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A B S T R A C T

Background: We aimed to comprehensively evaluate the associations between (i) smoking, (ii) preoperative
smoking cessation time, (iii) nicotine replacement therapy (NRT), (iv) vaping, and (v) alcohol consumption
and non-pathological fracture healing in adult patients. We also assessed the impacts of preoperative smok-
ing cessation time, NRT, and vaping on wound healing and wound complications after any sort of surgery.
Methods: We searched the MEDLINE, Embase, Cochrane CENTRAL, CINAHL, and AMED electronic databases
from their inceptions until August 9th, 2021. Primary outcomes included delayed union rate, nonunion rate,
and time to union. A random effects model was used. (Protocol registration: PROSPERO��CRD42019131454).
Findings: One hundred and twenty-two studies with 417,767 patients were eligible for the systematic review
and 71 of the studies with 39,920 patients were eligible for the meta-analysis. After non-pathological fracture
treatment, the nonunion rate was significantly greater in the smoker group than in the non-smoker group
(odds ratio [OR], 2¢50, 95% confidence interval [1¢73�3¢61]); additionally, there was no significant difference
in the nonunion rate (OR, 0¢97 [0¢40�2¢38]) between the alcohol drinker group and the non-drinker group.
The rate of wound infection after surgery was significantly reduced in the smoking cessation group (�four
weeks before surgery) compared to the continuous smoker group (OR, 0¢37 [0¢16�0¢89]).
Interpretation: Smoking is associated with higher rates of nonunion and deep surgical site infection after non-
pathological fracture treatment. Smoking cessation (�four weeks before surgery) is associated with a
decreased rate of postoperative wound infection.
Funding: The China Scholarship Council (no. 201809120013).

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)
Keywords:

Smoking
Alcohol consumption
Bone healing
Wound healing
Meta-analysis
nt Research, Kolling Institute,
University of Sydney, Sydney,

c Surgery, College of Medicine,

en), spinelee@snu.ac.kr

Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
1. Introduction

Bone fractures will affect approximately 1 in 3 people in their life-
time [1]. The annual incidence of traumatic fractures ranges from
0¢25�0¢38% per year [2,3]. Of the fractures that occur annually, up to
4¢9% remain unhealed, which are also known as non-union [4]. Non-
union of a fracture site is associated with increased health costs and
increased rates of premature death, compared with a fracture that
heals within six months after treatment [5,6]. In addition to operative
and conservative treatments for fractures, preventative strategies are
also recommended for improving the rates of fracture healing in vari-
ous studies, including smoking cessation and reduced alcohol con-
sumption [7,8]. However, due to the lack of sufficient evidence, the
guidelines for fracture management do not provide recommenda-
tions for the cessation or reduction of smoking and drinking [9�12].
Two previous meta-analyses [13,14] have reported that smoking was
associated with greater odds of nonunion following a fracture; how-
ever, these meta-analyses had several limitations, such as the inclu-
sion of non-union without a description of the healing time period,
the possibility that the control group included the exposure group,
and limited details on the search strategy. Only one previous review
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Research in context

Evidence before this study

The influence of smoking, preoperative smoking cessation time,
nicotine replacement therapy (NRT), vaping, and alcohol con-
sumption on non-pathological fracture healing is still unclear.
Although previous meta-analyses have been conducted, they
were limited by methodological limitations, including mixed
populations within the control group (a combination of non-
smokers and former smokers) and a mixture of outcomes (i.e.,
nonunion and delayed union, as well as a mixture of infection
types).

Added value of this study

This study presents the largest assessment (122 studies with
417,767 subjects) of (1) the impact of smoking and alcohol con-
sumption on non-pathological fracture healing and (2) the
impact of preoperative smoking cessation time on wound com-
plications after any sort of surgery. For non-pathological frac-
ture healing, the results demonstrated that smokers had
significantly higher rates of nonunion and deep surgical site
infection than non-smokers. For wound complications after any
sort of surgery, we found that, compared with continuous
smokers, smoking cessation (four weeks or more before sur-
gery) reduced postoperative wound infection.

Implications of all the available evidence

This meta-analysis provides further evidence that smoking is
harmful to non-pathological fracture healing. However, addi-
tional evidence is needed to assess the potential dose-response
relationship in relation to smoking consumption. From a policy
perspective, smoking cessation should be emphasized in future
clinical practice guidelines to reduce postoperative wound
infection, wherein further research is needed to establish the
minimum smoking cessation time.

2 B. Xu et al. / EClinicalMedicine 42 (2021) 101179
concluded that alcohol consumption did not affect fracture healing
rates; however, this study also had the same methodological limitations
as the reviews on smoking [14]. There is insufficient evidence on the
impact of preoperative smoking cessation time, nicotine replacement
therapy (NRT), and vaping on non-pathological fracture healing. Thus, it
is necessary to perform an updated systematic review with the use of
valid methods and a detailed analysis framework.

The aim of the current systematic review and meta-analysis was
to comprehensively evaluate the associations between smoking, pre-
operative smoking cessation time, NRT, vaping, and alcohol con-
sumption and non-pathological fracture healing in adult patients.

2. Methods

2.1. The protocol and the deviation between the final study and the
protocol

The protocol of this meta-analysis was submitted and published
with PROSPERO (international prospective register of systematic
reviews) (registration number: CRD42019131454) on May 22nd,
2019. A detailed protocol for this study has also been previously pub-
lished (Appendix S1) [15]. The deviation between the final study and
the protocol is described as follows:

(1) For the study design, case series were additionally included
because very few studies that directly investigated the influences of
smoking or alcohol consumption existed, as well as for comprehen-
sive searching.
(2) Exposure groups were changed from current smokers and
current alcohol consumers to current or former smokers and cur-
rent or former alcohol consumers because the exposure groups in
most of the available studies included former smokers or
drinkers. Definitions of exposure were changed to definitions
developed by the Centers for Disease Control and Prevention
(CDC) of the US because of authority and reliability [16�18].

(3) For the outcomes, according to actual data extraction from the
included studies, we added normal union because (1) we found that
although the definition of the time period of delayed union or non-
union was inaccurate in several studies, those studies recorded accu-
rate normal healing outcomes, and (2) there is still a lack of data
concerning the effects of smoking and drinking on normal healing.

The time period of nonunion was changed from over 9 months to
over 6 months to unify the definitions of the outcomes because we
found that the time period (6�9 months) between delayed union
(3�6 months) and nonunion (over 9 months) was not clearly classi-
fied in Campbell’s Operative Orthopaedics 13th edition.

We divided wound infection into superficial infection, deep infec-
tion, and undefined infection. In several studies, infection was
described with unclear definitions or without definitions. The defini-
tions of superficial infections and deep infections are described in the
Introduction section, rather than in the Methods section. This made it
impossible for us to be sure as to which type of infection is referred
to in the studies. These infections were defined as being undefined
infections.

(4) A dose-related meta-analysis was performed by using a tradi-
tional meta-analysis, instead of a dose-response meta-analysis,
because very few studies have recorded doses of smoking or alcohol
drinking, thus making a dose-response meta-analysis unable to be
conducted.

(5) Factors that may affect fracture healing, such as gender, age,
and diabetes were assessed via subgroup analyses, instead of via
meta-regression analyses.

(6) Studies with (1) multiple concurrent fractures, (2) mandible or
spine fractures, (3) case series, (4) no description of inclusions or
exclusions of non-pathological fractures, and (5) non-operative treat-
ments, a mixing of operative and non-operative treatments, or
unknown treatments were additionally analysed as to whether they
affect the robustness of results via a sensitivity analysis.

(7) The grading of the quality of evidence by using the Grading of
Recommendations Assessment, Development and Evaluation
(GRADE) system was not performed because the overall risk of bias
that was needed in the grading process could not be developed by
using the Quality In Prognosis Studies (QUIPS) tool, according to the
recommendation of the QUIPS tool.

(8) The effect size for the dichotomous data was changed from risk
ratios (RRs) to odds ratios (ORs) to unify the effect size.

(9) The effects of preoperative smoking cessation time, nicotine
replacement therapy (NRT), and vaping on fracture healing, postop-
erative surgical site infection, and malunion after non-pathological
fracture treatments were also investigated.

(10) The effects of preoperative smoking cessation time, NRT, and
vaping on bone healing, wound healing, and wound complications
after surgery were also investigated.

Through a comprehensive search, we found no studies concerning
the impact of preoperative smoking cessation time, NRT, or vaping
on fracture healing that met the inclusion and exclusion criteria
(Fig. 1). Thus, we expanded the subjects and outcomes of the research
as follows: (1) for bone healing, patients undergoing spinal fusion,
arthrodesis, or osteotomy were included; and (2) for postoperative
wound healing and wound complications, patients undergoing any
surgery were included. This systematic review and meta-analysis
was conducted according to the Meta-analysis of Observational Stud-
ies in Epidemiology (MOOSE) and Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analysis (PRISMA) reporting guidelines



Fig. 1. PRISMA flow chart of study identification, screening, and selection for the impact of preoperative smoking cessation, nicotine replacement therapy, and vaping on fracture
healing, surgical site infection and malunion.
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[19,20]. The anonymous and public data from previous published
studies was retrieved and analysed and the need for ethics approval
and patient informed consent was therefore waived.
2.2. Search strategy

A systematic search was conducted by a librarian by using the
MEDLINE (via OvidSP), EMBASE, Cochrane Central Register of Con-
trolled Trials (CENTRAL), CINAHL (via Ebsco), and AMED (via OvidSP)
databases from the time of their inceptions until August 9th, 2021. A
detailed search strategy is available in Appendices S2.1.1a to e
through S2.4.2a to e. We also performed a manual search of the refer-
ence lists of the included studies.
2.3. Study selection and selection criteria

Two authors screened all of the studies by titles, abstracts, and full
text. Any disagreements between the two screening authors were
resolved by a third author. The inclusion and exclusion criteria are
described as follows:

(1) For the impacts of smoking and alcohol consumption on frac-
ture healing, studies were included in this study if they met the fol-
lowing criteria:

(i) Inclusion of a comparison between either smokers (current
smokers or former smokers) vs. non-smokers or alcohol drinkers
(current alcohol consumers or former alcohol consumers) vs. non-
drinkers.

(ii) Individuals�18 years.
(iii) Diagnoses of a bone fracture (any location) based on surgical

records, radiographic data, databases, electronic medical records, or
the AO/OTA fracture classification.

(iv) Studies that were randomised controlled trials (RCTs), obser-
vational studies, or case series.

(v) Studies that were written in the English language.
Studies were excluded if they met any of the following criteria:
(i) �20% of the fractures were attributed to a pathological cause,
such as cancer, renal disease, human immunodeficiency virus, or
osteoporosis.

(ii) Patients who were initially treated with arthroplasty or ampu-
tation because fracture areas were removed.

(2) For the impacts of preoperative smoking cessation time, NRT,
and vaping on bone healing, the inclusion criteria were as follows:

(i) Patients who underwent spinal fusion, arthrodesis, or osteot-
omy.

(ii) NRT or the cessation of nicotine use was compared with con-
tinuous smokers or individuals who had never smoked.

(iii) Studies that were RCTs or observational studies.
(iv) Age not being restricted.
(v) Studies written in the English language.
Studies were excluded if smoking cessation time was not clearly

described or if smoking was not stopped within the study duration.
(3) For the impacts of preoperative smoking cessation time, NRT,

and vaping on wound healing and wound complications after sur-
gery, the inclusion criteria were as follows:

(i) Patients who underwent any surgical procedure.
Inclusion criteria (ii)�(v) and the exclusion criteria were the same

as in (2).

2.4. Exposures

According to the CDC in the US, current smokers were defined as
those individuals who smoked during the study period. Former
smokers were those people who had smoked �100 cigarettes in their
lifetime but who had stopped smoking during the study period [16].
Non-smokers were defined as those people who had never smoked
or who had smoked <100 cigarettes during their lifetime [16]. Cur-
rent drinkers were defined as participants with alcohol consumption
in the past year [17,18]. Former drinkers were those individuals who
had consumed alcohol in any one year but who had consumed noth-
ing within the past year [17,18]. Non-drinkers were participants who
had consumed alcohol <12 times during their lifetime [17,18].
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Smoking cessation was defined as the cessation of smoking for one
day or longer with the intention of quitting [16]. NRT was defined as
the cessation of smoking medications that provided a small amount
of nicotine but no other dangerous chemicals that are found in ciga-
rettes. Types of NRT included patches, chewing gum, lozenge, inhaler,
and nasal spray [21]. Vaping was defined as the use of an e-cigarette
that produces an aerosol by heating a liquid containing nicotine [22].
E-cigarettes are also known as e-cigs, e-hookahs, vapes, and elec-
tronic nicotine delivery systems (ENDS), etc.

2.5. Study outcomes

The primary outcomes included the rate of delayed union, rate of
nonunion, and time to union. When considering that there were no
available studies concerning the impacts of preoperative smoking
cessation time, NRT, or vaping on non-pathological fracture healing,
as well as the fact that we expanded the subjects and outcomes of
the research, the secondary outcomes included (1) rates of common
postoperative complications, including superficial surgical site infec-
tion (SSSI), deep surgical site infection (DSSI), undefined surgical site
infection (SSI), malunion, and normal union for smoking and alcohol
consumption; and (2) rates of nonunion of bone, impaired wound
healing, and wound complications for preoperative smoking cessa-
tion time, NRT, and vaping. The definitions of normal union, delayed
union, and nonunion were described as follows: a fracture that
healed within three months (normal union), a fracture that healed
between three and six months (delayed union), and a fracture that
had not healed by at least six months (nonunion) [23]. When both
delayed union and nonunion were recorded, we calculated normal
union data by subtracting the prior two from the total. Time to union
was defined as the time period from treatment to the time point
when a radiographic bridging callus was present. Malunion was
defined as any fractures that were not found to be anatomically
healed on imaging [24]. SSSI, DSSI, and undefined SSI were defined as
infections that occurred only on the skin and in the subcutaneous tis-
sue of the incision, infections in the deep soft tissues of the incision,
and infections that were not clearly classified as being superficial or
deep SSI, respectively [25].

2.6. Data extraction and quality assessment

Two authors independently extracted the following information:
(1) characteristics of the studies, including author, publication year,
journal name, country, study design, inclusion and exclusion criteria,
study group, and follow-up period; (2) characteristics of the patients,
including sex, age, race, body mass index (BMI), height, and weight;
(3) fracture healing related factors, including non-pathological frac-
tures or unclear, fracture location, methods of fracture treatment,
concurrent fracture at other sites, the presence of risk factors to bone
healing (i.e., diabetes), uses of nonsteroidal anti-inflammatory drugs
(NSAIDs), and uses of the fluoroquinolone family of antibiotics; (4)
exposure information, including smoking type, smoking dose, alcohol
type, and level of alcohol consumption; and (5) data of various out-
comes, including delayed union, nonunion, time to union, SSSI, DSSI,
undefined SSI, malunion, and normal union. For smoking cessation
time, NRT, and vaping, information on diabetes, the use of NSAIDs,
the use of the fluoroquinolone family of antibiotics, smoking cessa-
tion procedure, the use of NRT, types of surgery, and definitions of
outcomes was extracted.

2.7. Assessment of study quality

The risk of bias of the included studies (smoking and alcohol con-
sumption only) was independently assessed by two authors by using
the QUIPS tool, based on the following six domains: (1) study partici-
pation domain (representativeness of the study sample); (2) study
attrition domain (whether participants with follow-up data repre-
sented people who were included in the study); (3) prognostic factor
measurement domain (adequacy of prognostic factor measurement);
(4) outcomes measurement domain (adequacy of outcome measure-
ment); (5) study confounding domain (potential confounding fac-
tors); (6) statistical analysis and reporting domain (the
appropriateness of the statistical analysis and completeness of
reporting of the study) [26]. Each of the six domains of the QUIPS tool
was evaluated and rated as exhibiting either low, moderate, or high
risks of bias.

2.8. Statistics

Meta-analyses were performed by using a random-effects model
with the inverse variance method for the continuous outcomes and
the Mantel-Haenszel method for the dichotomous outcomes [27].
When studies provided effect estimates and P values without the
number of events, we used the inverse variance method [27]. The
effect size was evaluated by using the mean difference (MD) with
95% confident intervals (CIs) for the continuous outcomes and ORs
with 95% CIs for the dichotomous outcomes [27]. According to the
protocol, we planned to assess the dose-response relationship
between smoking, alcohol consumption, and outcomes. However,
the data were insufficient to perform a dose-response meta-analysis
[28]. Therefore, we conducted a traditional meta-analysis stratified
by dose level. We also performed prespecified and post-hoc extensive
subgroup analyses as follows: (1) female percentage <50% vs. �50%;
(2) mean age <60 years old vs. �60 years old; (3) BMI <25 vs.
25�30 vs. >30; (4) diabetes percentage <20% vs. �20%; (5) sample
size �100 vs. 101�300 vs. 301�500 vs. 501�700 vs. 701�1000 vs.
>1000; (6) at least one confounder adjusted vs. not adjusted; and (7)
RCT vs. cohort study vs. case-control study. Prespecified and post-hoc
extensive sensitivity analyses were performed to confirm whether
the following factors affected the results of the meta-analysis: (1)
studies without funding assistance; (2) studies with a low risk of
bias; (3) studies without mandible and spinal fractures; (4) studies
with fractures in a single location; (5) studies without case series; (6)
studies with a clear description of the inclusion of non-pathological
fractures; (7) studies with operative treatment; (8) removing one
study at a time for outcomes with high heterogeneity; and (9) remov-
ing three studies with high ORs for smoking and nonunion as the
reviewer suggested.

Statistical heterogeneity was assessed via the I2 value [29]. We
considered a I2 value greater than 75% to a high degree of heteroge-
neity. We evaluated publication bias by visually assessing the sym-
metry of funnel plots and via the Rucker’s test [30,31], which was
performed by using R version 4.0.3 (R Foundation for Statistical Com-
puting), to quantify symmetry. All of the analyses (except for the
Rucker’s test) were performed by using Review Manager (RevMan)
Version 5.3 (Copenhagen: The Nordic Cochrane centre, The Cochrane
Collaboration, 2014).

2.9. Role of funding sources

The funding source of this study had no role in the design and
conduct of the study, data analysis, data interpretation, or writing.

3. Results

3.1. Search results

One hundred and twenty-two studies were included in the quali-
tative analysis, with 71 studies being eligible for the quantitative syn-
thesis (Fig. 2, Appendices S3a and S3b). The search results are
described in detail in Appendices S4a and S4b. A summary of the
characteristics of the included studies is shown in Table 1 and Table 2,
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and the detailed information is described in Appendices S5a to d,
Appendices S6a to d, and Appendices S7a to d. The majority of the
studies were conducted in North America (n = 45, 37%), with the
other studies originating from Europe (n = 43, 35%), Asia (n = 33,
27%), and Africa (n = 1, 1%). The mean age of the participants from the
included studies was under 60 years of age in 84% of the studies.
Thirty-four percent of the studies had sample sizes of less than or
equal to 100 patients, and 29% of the studies had sample sizes rang-
ing between 101 and 300 patients.

The results of the risk of bias for the 58 studies that were included
in the meta-analyses of the impact of smoking and alcohol consump-
tion are shown in Appendix S8.
3.2. Delayed union

Three studies including 117 patients investigated the delayed
union rate between smokers and non-smokers (Fig. 3a, with the
study list found in Appendix S9) and found no significant difference
between smokers and non-smokers (OR 1¢35, 95% CI [0¢51�3¢59],
P = 0¢55, I2=0%). There were no studies available that compared
delayed union rates between patients who did or did not consume
alcohol.
3.3. Nonunion

Nineteen studies including 4726 patients compared data on the
nonunion of smokers with non-smokers (Fig. 3b, with the study list
found in Appendix S9, and the data found in Appendix S10). The
results showed that the nonunion rate in the smoker group was sig-
nificantly increased compared with that in the non-smoker group
(OR 2¢50, 95% CI [1¢73�3¢61], P<0¢0001, I2=64%). Three studies
including 1607 people compared nonunion between alcohol drinkers
vs. non-drinkers (Appendix S11, with the study list found in Appen-
dix S9) and found no significant difference in the rates of non-union
(OR 0¢97, 95% CI [0¢40�2¢38], P = 0¢95, I2=77%).
Fig. 2. PRISMA flow chart of study identification, screening, and selection for the impact of
union.
3.4. Time to union

Two studies including 48 patients investigated the time to union
between smokers and non-smokers (Fig. 3c, with the study list found
in Appendix S9), with no significant difference being found between
the two groups (mean difference [MD] 0¢52 weeks, 95% CI
[-1¢29�2¢33], P = 0¢57, I2=0%). Only one study including 29 patients
compared the time to union between alcohol drinkers and non-
drinkers and found that the time to union was longer for alcohol
drinkers (MD 12¢85 weeks, 95% CI [1¢23�24¢47], P = 0¢03, I2=NA).
3.5. Secondary outcomes

The results of the secondary outcomes are shown in Fig. 4, as well
as Appendices S12 and S13. The results of seventeen studies with
14,365 patients showed that a significantly larger incidence of deep
surgical site infection (DSSI) was present in smokers than in non-
smokers (OR 2¢04, 95% CI [1¢68�2¢48], P<0¢0001, I2=0%) (Fig. 4b).
Eighteen studies with 9226 patients and one study that had effect
size data (but no number of smokers and non-smokers) investigated
undefined surgical site infection (SSI). A significantly larger rate of
undefined SSI was found in smokers than in non-smokers (OR 3¢11,
95% CI [2¢09�4¢63], P<0¢0001, I2=66%) (Appendix S12a). Four studies
including 1059 patients compared the superficial surgical site infec-
tion (SSSI) rate (Fig. 4a), and five studies with 435 patients compared
the normal union rate (Appendix S12b) between smokers and non-
smokers. However, no significant difference was found between
smokers and non-smokers (for SSSI, OR 1¢27, 95% CI [0¢73�2¢21],
P = 0¢39, I2=0%; for normal union, OR 1¢60, 95% CI [0¢78�3¢26],
P = 0¢20, I2=0%).

For the impact of alcohol consumption on the DSSI rate, two stud-
ies including 3293 participants showed no statistically significant dif-
ference between alcohol drinkers and non-drinkers (OR 1¢02, 95% CI
[0¢64�1¢62], P = 0¢94, I2=0%) (Appendix S13a). Seven studies includ-
ing 3571 participants and two studies that had effect size data (but
smoking and alcohol consumption on fracture healing, surgical site infection and mal-



Table 1
Characteristics of 122 included studies.

Characteristics No (%) of studies

Publication year
1971�1980 1 (1)
1981�1990 0 (0)
1991�2000 6 (5)
2001�2010 23 (19)
2011�2021 92 (75)
Follow-up period (months)
0�12 33 (27)
13�24 22 (18)
25�36 5 (4)
37�48 6 (5)
49�60 4 (3)
>60 1 (1)
Not reported or not detailed 39 (32)
Without follow-up 12 (10)
Geographical region
Asia 33 (27)
Europe 43 (35)
North America 45 (37)
Africa 1 (1)
Age group (years)
<60 103 (84)
�60 11 (9)
Not reported 8 (7)
Proportion female (%)
<50 80 (66)
�50 31 (25)
Not reported 11 (9)
BMI (kg/m2)
<25 17 (14)
25�30 23 (19)
>30 6 (5)
Not reported 76 (62)
History of diabetes (%)
<20 71 (58)
�20 6 (5)
Not reported 45 (37)
Sample size
�100 42 (34)
101�300 35 (29)
301�500 10 (8)
501�700 11 (9)
701�1000 10 (8)
>1000 14 (11)

Note: BMI: body mass index.

Table 2
Characteristics of 122 included studies-continued.

Characteristics No (%) of studies

Outcomes
Smoking and alcohol consumption
Delayed union 8 (7)
Nonunion 39 (32)
Normal union 25 (20)
Time to union 10 (8)
Superficial infection 6 (5)
Deep infection 27 (22)
Undefined infection 35 (29)
Malunion 2 (2)
Preoperative smoking cessation time, NRT, and vaping
Spinal fusion nonunion 1 (1)
Wound infection 13 (11)
Hematoma 3 (2)
Impaired wound healing 2 (2)
Wound dehiscence 1 (1)
Wound rupture 1 (1)
Seroma 2 (2)
Wound diameter, depth 1 (1)
Mixed wound complication

(infection and dehiscence)
1 (1)

Wound healing problem
(dehiscence, fat necrosis, infection)

1 (1)

Non-pathological fracture or unclear
Non-pathological fracture 40 (39)
Unclear 63 (61)
Fracture location
Mandible 3 (2)
Spine 3 (2)
Clavicle 6 (5)
Humerus 8 (7)
Pelvis 1 (1)
Femur 9 (7)
Tibia 30 (25)
patella 1 (1)
Ankle 14 (11)
Calcaneus 9 (7)
Metatarsal 1 (1)
Elbow 1 (1)
Hip 1 (1)
Acetabulum 1 (1)
Radius and Ulna 1 (1)
Metacarpal and phalanx 1 (1)
Other mixed locations 13 (11)

Note: NRT: nicotine replacement therapy.
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unknown sample sizes) showed that undefined SSI rate was not sig-
nificantly different between the alcohol drinker group and non-
drinker group (OR 1¢28, 95% CI [0¢81�2¢03], P = 0¢29, I2=60%) (Appen-
dix S13b). A meta-analysis on malunion could not be conducted
because of insufficient data.

For wound infection, six studies with 914 patients showed that
smoking cessation for four weeks or more (OR 0¢37, 95% CI
[0¢16�0¢89], P = 0¢03, I2=49%) and six weeks or more (OR 0¢22, 95% CI
[0¢06�0¢83], P = 0¢03, I2=47%) before surgery significantly reduced
wound infection rates postsurgery compared with participants in the
continuous smokers group (Fig. 5a). However, no significant differ-
ence was found when preoperative smoking cessation for four weeks
or more (OR 1¢19, 95% CI [0¢43�3¢32], P = 0¢74, I2=79%) was compared
with the non-smokers group (Fig. 5b). For wound healing, two stud-
ies including 293 patients showed that the impaired wound healing
rate was significantly increased in smoking cessation for four weeks
or more before surgery (OR 1¢93, 95% CI [1¢17�3¢20], P = 0¢01, I2=0%),
compared with non-smokers (study list found in Appendix S14a and
Appendix S15a). In addition, the results of two studies with 210
patients showed that no significant difference was found in the
hematoma rates between smoking cessation for four weeks or more
before surgery and continuous smokers (OR 0¢36, 95% CI [0¢11�1¢20],
P = 0¢10, I2=0%) (study list found in Appendix S14a and Appendix
S15b). A summary of the impacts of smoking and preoperative smok-
ing cessation time is shown in Fig. 6. No studies concerning NRT and
vaping could be included in the meta-analysis (Appendix S14b).

3.6. Publication bias

For comparisons of nonunion, DSSI, and undefined SSI between
smokers and non-smokers, the results of the funnel plots (Appendi-
ces S16a to c) and Rucker’s test (Appendix S16d) indicated that there
was no obvious publication bias.

3.7. Additional analyses

The results of the dose related meta-analysis (Appendix S17), sub-
group analysis (Appendix S18), and sensitivity analysis (Appendix
S19) are shown in appendix, respectively.

4. Discussion

Our study included 103 studies determining the impact of smok-
ing or alcohol consumption on rates of bone healing and infection fol-
lowing a non-pathological fracture, and included 19 studies assessing
the impact of preoperative smoking cessation time, NRT, or vaping



Fig. 3. Forest plots of meta-analysis of (3a) delayed union rate, (3b) nonunion rate, and (3c) time to union of smokers vs. non-smokers.
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on wound healing and wound complications after any sort of surgery.
Eighty-one (79%) of the 103 studies included fractures that were
treated with surgical fixation. The study found that smokers had sig-
nificantly higher rates of nonunion, DSSI, and undefined SSI than
non-smokers. When regarding alcohol consumption, there was insuf-
ficient evidence concerning the impact of alcohol consumption on
fracture healing. In addition, DSSI and undefined SSI significantly
increased among male smokers, but not among female smokers. One
possible explanation is that male gender is a risk factor of developing
a major infection after trauma as one previous study based on 545
trauma population from the US reported that male gender had a 58%
greater risk of developing a major infection compared with female
gender (OR 1¢58, 95% CI [1¢01�2¢48], P = 0¢04) [32]. Regarding the
impacts of smoking and alcohol consumption on other outcomes, no
significant gender differences were found. The study also found that
the cessation of smoking for four weeks or more had no effect on
bone healing; however, the odds of postoperative wound infection
increased 2¢70-fold in continuous smokers, compared with partici-
pants who had quit smoking for four weeks or more before surgery.
The effect of preoperative smoking cessation for four weeks or more
on postoperative wound infection was similar to that of non-smok-
ers. However, the odds of impaired wound healing increased
1¢93-fold in patients who had quit smoking for four weeks or more,
compared to non-smokers.

Regarding the impact of smoking on nonunion, the effect size of
the results in the current study (OR 2¢50, 95% CI [1¢73�3¢61],
P<0¢0001) was greater than that of the previous two studies [13,14]
(OR 1¢67, 95% CI [1¢43�1¢95], P<0¢0001 and OR 1¢69, 95% CI
[1¢46�1¢96], P<0¢05, respectively). This may be due to the following
two reasons: (1) due to comprehensive search, our study included
more studies (19 studies) than the two previous studies (14 studies
were included in Pearson 2016 [13] and eight studies were included
in Tian 2020 [14]) and (2) due to rigorous inclusion and exclusion cri-
teria, many studies included in the previous studies have been
excluded from this study (e.g. the definition of nonunion lacked a
description of the time period in Adams 2001, OR 1¢32, 95% CI
[0¢91�1.93] and the age range of included patients was not described
in Lack 2014, OR 0.82, 95% CI [0¢29�2¢34]). Our study found that
smoking was not associated with delayed union (OR 1¢35, 95% CI
[0¢51�3¢59], P = 0¢55) or normal union (OR 1¢60, 95% CI [0¢78�3¢26],
P = 0¢20), which indicates that smoking may not increase the delayed
union rate or decrease the normal union rate. The contradiction
between this result and the nonunion result may be due to the small
sample sizes that were included in the analysis of delayed union



Fig. 4. Forest plots of meta-analysis of (4a) superficial surgical site infection rate and (4b) deep surgical site infection rate of smokers vs. non-smokers.
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(three studies with 117 patients) and normal union (five studies with
435 patients). For SSI, when compared with two previous studies, the
likelihood of DSSI (OR 2¢04, 95% CI [1¢68�2¢48], P<0¢0001) and unde-
fined SSI (OR 3¢11, 95% CI [2¢09�4¢63], P<0¢0001) in the current
study was similar to the postoperative infection observed in Kortram
et al. [33] (risk ratio [RR] 1¢29, 95% CI [1¢02�1¢64], P = 0¢04). Although
SSI was different (OR 1¢63, 95% CI [0¢95�2¢79], P = 0¢08) from our
study, this may be due to an identification error of the included stud-
ies in their study [34]. Moreover, Shao et al. [34] synthesized only
five of the seven studies concerning smoking and infection and did
not describe what the five studies were. After we recalculated the
results from all of the available data, we found that smoking might
increase the infection rate (OR 2¢12, 95% CI [1¢11�4¢02], P = 0¢02,
I2=88%) (Appendix S20d). However, readers need to be cautious
when interpreting this result with high heterogeneity present. Prob-
lems in the included studies in previous studies about impact of
smoking were described in Appendices S20a to c, S20e, and S20f.
We additionally evaluated SSSI and found no significant difference
between smokers and non-smokers (OR 1¢27, 95% CI [0¢73�2¢21],
P = 0¢39).

Alcohol consumption did not significantly affect nonunion of frac-
ture in the current study (OR 0¢97, 95% CI [0¢40�2¢38], P = 0¢95),
which was similar to Tian et al. [14] (OR 1¢37, 95% CI [0¢96�1¢95],
P = 0¢08). We also evaluated the time to union and found that drink-
ing had an adverse influence on fracture healing time (MD 12¢85
weeks, 95% CI [1¢23�24¢47], P = 0¢03). Problems in the included stud-
ies in previous studies about impact of alcohol consumption were
described in Appendices S21a, S21b, and S21d. For SSI, Shao et al.
[34] may have omitted two studies that met the inclusion and exclu-
sion criteria during data synthesis. Also for SSI, one of the studies
included in Kortram et al. [33] incorrectly defined the outcome, that
is, the outcome was wound necrosis rather than surgical site infec-
tion. After recalculation, postoperative SSI was increased in alcohol
drinkers, compared with non-drinkers, in the study by Kortram et al.
[33] (OR 1¢72, 95% CI [1¢01�2¢93], P = 0¢05, I2=0%) (Appendix S21e)
and Shao et al. [34] (OR 2¢17, 95% CI [1¢13�4¢13], P = 0¢02, I2=76%)
(Appendix S21c). The tendencies of DSSI (OR 1¢02, 95% CI
[0¢64�1¢62], P = 0¢94) and undefined SSI (OR 1¢28, 95% CI
[0¢81�2¢03], P = 0¢29) in our study were different from those in previ-
ous two studies [33,34]. These differences may have been caused by
the lack of description of the time period in the definition of non-
union; or the control group including alcohol drinkers (Appendices
S21b and S21d).

The mechanism by which cigarette smoking inhibits bone healing
is considered to be related to the following substances: (1) nicotine, a
vasoconstrictor reduces peripheral blood circulation, (2) carbon mon-
oxide reduces the oxygen-carrying capacity by binding to hemoglo-
bin, and (3) hydrogen cyanide inhibits cytochrome c oxidase to
prevent aerobic metabolism [35]. In addition to weakened blood sup-
ply caused by acute detrimental vasoactive effect of smoking, the
mechanism of smoking inhibits wound healing includes decreased
inflammatory healing response and impaired oxidative bacterial kill-
ing mechanisms [36]. There are few studies concerning the mecha-
nism of the impact of alcohol consumption on fracture healing. One
possible mechanism is that alcohol inhibits fracture healing by inhib-
iting the proliferation of osteoblasts [37]. Acute alcohol exposure is
considered to inhibit wound healing through the following mecha-
nisms: (1) impairment of the early inflammatory response, (2) inhibi-
tion of wound closure, angiogenesis, and collagen production, and (3)
alteration of the protease at the wound site [38]. However, the mech-
anism of the impact of chronic alcohol exposure on wound healing is
still lacking.



Fig. 5. Forest plots of meta-analysis of (5a) wound infection rate of smoking cessation vs. continuous smokers and (5b) wound infection rate of smoking cessation vs. non-smokers.
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In the study of Sorensen [36,39], smoking cessation before surgery
significantly reduced the postoperative wound infection rate (OR
0¢40, 95% CI [0¢20�0¢83], P = 0¢01, I2=19¢8%), which was consistent
with our study (OR 0¢37, 95% CI [0¢16�0¢89], P = 0¢03, I2=49%). How-
ever, smoking cessation time was not classified in the study of Soren-
sen [36,39] This limitation resulted in the failure to provide
information concerning the impact of the specific preoperative smok-
ing cessation time. Wong et al. [40] reported that preoperative smok-
ing cessation for more than three to four weeks significantly reduced
the risk of postoperative wound healing complications (risk ratio
[RR] 0¢74, 95% CI [0¢56�0¢98], P = 0¢04, I2=34%). The tendency of this
result was also consistent with our study. However, Wong et al. [40]



Fig. 6. Summary of the impact of smoking and preoperative smoking cessation time.
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also had the following methodological problems: (i) Wong et al. [40]
misinterpreted the nonunion of bone in one of the included studies
(Glassman 2000 [41]) as being a wound complication; (ii) combined
wound complication was analysed instead of each outcome in detail,
which could not provide clear information on the impact of smoking
cessation time on specific outcomes; and (iii) in two of the included
studies (Chang 1999 [42] and Goodwin 2005 [43]), smoking cessation
occurred before the study period, which meant that it was possible to
include patients who had quit smoking for a longer period of time. To
study the impact of a clear period of time to quit smoking before sur-
gery, these studies were not included in our study. Detailed informa-
tion on the two previous meta-analyses is shown in Appendix S22.

According to the data by the CDC of the US and the Food and Drug
Administration (FDA) from 2013 to 2014, the most popular smoking
products among adults were cigarettes (17¢0%), followed by vaping
(3¢3%), smokeless tobacco (2¢5%), cigars (1¢8%), water pipes (0¢6%),
and regular pipes (0¢3%) [44]. Between 2015 and 2018, the prevalence
of vaping use increased from 7¢4% in 2015 to 9¢2% in 2018, whereas
the prevalence of cigarette smoking in current vaping users signifi-
cantly decreased from 56¢9% in 2015 to 40¢8% in 2018 [45]. A recent
meta-analysis also showed that vaping use was associated with
increased smoking cessation [46]. However, the effect of vaping on
patients after surgery was unclear. Only two in vivo studies [47,48]
have investigated the impact of vaping on the postoperative skin flap
necrosis area, and the results indicated that vaping increased the
postoperative skin flap necrosis area compared with the unexposed
group, and the extent of this increase was similar to that of the
tobacco smoking group. More clinical studies investigating the
impact of vaping on postoperative outcomes need to be conducted.

There were several strengths in the current study. First, to the best
of our knowledge, this is the first rigorous and largest systematic
review and meta-analysis that investigated the effects of smoking
and alcohol consumption on adult non-pathological fractures. Sec-
ond, in this study, studies including fractures in children and adoles-
cents were excluded as the treatment and healing periods of
fractures in children and adolescents are different from those in
adults, which reduced the heterogeneity that was present in previous
reviews of fracture healing [49,50]. Moreover, key outcomes in this
study (i.e., superficial and deep infections) were categorized in detail
a priori because of clinical differences between the outcomes, such as
the prevalence and request for intravenous antibiotics, percutaneous
drainage, and reoperation [51]. However, studies often treat these
two types of infection as one to increase the overall event rate, which
prevents readers from understanding the impact of smoking or alco-
hol on each of these infection types individually [51]. Studies in
which the control group may include an exposed population were
not included in the meta-analysis, in order to obtain accurate and
reliable information concerning the impact of smoking and alcohol
consumption on fracture healing. Another strength of this study was
the dose-related meta-analyses that were performed to further
explore the influence of smoking and alcohol consumption on frac-
ture healing. Finally, we analysed the impacts of preoperative smok-
ing cessation time, NRT, and vaping on bone healing, wound healing,
and wound complications.

There were some limitations that were present in this study. First,
not all of the included studies adjusted for confounders in their stud-
ies, which may have affected their results. Thus, we performed sub-
group analyses, and the results were similar between studies that
adjusted for confounders versus studies that did not performed
adjustments. Second, three case series with 89 patients were
included in the quantitative synthesis, which may have affected the
results, although the results were similar when we excluded these
case series in a sensitivity analysis. Third, 32 of the 58 studies for
quantitative synthesis and 31 of the 45 studies for qualitative synthe-
sis for smoking and alcohol consumption did not clearly describe
whether the included fractures were non-pathological. However, the
results did not change after excluding the studies that lacked clear
descriptions of non-pathological fractures. Fourth, high heterogene-
ity was found in quantitative synthesis for the impact of alcohol con-
sumption on nonunion rate. We conducted a sensitivity analysis by
excluding the study one by one and found that although the impact
of alcohol consumption on nonunion rate was still not significant, the
heterogeneity significantly decreased after the study Throrud 2017
was removed. The small sample size and the expanded definition of
nonunion (e.g. failure of fracture union six months after fracture diag-
nosis or corrective surgery failure within six months after fracture
diagnosis) might be the reasons for the heterogeneity (Appendix
S19). Readers should interpret these results with caution and future
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studies with large sample sizes are needed to verify this result. Fifth,
for the impact of smoking on nonunion, three studies with high ORs
were included in meta-analysis that may have affected the results.
The high ORs might be due to the small sample size of the studies,
which may lead to imprecision of the results. We performed a sensi-
tivity analysis by removing these three studies and found the results
did not significantly change, which means the results are robust.
Lastly, changes were made to the study post-hoc, which were not
stated a-priori in the published protocol. Changes to protocols in
meta-analysis increase the risk of bias in the analysis, results and con-
clusions. Although these changes were made to ensure the analysis
answered the study question, they could have been minimised
through a more thorough pilot search of the literature.

The results of the current study support smoking cessation as
being a part of the management of bone fractures. Although smoking
cessation has been recommended for health benefits for over 3 deca-
des, no previous reviews have found sufficient evidence concerning
bone healing rates following fractures [52]. This study confirms that
smoking cessation is beneficial for nonunion and DSSI. However,
there is no evidence that reductions in alcohol consumption are ben-
eficial in reducing the time to union or in decreasing rates of non-
union, DSSI, and undefined SSI. To explore the dose-response
relationship between smoking, alcohol consumption, and fracture
healing, future studies should include more high-quality clinical
studies that meet the following requirements: (i) the primary pur-
pose is to investigate the influences of smoking and alcohol con-
sumption on fracture healing; (ii) a clear description of the inclusion
of non-pathological fractures; (iii) the doses of smoking and alcohol
consumption are completely recorded; and (iv) the definitions of out-
comes are clear and unified. More studies that investigate the impact
of preoperative smoking cessation time, NRT, and vaping on fracture
healing also need to be performed in the future.

Our findings suggested that smoking is associated with higher
rates of nonunion and deep surgical site infection after non-patholog-
ical fracture treatment. Smoking cessation (four weeks or more
before surgery) is associated with a decreased rate of wound infec-
tion after any sort of surgery. However, there is still a lack of evidence
concerning the association between alcohol consumption and these
outcomes.
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