7.0 + 1.3 (n ¼ 15) —
Acharya, 2011 ACDF þ BMA þ autograft þ HA 1.5 mo 1.4 + 0.6 (n ¼ 15) <.05

6 mo 0.9 + 0.8 (n ¼ 15) <.05
12 mo 0.8 + 0.8 (n ¼ 15) <.05

Sudraspert, 2012 ACDF þ BMA þ b-TCP þ HA Mean 36 mo 2.6 + 2.1 (n ¼ 16) .004

Outcome measure F/U % (n/N) P

Odom’s criteria
Excellent
Acharya, 2011 ACDF þ BMA þ autograft þ HA 1.5 mo 66.7 (10/15) —

6 and 12 mo 73.3 (11/15) —
Sudraspert, 2012 ACDF þ BMA þ b-TCP þ HA Mean 36 mo 18.8 (2/16) —
Papavero, 2002 ACF þ BMA þ HA Median 44 mo 57.1 (16/28)c —
Good
Acharya, 2011 ACDF þ BMA þ autograft þ HA 1.5 mo 68.8 (11/16) —

6 and 12 mo 20.0 (3/15) —
Sudraspert, 2012 ACDF þ BMA þ b-TCP þ HA Mean 36 mo 13.3 (2/15) —
Papavero, 2002 ACF þ BMA þ HA Median 44 mo 39.3 (11/28)c —
Fair/Satisfactory
Acharya, 2011 ACDF þ BMA þ autograft þ HA 1.5 mo 12.5 (2/16) —

6 and 12 mo 13.3 (2/15) —
Sudraspert, 2012 ACDF þ BMA þ b-TCP þ HA Mean 36 mo 13.3 (2/15) —
Papavero, 2002c ACF þ BMA þ HA Median 44 mo 3.6 (1/28)c —
NDI (%), proportion improved
Chaput, 2018 ACDF þ concentrated BMA þ allograft 12 mo 87.5 (21/24)

(improved by a mean of �31.4%)
NR

European Myleopathy Score, proportion improvedd

Papavero, 2002 ACF þ BMA þ HA Up to 24 mo 88 (44/50) NR
Clinical Outcome Rating, proportion improvede

Khoueir, 2007 ACCF/ACDF þ BMA þ allograft 18 mo 81.6 (49/60) NR

Abbreviations: b-TCP, beta-tricalcium phosphate; ACCF, anterior cervical corpectomy and fusion; ACDF, anterior cervical discectomy and fusion; ACF, anterior
cervical fusion; BMA, bone marrow aspirate; F/U, follow-up; HA, hydroxyapatite; JOA, Japanese Orthopedic Association (JOA) score; NDI, Neck Disability Index;
NR, not reported; VAS, visual analogue scale.
a Unconcentrated BMA unless otherwise indicated.
b As reported by authors.
c In this study, patients with radiculopathy (28 of 78 total) were evaluated using Odom’s criteria.
d In this study, patients with spondylotic myelopathy (50 of 78 total) were evaluated using the European Myelopathy Score; authors state that these patients
benefited from surgery with the exception of 6 patients whose condition was unchanged.
e Clinical outcome was determined by an independent observer on the basis of an overall assessment of subjective improvement or deterioration in patient
symptoms, including pain, numbness, and motor function, and clinical neurological examination.

Hsieh et al 955



also showed improvement following treatment in the majority of

their patients (88% according to the NDI at 12 months33 and 82%
according a Clinical Outcome Rating at 18 months36). Addition-

ally, 1 study reported improvement according to the European

Myelopathy Score in the majority of patients (88%) with spon-

dylotic myleopathy in their population.34

Pain. Pain on visual analogue scale (VAS) (0-10) was reported

by 2 case series, which showed significant improvement at

final follow-up compared with baseline (Table 2, Appendix

Table F3).31,37

Fusion. Solid bridging bone (ie, fusion) was achieved in 84% to

100% of patients across 5 case series with follow-up periods

ranging from 6 months to a mean 36 months (Table 3, Appen-

dix Table F3).31,32,35-37

Comparative Studies. Two retrospective cohort studies (N ¼ 45

and 92) that evaluated the effectiveness of autologous stem

cells harvested from the iliac crest (unconcentrated bone mar-

row aspirate [BMA] in one study28 and cancellous bone mar-

row [CBM] in the other29) compared with hydroxyapatite for

use with anterior cervical discectomy and fusion (ACDF) were

identified. A summary of patient demographics, treatment and

control groups, and surgical characteristics can be found in

Table 1. Both studies were considered moderately high risk

of bias due to unclear reporting of differential loss to follow-

up and failure to control for possible confounding factors.

Study and patient characteristics and risk of bias ratings can

be found in Appendices D and G.

No statistical differences were seen between CBM or BMA

and HA groups for function (Odom’s criteria, Prolo scale) in

one study29 or for improvement in symptomology in the other.28

(Table 4, Appendix Table F1).Of note, mean clinical follow-up

was considerably shorter for the BMA group versus the control

group in the latter study (14 + 8 vs 31 + 21 months, P < .001).

Similarly, no statistical difference between BMA and HA

was seen in either study in the proportion of levels fused at any

time point measured (Table 4, Appendix Table F1). The study

by Barber et al reported a significantly greater fusion rate,

defined as the percentage of levels fused per month, in patients

treated with autologous BMA compared with HA collagen

sponge (9.8% vs 6.1%, P ¼ .003).In addition, there was higher

probability of fusion over the course of radiographic follow-up

(P < .001). However, the study had several methodological

limitations, one of which was a significant difference in the

length of radiographic follow-up between the groups (13

months for BMA vs 32 months for non-BMA).

Posterior Cervical Fusion. One case series evaluated the use of

autologous BMA (in conjunction with other graft materials) for

multilevel laminectomies with posterior instrumented fusion to

treat severe cervical myeloradiculopathy.33 No comparative

studies were identified. A summary of patient demographics,

treatment and control groups, and surgical characteristics can

be found in Table 1; details can be found in Appendix G.

This study reported improvement in function following sur-

gery compared with baseline (mean change in Nurick grade

�4.4 points); almost all patients (97%) had evidence of solid

fusion by 6 months (Appendix Table F4).

Key Question 2: Safety

Anterior Cervical Fusion. Two retrospective comparative stud-

ies28,29 and 6 case series31,32,34-37 using an anterior approach

(ACDF and/or ACCF; ACF) reported safety outcomes.

In the cohort study comparing cancellous bone marrow

(CBM) versus hydroxyapatite,29 the proportion of patients with

pseudarthrosis was similarly low in both groups at final follow-

up. No incidences of the following were reported in either

group: donor site or operative infection or nerve injury, graft

complications, including collapse, nonunion, or dislodgement,

and no serious cases of esophageal injury or related nerve dam-

age (Table 5, Appendix Table F1). Donor site complications in

the intervention group (which had CBM harvested from the iliac

crest) included pain (40%; 18/45) and hematoma (2%; 1/45).

In the cohort study comparing BMA and hydroxyapatite

versus hydroxyapatite only,28 a similar proportion of patients

Table 3. Fusion Outcomes for Case Series Evaluating the Use of Autologous BMA in Conjunction With Various Types of Graft Materials for
Cervical Fusion Using an Anterior Approach.

Author, year Interventiona F/U % (n/N)

Acharya, 2011b ACDF þ BMA þ autograft þ HA 6 mo 93.3 (14/15)
Ray, 2009b ACDF þ BMA þ b-TCP putty þ collagen 89.1 (90/101)
Acharya, 2011b ACDF þ BMA þ autograft þ HA 12 mo 100 (15/15)
Ray, 2009c ACDF þ BMA þ b-TCP putty þ collagen 97.0 (98/101)
Chaput, 2018d ACDF þ concentrated BMA þ allograft 83.9 (26/31 levels)
Khoueir, 2007b ACCF/ACDF þ BMA þ allograft 18 mo 96.8 (58/66)
Sudraspert, 2012b ACDF þ BMA þ b-TCP þ HA Mean 36 mo 100 (16/16)

Abbreviations: b-TCP, beta-tricalcium phosphate; ACCF, anterior cervical corpectomy and fusion; ACDF, anterior cervical discectomy and fusion; BMA, bone
marrow aspirate; F/U, follow-up; HA, hydroxyapatite.
a Unconcentrated BMA unless otherwise indicated.
b Fusion was defined as solid bridging of bone.
c Fusion at 12 months was defined as solid bridging bone and <2 degrees of motion.
d Fusion defined as a score of�2 according to modified Lenke’s criteria (ie, fused with bridging bone through and around cage (1) or bridging bone around cage only (2)).
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in both groups showed evidence of pseudarthrosis at latest

radiographic follow-up (24.1% overall). No statistical

differences were seen between groups for any other complica-

tions reported (Table 5, Appendix Table F1). No patient in the

BMA group experienced prolonged pain at the donor site.

Safety outcomes were poorly reported across the 6 case

series (see Appendix Table F5 for all outcomes reported). At

final follow-up (range 6 months to mean 36 months), similar

proportions of patients (0% to 3% across studies) had evidence

of radiographic pseudarthrosis across 4 studies.31,35-37; 1 study

reported a pseudarthrosis rate of 16% at 12 months (1 of the 5

patients was symptomatic)32 (Table 6). Revision was required

in 0% to 4% of patients across 4 studies.32,34,35,37 Two studies

evaluated BMA donor site pain and reported minimal to no

persistent pain in their populations.32,37

Posterior Cervical Fusion. In 1 case series using a posterior

approach for fusion,33 only 1 patient (3%) showed evidence

of pseudarthrosis at 6 months requiring revision surgery. One

patient (3%) experienced delayed, transient bilateral C5 palsy

and recovered within 3 months. No infections occurred

(Appendix Table F5).

Key Question 3: Modification of Treatment Effect

Anterior Cervical Fusion. Included studies were not designed to

evaluate modification of treatment by demographic or other

factors.

Posterior Cervical Fusion. Subgroup analysis in one retrospective

cohort study30 compared lamina autograft, iliac crest autograft,

and BMA in conjunction with 1 of 2 bone graft expanders,

Vitoss (n ¼ 72) or NanOss (n ¼ 20), for cervical laminect-

omy/posterior cervical fusion to address cervical spondylotic

myelopathy (CSM) and/or ossification of the posterior long-

itudinal ligament (OPLL). No differences seen between groups

in Nurick grade, time to fusion, pseudarthrosis rates, and com-

plications were observed (Appendix Table F2, Appendix G).

Key Question 4: Economic Studies

Anterior Cervical Fusion. No pertinent studies were identified.

Posterior Cervical to Fusion. No pertinent studies were identified.

Table 4. Functional Outcomes and Fusion Rates From Comparative Studies Evaluating Autologous Stem Cells for ACDF.

Barber 2018, retrospective cohort F/U
BMA þ collagen HA

sponge (n ¼ 52)
Collagen HA

sponge (n ¼ 40) Effect size (95% CI)a Pa

Symptomsb, % (n/N)
Symptoms improved NRc 94.2 (49/52) 82.5 (33/40) NR .096
Symptoms stable NRc 5.8 (3/52) 17.5 (7/40) NR .096

Fusion
Proportion of levels fused, % (n/N) 6 mo 43.6 (31/71) 39.1 (9/23) NR .81

12 mo 69.6 (78/112) 55.6 (25/45) NR .098
24 mo 73.3 (88/120) 61.6 (31/48) NR .266
36 mo 75.4 (92/122) 70.3 (38/54) NR .577
Latestd 76.2 (93/122) 75.3 (61/81) NR 1.0

Arthrodesis rate (% of levels fused per month) NA 9.8 6.1 NR .003

Chang 2009, retrospective cohort F/U
Cancellous bone marrow

(n ¼ 23) HA (n ¼ 22)
Effect size

(95% CI)a Pa

Function
Odom’s criteria, % rated excellent/good (n/N) 6 mo 60.9% (14/23) 81.8% (18/22) OR

0.35 (0.09-1.36)
.222

Prolo scale, mean (SD)e (score range, 2 to 10 [best]) Baseline 4.04 3.73 NA NA
1 mo 5.91 (0.96) 6.27 (0.56) NR .154
3 mo 6.61 (1.87) 7.77 (0.80) NR .486
6 mo 7.26 (1.87) 7.77 (0.80) NR .324

Fusion
Proportion of levels fused, % (n/N) 1 mo 21.4 (12/56) 13.2 (7/53) OR 1.79 (0.65-4.97) .380

3 mo 76.8 (43/56) 64.2 (34/53) OR 1.85 (0.80-4.27) .216
6 mo 98.2 (55/56) 96.2 (51/53) NR .978

Abbreviations: BMA, bone marrow aspirate; CHA, collagen hydroxyapatite; CI, confidence interval; F/U, follow-up; NA, not applicable; NR, not reported; OR,
odds ratio; SD, standard deviation.
a As reported by authors.
b Preoperative symptoms described by the authors (for BMA vs no BMA groups, respectively) included neck pain (75% vs 60%), radiculopathy (56% vs 60%), and
myelopathy (37% vs 38%). No description was provided of the measure used to evaluate symptom change.
c Mean (+SD) clinical follow-up for the BMA group was 14 (+8) (range, 6-41) months versus 31 (+21) (range, 6-66) months, P < .001.
d Mean (+SD) radiographic follow-up for the BMA group was 13 (+8) months versus 32 (+22) months in the control group, P < .001.
e Authors reported this data as mean (standard error of the mean [SEM]); AAI (Aggregate Analytics, Inc) converted SEM to SD.
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Evidence Summary, Overall Quality (Strength) of
Evidence

Anterior Cervical Fusion. The overall quality of evidence is very

low with regard to the benefits and safety of autologous cell

sources for anterior cervical arthrodesis, meaning we have very

little confidence that the effects seen reflect the true effects

(Table 7). Case series comprise the bulk of the evidence. Only

2 retrospective cohort studies evaluating different cells pre-

parations and comparators were identified. High risk of bias,

lack of precision due to small sample sizes, and inability to

evaluate consistency across studies resulted in grading the

overall evidence as very low. No conclusions regarding differ-

ential effectiveness or safety are possible given the study

designs. No full economic analyses were identified.

Posterior Cervical Fusion. Evidence pertaining to the efficacy and

safety of autologous cell sources is even more severely limited

in the setting of posterior cervical fusion. Only one pertinent

case series was identified.

No conclusions regarding differential effectiveness or safety

are therefore possible.

Discussion

While many patients may initially remain asymptomatic, long-

term clinical data suggests that pseudarthrosis may nonetheless

contribute to significant morbidity.5-7 Crawford et al8 recently

analyzed a sample of 345 patients undergoing single-level

ACDF with allograft and plating and found a 13% (n ¼ 44)

rate of radiographic nonunion. Of these 44 patients, 37%
required revision surgery at the index level by 84 months

follow-up. This is in contrast to a 10% rate of revision surgery

in patients who were fused.8 Furthermore, recent evidence sug-

gests that revision surgery for pseudarthrosis may result in

suboptimal patient perceived outcomes.38 Thus, despite appar-

ent improvements in fusion rates, pseudarthrosis continues to

remain a surgical quandary in the setting of cervical spinal

fusion. Consequently, the field of osteobiologics has seen

recent exponential growth as the search for the optimal ICBG

Table 5. Safety Outcomes From Comparative Studies Evaluating Autologous Stem Cells for ACDF.

BMA þ collagen HA sponge (n ¼ 52) Collagen HA sponge (n ¼ 40)
Barber 2018, retrospective cohort F/U % of levels (n/N) % of levels (n/N) Pa

Pseudarthrosis 6 mo 56.4 (40/71) 60.9 (14/23) NR
12 mo 30.4 (34/112) 44.4 (20/45) NR
24 mo 26.7 (32/120) 38.4 (17/48) NR
36 mo 24.6 (30/122) 29.7 (16/54) NR
Latestb 23.8 (29/122) 24.7 (20/81) NR

% of patients (n/N) % of patients (n/N)
Revision NRc 0 (0/52) 0 (0/40) —
Reoperation at same leveld NRc 7.7 (4/52) 10.0 (4/40) .72
Prolonged pain at donor site NRc 0 (0/52) NA
Minor complications NRc 1.9 (1/52) 7.5 (3/40) .31
Osteostimulator use (due to poor bone growth) NRc 7.7 (4/52) 12.5 (5/40) .50

Cancellous bone marrow (n ¼ 23) HA (n ¼22)
Chang 2009, retrospective cohort F/U % of levels (n/N) % of levels (n/N) Pa

Pseudarthrosis 1 mo 78.6 (41/53) 86.8 (46/53) NR
3 mo 23.2 (13/56) 35.8 (19/53) NR
6 mo 1.8 (1/56) 3.8 (2/53) NR

% of patients (n/N) % of patients (n/N)
Donor site complications

Pain 6 mo 78.3 (18/23) 0 (0/22) NR
Hematoma 6 mo 4.3 (1/23) 0 (0/22) NR
Infection 6 mo 0 (0/23) 0 (0/22) —
Nerve injury 6 mo 0 (0/23) 0 (0/22) —

Number of postoperative complications
Graft complications (ie, collapse, nonunion,
or dislodgment)

6 mo 0 (0/23) 0 (0/22) —

Operative site infection 6 mo 0 (0/23) 0% (0/22) —
Esophageal injury or related nerve injurye 6 mo 0 (0/23) 0% (0/22) —

Abbreviations: BMA, bone marrow aspirate; CHA, collagen hydroxyapatite; F/U, follow-up; NR, not reported.
a As reported by authors.
b Mean (+SD) radiographic follow-up for the BMA group was 13 (+8) months versus 32 (+22) months in the control group, P < .001.
c Mean (+SD) clinical follow-up for the BMA group was 14 (+8) (range, 6-41) months versus 31 (+21) (range, 6-66) months, P < .001.
d Decompression from a posterior approach due to persistent or worsening neurological symptoms and persistent spinal cord or nerve root compression.
e The exception being one patient who had transient postoperative dysphagia; however, the group they belonged to was not reported.
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alternative continues. The use of autologous BMA has been

seen as a promising alternative that circumvents the notable

downsides associated with ICBG use, particularly when uti-

lized with an osteoconductive carrier.

Ultimately, current evidence for the efficacy of autologous

BMA to promote cervical fusion is severely limited due to the

poor quality of existing evidence. Furthermore, conclusions

regarding safety and clinical outcomes are similarly limited.

Small sample sizes, inconsistencies between studies in out-

come measurements, lack of comparative interventions, and

an overall substantial risk of study bias, prevent any firm con-

clusions from being drawn at this time.

Fusion

Rates of fusion with structural allograft in the setting of ACDF

vary from 77.8% to 100%.11,39-42

Similar rates of fusion have been reported with use of struc-

tural autograft, with the lowest fusion rates observed in the set-

ting of longer fusions.1,41,43,44 In the setting of ACDF, we saw

similar rates of fusion in our review, with rates of 76.2% to 100%
reported across all studies with variable follow-up periods. In

these studies, BMA was harvested from either the iliac crest or

the vertebra and used in conjunction with various types of graft

materials. Only Chang et al29 utilized cancellous bone marrow.

Only 1 case series evaluated the use of autologous BMA (in

conjunction with other graft materials) in the setting of posterior

cervical fusion, with a 97% rate of fusion at 6 months.33

When comparing BMA/HA collagen sponge versus an HA

collagen sponge only, no statistical difference was seen in pro-

portion of levels fused at any time point measured between the

2 groups. However, the authors reported a statistically greater

fusion rate (% of levels fused per month; 9.8% vs 6.1%, P ¼
.003) and probability of fusion over time in the BMA versus the

non-BMA group (P < .001).28 Chang et al29 compared cancel-

lous bone marrow with HA alone, and found no difference in

fusion rates between groups at 6-month follow-up (P ¼ .978).

There did not appear to be any association with fusion rates and

the source of BMA used.

Function

In general, ACDF has been associated with good functional

outcomes irrespective of graft choice.13,45 In this review,

regardless of outcome measure utilized, BMA use was associ-

ated with improved function and pain at various time frames

compared with baseline in the setting of ACDF. For instance,

compared with baseline, significant improvements in Nurick

grade and JOA scores were observed in 1 study37 and NDI in

another following ACDF.32 Based on Odom’s criteria, excel-

lent or good outcomes were achieved from 81% to 96% at final

follow-up across 3 other studies.31,34,37 Similarly, in Khouer

et al’s study,36 80% of patients experienced improvements in

Clinical Outcome Rating scores. Papavero et al34 reported

improvementsin the European Myelopathy Score in 88% of

their patients undergoing ACDF for cervical spondylotic

Table 6. Safety Outcomes From Case Series Evaluating Autologous Stem Cells for Cervical Fusion Using an Anterior Approach.

Outcome measure
Author, year Interventiona F/U % of patients (n/N)

Pseudarthrosis
Acharya, 2011 ACDF þ BMA þ autograft þ HA 6 mo 6.7 (1/15)
Ray, 2009 ACDF with BMA þ b-TCP putty þ collagen 10.9 (11/101)
Acharya, 2011 ACDF þ BMA þ autograft þ HA 12 mo 0 (0/15)
Ray, 2009 ACDF þ BMA þ b-TCP putty þ collagen 3.0 (3/101)b

Chaput, 2018 ACDF þ concentrated BMA þ allograft 16 (5/31 levels)c

Khoueir, 2007 ACCF/ACDF þ BMA þ Collagen-HA 18 mo 3.2 (2/66)
Sudraspert, 2012 ACDF with BMA þ b-TCP þ HA Mean 36 mo 0 (0/16)
Revision surgery
Chaput, 2018 ACDF þ concentrated BMA þ allograft 12 mo 4 (1/24)d

Ray, 2009 ACDF þ BMA þ b-TCP putty þ collagen 0 (0/101)
Khoueir, 2007 ACCF/ACDF þ BMA þ Collagen-HA 18 mo 0 (0/66)
Papavero, 2002 ACF þ BMA þ HA 24 mo 0 (0/78)
Sudraspert, 2012 ACDF with BMA þ b-TCP þ HA Mean 36 mo 0 (0/16)
Persistent pain at BMA site
Chaput, 2018 ACDF þ concentrated BMA þ allograft 12 mo Mean VAS hip pain: 1.1 (SD 2.4)
Sudraspert, 2012 ACDF with BMA þ b-TCP þ HA Mean 36 mo 0 (0/16)
Graft-related complications
Sudraspert, 2012 ACDF with BMA þ b-TCP þ HA Mean 36 mo 0 (0/78)e

Abbreviations: b-TCP, beta-tricalcium phosphate; ACCF, anterior cervical corpectomy and fusion; ACDF, anterior cervical discectomy and fusion; ACF, anterior
cervical fusion; BMA, bone marrow aspirate; HA, hydroxyapatite; NR ¼ not reported; VAS, visual analogue scale.
a Unconcentrated BMA unless otherwise indicated.
b None were symptomatic and none required revision surgery.
c One patient had symptomatic pseudrarthrosis and required revision surgery (also counted for revision outcome).
d Symptomatic pseudarthrosis.
e Authors state that there were no graft-related complications but that subsidence of the graft substitute occurred in 9% (7/78).
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myelopathy. Finally, significant improvements in VAS pain

were reported in two case series at final follow-up when com-

pared with baseline scores.31,37

When comparing fusion with BMA/HA collagen sponge to

an HA collagen sponge only, no differences were appreciated

between the 2 groups with regard to rates of symptomatic

improvement.28 Chang et al29 found no clinical differences

(Odom’s criteria, Prolo scale) in outcomes when using cancel-

lous bone marrow versus HA alone.

In the setting of posterior cervical fusion, Epstein et al33

reported a 4.4-point improvement in Nurick grade when com-

pared to baseline.

Safety

The incidence of all-cause complications in the setting of ante-

rior cervical spine surgery has been reported at rates of up to

19.3%.46 Unfortunately, reporting of complications was poor in

the majority of studies included in this review. Revision was

required in 0% to 4% of patients across 4 studies.32,34,35,37 This

falls well within the range of previously published data citing a

2.2% annual rate of reoperation in the setting of ACDF.47

When considering the use of ICBG, rates of morbidity have

been reported at rates of up to 39%. Complications may include

pain, hematoma, pelvic wing fracture, and localized nerve

injury.48,49 In this review, 2 studies evaluated BMA donor site

pain and reported minimal to no persistent pain in their popula-

tions with use of BMA.32,37 However, Chang et al29 found that

donor site pain was common when utilizing cancellous bone

marrow.

When comparing BMA/HA collagen sponge to an HA col-

lagen sponge only, no statistical differences in complications

were observed. Furthermore, no patient in the BMA group

experienced prolonged pain at the donor site.28 Similarly, when

comparing cancellous bone marrow to HA alone, with the

exception of increased donor site complications in the bone

marrow cohort, there were no notable differences in complica-

tions otherwise. Of note, donor site complications in the inter-

vention group included a 40% rate of persistent pain and a 2%
incidence of hematoma.29

A 2019 systematic review and meta-analysis by Youssef

et al50 found a 9.0% rate of all-cause complications in the

setting of posterior cervical surgery. With use of BMA, Epstein

et al33 demonstrated a 3% rate of revision at 6 months, and 3%
rate of transient bilateral C5 palsy, which ultimately recovered.

No infections were reported in this study.

Limitations in Current Available Evidence

There are significant limitations with current available litera-

ture evaluating the efficacy of BMA in the setting of cervical

spinal fusion. First, the quality of existing evidence is poor with

the majority of literature consisting of case series. Comparative

studies are rare and are limited to grade III evidence, at best,

with notable limitations in study design. Similarly, in the set-

ting of posterior cervical fusion, only one case series was

identified. Second, significant variability in the time point of

fusion assessment and method of fusion assessment was

observed in all studies. These latter variations may have

affected observed fusion rates. A lack of control for patient

factors that result in known derangements in fusion potential

(smoking, metabolic bone diseases, steroid use, endocrinopa-

thies, renal pathologies, etc) may have further confounded

fusion outcomes. Additionally, there was notable heterogeneity

in biologic use with a good proportion of studies utilizing BMA

in conjunction with autograft or allograft which discourages an

accurate depiction of the respective individual contribution of

BMA to osseointegration. Relatedly, the preparation and origin

of BMA (eg, concentrated vs unconcentrated, harvest location)

was inconsistent throughout the studies. Heterogeneity in

choice of implant and surgical technique further limits accurate

analysis of data. Inconsistency in the patient-reported outcome

measurement tools utilized and temporal variability in assess-

ment further limit effective comparability between studies.

Conclusions

Ultimately, evidence for the efficacy of autologous BMA to

promote cervical arthrodesis is severely limited due to the poor

quality of existing evidence. Small sample sizes, inconsisten-

cies between studies in outcome measurements, lack of com-

parative interventions, and an overall substantial risk of study

bias, prevent any firm conclusions from being drawn at this

time. Conclusions regarding safety and clinical outcomes are

similarly limited. Adverse events and harms were sparsely

reported across included studies and most were likely under-

powered to detect rare events. The economic implications of

BMA use in the setting of cervical spine fusion are yet to be

determined. High-quality clinical studies are clearly needed to

evaluate the efficacy, safety, and cost associated with BMA for

cervical spine fusions. Furthermore, researchers should adhere

to recently proposed minimum reporting requirements for clin-

ical studies when reporting on the efficacy of MSCs.51,52

Future studies should include prospective and comparative

studies that aim to address these latter deficiencies in the cur-

rent available literature.
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