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Abstract

Study Design: Systemic review and meta-analysis.

Objective: To review and establish the effect of tobacco smoking on risk of nonunion following spinal fusion.

Methods: A systematic search of Medline, Embase, Cochrane Central Register of Controlled Trials, and the Cochrane
Database of Systematic Reviews from inception to December 31, 2020, was conducted. Cohort studies directly comparing
smokers with nonsmokers that provided the number of nonunions and fused segments were included. Following data ex-
traction, the risk of bias was assessed using the Quality in Prognosis Studies Tool, and the strength of evidence for nonunion was
evaluated using the GRADE working group criteria. All data analysis was performed in Review Manager 5, and a random effects
model was used.

Results: Twenty studies assessing 3009 participants, which included 1117 (37%) smokers, met inclusion criteria. Pooled
analysis found that smoking was associated with increased risk of nonunion compared to not smoking ≥1 year following spine
surgery (RR 1.91, 95% CI 1.56 to 2.35). Smoking was significantly associated with increased nonunion in those receiving either
allograft (RR 1.39, 95% CI 1.12 to 1.73) or autograft (RR 2.04, 95% CI 1.54 to 2.72). Both multilevel and single level fusions
carried increased risk of nonunion in smokers (RR 2.30, 95% CI 1.64 to 3.23; RR 1.79, 95% CI 1.12 to 2.86, respectively).

Conclusion: Smoking status carried a global risk of nonunion for spinal fusion procedures regardless of follow-up time,
location, number of segments fused, or grafting material. Further comparative studies with robust methodology are necessary
to establish treatment guidelines tailored to smokers.
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Background

Tobacco use remains a global public health problem in the 21st
century. In the United States alone, cigarette smoking remains
the leading cause of preventable disease, disability, and death,
accounting for nearly 500,000 annual deaths or 1 in 5 of all
deaths.1 Health policy strategies and pharmacologic inter-
ventions have demonstrated only partial effectiveness in
mitigating rates of tobacco use.2,3 The wide-ranging negative
impact of smoking on outcomes after surgical procedures in
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diverse disciplines is well documented, significantly affecting
rates of infection, intraoperative and postoperative medical
complications, and long-term outcomes.4-8

At the same time, the preceding decade has seen a sub-
stantial rise in both the rates of spine surgery as well as its
associated health care costs. An analysis of the National In-
patient Sample between 2004 and 2015 found a 62.3% in-
crease in rates of lumbar fusion, coinciding with a 177%
increase in aggregate hospital costs.9 It has been estimated that
smokers comprise a noteworthy 24.0% and 31.8% of this
growing population of surgical spine patients, which is higher
than the national average of 14.0%.5,10 One of the relevant
sequelae adversely affecting long-term outcomes after spinal
fusion is the development of nonunion, or pseudarthrosis; this
clinical entity can result in disabling pain, disability, and
compromised function, frequently requiring reoperation.11

While the mechanism by which nicotine affects bone health
and healing is not yet fully understood, nicotine has been shown
to impair gene expression of a number of osteogenic growth
factors in addition to affecting vascularization of bone.12 In
addition, a recent Systematic Review identified a number of
studies suggesting smokers are more likely to experience
pseudarthrosis following cervical or lumbar surgery.13 How-
ever, to our knowledge, there is no formal Meta-Analysis of the
existing literature seeking to quantify the effect of smoking on
the development of nonunion following spine fusion surgery.
Therefore, we conducted this Systematic Review with Meta-
Analysis to determine if smoking tobacco resulted in increased
risk of nonunion after cervical or thoracolumbar fusion surgery
with formal calculation of relative risk.

Methods

Protocol and Registration

This work was registered with PROSPERPO (registration
number CRD42021231462).14 We conducted this study fol-
lowing the framework outlined by the Cochrane Prognosis
Methods Group15,16 as well as the Preferred Reporting Items for
Systematic Reviews andMeta-Analyses (PRISMA) statement.17

Identification of Studies

We searched MEDLINE (PubMed), EMBASE (Ovid), Cochrane
Central Register of Controlled Trials (CENTRAL), and Cochrane
Database of Systematic Reviews (CDSR) from inception to De-
cember 31, 2020.The search strategies are included inSupplemental
Table 1 in the supplemental material. We reviewed reference lists of
included studies and systematic reviews for additional articles. The
search was restricted to articles published in English.

Assessment of Eligibility

Two review authors (RSN and JRD) independently screened
titles and abstracts to identify articles for full text review. Any

citation deemed appropriate for inclusion by at least one of the
reviewers was retrieved. Each full-text article was indepen-
dently reviewed for eligibility by the same 2 team members.
Any disagreements were resolved by consensus.

Pre-established criteria were used to determine eligibility
for inclusion and exclusion of full text articles based on
PECOT (patient population of interest, exposure, comparator,
outcome, and timing) (Table 1).

We included only cohort studies that directly compared
smokers with nonsmokers and provided the absolute number
of nonunions (numerator) and the population or number of
fused segments at risk (denominator). We excluded prognostic
studies that looked at several risk factors for nonunion that
included smoking in a multivariate analysis but did not
provide numerator and denominator data. Additionally, we
excluded patients that received fusion with recombinant hu-
man bone morphogenetic protein-2 (rh-BMP2) as this would
be a confounding factor to the rate of fusion.

Data Abstraction and Data Management

Two review authors extracted data from each study into a
spreadsheet (Microsoft Excel). Data included author last
name, publication year, study design, country, sample size,
population characteristics, data source, location and levels of
fusion, surgical approach, follow-up time, graft material,
definition of fusion, and results.

Assessment of Methodological Quality of
Individual Studies

We assessed the risk of bias from these non-randomized
studies using the Quality in Prognosis Studies (QUIPS)
tool.18 QUIPS evaluates 6 domains: study participation, study
attrition, prognostic factor measurement, outcome measure-
ment, study confounding, and statistical analysis and re-
porting. Studies were judged as “good quality” when the
majority of criteria was met (little or no risk of bias); “fair
quality” if most criteria was met (some flaws in the study with
an associated risk of bias); and “poor quality” if either most
criteria were not met, or if significant flaws relating to key
aspects of study design were present.19 Two team members
independently assessed risk of bias and quality, and dis-
agreements were resolved through discussion.

Data Synthesis

We performed meta-analyses on the cumulative proportion of
nonunion defined as the number of participants with one or
more unfused segments. The data were pooled via the Mantel-
Haenszel method using a random effects model. We calculated
risk ratios (RRs), and since we were interested in assessing the
potential excess risk of nonunion associated with smoking, we
calculated the risk difference (RD) and 95% confidence in-
terval. All data analysis and presentation were performed
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using Review Manager 5. We inspected heterogeneity by
examining the forest plots and quantified the heterogeneity using the
I2 statistic from the Chi-squared test for heterogeneity (I2 < 40, low
heterogeneity; I2 ≥ 75% considerable heterogeneity). We conducted
stratified analyses to investigate whether effects varied by surgical
location (cervical or thoracolumbar), number of segments fused
(single or multiple), or graft material used (autograft or allograft).
Some studies evaluated fusion status after 1 to 2 years, some
after ≥2 years. In order to account for this disparity of enrollment
definition, we further conducted a stratified analysis to investigate if
the cumulative proportion of nonunion varied by follow-up period.
The risk of publication bias was examined using a funnel plot with
the study size on the y-axis.Wedid sensitivity analyses to investigate
whether study quality influenced effect estimates by including
studies that were deemed fair or good quality.

We evaluated the strength of evidence (our confidence in
the estimate of the pooled effect) for nonunion using the
GRADEworking group criteria for the assessment of evidence
about prognostic factors.20 To ensure consistency and validity
of the evaluation, the quality of evidence was reviewed by 2
investigators prior to assigning a final grade. According to
GRADE, a body of observational evidence for questions of
prognosis begins as high certainty in the evidence. The evi-
dence can be downgraded due to risk of bias, imprecision,
inconsistency, indirectness, and publication bias. Rating up
also applies when estimates of associations between prog-
nostic factors and outcome are very strong. The strength of
evidence was assigned an overall grade of high, moderate,
low, or very low by evaluating and weighing the combined
results of the above domains (Table 2).

Great scrutiny was taken by the present authors to evaluate
each study’s risk of bias and codify results in a consistent manner.
However, definition of nonunion between studies varied based
on the method of postoperative assessment (Table 3). Many
studies dichotomized results as fused vs not fused, while a select
few separated results into 3 categories: solid or definite fusion,
uncertain, and definite nonunion. In those cases, we collapsed the
uncertain category with the nonunion category for our synthesis.
When evaluating the risk of bias in outcome assessment of
fusion, CT or flexion/extension radiographic evidence was
considered a lower risk of bias than static radiographs alone.
Similarly, we determined risk of bias in smoking status based on
if participants were categorized in a consistent setting and with
explicit inclusion/exclusion criteria.

Results

Study Selection

Our search identified 2374 citations. We screened 1946 titles/
abstracts after removing 428 duplicates, and we evaluated 65 full
texts. Twenty studies21-40 assessing 3009 participants met in-
clusion criteria (Figure 1). A list of studies excluded at full text is
found in Supplemental Table S2 in the supplemental material.

Study Characteristics

Characteristics of the included studies are described in Table 3
21-32,34-37,40 with Germany33 Czech Republic38,39 all contributing
1 study each.

Table 1. Inclusion/Exclusion Criteria.

PECOT Inclusion Exclusion

Population of interest Adult (≥18 years) undergoing spinal fusion (single-level or
multilevel; cervical or thoracolumbar)

Cancer, infection, and trauma

Exposure Persons smoking tobacco (current, defined as smoking
within 1 year prior to surgery)

Smokeless tobacco

Comparison Persons not smoking tobacco (non-smokers)
Outcomes Risk of nonunion Delayed union
Time Nonunion at ≥1 year Included patients with follow-up <1 year

Table 2. Strength of Evidence Definition.

Strength
Level Definition

High We are very confident that the variation in risk associated with the prognostic factor (probability of future events in those
with/without the prognostic factor) lies close to that of the estimate

Moderate We are moderately confident that the variation in risk associated with the prognostic factor (probability of future events in
those with/without the prognostic factor) is likely to be close to the estimate, but there is a possibility that it is substantially
different

Low Our certainty in the estimate is limited: The variation in risk associated with the prognostic factor (probability of future events
in those with/without the prognostic factor) may be substantially different from the estimate

Very low We have very little certainty in the estimate: The variation in risk associated with the prognostic factor (probability of future
events in those with/without the prognostic factor) is likely to be substantially different from the estimate
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Of the 3009 participants, 1117 (37%) were smokers and
1892 (63%) were nonsmokers. The mean age for the study
population was 48 years, and 54% were males. Seven studies
provided nonunion risks at a minimum of 12 month follow-
up,21,24,25,33,35,39,40 11 at a minimum of 24 month follow-
up,22,23,26,27,29-32,34,36,37 and 2 at both 12 and 24 month
follow-up.28,38 Eleven studies assessed the effect of smoking
on fusion in the cervical spine21,24,25,27,30,31,34-38 and 9 in the
thoracolumbar spine.22,23,26,28,29,32,33,39,40 Single-level fu-
sion was performed in 63% of participants. The date of study
publication ranged 30 years (1986-2016). Graft material used
in fusion surgery and the definition of nonunion varied
among studies and are summarized in Table 3.

Study Quality

Two studies were judged as good-,37,38 9 fair-,21,22,25,27,28,35,36,39,40

and 9 poor-quality23,24,26,29-34 studies. The concerns about bias in
the studies were primarily related to study participation (eg,
concerns about sampling/recruiting), lack of control for con-
founding, and high study attrition. Individual study quality is
summarized in Supplemental Table 3.

Nonunion

Smoking was associated with increased risk of nonunion
compared with no smoking ≥1 year following spine surgery

Figure 1. Search results.
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(19 studies, pooled risk ratio (RR) 1.91, 95% CI 1.56 to 2.35,
I2 = 27%) Figure 2 (Strength of Evidence, Moderate,
Supplemental Table S4). The absolute RD (excess risk) for
nonunion associated with smoking was .13 and the number
needed to treat (NNT) for an additional nonunion of 8 (95%CI 6
to 13). This association was seen both in the cervical spine (10
studies,21,24,25,27,30,31,34-37 pooled RR 2.03, 95% CI 1.46 to 2.81,
I2 =36%) and the lumbar spine (9 studies,22,23,26,28,29,32,33,39,40

pooled RR 1.78, 95% CI 1.37 to 2.31, I2 = 16). The RD for
cervical and thoracolumbar fusion was .14 and .11, respectively.

This relationship held true whether the follow-up was 12-
23 months or ≥24 months (Table 4), or when 9 poor-quality trials
were excluded (10 studies, RR 1.74, 95% CI 1.37 to 2.21, I2 =
0%) (Supplemental Material, Supplemental Figure S1).

Smoking was significantly associated with increased
nonunion in single-level (4 studies,28,33,36,37 pooled RR 1.79,
95% CI 1.12 to 2.86, I2 = 34%) or multilevel fusions (7
studies,24,25,27,29,32,34,37 pooled RR 2.30, 95% CI 1.64 to 3.23,
I2 = 2%) (Figure 3 and Table 5). Likewise, smoking was
significantly associated with increased nonunion in those

Table 4. Nonunion (%) Stratifying on Length of Follow-Up for All, Cervical and Thoracolumbar Fusions.

Length of Follow-Up Smoking % (n/N) Nonsmoking % (n/N) Pooled RR (95% CI) (M-H)

All 22.4% (241/1077) 11.5% (225/1959) 1.88 (1.55, 2.29)
12-23 mo 26.7% (70/262) 11.5% (59/512) 2.00 (1.46, 2.74)
≥24 mo 21.0% (171/815) 11.5% (166/1447) 1.86 (1.44, 2.40)
Cervical 22.4% (112/501) 10.3% (121/1178) 2.03 (1.46, 2.81)
12-23 mo 26.5% (41/155) 9.2% (24/260) 2.37 (1.22, 4.60)
≥24 mo 20.5% (71/346) 10.6% (97/918) 1.92 (1.27, 2.89)
Thoracolumbar 22.4% (129/576) 13.3% (104/781) 1.69 (1.36, 2.10)
12-23 mo 27.1% (29/107) 13.9% (35/252) 1.82 (1.18, 2.80)
≥24 mo 21.3% (100/469) 13.0% (69/529) 1.68 (1.33, 2.13)

Figure 2. Forest plot depicting risk ratio of nonunion for smokers vs nonsmokers stratified by cervical and thoracolumbar (TL) fusion.
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receiving either allograft (6 studies,21,22,28,35-37 pooled RR
1.39, 95% CI 1.12 to 1.73, I2 = 0%) or autograft (8
studies,21,26-29,32,34,40 pooled RR 2.04, 95% CI 1.54 to 2.72,
I2 = 0%) (Figure 4 and Table 6). The association remained in
all subgroups when poor studies were removed in the sen-
sitivity analyses (Supplemental Material, Supplemental
Figures S2 and S3).

Discussion

Understanding the long-term outcomes following spinal fu-
sion, particularly in nicotine users, is becoming increasingly
important given that cigarette smoking remains the leading
cause of preventable disease in our times and might play a
considerable adverse role in spinal fusion surgery. The con-
junction of nicotine exposure with the significant increase in
the rates of spine surgery seen over the preceding decade
creates a possibly adversarial confounding interaction, as

smokers comprise a remarkable 24.0% to 31.8% of the ex-
panding population of surgical spine patients. While the
precise mechanism by which nicotine affects bone health and
healing has not yet been clearly reconstructed, nicotine use has
been shown to impair gene expression affecting osteogenic
growth factors as well as bone vascularization, which ulti-
mately can result in postoperative complications, with non-
union or pseudarthrosis for fusion surgery presenting an
undesirable outcome for this population. Pseudarthrosis fol-
lowing spine fusion surgery can consequently result in in-
tractable pain, disability, and the frequent need for protracted
use of health care resources such as more involved imaging
follow-up, increased nonsurgical management efforts as well
as repeat surgeries with further escalating indirect cost ac-
cruements surrounding disability and general claims. In our
survey of the pertinent literature, we were surprised to find no
formal risk calculations for the interrelationship of smoking
and nonunion risk after spine fusion surgery. To help answer

Table 5. Nonunion (%) Stratifying on Single- vs Multilevel Fusions in the Cervical and Thoracolumbar Spine.

No. of Studies
Smoking %

(n/N)
Nonsmoking
% (n/N)

Pooled RR
(95% CI) (M-H)

Excess Risk Associated
with Smoking (95% CI)

All 19.7% (113/574) 9.6% (112/1162) 2.04 (1.55, 2.69) 13% (5% to 21%)
1 level 428,33,36,37 14.1% (40/283) 8.5% (64/753) 1.79 (1.12, 2.86) 8% (�1% to 16%)
2+ levels 724,25,27,29,32,34,37 25.1% (73/291) 11.7% (48/409) 2.30 (1.64, 3.23) 18% (3% to 32%)
Cervical 19.0% (70/369) 10.3% (90/872) 1.81 (1.25, 2.61) 11% (1% to 21%)
1 level 236,37 11.0% (25/227) 8.3% (51/615) 1.38 (0.78, 2.44) 3% (�4% to 9%)
2+ levels 524,25,27,34,37 31.7% (45/142) 15.2% (39/257) 2.17 (1.41, 3.34) 20% (�9% to 49%)
Thoracolumbar 21.0% (43/205) 7.6% (22/290) 2.75 (1.71, 4.42) 15% (6% to 23%)
1 level 228,33 26.8% (15/56) 9.4% (13/138) 2.68 (1.42, 5.07) 20% (�7% to 46%)
2+ levels 229,32 18.8% (28/149) 5.9% (9/152) 2.86 (1.35, 6.06) 14% (4% to 24%)

Figure 3. Level (2 subgroups): Forest plot depicting risk ratio of nonunion for smokers vs nonsmokers stratified by single- and multilevel
fusion.
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this question, we therefore conducted this Systematic Review
in which we identified a number of studies that allowed us to
examine the interrelation of a higher likelihood of nonunion
following spinal fusion surgery and to further explore dif-
ferences of nonunion occurrence following either cervical or
thoracolumbar fusion surgery.

Achieving a solid fusion is considered the gold-standard
end result of spinal arthrodesis surgeries indicated for the
management of a number of pathologies unresponsive to
conservative management. Despite best efforts, some patients
fail to achieve radiographic evidence of osseous union through
the passage of expected bone healing time on postsurgical
follow-up; the potential mechanisms and adjuvant predis-
posing factors for this complication have been the subject of

numerous published studies.41 Although smoking has been
implicated as a predictor of pseudarthrosis, the characteristics
of smaller, individual studies precludes precise quantification
of the conferred risk. This in turn minimizes our ability as
clinicians to better estimate the degree of potential clinical
benefits that are at stake when we try to engage patients’
preoperative optimization processes. It further prevents more
precise risk calculations for long term complications esti-
mations and interpretations of patient reported outcomes re-
ports. To help provide more foundational objectifiable
numbers to this end, we conducted a formal meta-analysis
comparing active smokers to nonsmokers using generally
accepted operational definitions for this life-style choice in
patients who received spinal fusion surgery. We consistently

Table 6. Nonunion (%) Stratifying on Graft Type for Cervical and Thoracolumbar Fusions.

No. of Studies Smoking % (n/N) Nonsmoking % (n/N) Pooled RR (95% CI) (M-H)
Excess Risk Associated
with Smoking (95% CI)

All 23.3% (155/665) 13.0% (182/1405) 1.60 (1.35, 1.91) 10% (6% to 15%)
Autograft 821,26-29,32,34,40 24.4% (86/352) 14.0% (68/487) 2.04 (1.54, 2.72) 14% (9% to 20%)
Allograft 621,22,28,35-37 20.3% (69/340) 12.4% (114/918) 1.39 (1.12, 1.73) 6% (0 to 11%)
Cervical 20.0% (70/350) 11.2% (104/929) 1.70 (1.32, 2.20) 9% (1% to 16%)
Autograft 321,27,34 38.7% (29/75) 20.1% (34/169) 2.02 (1.39, 2.95) 19% (7% to 32%)
Allograft 421,35-37 14.9% (41/275) 9.2% (70/760) 1.47 (1.03, 2.09) 4% (�1% to 10%)
Thoracolumbar 27.0% (85/315) 16.4% (78/476) 1.69 (1.18, 2.40) 12% (7% to 18%)
Autograft 526,28,29,32,40 22.8% (57/250) 10.7% (34/318) 2.08 (1.34, 3.23) 13% (7% to 19%)
Allograft 222,28 43.1% (28/65) 27.8% (44/158) 1.35 (1.02, 1.78) 11% (�3% to 24%)

Figure 4. Forest plot depicting risk ratio of nonunion for smokers vs nonsmokers stratified by graft type.
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demonstrated that smoking is a substantial risk factor for
nonunion, a finding that persisted even after stratification by
length of follow-up intervals, the number of spine levels,
region of spine, and types of graft material involved in the
intended spine fusion surgery.

The results of this meta-analysis add to the growing body of
literature suggesting that smoking is a modifiable risk factor
for nonunion following surgery for spinal fusion. While not
assessed herein, smoking cessation by patients at various
stages of treatment may reduce poor outcomes. A previous
retrospective analysis by Glassman et al. indeed concluded
that postoperative smoking cessation was associated with
decreased risk of nonunion at follow-up.42

Length of Follow-Up

One question of fusion as outcome is the persistent question of
constitutes an adequate follow-up time for bone fusion. A
definitive time period has yet to be established, but mostly
revolves around 1-2 years.43 One underlying problem is that
osseous homeostasis is a continuous process, in which bone is
constantly being resorbed by osteoclasts and reformed by
osteoblasts (“bone turnover”).44 Spinal fusion, therefore, is a
dynamic process that may occur over several months to years,
an especially unclear timeline in the case of the spinal column.
Although several guidelines and definitions exist regarding the
radiographic assessment of fusion status, specific evidence-
based recommendations for the timing of radiographic as-
sessment have not been established.45 It has become common
within the surgical literature to assign a diagnosis of pseu-
darthrosis after at least 1 year has elapsed since the index
procedure, presumably to permit sufficient opportunity for the
bone healing process to conclude.43 However, several studies
have demonstrated disparities in the average time until di-
agnosis of pseudarthrosis using plain radiographs, ranging as
high as 2 to even 3.5 years.46,47 Tokuhashi et al48 found that in
48 patients without evidence of union 2 years following
lumbar fusion, 30% eventually went on to show new bone
union without reoperation, leading to the concept of a “stable
nonunion” as an in-between alternative to a “solid fusion” and
an “unstable nonunion.”48

Given the absence of clearly established radiographic and
timeline definitions for spinal fusions following surgery, we
analyzed studies within categories of follow-up ranging 12-24
and ≥24 months. In our meta-analysis, smoking was associ-
ated with increased nonunion risk regardless of follow-up time
category in both the cervical and thoracolumbar spine assessed
distinctly as separate spinal column regions. Within each
spinal segment, 95% confidence intervals for nonunion risk in
smokers compared to nonsmokers at 12-24 and ≥24 month
categories overlapped, suggesting that the impact of smoking
on nonunion rates was similar regardless of the follow-up
time. However, the absence of broadly accepted “optimal”
timeframes during which nonunion should be diagnosed,
should any such time point actually exist, represents an area

for future studies to standardize criteria for both clinical and
research applications.

Spinal Segment and Levels

Stratification of studies by location and number of segments
fused revealed several key associations; overall pooled risk
ratios demonstrated that smokers were statistically signifi-
cantly more likely than nonsmokers to experience nonunion
for all major variables including cervical, thoracolumbar,
single level, and multilevel procedures. Heterogeneity was
largest in the analysis of cervical procedures (I2 = 38%) al-
though likely of minimal significance.49 Within subgroups,
the only population that did not display a significant asso-
ciation was single-level cervical fusion procedures (RR 1.38,
95% CI 0.78-2.44). Luszczyk et al. studied 573 patients who
underwent single-level anterior cervical fusion with allograft
and found no significant association between smoking and
nonunion rates.36 The authors attributed their findings to the
effect of rigid plate fixation, and further speculated that for
single-level cervical pathologies, the deleterious effect of
smoking on bone growth may not substantially alter fusion
rates. Conversely, smoking was associated with increased risk
relative to nonsmokers in individuals undergoing multilevel
cervical fusion. Multilevel cervical fusion itself is a known
risk factor for pseudarthrosis and other complications, par-
ticularly in anterior approaches involving 3 or 4 levels.50-52

The relationship between smoking and nonunion in multilevel
posterior cervical fusion, however, is controversial, with one
study finding no difference in fusion rates between smokers
and nonsmokers.53 In the thoracolumbar spine, the relation-
ship between smoking and pseudarthrosis is consistent with a
multitude of prior studies reporting increased rates of com-
plications in this population.54,55 Interestingly, recent retro-
spective analysis of 128 patients undergoing thoracolumbar
fusion due to presumed aseptic pseudarthrosis found positive
intraoperative culture rates of 10%.56 Underlying occult in-
fections, however, were not associated with smoking status or
number of fused levels, among other parameters. Although the
study design of the present meta-analysis excluded infectious
causes of pseudarthrosis from analysis, it is likely that at least
some of these studies included patients with underlying occult
infection, as protocols for intraoperative culture were not
uniformly reported. Nevertheless, the relative rarity of these
occult infections (10% prevalence) suggests that this mech-
anism of nonunion is rare in the studies included in the present
analysis, and that smoking may negatively impact fusion rates
by other means, such as impairment of normal bone turnover
and cellular differentiation.57,58

Graft Material

Smoking was associated with increased risk for nonunion in
studies utilizing autograft, as well as in those utilizing allo-
graft. Studies reporting autograft had little heterogeneity in the
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risk of nonunion by smoking status (I2 = 0), although ap-
proximately half of the studies were of poor-quality evidence.
Interestingly, while allograft studies demonstrated minimal
heterogeneity with regard to the effect of smoking on non-
union rates (I2 = 0), the individual studies were largely unable
to demonstrate a statistically significant relative risk in
smokers (with the sole exception of Andersen et al. with 95%
CI 1.00-1.79)).22 Taken together, these suggest that the effect
of smoking on fusion rates in the allograft population was
uncovered by the increased statistical power afforded by the
present meta-analysis.

Regulation of bone is governed by the constant balance
between resorption and replacement maintained by cells,
secondary messengers, and the local environment.44 Smoking
is thought to have depressing effects on bone metabolism and
cell differentiation, which in animal models, has been shown
to generate osteopenia.58 Similarly, in observational studies
involving humans, smoking has been shown to be negatively
correlated with critical bone turnover markers such as os-
teoprotegerin, suggesting that disruption of such cellular
signaling processes may be in fact the underlying patho-
mechanism by which smoking results nonunion following
spine surgery.59 Autologous bone graft is usually reported to
be the “gold standard” material for surgical fusion surgery due
to the presence of numerous elements critical for promoting
bone formation, including osteoprogenitor cells, matrix, and a
number of bone morphogenetic proteins.60 A meta-analysis
studying rates of pseudarthrosis in anterior cervical fusion
reported mean rates of pseudarthrosis of 4.8% in allograft
studies compared to 0.9% in autograft studies; however, the
calculation of relative risk for nonunion based on graft material
was not possible due to the paucity of studies directly com-
paring autograft fusion to allograft fusion.61 The present study,
in contrast, found that the use of autograft provided no addi-
tional benefit to allograft in terms of bony fusion in smokers. In
fact, our findings may suggest the possibility that autograft may
demonstrate diminished fusion rates in comparison to allograft
(test for subgroup differences, P = .04). It may be that the same
deleterious effects of smoking on bone growthmake autologous
grafts inherently more susceptible to nonunion when compared
to allograft. Various graft materials were utilized by the studies
included in the present analysis. Further studies may establish a
distinctive fusion benefit to smokers from certain autograft
procurement locations, such as iliac crest or fibula.

Strengths and Limitations

There are several advantages and limitations to the present
study design. To begin, this is the only meta-analysis to
specifically calculate the effect size of smoking on the risk of
nonunion following spinal fusion, allowing us to quantify the
excess risk associated with this modifiable risk factor. Ad-
ditionally, by performing a comprehensive literature review,
we were able to appreciate differences in nonunion risks for
specific subpopulations that smaller, individual studies may be

underpowered to detect. For example, we were able to stratify
individuals by both number of levels and spinal segments
operated upon. Furthermore, detailed appraisal of study/
evidence quality and heterogeneity revealed little inherent
variation between studies, and the primary findings of our
analysis were supported by sensitivity analyses that excluded
poor-quality data.

A challenge of analyzing the impact of smoking on surgical
outcomes is that the included studies consist primarily of
retrospective case series, which limits the level of evidence
contributed by each. Additionally, studies lacked a uniform
radiographic protocol for diagnosing nonunion, with some
studies not presenting the definition utilized at all. Although
we were able to categorize studies into several clinically
relevant subgroups such as graft type and spinal segment, the
relatively small number of studies directed at posterior cer-
vical fusion and anterior thoracolumbar fusion prevented
stratification by surgical approach. As the present study ex-
cluded patients receiving rh-BMP2 in order to minimize the
presence of confounders, we cannot address its potential
beneficial effects.

Several relevant recommendations related to smoking
cessation are unable to be established by the present study;
namely, the present data do not allow us to define a preferred
time of cessation prior to elective fusion surgery, although
much earlier rather than later cessation likely is preferable for
any elective fusion surgery. Similarly, dose reduction and use
of alternate nicotine delivery modalities—for example,
patches, gums, and “vaping” are not clearly amenable for
differentiation at this juncture, but the globally deleterious
effect of nicotine use would make complete nicotine use
cessation for an earliest yet to be determined time point prior to
elective time point preferable. For urgent and emergent spine
fusion surgery, immediate post-nicotine cessation remains a
practical and reasonable request. Overall, from an outcomes
determination standpoint, it seems clear that smokers should
continue to be assessed separately from nonsmokers due to a
clearly different nonunion risk profile.

Conclusion

Tobacco smoking status carries a global risk of nonunion for
spinal fusion procedures regardless of follow-up time, loca-
tion, number of segments fused, or grafting material. Use of
autograft did not carry a reduced risk of nonunion compared to
allograft in smokers. Further retrospective studies with
comprehensive methodology in addition to randomized
control trials are necessary to establish a more extensive risk
profile of smoking and spinal fusion. Efforts should promote
establishment of treatment guidelines tailored to smokers.
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