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The rate of smoking in patients who have suffered from
ACLR graft rupture
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Ka Shing Faculty of Medicine, The University Purpose: The purpose of this study was to investigate the rate of smoking
of Hong Kong, Hong Kong SAR, China in patients who suffered from anterior cruciate ligament reconstruction
(ACLR) graft rupture. It was hypothesised that there would be no difference
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Traumatology, Queen Mary Hospital, Room Methods: A retrospective study was conducted on patients who underwent
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assessment of graft integrity. The rate of graft rupture was reported. A case—
control study was performed to determine the relationship between smoking
and ACLR graft rupture by matching age, sex, chronicity of tear, diameter
and type of ACLR graft, Grade 3 pivot-shift, type of ACLR and concomitant
anterolateral ligament reconstruction between smokers and non-smokers.
Results: A total of 495 primary ACLRs were included. The patients were
aged 27.2 + 8.2 years. There were 397 men and 98 women, with a smoking
rate of 20%. The average follow-up was 78 £ 48 months. 16.2% of smokers,
compared to 10.1% of non-smokers, suffered from graft rupture. The
median yearly rate of graft rupture was 2 per 100 ACLRs (interquartile range
[IQR] =2.4) for smokers, compared to 1 per 100 ACLRs (IQR = 0.6) for non-
smokers. One hundred seventy-two patients were matched. Smokers were
found to have a higher risk of suffering from graft rupture compared to non-
smokers in the case—control matching analysis (odds ratio=2.6, 95%
confidence interval = 1.01-6.63).

Conclusion: In a cohort of 495 primary ACLRs operated using hamstring
autograft with a 20% smoking rate, the rates of ACLR graft rupture and
revision ACLR at a mean follow-up of 6.5+ 4 years were 11.3% and 8.3%,
respectively. Smoking was associated with an increased risk of graft rupture
in a case—control matching subgroup analysis.

Level of Evidence: Level IV.
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INTRODUCTION

Smoking is a significant risk factor that affects health
problems globally [15]. Smokers are more susceptible
to inferior outcomes after anterior cruciate ligament
reconstruction (ACLR) than non-smokers [23]. Smok-
ing is associated with a higher risk of post-operative
infection [4, 24] and thromboembolic disease [4].
Additionally, smokers are more likely to experience
persistent pain [17], lower function scores [17, 18],
greater anterior knee translation [17, 18] and a lower
chance of returning to pre-injury sport [17].

Smoking is known to delay the ligamentization of
the ACLR graft, as shown in post-operative magnetic
resonance imaging (MRI) [8]. However, there is con-
troversy surrounding the association of smoking with
ACLR graft rupture [2, 4, 11, 16, 19, 20, 23]. Cancienne
et al. reported in a matching study that included 13,358
ACL reconstructions, that the rate of subsequent ipsi-
lateral or contralateral ACLR was higher in smokers
compared to non-smokers, with an odds ratio (OR) of
1.7 [4]. At a median follow-up of 140 months, Lu et al.
reported that a history of smoking was a predictor for
an increased risk of graft rupture [20]. On the other
hand, two recent systematic reviews suggested that
smoking is neither associated with ACLR graft rupture
[11] nor contralateral knee ACL injury [10].

Graft rupture after ACLR is influenced by a large
number of covariates [8, 12—14, 21, 25-28, 30, 31, 33],
including patient factors [4, 8, 14, 16, 26, 31], surgeon
factors [14, 25, 26, 30] and disease factors [13, 14].
The most suitable methodology to study the associa-
tion between smoking and ACLR graft rupture is a
prospective cohort study or a retrospective case—
control study. However, there is a need to control the
large number of covariates known to affect ACLR graft
rupture, which many studies reporting the relationship
between smoking and ACLR graft rupture fail to do [1,
11, 16, 18, 19, 22].

The purpose of this study was to investigate the rate
of smoking in patients who suffered from ACLR graft
rupture. The rate of graft rupture in smokers and non-
smokers was reported. The association of smoking with
graft rupture was assessed in a case—control matching
study, taking into consideration most of the known pre-
operative and intra-operative covariates that affect
ACLR graft rupture. It was hypothesised that there
would be no difference in the ACLR graft rupture rates
between smokers and non-smokers.

METHODS

The current study was approved by the local ethics
committee at the author's institute (Document number:
UW 24-412), with a waiver of the need to obtain in-
formed consent from the patients.

A retrospective study using prospectively collected
data was conducted. Patients were included if they (i)
underwent primary ACLR using hamstring (HS) auto-
graft at the author's institute between July 2007 and
December 2021, and (ii) were skeletally mature, as
confirmed by the pre-operative X-ray of the involved
knee. Patients were excluded if (i) their smoking status
was not known, (ii) they did not receive a post-
operative reassessment MRI, or (iii) they had a follow-
up of less than 2 years.

Collection of demographic data

Patients were assessed in a pre-operative assessment
clinic 1 week before the scheduled surgery. Demographic
data, including smoking status and medical information
such as the Tegner activity scale (TAS), International Knee
Documentation Committee (IKDC) subjective score and
physical examination findings of both knees, were
obtained. Regarding the subjective IKDC score and TAS,
patients were asked to complete a self-administered
questionnaire, which included the subjective IKDC form,
pre-injury and pre-operative TAS, laterality of the involved
knee and time of injury. Information regarding age and sex
was obtained through the citizens' identification system of
the author's city. Medical information, such as smoking
status and physical examination findings, were obtained in
a pre-operative assessment consultation by a team of
orthopaedic surgeons, including the author of this manu-
script. Information regarding body height and body weight
was gathered by a team of physiotherapists. The infor-
mation was prospectively documented using a standard
research documentation form designed for other studies
conducted at the author's institute.

Definition of smoking

Smoking was defined as the use of conventional cig-
arettes and did not include the consumption of
e-cigarettes or heated tobacco products [34]. The def-
inition of smoking was adopted from the regular city-
wide census conducted by the local government once
every 5 years [5, 6]. At the time when the prospective
data collection form was designed in 2007, the defini-
tion of smoking provided by the local government's
census report did not include e-smoking [5]. In the
current study, the smoking status was recorded at the
time of ACLR. Smokers were defined as patients who
had smoked before the time of ACLR. Smokers
included current daily smokers, current non-daily
smokers and ex-smokers. Ex-smokers were defined
as those who had stopped smoking before ACLR,
regardless of the time of quitting. Non-smokers were
defined as those who had never smoked at the time
of ACLR.



Surgical procedure

ACLRs were performed by two surgeons, including WPY.
Patients were placed under general anaesthesia. An ex-
amination under anaesthesia (EUA) was performed. A
Grade 3 pivot shift phenomenon was defined as a locked
subluxation [32]. Medial HSs were harvested from the
ipsilateral knee. Diagnostic arthroscopy was carried out,
and concomitant intra-articular pathology, including
meniscus lesions, was treated accordingly. Both single-
bundle and double-bundle reconstructions were options
for ACLR that were performed during the period of inclu-
sion. The type of ACLR performed depended on the
research projects conducted at the time of operation and
the choice of the patient. Concomitant anterolateral liga-
ment reconstruction was performed in selected cases from
2013 onwards.

Rehabilitation and follow-up

The rehabilitation protocol was standardised for pa-
tients who received primary ACLRs and included a
9-month rehabilitation programme at the same reha-
bilitation centre. Bracing was not applied. Patients were
advised to practice partial weight-bearing walking in the
first 3 weeks after surgery. The programme included an
initial 3-month closed-chain training, followed by open-
chain training in the subsequent 3 months. Agility
training was initiated 7 months post-operation. Patients
were advised not to return to pivoting sports within the
first 9 months after ACLR.

The patient was followed up in a designated ACLR
clinic once every 3 months in the first year after surgery,
and then annually. IKDC subjective scores were applied,
and physical examination findings were recorded at
each follow-up.

Reassessment MRI

Reassessment MRIs were scheduled for all patients as
part of the follow-up protocol and were performed in
the second year after the index surgery unless patients
refused. An additional MRI would be arranged if the patient
experienced repeated injury, raising suspicion of ACLR
graft rupture or other intra-articular injury. Graft rupture was
diagnosed through MRI or diagnostic arthroscopy.

Statistics

Descriptive statistics were reported. Statistical analysis
was performed using SPSS version 29. Independent
t tests were used to compare continuous data, while
chi-square tests were used to compare categorical
data. Statistical significance was assumed if p < 0.05.
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If a statistically significant association was found by the
chi-square test, the OR and the corresponding 95%
confidence interval (Cl) were reported.

Subgroup analysis—Case—control
matching

A subgroup analysis was conducted using a one-to-
one case—control matching methodology to investigate
the association between smoking and ACLR graft
rupture. Factors considered during the case—control
matching were (i) age, (ii) sex, (iii) time between injury
and surgery, (iv) presence of a Grade 3 pivot shift
phenomenon during EUA, (v) type of ACLR, including
single-bundle and double-bundle ACLR, (vi) diameter
of ACLR graft and (vii) concomitant anterolateral liga-
ment reconstruction. Propensity scores were gener-
ated with respect to smoking status for continuous
data, such as age, time between injury and surgery,
and the diameter of the ACLR graft. Matching of the
propensity score was performed with a Mahalanobis
distance of 0.01, while matching of the categorical
covariates was performed by exact matching of the
items. The number of successfully matched pairs was
reported. The association between smoking and graft
rupture was studied using a chi-square test. The
potential difference in survivorship between smokers
and non-smokers was assessed using Kaplan—Meier
survivorship analysis.

RESULTS

A total of 714 primary ACLRs operated using HS autograft
were performed in skeletally mature patients at the au-
thor's institute between July 2007 and December 2021.
Among these, 219 ACLRs were excluded, including (i) 52
patients with unknown smoking status, (i) 141 patients
who did not undergo post-operative MRI and (iii) 26 pa-
tients who had a follow-up of less than 2 years. Four
hundred ninety-five patients met all inclusion and exclusion
criteria, including 397 males and 98 females. (Figure 1)
The average age of the patients was 27.2+8.2 years
(range =14-56 years). The average follow-up was
78 £48 months. The longest follow-up was 197 months.
Post-operative MRIs were performed for all included pa-
tients at an average of 20.2+12.5 months after the
index ACLR.

There were a total of 56 ACLR graft ruptures (11.3%)
which occurred at an average of 54.9 + 42 months after the
index ACLR (range =6-169 months). The median yearly
rate of graft rupture among the whole cohort was 0.9 per
100 ACLRs per year (interquartile range [IQR]=0.7).

There were 99 smokers, including 64 daily smokers,
19 non-daily smokers and 16 ex-smokers. The rate of
smoking was 20%. Smokers were older than non-smokers
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SATISFIED INCLUSION CRITERIA

(n=714)

skeletally mature patients who underwent primary anterior cruciate
ligament reconstructions using hamstring autograft
between July 2007 and December 2021

EXCLUDED (n=219)

1. unknown smoking status (n=52)
2. did not receive post-operative MRI (n=141)
3. hadafollow-up <2 years(n=26)

v

INCLUDED PATIENTS

(n=495)

397 males and 98 females

FIGURE 1 Patient selection. MRI, magnetic resonance imaging.

(p=0.046). There were more men among smokers
(94.9%) compared to non-smokers (76.5%) (p<0.001).
The body mass index was higher in smokers (p =0.028).
Other than these, there were no differences between
smokers and non-smokers in terms of other demographic
data, including the laterality of the injured knee, the time
between the index injury and ACLR, the pre-injury TAS,
the pre-operative IKDC subjective score, the length of
follow-up, and the time between surgery and the post-
operative MRI (Table 1).

A total of 16.2% of smokers, compared to 10.1% of
non-smokers, suffered from graft rupture. The yearly
rate of graft rupture is presented in Figure 2. The
median yearly rate of graft rupture for smokers was 2
per 100 ACLRs (IQR=2.4), compared to 1 per 100
ACLRs for non-smokers (IQR =0.6) (Figure 2).

The 5-year rate of graft rupture was highest in the
first 5 years post-operation. There was a progressive
decline in the 5-year rate of graft rupture in both
smokers and non-smokers with increasing time from
the index ACLR (Figure 3). The corresponding 5-year
rate of graft rupture in smokers was around 1.5-2.5

times that of non-smokers, regardless of whether it was
0-5, 6-10 or 11-15 years after ACLR.

Forty-one patients underwent revision ACLRs
(8.3%). Thirteen smokers compared to 28 non-
smokers received revision surgeries.

Subgroup analysis—Case—control
matching study

One hundred seventy-two patients were matched in a
one-to-one ratio. All patients in the case—control
matching study had a minimum follow-up of 2 years.
Apart from the smoking status, the two groups were
comparable regarding the demographic data (Table 2).

The cases and the controls were identical in the
operative details, including Grade 3 pivot shift phe-
nomenon during EUA, type of ACLR regarding single-
bundle and double-bundle, concomitant anterolateral
ligament reconstruction, and type of autograft used.
The average diameter of the ACLR graft was the same
in both groups (Table 3).



50of9
Journal of Experimental Orthopaedics—\W/| LEY—‘—O

TABLE 1 Comparison of demographic data between smokers and non-smokers in the whole cohort.

Smokers Non-smokers p (Student's t-test, if not specified)
Number 99 396
Age 28.5+6.9 26.9+8.5 p=0.046*
Sex (men vs. women) 94 vs. 5 303 vs. 93 p <0.001* (chi-square test)
Laterality (right vs. left) 48 vs. 51 213 vs. 183 p =0.345 (chi-square test)
Body mass index 24.9+4.4 241+34 p=0.028*
Time between injury and index ACLR (days) 525+ 839 586+ 1178 p=0.314
Pre-injury Tegner activity scale 6.5+1.1 6.4+1.4 p=0.281
Pre-operation IKDC 61.5+£12.6 61.2+14.9 p=0.442
Follow-up (months) 7752 78+48 p=0.472
Time between MRI and surgery (months) 20.1+£10.4 20.2+£12.9 p=0.485

Abbreviations: ACLR, anterior cruciate ligament reconstruction; IKDC, International Knee Documentation Committee; MRI, magnetic resonance imaging.
*Statistical significant.
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TABLE 2 Comparison of demographic data between smokers and non-smokers in the case—control study.

Case (smokers)

Number 86
Follow-up (months) 7351
Time between MRI and surgery (months) 19.9+10.4
Age 28.1+7.0
Sex (men vs. women) 82 vs. 4
Laterality (right vs. left) 41 vs. 45
Body mass index 24.3+3.8
Pre-injury Tegner activity scale 6.6+1.0
Time between injury and index ACLR (days) 530+ 874
Pre-operation IKDC 60.7 £12.6
KT-1000 side-to-side difference at 30 Ib (mm) 40+2.6

Control (non-smokers) p (Student's t-test, if not specified)

86 -

72+ 51 p=0.45
19.7+17.4 p=0.47
27.5+7.3 p=0.301
82 vs. 4 -

47 vs. 39 p=0.36 (chi-square test)
241+3.0 p=0.343
6.7+x1.1 p=0.151
431+663 p=0.201
59.7+14.8 p=0.326
3.7+2.2 p=0.236

Note: —: statistical comparison not performed.

Abbreviations: ACLR, anterior cruciate ligament reconstruction; IKDC, International Knee Documentation Committee; MRI, magnetic resonance imaging.

TABLE 3 Operative information between smokers and non-smokers in the case—control study.

Case (smokers)

Control (non-smokers)

p (Student's t-test, if not specified)

Grade 3 pivot shift test at 1% 1% -
Single-bundle vs. double-bundle 58 vs. 28 58 vs. 28 -
Concomitant ALLR 17% 17% -
Type of autograft HS =86 HS =86 -
ACLR graft diameter (mm) 7.8+1.1 7.8+1.2 p=0.473

Note: —: statistical comparison not performed.

Abbreviations: ACLR, anterior cruciate ligament reconstruction; ALLR, anterolateral ligament reconstruction; EUA, examination under anaesthesia; HS, hamstring.

Graft rupture after ACLR and revision
surgery in the case—control study

In the case—control matching study, smokers were found
to be more prone to suffering from graft rupture after
ACLR compared to non-smokers (19% and 8%,
respectively; p=0.044; OR=2.6, 95% CI=1.01-6.63).
However, there was no difference in the time of graft
rupture after ACLR between the two groups (52 + 49 and
46 + 34 months, respectively; p=0.389). The survivor-
ship of ACLR was poorer in smokers compared to non-
smokers (p=0.031, log-rank test, Kaplan—Meier survi-
vorship analysis) (Figure 4).

There was also no difference between the two groups
in the rate of revision surgeries (p =0.089).

DISCUSSION

In a cohort of 495 primary ACLRs operated using HS
autograft with a smoking rate of 20%, the rates of ACLR
graft rupture and revision ACLR at a mean follow-up of
6.5+4 years were 11.3% and 8.3%, respectively. The

5-year rate of graft rupture was highest in the first
5 years post-operation for both smokers and non-
smokers. In a subgroup analysis adopting a one-to-one
case—control matching methodology, smokers were
found to have a higher risk of suffering from graft rup-
ture (OR=2.6, 95% CI=1.01-6.63) and a poorer sur-
vivorship of ACLR (p=0.031, Kaplan—Meier analysis),
compared to non-smokers.

The finding of the current study aligns with the
findings of a large-scale case—control matching study
conducted by Cancienne et al., who reported that the
chance of subsequent ACLR reconstruction, including
both ipsilateral knee revision ACLR and subsequent
contralateral knee ACLR, was 1.7 times higher in
smokers than in non-smokers [4]. Cancienne et al.
defined graft failure as revision ACLR, which differs
from the definition adopted in the current study. The
fact that not all the patients who suffered from graft
rupture underwent revision surgery might be one of the
explanations for the smaller OR found by Cancienne
et al. compared to the current study.

Graft rupture after ACLR is influenced by a large
number of covariates [8, 12—14, 21, 25-28, 30, 31, 33].
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FIGURE 4 Kaplan—Meier analysis of ACLR graft rupture: Case—control matched comparison of smokers and non-smokers. ACLR, anterior

cruciate ligament reconstruction.

Despite being a significant risk factor [4, 20], smoking is
not the most important covariate that predicts ACLR
graft rupture [20]. Regarding graft rupture at short-term
follow-up, the most important risk factors are young
age [12, 14, 26], chronicity of tear [13] and pre-
operative EUA pivot shift 3 phenomenon [14]. Early
return to pre-injury contact sport [11], a diameter of an
HS graft less than 8 mm [29] and female gender [31]
are additional factors known to increase the chance of
graft rupture. To investigate the association between
smoking and ACLR graft rupture, it is crucial to control
most of these covariates, either in the form of an RCT
or a retrospective case—control matching study.

There were studies reporting no association
between smoking and graft rupture after ACLR [1, 11,
16]. Andernord et al. [1] conducted a prospective study
of 16,930 primary ACLRs using data from the Swedish
National Knee Ligament Register. They concluded that
there was no significant association between tobacco
use and revision surgery. However, important covari-
ates such as injury-to-surgery time, graft diameter, type
of graft (e.g., HT vs. BPTB), and activity at the time of
the injury were not controlled when comparing smokers
and non-smokers [1]. Kaeding et al. [16] conducted a
study investigating the potential risk factors for ipsi-
lateral ACLR graft retear in 2683 patients. They found
that smoking status was not associated with ACLR
graft rupture. A multivariable logistic regression was

used to determine whether the studied variables were
associated with ACLR graft rupture. However, no
attempt was made to adjust for potential group differ-
ences when comparing the odds [16]. Cronstrom et al.
performed a systematic review of the risk factors for
graft rupture following ACLR. In terms of the associa-
tion with smoking, data from five papers were pooled
together. The authors reported no association between
smoking and graft rupture. However, the authors also
commented that the quality of the included papers was
low [11]. Unlike Cancienne et al.'s publication [4] and
the current research, these studies did not control the
important covariates for ACLR graft rupture. This may
be the reason explaining the controversy surrounding
the relation of smoking with ACLR graft rupture in the
literature.

It is important to discover the potential association
between smoking and ACLR graft rupture. Smoking is
preventable and is a potentially reversible health haz-
ard [15]. It is different from other patient-related risk
factors for ACLR graft rupture, such as young age,
female gender and familiar predisposition, which are
irreversible. Additionally, the rate of smoking in patients
who received ACLR is high, which is 20% in the current
cohort. In an ACLR study performed by Kim et al. in
South Korea, the rate of smoking even approached
40% [18]. The high prevalence of smoking in patients
who received ACLR contradicts the general belief that
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athletes do not smoke as much as those who do not
play sports because they are more health-conscious
[7]. Confirmation of a positive association of smoking
with ACLR graft rupture provides additional evidence
supporting the importance of anti-smoking campaigns,
especially in a subgroup of young patients who
receive ACLR.

LIMITATION

First, e-cigarettes and heated tobacco products were
not included in the definition of smoking in this study,
but they have become more popular in recent years [3].
Additionally, smoking status was recorded at the time of
ACLR only. There was no continuous follow-up of the
smoking habit in the post-operative period, when there
may be a change in the smoking status. Second,
smokers and non-smokers were known to have differ-
ent demographic characteristics, which were also
confounders affecting the ACLR graft rupture rate [9].
Although a case—control matching subgroup analysis
was performed to investigate the association between
smoking and ACLR graft rupture and an attempt to
match most known pre-operative and intra-operative
covariates was made, the retrospective nature of the
study introduced bias into the results. Third, although
all patients were scheduled to receive post-operative
MRI in the second year after ACLR, 141 out of 714
patients refused to attend the imaging session, again
introducing bias to the study. Fourth, repeated post-
operative MRIs were performed after a 2-year follow-up
for patients only when there was clinical suspicion of
graft rupture or other intra-articular injury during the
subsequent follow-up. There was a possibility that
some patients developed subsequent asymptomatic
graft rupture, despite the post-operative 2-year MRI
showing an intact graft. Finally, selection bias existed in
the current study. Fifty-two patients were excluded
because their smoking status was not known, intro-
ducing bias to the analysis.

CONCLUSION

In a cohort of 495 primary ACLRs operated using HS
autograft with a smoking rate of 20%, the rate of ACLR
graft rupture and revision ACLR at a mean follow-up of
6.5+4 years were 11.3% and 8.3%, respectively.
Smoking was associated with an increased risk of
graft rupture in a case—control matching subgroup
analysis.
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