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Abstract

Purpose

We performed a meta-analysis to identify risk factors affecting spinal fusion.

Methods

We systematically searched PubMed, Embase, and the Cochrane Library from inception to
January 6, 2023, for articles that report risk factors affecting spinal fusion. The pooled odds
ratios (ORs) and 95% confidence intervals (Cls) were estimated using fixed-effects models
for each factor for which the interstudy heterogeneity 1 was < 50%, while random-effects
models were used when the interstudy heterogeneity 1> was > 50%. Using sample size,
Egger’s P value, and heterogeneity across studies as criteria, we categorized the quality of
evidence from observational studies as high-quality (Class 1), moderate-quality (Class Il or
1), or low-quality (Class IV). Furthermore, the trim-and-fill procedure and leave-one-out pro-
tocol were conducted to investigate potential sources of heterogeneity and verify result
stability.

Results

Of the 1,257 citations screened, 39 unique cohort studies comprising 7,145 patients were
included in the data synthesis. High-quality (Class I) evidence showed that patients with a
smoking habit (OR, 1.57; 95% Cl, 1.11 to 2.21) and without the use of bone morphogenetic
protein-2 (BMP-2) (OR, 4.42; 95% Cl, 3.33 to 5.86) were at higher risk for fusion failure.
Moderate-quality (Class Il or Ill) evidence showed that fusion failure was significantly asso-
ciated with vitamin D deficiency (OR, 2.46; 95% Cl, 1.24 to 4.90), diabetes (OR, 3.42; 95%
Cl, 1.59 t0 7.36), allograft (OR, 1.82; 95% ClI, 1.11 to 2.96), conventional pedicle screw
(CPS) fixation (OR, 4.77; 95% Cl, 2.23 to 10.20) and posterolateral fusion (OR, 3.63; 95%
Cl, 1.2510 10.49).
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Conclusions

Conspicuous risk factors affecting spinal fusion include three patient-related risk factors
(smoking, vitamin D deficiency, and diabetes) and four surgery-related risk factors (without
the use of BMP-2, allograft, CPS fixation, and posterolateral fusion). These findings may
help clinicians strengthen awareness for early intervention in patients at high risk of develop-
ing fusion failure.

Introduction

Spinal disease is a common clinical surgical disease, which is usually caused by lesions of the
vertebral body and its surrounding soft tissue or spinal canal. Common spinal disorders
include spinal degenerative diseases, inflammation, tumors, spinal deformity, and spinal frac-
ture. These diseases can cause pain or neurological dysfunction, thus leading to a significant
reduction in the patient’s quality of life and ability to work [1] In recent years, the prevalence
of spinal diseases has been increasing due to the aging population [2]. Approximately 266 mil-
lion people worldwide are diagnosed with symptomatic spinal degenerative disease [3].

At present, the main treatment options for spinal diseases in the clinic are conservative and
surgical treatment. For most patients with acute spinal injury, early surgical treatment is
needed. Conservative treatment can be chosen for early-stage chronic degenerative spinal dis-
eases; when the effect of conservative treatment is poor or cannot achieve the desired effect,
surgical treatment can be chosen again [2]. Spinal fusion has become one of the common sur-
gical methods for spinal diseases [4], because this method can effectively eliminate pain, relieve
neurological symptoms, and stabilize the spine [5, 6]. Almost 500,000 patients undergo spinal
fusions annually in the United States to treat degenerative disc disease and other spinal pathol-
ogies [7]. However, fusion failure is a common adverse outcome of surgery that can cause
pain, neurological symptoms, spinal deformity and reduce internal fixation stability [4].

Previous studies have reported several factors that may affect spinal fusion, such as obesity
(BMI > 25 kg/m?), smoking, graft type, vitamin D deficiency, surgical methods, and without
the use of bone morphogenetic protein-2 (BMP-2). However, the results are still controversial.
Niu et al.’s report suggests that patients who use BMP-2 have better fusion results than patients
who do not use BMP-2 [8-13]. However, many other observational studies have not found a
significant correlation between the use of BMP-2 and successful fusion [14-19]. Moreover,
Zhang et al. reported that vitamin D deficiency could decrease spine fusion rates [20, 21],
while Ravindra et al. found that there was no significant difference in spine fusion rates
between vitamin D-deficient and non-vitamin D deficient patients [22].

To the best of our knowledge, there is no systematic review of all the risk factors that may
affect spinal fusion. Therefore, we carried out a meta-analysis of risk factors reported in the lit-
erature. We also graded the evidence to better identify the risk factors affecting spinal fusion.

Methods
Standard protocol approvals, registrations, and patient consent

The review protocol was appropriately registered with PROSPERO (https://www.crd.york.ac.
uk/prospero/) and reporting was conducted in strict accordance with guidelines from
Cochrane Handbook, MOOSE (Meta-Analysis of Observational Studies in Epidemiology)
[23], PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) [24]
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and AMSTAR (Assessing the methodological quality of systematic reviews) Guidelines [25].
The MOOSE checKlist is detailed in S1 Checklist.

Search strategy

We conducted searches on three electronic databases (PubMed, EMBASE and Cochrane
Library) for English articles published prior to January 6, 2023. These studies identified the
risk factors affecting spinal fusion. In instances where multiple studies reported on the same
cohort, priority was given to the most recently published study or the study encompassing the
largest cohort size for inclusion in our analysis. We combined "spinal fusion", "fusion rate",
and "risk factors" as keywords and searched PubMed and Cochrane Library using Medical
Subject Terms (MESH), and Embase databases using Embase subject heading (Embase). The
search terms included ("spinal surgery" or "spinal fusion" or "joint fusion") and ("fusion rate"
or "fixation rate") and ("obesity" or "electric stimulation therapy" or "smoking" or "osteoporo-
sis" or "vitamin D") (S1 Table).

Initial retrieval of citations was processed through Endnote X9, where duplicates were
merged, identified, and subsequently removed through a manual process. The preliminary
assessment of the literature involved an examination of titles and abstracts to screen for rele-
vance to our study criteria. This was followed by a meticulous independent review of the full
texts of preliminarily selected studies by the research team to confirm their suitability for our
meta-analysis. This rigorous selection process culminated in the inclusion of 39 studies for
comprehensive analysis.

Selection criteria

Following the preliminary article screening, two investigators independently conducted a
review and verification of the articles. Any disagreements were amicably resolved through dis-
cussion or by seeking the opinion of a third evaluator. Articles were considered eligible if they
satisfied the following criteria based on population, intervention, comparison, outcome, and
study design (PICOS) principles

1. Population: Patients with spinal diseases who have undergone spinal fusion surgery.

2. Intervention: Assess changeable patients and possible risk factors associated with surgery,
including smoking, graft type, pedicle screw type, diabetes, vitamin D deficiency, number
of fused levels, fusion column, and minimally invasive surgery (MIS), without the use of
BMP-2.

3. Comparison: Analyzing the differences in modifiable risk elements among subjects with or
without exposure.

4. Outcome: Identifying and quantifying related risk factors through the calculation of odds
ratios (ORs) and their 95% confidence intervals (CIs).

5. Study design: Prospective or retrospective cohort study.

Exclusions were applied to literature reviews, animal experiments, non-English literature,
and randomized controlled trials (RCTs). Furthermore, studies lacking sufficient data were
also excluded.

Data extraction and quality assessment

Two authors extracted data using a predesigned data extraction sheet. The specific extracted
content was obtained by the relevant authors by reading the full text of the article and the
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contents of the table. When the data was incomplete or missing, we tried to contact the corre-
sponding author of the article to obtain the relevant data. Differences between researchers in
the process of extracting data were resolved through discussion or negotiation with third par-
ties. The following data were extracted: first author, publication year, country, type and site of
surgery, observation period, sample size, study design, female proportion, mean age, measure-
ments of fusion, mean follow-up period, significant variables.

Two authors evaluated each qualified study independently by the Newcastle-Ottawa Scale
(NOS) [26], which encompasses 3 domains, including patient representation, exposure and
outcome determination, and follow-up adequacy, with an overall score of 9 for each study. The
NOS scores were then stratified into three qualitative tiers reflecting study quality: low (0-5
points), moderate (6-7 points), and high (8-9 points, indicative of a minimal bias risk) [27].
The quality evaluation results of the study included in this meta-analysis are shown in S2 Table.

Evaluation of the strength of evidence

The grading of the strength of evidence in the identified associations for observational cohort
studies was conducted utilizing a set of modified criteria [28]. When the P value of Egger’s test
was greater than 0.05, the total sample size was over 500, and interstudy heterogeneity I* was
less than 50%, the association was deemed high-quality (class I) evidence. If two out of the
three conditions were satisfied, the association was classified as class IT (medium-quality) evi-
dence. Meeting one of these three conditions resulted in a class III (medium-quality) evidence
correlation. Failure to meet any of these three conditions indicated class IV (low-quality) evi-
dence (S3 Table).

Statistical analysis

All of our analyses were performed using Stata software (Stata version 16.0, College Station,
Texas, USA). We analyzed the risk factors affecting spinal fusion, including patient-related fac-
tors (e.g., smoking, diabetes, and vitamin D deficiency). surgery-related risk factors (e.g., allo-
graft, without the use of BMP-2, conventional pedicle screw (CPS) fixation, and posterolateral
fusion, MIS, number of fused levels). The odds in each group were computed as p/(1-p) where
p represents the proportion with exposure. The odds ratio (OR) was determined by dividing
the odds in the fusion failure group by the odds in the comparator group. In the meta-analyses,
study-specific log odds ratios were utilized as the outcome, and the aggregated estimates were
then transformed into OR. If the OR > 1, it indicates a higher probability of fusion failure in
the exposed group as opposed to the non-exposed group. Forest plots were utilized to present
the ORs of individual studies as well as the pooled OR. The heterogeneity between studies was
determined using the Cochrane Q test and I” test, with heterogeneity considered significant
when I? > 50% [29]. Sensitivity analyses were conducted to evaluate the robustness of the find-
ings by systematically excluding individual studies and subsequently pooling the estimates
from the remaining studies through meta-analysis. Egger’s test was used to evaluate publica-
tion bias for each risk factor by analyzing the relationship between the effect estimates and
their variances. A P value of < 0.1 was deemed to signify a significant distinction [30]. All sta-
tistical tests were bidirectional, and P < 0.05 was considered statistically significant.

Results
Literature search and study characteristics

Out of 1,257 studies identified through a systematic literature search, 97 duplicate records
were excluded, and 1,039 irrelevant studies were excluded after reviewing their titles and
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abstracts. Next, we excluded 3 citations for which three could not be obtained in full-text form,
and 118 studies were selected for review of the full paper. After a full-text review, we excluded
79 studies that did not have access to patient outcome data, non-population-based cohorts,
meta-analyses, systematic reviews, RCT's, and non-English literature (54 Table). Finally, this
meta-analysis included 39 cohort studies [8-22, 31-54], comprising 7,145 participants satisfied
the inclusion criteria (Fig 1).

Table 1 displays the baseline characteristics of the studies included in the analysis. All stud-
ies were published between 1996 and 2022, and 24 (60%) of the studies were published in 2013
or later [9, 12-15, 17, 19-22, 37-41, 43, 45, 46, 48-51, 53, 54]. The studies involved 11 coun-
tries with an average sample size of 183, and the average follow-up time was 31 months (range
6-183 months). Out of the studies analyzed, 30 (76.9%) studies achieved an NOS score of > 8
(S2 Table) [9-12, 14-16, 20-22, 32-38, 40-42, 44-49, 51-54]. In 25 (64%) [10-13, 15-21, 34—
37,39-41, 43, 46, 48, 49, 51, 53, 54] studies, computed tomography (CT) scans were used to
assess fusion. The standards for spinal fusion were defined in 27 (69%) studies [10, 15-22, 31,
32, 34, 37-39, 41-44, 46-50, 52-54].

Fusion rates of spinal surgery ranged from 65% to 100%, and the combined random-effect
model fusion rate was 89.2% (95% CI, 87.4% to 91.1%; I* = 86.9%, P < 0.001) (S1 Fig). There-
fore, to explore the source of between-study heterogeneity, we stratified by some baseline
study-level factors (all P < 0.001). Among these, we found fusion rates that were significantly
different; for example, the combined fusion rate of studies with a female proportion below
50% was found to be 85.1% (95% CI, 79.4% to 90.8%; I = 91.7%, P < 0.001), which was signifi-
cantly less than that in other studies. In addition, in the stratified analysis of surgical sites and
surgical methods, we found that the fusion rate of cervical surgery was 92% (95% CI, 89.7% to
94.3%; I” = 73.7%, P < 0.001), which was Higher than the fusion rate of lumbar surgery. And

Identification of studies via datab and reg:
—
= Records identified from*
Databases (n = 3) Records removed before screening
Registers > Dupli records removed
PubMed (n = 595) (n=87)
EMBASE (n = 139)
Cochrane Library (n = 523)
:
—

Records were manually excluded based

Records screened »
b on title or abstract reading

{n=1160) (n =1039)
Reports sought for retrieval L p not retrieved
g {n=121) 7| in=3)
Reports d for eligibili »| Reports excluded
(n=118) Review or meta-analysis (n = 13)

Inadequate outcome data (n = 35)
Randomized controlled trials (n = 18)
The literature is not in English (n = 8)
Animal experiment (n = 5)

A4

Studies included in meta-analysis
(n=239)

Included

—/

Fig 1. Flowchart of the study selection.
https://doi.org/10.1371/journal.pone.0304473.9001
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Table 1. Characteristics of studies included in meta-analysis.

First author Year | Country | Observation Study Design Sample | Female | Meanage | Measurements of | Mean
Period size % fusion Follow-up
period

Glassman, S. D. | 2000 | USA 1992-1996 Retrospective 357 43.0 43.9 3D-CT 24 months
Bose, B. 2001 | USA NR Retrospective 106 55.7 50.1 X-ray >12 months
Samartzis, D. 2003 | USA NR Retrospective 80 36.3 49.0 Radio graphs 16 months
Glassman, S. D. | 2003 | USA NR Retrospective 137 60.5 60.3 CT 12 months
Gerszten, P. C. 2011 | USA 2005-2007 Retrospective 99 42.8 42.8 MRI and CT 24 months
Hoffmann, M. F. | 2012 | USA 2003-2009 Retrospective 1398 58.9 60.0 CT and X-rayand | 183 months

MRI
Luszczyk, M. 2013 | USA NR Retrospective 573 NR NR Radio graphs 24 months
Urrutia, J. 2013 | Chile 2004-2010 Retrospective 47 76.6 46.5 CT 50.1 months
Frenkel, M. B. 2013 | USA 1997-2012 Retrospective 45 57.7 50.0 X-ray and CT 161 months
Adams, C. L. 2014 | Australia | 2007-2010 Retrospective 70 50.0 55.4 Radio graphical 12 months
Tan, B. 2015 | China 2007-2010 Retrospective 146 41.1 64.7 Radio graphs 24 months
Yang, Y. 2016 | China 2011-2014 Retrospective 132 32.6 44.2 CT 24 months
Zhang, Y. H. 2017 | China 2007-2015 Retrospective 32 NR 6.80 CT 45 months
Phan, K. 2018 | Australia | NR Retrospective 137 52.6 56.7 CT 12 months
Weng, F. 2018 | China 2015-2017 Retrospective 80 71.3 65.6 NR 6 months
Nourian, A. A. 2019 | USA NR Retrospective 93 67.0 65.0 CT >12 months
Niu, S. 2020 | NR 2007-2017 Retrospective 927 59.0 63.8 CT 6 months
Wu, F. L. 2020 | China NR Retrospective 50 48.0 61.2 MRI and CT 30 months
Son, H.J. 2021 | USA 2009-2019 Retrospective 121 76.0 68.2 CT >12 months
Tan, Y. 2021 | Japan 2017-2020 Retrospective 98 64.3 69.5 CT 33.5 months
Tannoury, C. 2021 | USA 2008-2019 Retrospective 220 62.8 66.0 CT 12 months
Wang, H. 2021 | China NR Retrospective 153 66.8 50.1 CT 40.8 months
Li, Z. 2022 | China 2017-2019 Retrospective 77 52.0 44.6 CT 12 months
Bishop, R. C. 1996 | USA 1991-1995 Prospective 132 54.6 45.2 X-ray 31 months
Tuli, S. K. 2004 | USA 1995-1999 Prospective 57 47.4 52.2 Radio graphs 6 months
Suchomel, P. 2004 | Czech 1998-2000 Prospective 79 37.9 47.8 X-rays 48 months
Burkus, J. K. 2004 | USA NR Prospective 46 NR NR Radio assessments | 24 months
Cammisa Jr, F. P. | 2004 | USA NR Prospective 120 49.0 48.0 X-ray 24.5 months
Burkus, J. K. 2005 | USA 1998-2001 Prospective 131 61.1 41.5 Radio graphsand | >24 months

CT
Joseph, V. 2007 | Canada | 2003-2005 Prospective 33 39.4 49.7 CT 25 months
Frantzén, J. 2011 | Finland | 1996-1998 Prospective 17 70.5 494 CT and X- ray and | 132 months

MRI
Wu, Z. X. 2012 | China 2004-2009 Prospective 157 61.2 62.1 Radio graphs 43 months
Ravindra, V.M. | 2015 | USA 2011-2012 Prospective 133 44.0 57.0 CT >12 months
Burkus, J. K. 2017 | USA NR Prospective 710 NR NR X-ray 24 months
Moazzeni, K. 2018 | Iran 2014-2015 Prospective 96 62.5 57.8 CT and X-ray 12 months
Ravindra, V.M. | 2019 | USA 2011-2012 Prospective 58 41.4 57.1 X-ray >12 months
Srour, R. 2020 | France |2017-2018 Prospective 53 50.9 65.0 CT 12 months
Hyun, S.J. 2021 | Korea NR Prospective 76 44.7 63.4 X-ray and CT 12 months
Zhang, W. 2022 | China 2018-2020 Prospective 69 61.5 54.6 CT 6 months
First author Year | Fusion definition significant variables Fusion rate (%) Surgical | Surgical types

sites
Glassman, S. D. | 2000 | NR Smoking Smokers: 79.3%, Lumbar Posterior fusion
Nonsmokers: 85.8%
(Continued)
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Table 1. (Continued)

Bose, B. 2001 | Trabecular bony bridging | Smoking Nonsmoking: Cervical | ACDF
across the disk space and 96.67%, smoking:
lack of motion on flexion 97.83%
extension.
Samartzis, D. 2003 | A bony bridge Autograft, allograft Allograft: 94.3%; Cervical | ACDF
incorporated the graft and autograft: 100%
the adjacent end plates and
no radiolucencies or
motion.
Glassman, S. D. | 2003 | NR IDDM, NIDDM NIDDM: 78.26%/ Lumbar PLIF
IDDM: 74.28%,
Control: 94.59%
Gerszten, P. C. 2011 | Bridging bone that rhBMP-2 With rhBMP-2: Lumbar Interbody fusions in the
traversed from end plate to 95.5%, Without lumbosacral spine
end plate, with no motion rhBMP-2: 92.5%
detected on flexion
extension lateral radio
graphs.
Hoffmann, M. F. | 2012 | NR DBM with rhBMP-2 rhBMP-2: 95.7%/ Lumbar PLIF, TLIF
DBM: 86.9,
Autograft: 84.8%
Luszczyk, M. 2013 | Bony trabecular bridging | Smoking Smoking: 91%, Cervical | ACDF
between the graft and control: 91.6%
vertebral body, and
motion was absent.
Urrutia, J. 2013 | Trabeculae crossing the Smoke Smoke: 91.7% Lumbar Circumferential lumbar spinal
graft-vertebral body fusion
interface on both sides of
the graft either.
Frenkel, M. B. 2013 | The presence of motion on | rhBMP-2 With rhBMP-2: Cervical Anterior cervical fusion
flexion-extension radio 100%, Without
graphs. rhBMP-2: 83%
Adams, C. L. 2014 | NR rhBMP-2, LBC rhBMP-2: 94.1%, Lumbar PLIF or TLIF
LBC: 89.5%
Tan, B. 2015 | NR rhBMP-2, ICBG rhBMP-2: 87.7%, Cervical | ACDF
ICBG: 74%
Yang, Y. 2016 | Evidence of continuous Two-level or single level ACDF Single level: 94.6%, | Cervical | ACDF
bridging bone between the Two-level: 92.7%
adjacent end plates of the
involved motion segment,
radiolucent lines at 50% or
less of the graft vertebra
interfaces.
Zhang, Y. H. 2017 | The lack of hardware Structural allograft or autograft Allograft: 94%, Cervical | Atlantoaxial fusion
failure and presence of autograft: 100%
continuous bridging
trabecular bone between
the dorsal elements of the
Cl and C2 on CT scans.
Phan, K. 2018 | Bridging trabecular Smoking Smoking: 69.6%, no | Lumbar ALIF

formation across the
intervertebral disk space
with the absence of
radiolucency spanning

smoking: 85.1%

more than half of the
implant.
(Continued)
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Table 1. (Continued)

Weng, F. 2018 | Complete fusion and EPS, CPS EPS: 90%, CPS: 50% | Lumbar Lumbar short-segment fixation and
remodeling after fusion
intervention with newly-
formed trabeculae;
complete bone block after
intervention.
Nourian, A. A. 2019 | NR LLIF with rhBMP-2 1-level LLIF with Lumbar LLIF
rhBMP-2: 92%,
2-level LLIF with
rhBMP-2: 86%
Niu, S. 2020 | NR RhBMP-2 RhBMP-2: 92.5%, Lumbar TLIF
no rhBMP-2: 71.4%
Wu, F. L. 2020 | NR MIDLF, MI-TLIF MIDLE: 94%, Lumbar MIDLF, MI-TLIF
MI-TLIF: 88%
Son, H.J. 2021 | Lenke grade B and BSF ICBG, E.BMP-2 ICBG: 97.1%, E. Lumbar LIF and PLF
grade-3. BMP-2: 100%
Tan, Y. 2021 | NR Simultaneous single-position O-arm- | OLIF and PPS: Lumbar MIS-ATP-lumbar fusions
navigated OLIF and PPS, MI-PLIF/ 96.8%, MI-PLIF/
TLIF TLIF: 94.2%
Tannoury, C. 2021 | Examining consecutive Smoke, L5-S1 Smoke: 95.3%, Lumbar OLIF and PPS, MI-PLIF/TLIF
sagittal and coronal cuts L5-51:95.2%
for continuous bony
bridges.
Wang, H. 2021 | Mental ROM less than 3° | Male, smoke Smoke: 87.84% Cervical | CDR and ACDF
in X-ray and continuous
bone bridge demonstrated
in CT imaging.
Li, Z. 2022 | Unilateral or bilateral Modified facet joint fusion or MFF: 94.3%, PLF: Lumbar Modified facet joint fusion or
grade I or II fusion. posterolateral fusion 76.2% posterolateral fusion
Bishop, R. C. 1996 | Bony trabeculae were seen | Autograft tricortical iliac and the Single-level ACDF: | Cervical | Single-level or multiple-Level
crossing the involved allograft tricortical iliac (autograft: 97%, ACDF
interspace. allograft: 87%),
multiple level
interbody fusion:
(autograft: 100%,
allograft: 89%)
Tuli, S. K. 2004 | Presence of any trabeculae | One level or two-level corpectomy Cephalad aspect of | Cervical | Cervical decompressive
bridging between the the graft-host corpectomy and reconstruction
vertebral body and interface: 92%,
allograft at the upper and caudad aspect: 93%,
lower aspects. one-level
corpectomy: 86%,
two-level
corpectomy: 100%
Suchomel, P. 2004 | Complete bridging of Number of fused levels, smoke, Autografts: 94.6%, Cervical One- or two-level ACDF
trabeculae between autologous, allogenic bone grafts allografts: 85.5%,
adjacent vertebral bodies smoke: 92.4%
and bone graft.
Burkus, J. K. 2004 | NR rhBMP-2, ICBG rhBMP-2-treated: Lumbar ALIF
100%, auto graft-
treated: 68.4%
Cammisa Jr, F. P. | 2004 | NR Grafton®, auto graft Grafton® side: 52%, | Lumbar Posterolateral spine fusion
auto graft side: 54%

(Continued)
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Table 1. (Continued)

Burkus, J. K. 2005 | (1) The presence of rhBMP-2/ACS, ICBG rhBMP-2-treated: Lumbar Single-level ALIF
bridging trabecular bone 98.5%, autograft-
connecting vertebral treated: 76.1%
bodies through or around
dowels, (2) no radiolucent
area involving > 50% of
the interface between
dowels and end plates.
Joseph, V. 2007 | The presence of bridging rhBMP-2 With BMP: 94.4%, | Lumbar PLIF and TLIF
bone through the cage or Without BMP:
external to it. 89.4%
Frantzén, J. 2011 | Bridging of bone between | BAG BAG: 90%, Lumbar Posterolateral spondylodesis
the transverse processes in Autologous Bone:
addition to the 100%
incorporation of bone
between the transverse
processes.
Wu, Z. X. 2012 | Clear trabecular bone EPS, CPS EPS: 92.5%, CPS: Lumbar Transpedicle fixation
bridging across the 80.5%
segment to be fused,
translation of 3 mm or less
and angulation of < 5° on
flexion-extension radio
graphs.
Ravindra, V.M. | 2015 | The presence of bone Vitamin D 84% spine Spinal fusion
trabeculation, without
evidence of
instrumentation loosening
or breakage, and no
observed motion between
the graft and
instrumentation.
Burkus, J. K. 2017 | NR rhBMP-2, ICBG rhBMP-2-treated: Cervical Single-level anterior cervical
99.4%, autograft- arthrodesis
treated: 87.2%
Moazzeni, K. 2018 | Bridging bone remodeling | Diabetic and non-diabetic patients DM: 53%, control: | Lumbar | Bilateral facet fusion
across the transverse after lumbar fusion 78%
processes between the
adjacent vertebrae.
Ravindra, V.M. | 2019 | The presence of Low vitamin D Normal vitamin D: | Cervical Anterior, posterior, or combined
trabeculated bone, without 76.47%, low vitamin spinal fusion
evidence of hardware D: 75.60%
loosening or failure, and
no observed motion
between vertebral
segments on X-rays.
Srour, R. 2020 | Any sign of bony fusion Facet arthrodesis with or without Facet arthrodesis Lumbar Facet osteosynthesis
inside or posterior to the | PLIF with PLIF: 75.7%,
device when viewing the non-PLIF: 88.7%
postoperative CT scan.
Hyun, S.J. 2021 | Less than 5 degrees of rhBMP-2 DBM with thBMP- | Lumbar TLIF

angular motion on flexion
and extension radio
graphs.

2: 82.85%, DBM:
78.12%

(Continued)
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Table 1. (Continued)

Zhang, W. 2022 | Bridging bone bonding Vitamin K2 + Vitamin D3 Vitamin K2 Lumbar | TLIF or PLIF
with both adjacent + Vitamin D3:
vertebral bodies. 91.18%, control:
71.43%

Abbreviations: ACDF = Anterior cervical discectomy and fusion; ACS = absorbable collagen sponge; ALIF = Anterior lumbar interbody fusion; BAG = bioactive glass;
BMI = body mass index; BSF = Brantigan, Steffee and Fraser; CDR = Cervical disc replacement; CPS = conventional pedicle screws; CT = computed tomography;
DBM = demineralized bone matrix; DM = diabetes mellitus; E.BMP-2 = E.coli-derived rhBMP-2; EPS = expandable pedicle screws; HA = hydroxyapatite;

HO = heterotopic ossification; ICAG = iliac crest autograft; ICBG = iliac crest bone graft; IDDM = insulin-dependent diabetes mellitus; JOA = Japanese Orthopedic
Association; LBC = local bone graft; LBP = low back pain; LLIF = Lateral lumbar interbody fusion; MFF = modified facet joint fusion; MIDLF = midline lumbar fusion;
MI-PLIF/TLIF = Minimally invasive posterior or transforaminal lumbar interbody fusion; MIS-ATP = minimally invasive antepsoas; MI-TLIF = minimally invasive
transforaminal lumbar interbody fusion; MRI = magnetic resonance imaging; NDI = Neck Disability Index; NIDDM = non-insulin dependent diabetes mellitus;

NR = not reported; OLIF and PPS = Oblique lateral interbody fusion and percutaneous pedicle screw; OP-1 = Osteogenic Protein-1; PLF = posterolateral fusion;

PLIF = posterior lumbar interbody fusion; RCT = Randomized Controlled Trial; rhBMP-2 = recombinant human bone morphogenetic protein-2; ROM = range of
motion; RTC = rectangular titanium cage; TLIF = transforaminal lumbar interbody fusion; VAS = visual analog scale; W-TLIF = TLIF through Wiltse approach.

https://doi.org/10.1371/journal.pone.0304473.t001

in lumbar fusion surgery, the fusion rate of lateral approach was significantly higher than that
of other approaches (Rate, 95.3%; 95% CI, 90.8% to 99.7%; I> = 70.2%, P = 0.035) (S5 Table).

Risk factors and strength of evidence

Our study included the effects of patient-related and surgery-related risk factors (Fig 2) on spi-
nal fusion. High-quality (Class I) evidence showed that patients with a smoking habit and
without the use of BMP-2 were at higher risk for fusion failure. Medium-quality (Class II or

No. studies OR 95%CI
Patient-related risk factors
Smoking
Yes vs. no E 8 157 (1.11,2.21)
Vitamin D deficiency
‘Yes vs. no —— 3 248 (1.24,4.80)
Diabetes
Yes vs. no [ — 2 342 (1.59,7.36)
No. studies OR 95%Cl
Surgery-related risk factors
Graft type
Allograft vs. Autograft —— 8 182 (1.11,2.86)
Without the use of BMP-2
Yes vs. no Hil= 12 442 (3.33,5.86)
Pedicle screw type
CPS vs. EPS —— 2 477 (2.23,10.20)
Fusion column
Posterolateral vs. Lateral [ 2 383 (1.25,10.48)
Number of fused levels
Two-level vs. single level —a— 3 093 (0.36,2.41)
MIsS
Yes vs. no —_—— 2 1.92 (0.43,8.66)

Fig 2. Meta-analyses of the association between patient-related risk factors and surgery-related risk factors.

https://doi.org/10.1371/journal.pone.0304473.g002

PLOS ONE | https://doi.org/10.1371/journal.pone.0304473  June 7, 2024 10/24


https://doi.org/10.1371/journal.pone.0304473.t001
https://doi.org/10.1371/journal.pone.0304473.g002
https://doi.org/10.1371/journal.pone.0304473

PLOS ONE

Risk factors affecting spinal fusion

Table 2. Significant and non-significant risk factors associated with spinal fusion failure.

Significant factors No. of Studies No. of Patients OR (95% CI) % P value Egger’s test P value
Smoking

No Ref.

Yes 8 1672 1.57 (1.11 to 2.21) 0.0 0.010 0.702
Graft type

Autograft Ref.

Allograft 6 460 1.82 (1.11 to 2.96) 25.7 0.018 0.024
Without the use of BMP-2

No Ref.

Yes 12 3802 4.42 (3.33 t0 5.86) 36.2 0.000 0.593
Vitamin D deficiency

No Ref.

Yes 3 260 2.46 (1.24 to 4.90) 13.5 0.010 0.822
Pedicle screw type

EPS Ref.

CPS 2 237 4.77 (2.23 to 10.20) 47.5 0.000 /
Diabetes

No Ref.

Yes 2 233 3.42 (1.59 to 7.36) 0.0 0.002 /
Fusion column

Lateral Ref.

Posterolateral 2 130 3.63 (1.25 to 10.49) 0.0 0.017 /
Non-significant factors No. of Studies No. of Patients OR (95% CI) % P value Egger’s test P value
Number of fused levels

Single Ref.

Two 3 282 0.93 (0.36 to 2.41) 19.6 0.887 0.025
MIS

No Ref.

Yes 2 148 1.92 (0.43 to 8.66) 0.0 0.396 /

Abbreviations: BMP-2, bone morphogenetic protein-2; CI, confidence interval; CPS, conventional pedicle screws; EPS, expandable pedicle screws; MIS, minimally

invasive surgery; OR, odds ratio; Ref, Reference group;

https://doi.org/10.1371/journal.pone.0304473.t002

IIT) evidence showed that fusion failure was significantly associated with vitamin D deficiency,
diabetes, allograft, CPS fixation, and posterolateral fusion. Additionally, moderate-quality
(Class II) evidence revealed nonsignificant correlations between MIS or the number of fused
levels (two-level versus single-level) and fusion failure (Table 2 and S6 Table).

Patient-related risk factors

Smoking. This meta-analysis showed that patients who smoked were at higher risk for
fusion failure. The combined OR of 8 studies [32, 36, 38, 41, 44, 46, 48, 49] was 1.57 (95% CI,
1.11 to 2.21; I* = 0.0%) (Fig 3). The trim-and-fill method was used to assess the robustness of
the results, and we did not find potentially missing studies (S6 Table).

Diabetes. We included 2 studies [35, 39] that evaluated the effect of diabetes on spinal
fusion, and the combined OR was 3.42 (95% CI, 1.59 to 7.36; I? = 0.0%) (Fig 4). We used the
trim-and-fill method to adjust the publication bias and found that there was only one missing
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Fig 3. Odds ratio (OR) for association between smoking and fusion rate.

https://doi.org/10.1371/journal.pone.0304473.9003

potential study in the funnel plots. The OR corrected for publication bias was 2.71 (95% CI,
1.36 to 5.41), which was largely consistent with our results (S6 Table).

Vitamin D deficiency. Three studies [20-22] reported the effect of vitamin D deficiency
on spinal fusion. In our outcome, the risk of fusion failure in patients with vitamin D defi-
ciency was significantly higher than that in patients without vitamin D deficiency (OR, 2.46;
95% CI, 1.24 to 4.90) (Fig 5), and we did not observe significant heterogeneity (I? = 13.5%).

Study Yo

I OR (85% Cl) Waight
Moazzen, K. (2018) ‘—*—‘:— 2.71(1.10. 6.69) 7351
Glassman, . D. {2003) i > 5,36 (1.18, 24.39) 26.49

Overall {I-squared = 0.0%, p = 0.442) <> 3.42(1.59,7.36) 100.00

NOTE: Weights are from fixed effects analysis

Fig 4. Odds ratio (OR) for association between diabetes and fusion rate.

https://doi.org/10.1371/journal.pone.0304473.9004
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Study o
ls] OR (85% CIj \Waight
Ravindra, V. M. (2015) —%—0— 3.07 (1.15, 8.19) 48.86
Zhang, W. (2022) 4.13 {1.03, 16.68) 24.31
Ravindra, V. M. (2019) 1.05 (0.28, 3.98) 26.83

Overall (l-squared = 13.6%, p = 0.314) 2,47 (125, 4.91) 100,00

NOTE: Weights are from fixed effects analysis

Fig 5. Odds ratio (OR) for association between vitamin D deficiency and fusion rate.

https://doi.org/10.1371/journal.pone.0304473.g005

We used the trim-and-fill method to adjust the publication bias and did not find missing
potential studies (S6 Table).

Surgery-related risk factors

BMP-2. We included 12 studies [8-12, 14-19, 45] that evaluated the effect of BMP-2 on
spinal fusion (Fig 6). We found high-quality (Class I) evidence for a significant association
between fusion failure and without the use of BMP-2 versus the use of BMP-2 (OR, 4.41; 95%

CI, 3.33 to 5.86; I* = 36.2%) (Table 2 and S6 Table). From our analysis, we found that the
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Fig 6. Odds ratio (OR) for association between without the use of BMP-2 (yes vs. no) and fusion rate.

https://doi.org/10.1371/journal.pone.0304473.g006
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pooled OR was not significantly affected after removing any single study (lowest OR, 3.46;
95% CI, 2.49 to 4.79, highest OR, 3.88; 95% CI, 2.61 to 5.76) (S7 Table). The trim-and-fill
method was used to adjust the publication bias, revealing a solitary absent potential study in
the funnel plots. The OR corrected for publication bias was 3.58 (95% CI, 2.70 to 4.75), which
was basically consistent with our results (S6 Table).

Graft type. The combined results of 6 studies [31, 33, 34, 42, 44, 53] showed that com-
pared with autografts, the risk of fusion failure of allografts was higher (OR, 1.82; 95% CI, 1.11
to 2.97; I* = 25.7%) (Fig 7). However, after adjusting for publication bias by the trim-and-fill
method, the pooled OR was 1.28 (95% CI, 0.79 to 2.07) (S6 Table), which was different from
our results.

Pedicle screw type. Data from 2 studies [50, 52] suggested that there was a higher risk of
fusion failure with CPS fixation than with expandable pedicle screw (EPS) fixation (OR, 4.77;
95% CI, 2.23 to 10.20; I* = 47.5%) (Fig 8). We used the trim-and-fill method to adjust the pub-
lication bias, and the OR corrected for publication bias was 2.98 (95% CI, 1.56 to 5.81), which
was essentially in line with our results (S6 Table).

Fusion column. The combined results of 2 studies [37, 43] suggested that compared with
posterolateral fusion, lateral fusion may increase the risk of fusion failure (OR, 3.63; 95% CI,
1.25 to 10.49; I = 0.0%) (Fig 9). The trim-and-fill method was employed to evaluate the
robustness of the outcome, and only one potential study was identified. The OR corrected for
publication bias was 2.40 (95% CI, 0.98 to 5.88), which diverges from the outcomes obtained
in our study (S6 Table).

Number of fused levels. We included 3 studies [40, 47, 54] that evaluated the effect of the
number of fused levels on spinal fusion. Their results showed that there was no significant
association between fusion failure and two-level fusions versus single-level fusion (OR, 0.93;
95% CI, 0.36 to 2.41; I* = 19.6%) (Fig 10). We used the trim-and-fill method to adjust the pub-
lication bias and did not find missing potential studies (S6 Table).

Study %
(I+} OR (55% CI} Waight
Samartzis, 0. (2003) - + B.79 (0.32, 146.14) 169
Znang, Y. H. (2017) —- 2.49 (0,08, 65.76) 213
1
Suchomsl, P (2004) —_—— 296 (062, 14,12) 952
Bishop, . ©. (1896) —-—o— 5,65 (1.00, 29.20) 539
Frantzen, J. (2011) T 9,96 (0,52, 191,.23) 1.85
Cammisa Jr, F. P, {2004) —— 1.10 (0,60, 2.05) 70.41
Overall {i-squaned = 25,7%, p = 0.242) Q 1.82 (1.1, 2.87) 100,00
NOTE: Weights are from fixed effects analysis I

T T
o0sE1 W

Fig 7. Odds ratio (OR) for association between graft type (allograft vs. autograft) and fusion rate.
https://doi.org/10.1371/journal.pone.0304473.g007
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Study

Wu, Z. X. (2012)

Weng, F. (2018)

Overall (l-squared = 47.5%, p = 0.168)

MNOTE: Weights are from fixed effects analysis

OR (95% CI)

2.98 (1.09, 8.15)

+ 9.00 (2.70, 30.02)

<

477 (2.23, 10.20)

o

Weight

70.32

29.68

100.00

Fig 8. Odds ratio (OR) for association between pedicle screw type (CPS vs. EPS) and fusion rate.

https://doi.org/10.1371/journal.pone.0304473.9008

MIS. Two studies [13, 51] reported the effect of MIS on spinal fusion; however, no signifi-
cant correlation was observed between the two (OR, 1.92; 95% CI, 0.43 to 8.66; I> = 0.0%)
(Fig 11). The trim-and-fill method was employed to address publication bias, resulting in the
identification of only one potential study that was missing. The OR corrected for publication

Study

Li, Z. {2022)

Srour, R. (2020)

Overall {l-squared = 0.0%, p = 0.486)

MNOTE: Weights are from fixed effects analysis

OR {95% CI)

N 516 (1.05, 25.39)
/
2,40 {0.55, 10.56)

3,63 (1.25,10.49)

Weight

44.47

100.00

Fig 9. Odds ratio (OR) for association between fusion column (posterolateral vs. lateral) and fusion rate.

https://doi.org/10.1371/journal.pone.0304473.g009
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Fig 11. Odds ratio (OR) for association between MIS and fusion rate.
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bias by the trim-and-fill method was 1.85 (95% CI, 0.53 to 6.46), which was basically consistent
with our results (S6 Table).

Sensitivity analyses and publication bias

We used leave-one-out sensitivity analysis to evaluate the stability of the results for factors
reported by more than two articles. The results showed that the pooled ORs all remained simi-
lar across these analyses for both patient-related and surgery-related risk factors (S7 Table).
Furthermore, funnel plots were employed to evaluate the potential presence of publication
bias associated with these risk factors (52-S10 Figs) and we didn’t find any obvious bias.

Discussion

Principal findings

This meta-analysis was designed to identify risk factors affecting spinal fusion and to grade the
level of evidence, and a total of 39 studies were included. We identified 3 patient-related risk
factors, including smoking, diabetes, and vitamin D deficiency, and four surgery-related risk
factors, including allografting, without the use of BMP-2, CPS fixation, and posterolateral
fusion.

The meta-analysis revealed that MIS or the number of fused levels (two-level versus single-
level) was not significantly linked to fusion failure. However, we cannot dismiss these factors
as potential risk factors, as some studies have demonstrated a significant association with a low
fusion rate [13, 47, 51]. Hence, it is advisable to carry out additional clinical studies on these
variables.

Potential mechanisms

The underlying mechanisms of various factors affecting spinal fusion have not been clarified
until now. Smoking has been shown to impair skeletal healing and metabolism. Experiments
have shown that nicotine can reduce neovascularization and inhibit osteoblast differentiation,
resulting in bone healing defects [55-57]. In our study, diabetes was one of the significant risk
factors for spinal fusion (OR, 3.42; 95% CI, 1.59 to 7.36). Diabetes is a multiorgan disease, and
its complications may lead to multisystem organ failure, resulting in poor surgical outcomes
[58]. Additionally, studies have confirmed that vitamin D levels are significantly associated
with bone mineral density; thus, vitamin D deficiency may result in bone nonunion or pro-
longed fusion time [20, 21]. This is consistent with our findings (OR, 2.47; 95% CI, 1.25 to
4.91).

BMP-2 is an osteoinductive growth factor that belongs to the transforming growth factor-f3
(TGF-B) superfamily; it can stimulate pluripotent cells to form bone, and it is the only bone
inducer with level I clinical evidence [8, 11, 59]. BMP-2 was introduced in the medical scenario
to promote bone healing with the proposal of less morbidity compared to the usual methods of
bone graft harvest [59]. Niu et al. reported that patients who used BMP-2 had better fusion
rates than patients who were without the use of BMP-2 [8-13]. Moreover, we found that even
if there are some complications, autografts remain the gold standard for interbody grafts in
spinal fusion [44]. It has been demonstrated that autografts contain viable osteoblasts and oste-
ogenic precursor cells that can contribute to the formation of new bone, thus improving the
fusion rate [60]. However, allografts are considered to have high osteoconductive properties
[61], weak osteoinductive potential, and non-osteogenic properties [62, 63]. Therefore, auto-
grafts provide better conditions for bone fusion and a higher fusion rate than allografts, which
was also fully reflected in our research.
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Additionally, Wu et al. and Weng et al. showed that compared with EPS fixation, CPS fixa-
tion has lower stability than internal fixation [50, 52]. EPS can fix the vertical axial section
through the front expansive effect [64], thus forming triangular support [65] and significantly
enhancing screw bonding [66]; in parallel, the surrounding bone trabecula is appropriately
compressed, which consequently enhances both bone density and the stability of internal fixa-
tion [67]. Hence, the fusion rate of EPS fixation surpasses that of CPS fixation.

Implications

Our study comprehensively shows the risk factors that may affect spinal fusion, and the identi-
fication of these factors can help clinicians to conduct a more comprehensive preoperative risk
assessment of patients and early intervention, while developing appropriate surgical strategies
for patients to reduce the risk of fusion failure. Therefore, conducting extensive prospective
cohort studies is essential to validate these findings.

Strengths

The advantages of our study are as follows. First, to the best of our knowledge, this is the first
meta-analysis to assess all the risk factors that may affect spinal fusion. It provides the latest
and most comprehensive evidence of risk factors affecting spinal fusion, including smoking,
diabetes, vitamin D deficiency, allograft, without the use of BMP-2, CPS fixation, and postero-
lateral fusion. Second, to maximize the retrieval of original literature meeting the inclusion cri-
teria and mitigate publication bias in the combined results, we developed an extensive
database search strategy encompassing PubMed, Cochrane Library, and Embase, without
imposing any date restrictions. Third, we also calculated the pooled fusion rate of spinal sur-
gery by a random effect model and analyzed some factors at the baseline study level. Fourth,
we assessed the strength of correlation for each risk factor (from Class I to Class IV) by consid-
ering factors such as sample size, Egger’s P value, and heterogeneity. Lastly, we employed a
range of rigorous methods to assess the robustness of our findings, such as sensitivity analysis
and the trim-and-fill method.

Limitations

The study has the following limitations despite its abovementioned strengths. First, our data
sources were based on cohort studies, and the related risk factors that lead to an increase in the
risk of fusion failure are diverse and complex; they were to some extent subject to selection
bias. Second, few studies were involved in the analysis of some of the risk factors, making it dif-
ficult to accurately assess their relationship with spinal fusion, highlighting the need for future
high-quality large cohort studies. Finally, given the absence of established gold standards or
guidelines for quantitatively evaluating the strength of risk factor meta-analysis evidence, we
employed three criteria (Egger’s P value, sample size, and I” statistics) to classify the level of
evidence intensity in accordance with existing literature.

Conclusions

In conclusion, the current meta-analysis showed conspicuous risk factors affecting spinal
fusion, including three patient-related risk factors (smoking, vitamin D deficiency, diabetes)
and four surgery-related risk factors (without the use of BMP-2, allograft, CPS fixation, and
posterolateral fusion). These findings may help clinicians strengthen awareness for early inter-
vention in patients at high risk of developing fusion failure.
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S8 Fig. Funnel plots for meta-analysis of association between diabetes and fusion rate.
(TIF)

S9 Fig. Funnel plots for meta-analysis of association between MIS and fusion rate.
(TIF)

$10 Fig. Funnel plots for meta-analysis of association between fusion column (posterolat-
eral vs. lateral) and fusion rate.
(TIF)

Author Contributions
Conceptualization: Beijun Zhou, Mingjiang Luo.

Data curation: Shudong Yang, Beijun Zhou, Jiaxuan Mo, Ruidi He, Gaigai Yang, Mingjiang
Luo, Zhihong Xiao.

Formal analysis: Kunbo Mei, Zhi Zeng, Yuwei Chen, Mingjiang Luo.
Funding acquisition: Zhihong Xiao.

Methodology: Shudong Yang, Yuwei Chen, Mingjiang Luo.
Resources: Beijun Zhou.

Software: Beijun Zhou, Jiaxuan Mo.

Supervision: Shudong Yang, Ruidi He, Zhihong Xiao.

Validation: Shudong Yang.

Writing - original draft: Mingjiang Luo, Siliang Tang.

Writing - review & editing: Siliang Tang.

References

1. Haldeman S, Kopansky-Giles D, Hurwitz EL, Hoy D, Mark Erwin W, Dagenais S, et al. Advancements
in the management of spine disorders. Best Pract Res Clin Rheumatol. 2012; 26(2):263-80. Epub
2012/07/17. https://doi.org/10.1016/j.berh.2012.03.006 PMID: 22794098.

2. MeiJ, Song X, Guan X, Wu D, Wang J, Liu Q. Postoperative bisphosphonate do not significantly alter
the fusion rate after lumbar spinal fusion: a meta-analysis. J Orthop Surg Res. 2021; 16(1):284. Epub
2021/05/01. https://doi.org/10.1186/s13018-021-02444-z PMID: 33926494.

3. Ravindra VM, Senglaub SS, Rattani A, Dewan MC, Hartl R, Bisson E, et al. Degenerative Lumbar
Spine Disease: Estimating Global Incidence and Worldwide Volume. Global Spine J. 2018; 8(8):784—
94. Epub 2018/12/19. https://doi.org/10.1177/2192568218770769 PMID: 30560029.

4. Tavares WM, de Franca SA, Paiva WS, Teixeira MJ. A systematic review and meta-analysis of fusion
rate enhancements and bone graft options for spine surgery. Sci Rep. 2022; 12(1):7546. Epub 2022/05/
10. https://doi.org/10.1038/s41598-022-11551-8 PMID: 35534520.

5. DeyoRA, Gray DT, Kreuter W, Mirza S, Martin BI. United States trends in lumbar fusion surgery for
degenerative conditions. Spine (Phila Pa 1976). 2005; 30(12):1441-5; discussion 6—7. Epub 2005/06/
17. https://doi.org/10.1097/01.brs.0000166503.37969.8a PMID: 15959375.

6. Katz JN. Lumbar spinal fusion. Surgical rates, costs, and complications. Spine (Phila Pa 1976). 1995;
20(24 Suppl):78s—83s. Epub 1995/12/15. PMID: 8747260.

7. Bonnheim NB, Keaveny TM. Load-transfer in the human vertebral body following lumbar total disc
arthroplasty: Effects of implant size and stiffness in axial compression and forward flexion. JOR Spine.
2020; 3(1):e1078. Epub 2020/03/27. https://doi.org/10.1002/jsp2.1078 PMID: 32211590.

8. Burkus JK. Bone morphogenetic proteins in anterior lumbar interbody fusion: old techniques and new
technologies. Invited submission from the Joint Section Meeting on Disorders of the Spine and Periph-
eral Nerves, March 2004. J Neurosurg Spine. 2004; 1(3):254—60. Epub 2004/10/14. https://doi.org/10.
3171/spi.2004.1.3.0254 PMID: 15478362.

PLOS ONE | https://doi.org/10.1371/journal.pone.0304473  June 7, 2024 20/24


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0304473.s017
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0304473.s018
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0304473.s019
https://doi.org/10.1016/j.berh.2012.03.006
http://www.ncbi.nlm.nih.gov/pubmed/22794098
https://doi.org/10.1186/s13018-021-02444-z
http://www.ncbi.nlm.nih.gov/pubmed/33926494
https://doi.org/10.1177/2192568218770769
http://www.ncbi.nlm.nih.gov/pubmed/30560029
https://doi.org/10.1038/s41598-022-11551-8
http://www.ncbi.nlm.nih.gov/pubmed/35534520
https://doi.org/10.1097/01.brs.0000166503.37969.8a
http://www.ncbi.nlm.nih.gov/pubmed/15959375
http://www.ncbi.nlm.nih.gov/pubmed/8747260
https://doi.org/10.1002/jsp2.1078
http://www.ncbi.nlm.nih.gov/pubmed/32211590
https://doi.org/10.3171/spi.2004.1.3.0254
https://doi.org/10.3171/spi.2004.1.3.0254
http://www.ncbi.nlm.nih.gov/pubmed/15478362
https://doi.org/10.1371/journal.pone.0304473

PLOS ONE

Risk factors affecting spinal fusion

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Burkus JK, Dryer RF, Arnold PM, Foley KT. Clinical and Radiographic Outcomes in Patients Undergo-
ing Single-level Anterior Cervical Arthrodesis: A Prospective Trial Comparing Allograft to a Reduced
Dose of rhBMP-2. Clinical spine surgery. 2017; 30(9):E1321-e32. Epub 2016/06/29. https://doi.org/10.
1097/BSD.0000000000000409 PMID: 27352370.

Burkus JK, Sandhu HS, Gornet MF, Longley MC. Use of rhBMP-2 in combination with structural cortical
allografts: clinical and radiographic outcomes in anterior lumbar spinal surgery. The Journal of bone and
joint surgery American volume. 2005; 87(6):1205—12. Epub 2005/06/03. https://doi.org/10.2106/JBJS.
D.02532 PMID: 15930528.

Hoffmann MF, Jones CB, Sietsema DL. Adjuncts in posterior lumbar spine fusion: comparison of com-
plications and efficacy. Arch Orthop Trauma Surg. 2012; 132(8):1105—-10. Epub 2012/05/09. https://doi.
org/10.1007/s00402-012-1529-0 PMID: 22562366.

Niu S, Anastasio AT, Faraj RR, Rhee JM. Evaluation of Heterotopic Ossification After Using Recombi-
nant Human Bone Morphogenetic Protein-2 in Transforaminal Lumbar Interbody Fusion: A Computed
Tomography Review of 996 Disc Levels. Global Spine J. 2020; 10(3):280-5. Epub 2020/04/22. https://
doi.org/10.1177/2192568219846074 PMID: 32313793.

TanY, Tanaka M, Sonawane S, Uotani K, Oda Y, Fujiwara Y, et al. Comparison of Simultaneous Sin-
gle-Position Oblique Lumbar Interbody Fusion and Percutaneous Pedicle Screw Fixation with Posterior
Lumbar Interbody Fusion Using O-arm Navigated Technique for Lumbar Degenerative Diseases. J Clin
Med. 2021; 10(21). Epub 2021/11/14. https://doi.org/10.3390/jcm 10214938 PMID: 34768459.

Adams CL, Ogden K, Robertson IK, Broadhurst S, Edis D. Effectiveness and safety of recombinant
human bone morphogenetic protein-2 versus local bone graft in primary lumbar interbody fusions.
Spine (Phila Pa 1976). 2014; 39(2):164—71. Epub 2013/10/25. https://doi.org/10.1097/BRS.
0000000000000089 PMID: 24153173.

Frenkel MB, Cahill KS, Javahary RJ, Zacur G, Green BA, Levi AD. Fusion rates in multilevel, instru-
mented anterior cervical fusion for degenerative disease with and without the use of bone morphoge-
netic protein. J Neurosurg Spine. 2013; 18(3):269-73. Epub 2013/01/29. https://doi.org/10.3171/2012.
12.SPINE12607 PMID: 23350532.

Gerszten PC, Tobler WD, Nasca RJ. Retrospective analysis of L5-S1 axial lumbar interbody fusion
(AxiaLIF): a comparison with and without the use of recombinant human bone morphogenetic protein-2.
Spine J. 2011; 11(11):1027-32. Epub 2011/11/30. https://doi.org/10.1016/j.spinee.2011.10.006 PMID:
22122835.

Hyun SJ, Yoon SH, Kim JH, Oh JK, Lee CH, Shin JJ, et al. A Prospective, Multi-Center, Double-Blind,
Randomized Study to Evaluate the Efficacy and Safety of the Synthetic Bone Graft Material DBM Gel
with rhBMP-2 versus DBM Gel Used during the TLIF Procedure in Patients with Lumbar Disc Disease.
J Korean Neurosurg Soc. 2021; 64(4):562—74. Epub 2021/04/29. https://doi.org/10.3340/jkns.2020.
0331 PMID: 33906347.

Joseph V, Rampersaud YR. Heterotopic bone formation with the use of rhBMP2 in posterior minimal
access interbody fusion: a CT analysis. Spine (Phila Pa 1976). 2007; 32(25):2885-90. Epub 2008/02/
05. https://doi.org/10.1097/BRS.0b013e31815b7596 PMID: 18246013.

Son HJ, Choi SH, Lee MK, Kang CN. Efficacy and safety of Escherichia coli-derived recombinant
human bone morphogenetic protein-2 in additional lumbar posterolateral fusion: minimum 1-year fol-
low-up. Spine J. 2021; 21(8):1340-6. Epub 2021/04/14. https://doi.org/10.1016/j.spinee.2021.04.007
PMID: 33848691.

Ravindra VM, Godzik J, Dailey AT, Schmidt MH, Bisson EF, Hood RS, et al. Vitamin D Levels and 1-
Year Fusion Outcomes in Elective Spine Surgery: A Prospective Observational Study. Spine (Phila Pa
1976). 2015; 40(19):1536-41. Epub 2015/07/15. https://doi.org/10.1097/BRS.000000000000104 1
PMID: 26165222.

Zhang W, LiL, Zhou X, Li K, Liu C, Lin X, et al. Concurrent Treatment with Vitamin K2 and D3 on Spine
Fusion in Patients with Osteoporosis-Associated Lumbar Degenerative Disorders. Spine (Phila Pa
1976). 2022; 47(4):352—-60. Epub 2021/12/18. https://doi.org/10.1097/BRS.0000000000004309 PMID:
34919073.

Ravindra VM, Guan J, Holland CM, Dailey AT, Schmidt MH, Godzik J, et al. Vitamin D status in cervical
spondylotic myelopathy: comparison of fusion rates and patient outcome measures. J Neurosurg Sci.
2019; 63(1):36—41. Epub 2016/09/03. https://doi.org/10.23736/S0390-5616.16.03846-7 PMID: 27588820.

Stroup DF, Berlin JA, Morton SC, Olkin |, Williamson GD, Rennie D, et al. Meta-analysis of observa-
tional studies in epidemiology: a proposal for reporting. Meta-analysis Of Observational Studies in Epi-
demiology (MOOSE) group. Jama. 2000; 283(15):2008—12. Epub 2000/05/02. https://doi.org/10.1001/
jama.283.15.2008 PMID: 10789670.

Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020
statement: An updated guideline for reporting systematic reviews. Int J Surg. 2021; 88:105906. Epub
2021/04/02. https://doi.org/10.1016/j.ijsu.2021.105906 PMID: 33789826.

PLOS ONE | https://doi.org/10.1371/journal.pone.0304473  June 7, 2024 21/24


https://doi.org/10.1097/BSD.0000000000000409
https://doi.org/10.1097/BSD.0000000000000409
http://www.ncbi.nlm.nih.gov/pubmed/27352370
https://doi.org/10.2106/JBJS.D.02532
https://doi.org/10.2106/JBJS.D.02532
http://www.ncbi.nlm.nih.gov/pubmed/15930528
https://doi.org/10.1007/s00402-012-1529-0
https://doi.org/10.1007/s00402-012-1529-0
http://www.ncbi.nlm.nih.gov/pubmed/22562366
https://doi.org/10.1177/2192568219846074
https://doi.org/10.1177/2192568219846074
http://www.ncbi.nlm.nih.gov/pubmed/32313793
https://doi.org/10.3390/jcm10214938
http://www.ncbi.nlm.nih.gov/pubmed/34768459
https://doi.org/10.1097/BRS.0000000000000089
https://doi.org/10.1097/BRS.0000000000000089
http://www.ncbi.nlm.nih.gov/pubmed/24153173
https://doi.org/10.3171/2012.12.SPINE12607
https://doi.org/10.3171/2012.12.SPINE12607
http://www.ncbi.nlm.nih.gov/pubmed/23350532
https://doi.org/10.1016/j.spinee.2011.10.006
http://www.ncbi.nlm.nih.gov/pubmed/22122835
https://doi.org/10.3340/jkns.2020.0331
https://doi.org/10.3340/jkns.2020.0331
http://www.ncbi.nlm.nih.gov/pubmed/33906347
https://doi.org/10.1097/BRS.0b013e31815b7596
http://www.ncbi.nlm.nih.gov/pubmed/18246013
https://doi.org/10.1016/j.spinee.2021.04.007
http://www.ncbi.nlm.nih.gov/pubmed/33848691
https://doi.org/10.1097/BRS.0000000000001041
http://www.ncbi.nlm.nih.gov/pubmed/26165222
https://doi.org/10.1097/BRS.0000000000004309
http://www.ncbi.nlm.nih.gov/pubmed/34919073
https://doi.org/10.23736/S0390-5616.16.03846-7
http://www.ncbi.nlm.nih.gov/pubmed/27588820
https://doi.org/10.1001/jama.283.15.2008
https://doi.org/10.1001/jama.283.15.2008
http://www.ncbi.nlm.nih.gov/pubmed/10789670
https://doi.org/10.1016/j.ijsu.2021.105906
http://www.ncbi.nlm.nih.gov/pubmed/33789826
https://doi.org/10.1371/journal.pone.0304473

PLOS ONE

Risk factors affecting spinal fusion

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Shea BJ, Reeves BC, Wells G, Thuku M, Hamel C, Moran J, et al. AMSTAR 2: a critical appraisal tool
for systematic reviews that include randomised or non-randomised studies of healthcare interventions,
or both. Bmj. 2017; 358:j4008. Epub 2017/09/25. https://doi.org/10.1136/bm|.j4008 PMID: 28935701 at
http://www.icmje.org/coi_disclosure.pdf and declare: no support from any organisation for the submitted
work; no financial relationships with any organisations that might have an interest in the submitted work
in the previous three years, no other relationships or activities that could appear to have influenced the
submitted work.

Stang A. Critical evaluation of the Newcastle-Ottawa scale for the assessment of the quality of nonran-
domized studies in meta-analyses. Eur J Epidemiol. 2010; 25(9):603-5. Epub 2010/07/24. https://doi.
org/10.1007/s10654-010-9491-z PMID: 20652370.

Luo M, Cao Q, Wang D, Tan R, Shi Y, Chen J, et al. The impact of diabetes on postoperative outcomes
following spine surgery: A meta-analysis of 40 cohort studies with 2.9 million participants. Int J Surg.
2022; 104:106789. https://doi.org/10.1016/j.ijsu.2022.106789 PMID: 35918006.

Mei Z, Wang Q, Zhang Y, Liu P, Ge M, Du P, et al. Risk Factors for Recurrence after anal fistula surgery:
A meta-analysis. Int J Surg. 2019; 69:153-64. Epub 2019/08/11. https://doi.org/10.1016/}.ijsu.2019.08.
003 PMID: 31400504.

Higgins JPT, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency in meta-analyses. BMJ.
20083; 327(7414):557-60. https://doi.org/10.1136/bm|.327.7414.557 PMID: 12958120.

Peters JL, Sutton AJ, Jones DR, Abrams KR, Rushton L. Comparison of two methods to detect publica-
tion bias in meta-analysis. JAMA. 2006; 295(6):676—80. https://doi.org/10.1001/jama.295.6.676 PMID:
16467236.

Bishop RC, Moore KA, Hadley MN. Anterior cervical interbody fusion using autogeneic and allogeneic
bone graft substrate: a prospective comparative analysis. Journal of neurosurgery. 1996; 85(2):206—10.
Epub 1996/08/01. https://doi.org/10.3171/jns.1996.85.2.0206 PMID: 8755747.

Bose B. Anterior cervical instrumentation enhances fusion rates in multilevel reconstruction in smokers.
Journal of spinal disorders. 2001; 14(1):3-9. Epub 2001/03/10. https://doi.org/10.1097/00002517-
200102000-00002 PMID: 11242268.

Cammisa FP Jr., Lowery G, Garfin SR, Geisler FH, Klara PM, McGuire RA, et al. Two-year fusion
rate equivalency between Grafton DBM gel and autograft in posterolateral spine fusion: a prospective
controlled trial employing a side-by-side comparison in the same patient. Spine (Phila Pa 1976).
2004; 29(6):660—6. Epub 2004/03/12. https://doi.org/10.1097/01.brs.0000116588.17129.b9 PMID:
15014276.

Frantzén J, Rantakokko J, Aro HT, Heinanen J, Kajander S, Gullichsen E, et al. Instrumented spondy-
lodesis in degenerative spondylolisthesis with bioactive glass and autologous bone: a prospective 11-
year follow-up. Journal of spinal disorders & techniques. 2011; 24(7):455-61. Epub 2011/09/13. https:/
doi.org/10.1097/BSD.0b013e31822a20c6 PMID: 21909036.

Glassman SD, Alegre G, Carreon L, Dimar JR, Johnson JR. Perioperative complications of lumbar
instrumentation and fusion in patients with diabetes mellitus. Spine J. 2003; 3(6):496-501. Epub 2003/
11/12. https://doi.org/10.1016/s1529-9430(03)00426-1 PMID: 14609695.

Glassman SD, Anagnost SC, Parker A, Burke D, Johnson JR, Dimar JR. The effect of cigarette smoking
and smoking cessation on spinal fusion. Spine (Phila Pa 1976). 2000; 25(20):2608—15. Epub 2000/10/
18. https://doi.org/10.1097/00007632-200010150-00011 PMID: 11034645.

LiZ, LiZ, Chen X, Han X, Li K, Li S. Comparison between modified facet joint fusion and posterolateral
fusion for the treatment of lumbar degenerative diseases: a retrospective study. BMC Surg. 2022; 22
(1):29. Epub 2022/01/30. https://doi.org/10.1186/s12893-022-01468-4 PMID: 35090435.

Luszczyk M, Smith JS, Fischgrund JS, Ludwig SC, Sasso RC, Shaffrey Cl, et al. Does smoking have an
impact on fusion rate in single-level anterior cervical discectomy and fusion with allograft and rigid plate
fixation? Clinical article. J Neurosurg Spine. 2013; 19(5):527-31. Epub 2013/09/03. https://doi.org/10.
3171/2013.7.SPINE13208 PMID: 23992432.

Moazzeni K, Kazemi KA, Khanmohammad R, Eslamian M, Rostami M, Faghih-Jouibari M. Comparison
of Surgical Outcome Between Diabetic Versus Nondiabetic Patients After Lumbar Fusion. Int J Spine
Surg. 2018; 12(4):528-32. Epub 2018/10/03. https://doi.org/10.14444/5064 PMID: 30276114.

Nourian AA, Harrington J, Pulido PA, McCauley JC, Bruffey JD, Eastlack RK. Fusion Rates of Lateral
Lumbar Interbody Fusion Using Recombinant Human Bone Morphogenetic Protein-2. Global Spine
J.2019; 9(4):398-402. Epub 2019/06/21. https://doi.org/10.1177/2192568218797097 PMID:
31218198.

Phan K, Fadhil M, Chang N, Giang G, Gragnaniello C, Mobbs RJ. Effect of Smoking Status on Success-
ful Arthrodesis, Clinical Outcome, and Complications After Anterior Lumbar Interbody Fusion (ALIF).
World Neurosurg. 2018; 110:€998-e1003. Epub 2017/12/11. https://doi.org/10.1016/j.wneu.2017.11.
157 PMID: 29223523.

PLOS ONE | https://doi.org/10.1371/journal.pone.0304473  June 7, 2024 22/24


https://doi.org/10.1136/bmj.j4008
http://www.ncbi.nlm.nih.gov/pubmed/28935701
http://www.icmje.org/coi_disclosure.pdf
https://doi.org/10.1007/s10654-010-9491-z
https://doi.org/10.1007/s10654-010-9491-z
http://www.ncbi.nlm.nih.gov/pubmed/20652370
https://doi.org/10.1016/j.ijsu.2022.106789
http://www.ncbi.nlm.nih.gov/pubmed/35918006
https://doi.org/10.1016/j.ijsu.2019.08.003
https://doi.org/10.1016/j.ijsu.2019.08.003
http://www.ncbi.nlm.nih.gov/pubmed/31400504
https://doi.org/10.1136/bmj.327.7414.557
http://www.ncbi.nlm.nih.gov/pubmed/12958120
https://doi.org/10.1001/jama.295.6.676
http://www.ncbi.nlm.nih.gov/pubmed/16467236
https://doi.org/10.3171/jns.1996.85.2.0206
http://www.ncbi.nlm.nih.gov/pubmed/8755747
https://doi.org/10.1097/00002517-200102000-00002
https://doi.org/10.1097/00002517-200102000-00002
http://www.ncbi.nlm.nih.gov/pubmed/11242268
https://doi.org/10.1097/01.brs.0000116588.17129.b9
http://www.ncbi.nlm.nih.gov/pubmed/15014276
https://doi.org/10.1097/BSD.0b013e31822a20c6
https://doi.org/10.1097/BSD.0b013e31822a20c6
http://www.ncbi.nlm.nih.gov/pubmed/21909036
https://doi.org/10.1016/s1529-9430%2803%2900426-1
http://www.ncbi.nlm.nih.gov/pubmed/14609695
https://doi.org/10.1097/00007632-200010150-00011
http://www.ncbi.nlm.nih.gov/pubmed/11034645
https://doi.org/10.1186/s12893-022-01468-4
http://www.ncbi.nlm.nih.gov/pubmed/35090435
https://doi.org/10.3171/2013.7.SPINE13208
https://doi.org/10.3171/2013.7.SPINE13208
http://www.ncbi.nlm.nih.gov/pubmed/23992432
https://doi.org/10.14444/5064
http://www.ncbi.nlm.nih.gov/pubmed/30276114
https://doi.org/10.1177/2192568218797097
http://www.ncbi.nlm.nih.gov/pubmed/31218198
https://doi.org/10.1016/j.wneu.2017.11.157
https://doi.org/10.1016/j.wneu.2017.11.157
http://www.ncbi.nlm.nih.gov/pubmed/29223523
https://doi.org/10.1371/journal.pone.0304473

PLOS ONE

Risk factors affecting spinal fusion

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Samartzis D, Shen FH, Matthews DK, Yoon ST, Goldberg EJ, An HS. Comparison of allograft to auto-
graft in multilevel anterior cervical discectomy and fusion with rigid plate fixation. Spine J. 2003; 3
(6):451-9. Epub 2003/11/12. https://doi.org/10.1016/s1529-9430(03)00173-6 PMID: 14609689.

Srour R, Gdoura Y, Delaitre M, Mortada J, Benali MA, Millot F, et al. Facet Arthrodesis with the FFX
Device: One-Year Results from a Prospective Multicenter Study. Int J Spine Surg. 2020; 14(6):996—
1002. Epub 2021/02/10. https://doi.org/10.14444/7149 PMID: 33560260.

Suchomel P, Barsa P, Buchvald P, Svobodnik A, Vanickova E. Autologous versus allogenic bone grafts
in instrumented anterior cervical discectomy and fusion: a prospective study with respect to bone union
pattern. Eur Spine J. 2004; 13(6):510-5. Epub 2004/03/26. https://doi.org/10.1007/s00586-003-0667-z
PMID: 15042453.

Tan B, Wang H, Dong J, Yuan Z, Wang D, Wang F. Comparison of rhBMP-2 versus Autogenous lliac
Crest Bone Graft for 2-Level Anterior Cervical Discectomy and Fusion for Cervical Spondylotic Myelop-
athy. Med Sci Monit. 2015; 21:3159-65. Epub 2015/10/21. https://doi.org/10.12659/msm.894656
PMID: 26479708.

Tannoury C, Bhale R, Vora M, Saade A, Kortbawi R, Orlando G, et al. Pseudarthrosis Following Lumbar
and Lumbosacral Fusion Using the Antepsoas Technique. Spine (Phila Pa 1976). 2021; 46(24):1690—
5. Epub 2021/09/03. https://doi.org/10.1097/BRS.0000000000004115 PMID: 34474451.

Tuli SK, Tuli J, Chen P, Woodard EJ. Fusion rate: a time-to-event phenomenon. J Neurosurg Spine.
2004; 1(1):47-51. Epub 2004/08/05. https://doi.org/10.3171/spi.2004.1.1.0047 PMID: 15291020.

Urrutia J, Molina M. Fresh-frozen femoral head allograft as lumbar interbody graft material allows high
fusion rate without subsidence. Orthop Traumatol Surg Res. 2013; 99(4):413-8. Epub 2013/04/20.
https://doi.org/10.1016/j.o0tsr.2013.03.010 PMID: 23597870.

Wang H, Meng Y, Liu H, Wang X, Hong Y. The impact of smoking on outcomes following anterior cervi-
cal fusion-nonfusion hybrid surgery: a retrospective single-center cohort study. BMC Musculoskelet Dis-
ord. 2021; 22(1):612. Epub 2021/07/11. https://doi.org/10.1186/s12891-021-04501-4 PMID: 34243728.

Weng F, Wang J, Yang L, Zeng J, Chu Y, Tian Z. Application value of expansive pedicle screw in the
lumbar short-segment fixation and fusion for osteoporosis patients. Exp Ther Med. 2018; 16(2):665—-70.
Epub 2018/08/17. https://doi.org/10.3892/etm.2018.6248 PMID: 30112031.

Wu FL, Dang L, Zhou H, Yu M, Wei F, Jiang L, et al. Two-Year Outcomes of Midline lumbar Fusion Ver-
sus Minimally Invasive Transforaminal Lumbar Interbody Fusion in the Treatment of L4-L5 Degenera-
tive Disease. Biomed Environ Sci. 2020; 33(11):839-48. Epub 2021/03/28. https://doi.org/10.3967/
bes2020.114 PMID: 33771237.

Wu ZX, Gong FT, LiuL, Ma ZS, Zhang Y, Zhao X, et al. A comparative study on screw loosening in oste-
oporotic lumbar spine fusion between expandable and conventional pedicle screws. Arch Orthop
Trauma Surg. 2012; 132(4):471-6. Epub 2011/12/08. https://doi.org/10.1007/s00402-011-1439-6
PMID: 22146812.

Zhang YH, Shen L, Shao J, Chou D, Song J, Zhang J. Structural Allograft versus Autograft for Instru-
mented Atlantoaxial Fusions in Pediatric Patients: Radiologic and Clinical Outcomes in Series of 32
Patients. World Neurosurg. 2017; 105:549-56. Epub 2017/06/19. https://doi.org/10.1016/j.wneu.2017.
06.048 PMID: 28624564.

YangY,Mal,HongV, LiuH, Song Y, Liu L, etal. The application of Zero-profile implant in two-level
and single level anterior cervical discectomy and fusion for the treatment of cervical spondylosis: a com-
parative study. 2016; 9(8):15667—-77.

Daftari TK, Whitesides TE Jr., Heller JG, Goodrich AC, McCarey BE, Hutton WC. Nicotine on the revas-
cularization of bone graft. An experimental study in rabbits. Spine (Phila Pa 1976). 1994; 19(8):904—11.
Epub 1994/04/15. https://doi.org/10.1097/00007632-199404150-00007 PMID: 7516583.

Fang MA, Frost PJ, lida-Klein A, Hahn TJ. Effects of nicotine on cellular function in UMR 106—-01 osteo-
blast-like cells. Bone. 1991; 12(4):283-6. Epub 1991/01/01. hitps://doi.org/10.1016/8756-3282(91)
90077-v PMID: 1793680.

Theiss SM, Boden SD, Hair G, Titus L, Morone MA, Ugbo J. The effect of nicotine on gene expression
during spine fusion. Spine (Phila Pa 1976). 2000; 25(20):2588—94. Epub 2000/10/18. https://doi.org/10.
1097/00007632-200010150-00008 PMID: 11034642.

Woukich DK. Diabetes and its negative impact on outcomes in orthopaedic surgery. World J Orthop.
2015; 6(3):331-9. Epub 2015/04/22. https://doi.org/10.5312/wjo.v6.i3.331 PMID: 25893176.

Oliveira OR, Martins SP, Lima WG, Gomes MM. The use of bone morphogenetic proteins (BMP) and
pseudarthrosis, a literature review. Revista brasileira de ortopedia. 2017; 52(2):124—40. Epub 2017/04/
15. https://doi.org/10.1016/j.rboe.2016.03.005 PMID: 28409128.

Arrington ED, Smith WJ, Chambers HG, Bucknell AL, Davino NA. Complications of iliac crest bone graft
harvesting. Clin Orthop Relat Res. 1996;( 329):300-9. Epub 1996/08/01. https://doi.org/10.1097/
00003086-199608000-00037 PMID: 8769465.

PLOS ONE | https://doi.org/10.1371/journal.pone.0304473  June 7, 2024 23/24


https://doi.org/10.1016/s1529-9430%2803%2900173-6
http://www.ncbi.nlm.nih.gov/pubmed/14609689
https://doi.org/10.14444/7149
http://www.ncbi.nlm.nih.gov/pubmed/33560260
https://doi.org/10.1007/s00586-003-0667-z
http://www.ncbi.nlm.nih.gov/pubmed/15042453
https://doi.org/10.12659/msm.894656
http://www.ncbi.nlm.nih.gov/pubmed/26479708
https://doi.org/10.1097/BRS.0000000000004115
http://www.ncbi.nlm.nih.gov/pubmed/34474451
https://doi.org/10.3171/spi.2004.1.1.0047
http://www.ncbi.nlm.nih.gov/pubmed/15291020
https://doi.org/10.1016/j.otsr.2013.03.010
http://www.ncbi.nlm.nih.gov/pubmed/23597870
https://doi.org/10.1186/s12891-021-04501-4
http://www.ncbi.nlm.nih.gov/pubmed/34243728
https://doi.org/10.3892/etm.2018.6248
http://www.ncbi.nlm.nih.gov/pubmed/30112031
https://doi.org/10.3967/bes2020.114
https://doi.org/10.3967/bes2020.114
http://www.ncbi.nlm.nih.gov/pubmed/33771237
https://doi.org/10.1007/s00402-011-1439-6
http://www.ncbi.nlm.nih.gov/pubmed/22146812
https://doi.org/10.1016/j.wneu.2017.06.048
https://doi.org/10.1016/j.wneu.2017.06.048
http://www.ncbi.nlm.nih.gov/pubmed/28624564
https://doi.org/10.1097/00007632-199404150-00007
http://www.ncbi.nlm.nih.gov/pubmed/7516583
https://doi.org/10.1016/8756-3282%2891%2990077-v
https://doi.org/10.1016/8756-3282%2891%2990077-v
http://www.ncbi.nlm.nih.gov/pubmed/1793680
https://doi.org/10.1097/00007632-200010150-00008
https://doi.org/10.1097/00007632-200010150-00008
http://www.ncbi.nlm.nih.gov/pubmed/11034642
https://doi.org/10.5312/wjo.v6.i3.331
http://www.ncbi.nlm.nih.gov/pubmed/25893176
https://doi.org/10.1016/j.rboe.2016.03.005
http://www.ncbi.nlm.nih.gov/pubmed/28409128
https://doi.org/10.1097/00003086-199608000-00037
https://doi.org/10.1097/00003086-199608000-00037
http://www.ncbi.nlm.nih.gov/pubmed/8769465
https://doi.org/10.1371/journal.pone.0304473

PLOS ONE

Risk factors affecting spinal fusion

61.

62.

63.

64.

65.

66.

67.

Lind M, Biinger C. Factors stimulating bone formation. Eur Spine J. 2001; 10 Supp! 2(Supp! 2):S102-9.
Epub 2001/11/22. https://doi.org/10.1007/s005860100269 PMID: 11716006.

Erbe EM, Marx JG, Clineff TD, Bellincampi LD. Potential of an ultraporous beta-tricalcium phosphate
synthetic cancellous bone void filler and bone marrow aspirate composite graft. Eur Spine J. 2001; 10
Suppl 2(Suppl 2):S141-6. Epub 2001/11/22. https://doi.org/10.1007/s005860100287 PMID: 11716011.

Newman M. The outcome of pseudarthrosis after cervical anterior fusion. Spine (Phila Pa 1976). 1993;
18(16):2380-2. Epub 1993/12/01. https://doi.org/10.1097/00007632-199312000-00002 PMID:
8303436.

Weiss HR, Moramarco M. Congenital Scoliosis (Mini-review). Curr Pediatr Rev. 2016; 12(1):43-7.
Epub 2016/01/16. https://doi.org/10.2174/1573396312666151117121011 PMID: 26769614.

Mundis GM, Eastlack RK, Moazzaz P, Turner AW, Cornwall GB. Contribution of Round vs. Rectangular
Expandable Cage Endcaps to Spinal Stability in a Cadaveric Corpectomy Model. Int J Spine Surg.
2015; 9:53. Epub 2015/11/27. https://doi.org/10.14444/2053 PMID: 26609508.

Chen YL, Chen WC, Chou CW, Chen JW, Chang CM, Lai YS, et al. Biomechanical study of expandable
pedicle screw fixation in severe osteoporotic bone comparing with conventional and cement-augmented
pedicle screws. Med Eng Phys. 2014; 36(11):1416—20. Epub 2014/06/08. https://doi.org/10.1016/].
medengphy.2014.05.003 PMID: 24907127.

Gonzalez-Blohm SA, Doulgeris JJ, Aghayev K, Lee WE 3rd, Laun J, Vrionis FD. In vitro evaluation of a
lateral expandable cage and its comparison with a static device for lumbar interbody fusion: a bio-
mechanical investigation. J Neurosurg Spine. 2014; 20(4):387-95. Epub 2014/02/04. https://doi.org/10.
3171/2013.12.SPINE13798 PMID: 24484306.

PLOS ONE | https://doi.org/10.1371/journal.pone.0304473  June 7, 2024 24/24


https://doi.org/10.1007/s005860100269
http://www.ncbi.nlm.nih.gov/pubmed/11716006
https://doi.org/10.1007/s005860100287
http://www.ncbi.nlm.nih.gov/pubmed/11716011
https://doi.org/10.1097/00007632-199312000-00002
http://www.ncbi.nlm.nih.gov/pubmed/8303436
https://doi.org/10.2174/1573396312666151117121011
http://www.ncbi.nlm.nih.gov/pubmed/26769614
https://doi.org/10.14444/2053
http://www.ncbi.nlm.nih.gov/pubmed/26609508
https://doi.org/10.1016/j.medengphy.2014.05.003
https://doi.org/10.1016/j.medengphy.2014.05.003
http://www.ncbi.nlm.nih.gov/pubmed/24907127
https://doi.org/10.3171/2013.12.SPINE13798
https://doi.org/10.3171/2013.12.SPINE13798
http://www.ncbi.nlm.nih.gov/pubmed/24484306
https://doi.org/10.1371/journal.pone.0304473

