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Background: Anterior cruciate ligament (ACL) injuries are common sports-related injuries with a high risk of reinjury after return to
sport (RTS). Rehabilitation aims to regain symmetrical knee strength and function to minimize the risk of a second ACL injury after
RTS.

Purpose: To determine the effect of absolute quadriceps and hamstring strength, normalized by body weight, on the risk of a
second ACL injury during the first 2 years after RTS in patients who have undergone ACL reconstruction (ACLR).

Study Design: Cohort study; Level of evidence, 3.

Methods: Data from patients after index ACLR at the time of RTS were extracted from a rehabilitation registry—Project ACL.
Patients who had performed isokinetic tests for quadriceps and hamstring strength and hop tests before RTS were included. The
endpoint was a second ACL injury or a follow-up of 2 years after RTS after ACLR.

Results: A total of 835 patients (46% women), with a mean age of 23.9 ± 7.7 years, were included. During the study period, 69
(8.3%) second ACL injuries (ipsilateral and contralateral) occurred. Greater relative quadriceps strength in the injured leg increased
the risk of a second ACL injury (relative risk [RR], 1.69 [95% CI, 1.05-2.74]; P ¼ .032). In patients who had recovered symmetrical
quadriceps strength (limb symmetry index�90%), there was no effect of quadriceps strength on the risk of second ACL injury (RR,
1.33 [95% CI, 0.69-2.56]; P¼ .39). Quadriceps strength on the healthy side or hamstring strength, regardless of side, had no effect
on the risk of a second ACL injury.

Conclusion: Greater relative quadriceps strength in the injured leg at the time of RTS after ACLR was associated with an increased
risk of a second ACL injury. There was no effect of relative quadriceps strength on the risk of a second ACL injury in patients who
had recovered symmetrical quadriceps strength.

Keywords: anterior cruciate ligament; muscle function; muscle strength; reinjury; return to sport

The results from tests of muscle function are used in clin-
ical practice to help determine whether patients are ready
to return to sport (RTS) after anterior cruciate ligament
(ACL) reconstruction (ACLR). These test results are com-
monly reported as the limb symmetry index (LSI), which
expresses the recovery of the injured knee with regard to
the noninjured knee.14,29,42 Passing RTS criteria are often

set when achieving an LSI of �90% in a battery of muscle
function tests.16,41,42

A second ACL injury is, unfortunately, a concern after an
ACLR31 and can be the reason for an athlete’s deciding to
end one’s career.25,40 The collected evidence on the effect of
symmetrical muscle function in a battery of tests before RTS
on risk for second ACL injury is inconclusive.3,16 However,
patients treated with an ACLR often struggle to achieve RTS
criteria in a battery of muscle function tests before RTS,42

where passing rates are as low as 23% before RTS.41 Despite
several studies reporting differences in RTS passing
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rates,14,33,41,42 as well as in the timing of RTS1-3,7,16,22,24,28,34

after ACLR, there are still patients who do not recover sym-
metrical muscle function before RTS.41

There are concerns about the use of the LSI to evaluate
muscle strength, as it only considers limb-to-limb symmetry
and does not account for absolute muscle strength or absolute
muscle strength normalized by body weight, that is, relative
strength. It is yet to be determined whether greater relative
quadriceps and hamstring strength has a protective effect on
sustaining a second ACL injury. The purpose of this study was
to evaluate the role of relative quadriceps and hamstring
strength on the risks of (1) a second ACL injury, (2) an ACL
graft rerupture, and (3) a contralateral ACL injury in patients
after primary ACLR followed by RTS.

METHODS

Study Design

This study was performed according to the REporting of stud-
ies Conducted using Observational Routinely-collected health
Data statement,5 which is an extension of Strengthening the
Reporting of Observational Studies in Epidemiology.39 This
was a prospective cohort study based on data from an obser-
vational rehabilitation outcome registry—Project ACL. The
Project ACL registry, located in Gothenburg, Sweden, was
begun in 2014 to improve the care of patients with ACL inju-
ries.18 Participation in Project ACL is voluntary, and patients
are able to withdraw at any time. Patients are provided with
written information about the project and informed consent is
obtained. In Project ACL, patients are regularly assessed
using validated patient-reported outcome measurements and
a battery of tests for muscle function. Follow-ups are sched-
uled as follows: 10 weeks; 4, 8, 12, and 18 months; 2 and 5
years; and then every fifth year after ACL injury or recon-
struction. Project ACL received ethics approval from the
Swedish Ethical Review Authority. Patients or the public
were not involved in the design, conduct, reporting, or dissem-
ination plans of this study.

Test Battery

The assessments in Project ACL comprise validated tests
for quadriceps and hamstring strength and 3 hop tests:
vertical hop, hop for distance, and 30-second side hop. The

tests of muscle function are supervised by registered phys-
ical therapists trained in standardized testing procedures.
Hop testing starts at 4 months after ACLR if patients are
deemed to be “ready” (have practiced a maximum hop test
similar to the test procedure with their responsible physical
therapist) by their responsible physical therapist. Hop tests
were not used in this study.

In the present study, patients followed Project ACL test
procedures and were instructed to warm up according to a
standardized procedure previously published,32 consisting
of 10 minutes on a stationary bicycle and submaximal trials
on each test. Strength testing was performed in a seated
position on an isokinetic dynamometer (Biodex System 4;
Biodex Medical System) at an angular speed of 90 deg/s.
Three maximal trials were performed with 40 seconds of
rest between each trial and the maximum torque in newton
meters was recorded and registered in Project ACL. The
Biodex System has an intraclass correlation coefficient of
0.95 for measuring isokinetic strength in the quadriceps
and the hamstring muscle groups.11

Patient-Reported Outcome Measures

We used the Tegner activity scale to determine RTS. The
questionnaire is completed at each follow-up to assess the
requirements of the knee. The Tegner is a numerical rating
scale used to assess the level of knee-strenuous activity.38

The physical demands gradually increase for every
increased level of the Tegner scale, where the Tegner activ-
ity level 10 is defined as the most knee-strenuous activity
with participation in elite-level sports (football or rugby).38

The original scale ranges from 0 to 10, where a score of
0 represents being on sick leave. However, Project ACL
uses a modified version of the Tegner scale that starts at
level 1 (sedentary work).4 RTS in this study was defined as
a Tegner score �6 (ie, returning to knee-strenuous sport).

Study Patients

Patients registered in Project ACL, aged 15 to 50 years with
a primary ACL injury, treated with primary ACLR and
rehabilitation, and with a preinjury activity level of at least
6 on the Tegner scale were eligible for inclusion. Patients
who had not performed strength tests at the time of RTS or
had not returned to a Tegner score �6 were excluded. Pre-
vious publications reported a Tegner score�6 as a proxy for
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athletic exposure that puts patients at risk for a second
ACL injury.3

Data Collection

Demographic characteristics and relative strength data from
the test closest in time to that at which patients had returned
to a Tegner score �6 (ie, RTS) were extracted for analysis on
April 23, 2021. This means that for a patient who returned to
sport at 9 months, we used test results from 8 months,
whereas if a patient returned to sport at 11 months, we used
the test results from 12 months. Data from strength tests of
quadriceps and hamstrings were normalized by body weight
in kilograms (ie, N�m/kg)19 as measured at the time of testing.

Outcome Measures

The primary outcome was the occurrence of a second ACL
injury, defined as a graft rupture of the surgically recon-
structed ACL or a contralateral ACL injury. The endpoint was
set as a second ACL injury or a follow-up of 2 years after RTS
after ACLR. The second ACL injury was determined by a
registered “new ACL injury” to a patient’s profile in Project
ACL, added either by the patients themselves or the treating
physical therapist. Relative strength as a risk factor for a
second ACL injury was determined by analyzing the relative
risk (RR) of a second ACL injury for every 1 N�m/kg increase
in relative strength at the time of RTS. Patient characteris-
tics, including sex, age at the time of ACLR, preinjury Tegner
score, and time to RTS were used as confounders in a multi-
variable analysis, alongside relative quadriceps and ham-
string strength. Secondary outcome variables were ACL
graft rupture and contralateral ACL injuries.

Statistical Analysis

Statistical analyses were performed with the SAS Statistics
for Windows (Version 9.4; SAS Institute). Demographic
data were recorded as mean values with standard devia-
tions and medians with ranges. For a comparison of char-
acteristics between sexes, the Mantel-Haenszel chi-square
exact test was used for ordered categorical variables. The
Fisher nonparametric permutation test was used for con-
tinuous variables.

The impact of relative strength on the occurrence of a
second ACL injury was presented as the RR with 95% CI
for risk estimates and P values. The P values were esti-
mated using generalized linear models with a binomial dis-
tribution and log-link function. Univariable and
multivariable analyses with confounders were used to
determine the effect of relative strength on a second ACL
injury. In addition, we performed sensitivity analyses using
symmetry (LSI�90%) in quadriceps or hamstring strength.
The P value and RR are based on a continuous analysis of
the original values from strength tests and their increase of
1 N�m/kg and not on stratified groups presented in Table 2
or the Supplemental Material available for this study.
Cumulative incidence curves are given for the time from
RTS to the second ACL injury. All of the tests were 2-
sided and conducted at the 5% significance level.

RESULTS

There were 2622 patients in Project ACL on April 23, 2021,
of whom 835 patients (46% women) were included. Figure 1
presents the inclusion process.

The included patients had a mean age of 23.9 ± 7.7 years
and a body mass index of 23.6 ± 2.7 at index ACLR. On
average, patients returned to sport at 10.2 ± 5.5 months
after ACLR. A hamstring tendon autograft was the most
commonly used autograft for ACLR (81.8%). Table 1 pre-
sents patient characteristics stratified by sex. Demographic
characteristics and patient differences regarding second
ACL injury are presented in Supplemental Table S1.

Risk of a Second ACL Injury

A total of 69 (8.3%) patients reported a second ACL injury
during the first 2 years after RTS. There were 47 (68%)
ipsilateral ACL graft ruptures and 22 (32%) contralateral
ACL injuries. Of the 69 second ACL injuries, 53 (77%) were
sustained during the first year after RTS—39 (76%) ipsilat-
eral and (3.8%) contralateral.

Figure 2 illustrates the cumulative incidence of a second
ACL injury based on relative quadriceps strength for the
ACL-reconstructed side. The analyses adjusted for patient
sex, age at index surgery, time to RTS (months), and pre-
injury Tegner score on the relative quadriceps strength of
the ACL-reconstructed side resulted in a 1.69 times greater
risk of a second ACL injury for every 1 N�m/kg increase in
relative strength during the first 2 years after RTS (RR,
1.69 [95% CI, 1.05-2.74]; P ¼ .032) (Table 2). Relative
strength had no effect on the risk of a second ACL injury
for either quadriceps strength on the noninjured side or
hamstring strength on either side.

Sensitivity analyses were performed on the significant
finding of a greater risk of a second ACL injury for every
1 N�m/kg increase in relative quadriceps strength on the
ACL-reconstructed side (Supplemental Table S2). Relative
quadriceps strength had no effect on the risk of a second

Figure 1. Flowchart of patient inclusion and exclusion. ACL,
anterior cruciate ligament; Tegner, Tegner activity scale.
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ACL injury when accounting for symmetrical quadriceps
strength (1.33 [95% CI, 0.69-2.56]; P ¼ 0.39).

Risk of ACL Graft Rupture and Contralateral ACL
Injury

Increased relative quadriceps or hamstring strength had no
effect on the risk of ACL graft rupture or contralateral ACL
injury after RTS in patients after a primary ACLR (Supple-
mental Tables S3 and S4). A multivariable analysis was not

possible to perform because of the small number of contra-
lateral ACL injuries. Figure 3 presents the cumulative inci-
dence of ipsilateral graft rupture and contralateral ACL
injury.

DISCUSSION

The main finding in this study was an increased risk of a
second ACL injury with every 1 N�m/kg increase in relative
quadriceps strength on the ACL-reconstructed side when
accounting for differences in patient age, sex, preinjury
activity level, and time to RTS. However, when adjusting
for symmetrical quadriceps strength, there was no effect of
relative quadriceps strength on the risk of a second ACL
injury. This supports the importance of recovery of both
preoperative absolute muscle strength and LSI to minimize
the risk of second injury in patients before RTS after ACLR.
In addition, increased relative quadriceps or hamstring
strength had no effect on a second ACL injury on the ipsi-
lateral or contralateral knee alone.

Risk of a Second ACL Injury

The study findings indicated that for every 1 N�m/kg
increase in relative quadriceps strength on the ACL-
reconstructed side, the risk of a second ACL injury
increased 1.69 times when accounting for patient charac-
teristics and time of RTS, which adds a new perspective to
the complexity of a second ACL injury. Although the exact
mechanisms behind our results cannot be determined by

TABLE 1
Characteristics of the Study Patients Stratified by Sexa

Total
(N ¼ 835)

Women
(n ¼ 384)

Men
(n ¼ 451) Pb

Age at index surgery, y 23.9 ± 7.7
22.3 (15-50.4)

22 ± 7.3
19.4 (15-50.2)

25.6 ± 7.7
24.1 (15-50.4)

< .0001

Height, cm 175.4 ± 9.2
175 (150-200)

168.3 ± 6.3
169 (150-186)

181.5 ± 6.5
182 (162-200)

< .0001

Weight, kg 73.1 ± 12.4
72 (47-118)

64.5 ± 8.3
64 (47-92)

80.4 ± 10.4
80 (53-118)

< .0001

BMI 23.6 ± 2.7
23.4 (17.3-34.8)

22.7 ± 2.4
22.6 (17.3-32.7)

24.4 ± 2.7
24.4 (17.5-34.8)

< .0001

Time to RTS, mo 10.2 ± 5.5
8.5 (1.7-24.7)

11.1 ± 5.5
11.8 (2.1-24.7)

9.50 ± 5.37
8.11 (1.71-24.57)

< .0001

Graft type .98
Hamstring tendon autograft 672 (81.8) 309 (82) 363 (81.6)
Patellar tendon autograft 138 (16.8) 63 (16.7) 75 (16.9)
Other tendon autograft 12 (1.5) 5 (1.3) 7 (1.6)

Preinjury Tegner score .41
6 58 (6.9) 26 (6.8) 32 (7.1)
7 134 (16) 54 (14.1) 80 (17.7)
8 214 (25.6) 124 (32.3) 90 (20)
9 268 (32.1) 112 (29.2) 156 (34.6)
10 161 (19.3) 68 (17.7) 93 (20.6)

aData are presented as n (%) for categorical variables and as mean ± SD and median (range) for continuous variables. Bold P values
indicate statistically significant differences between groups (P < .05). BMI, body mass index; RTS, return to sport.

bThe Mantel-Haenszel chi-square exact test was used for ordered categorical variables, the chi-square exact test was used for nonordered
categorical variables, and the Fisher nonparametric permutation test was used for continuous variables.

Figure 2. Cumulative incidence of a second ACL injury after
RTS, stratified by relative quadriceps strength on the ACL
reconstructed side. ACL, anterior cruciate ligament; RTS,
return to sport.
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this study, our results indicate that the stronger the
patients’ quadriceps on the ACL-reconstructed side are,
normalized by body weight, the greater the risk of a second
ACL injury. During sports, when athletes contract their

quadriceps muscle, an anterior translation of the tibia is
induced, which imposes a strain on the ACL.17 Sagittal
plane control has recently been shown to play an important
role during sporting tasks where limited impact absorption
through the hip and trunk and a more asymmetrical center
of mass through the knee in the sagittal plane can increase
loading through the knee.8,20,21 Our results may be
explained by the patients’ being able to expose their knees
to greater forces without being fully recovered, that is, not
being able to handle the induced excessive strain on their
ACLs. This is supported by the fact that relative quadriceps
strength in patients with a symmetrical quadriceps
strength had no effect on second ACL injury, suggesting
that these patients may be better prepared for RTS or have
a better capacity in the reconstructed knee to cope with the
forces during sports participation. In addition, no signifi-
cant effect was found for hamstrings strength on the risk of
a second ACL injury. As the hamstrings are believed to play
a role in rotatory stability and act to limit excessive tibial
anterior translation,36 a reduced absolute hamstring
strength relative to body weight may influence the risk for
second ACL injuries. However, no effect was found in our
results.

TABLE 2
Relative Risk of Second ACL Injury for Every 1 N�m/kg Increase in Relative Strengtha

Univariableb Adjustedc

Distribution of Relative Strength, N�m/kg Second ACL injury, n (%)

RR (95% CI)
Second ACL Injury
�2 y After RTS P

RR (95% CI)
Second ACL Injury
�2 y after RTS P

Injured side, quadriceps (n ¼ 835) 1.43 (0.93-2.21) .11 1.69 (1.05-2.74) .032
0.94 to <2 5 (5.4)
2 to <2.50 18 (7.2)
2.50 to <3 24 (8.3)
3 to <3.50 17 (10.1)
3.50 to 4.07 5 (14.7)

Injured side, hamstring (n ¼ 833) 0.91 (0.44-1.88) .79 0.95 (0.43-2.09) .90
0.33 to <1.20 12 (9)
1.20 to <1.40 19 (10.6)
1.40 to <1.60 13 (6)
1.60 to <1.80 14 (8.6)
1.80 to 2.51 11 (7.9)

Uninjured side, quadriceps (n ¼ 834) 1.10 (0.65-1.87) .71 1.14 (0.63-2.05) .67
1.47 to <2.01 1 (3.7)
2.01 to <2.50 15 (10.6)
2.50 to <3 28 (7.8)
3 to <3.50 20 (8)
3.50 to 4.26 5 (9.3)

Uninjured side, hamstring (n ¼ 832) 0.67 (0.31-1.49) .33 0.64 (0.26-1.63) .35
0.71 to <1.20 10 (10.5)
1.20 to <1.40 15 (9.3)
1.40 to <1.60 20 (9.3)
1.60 to <1.80 13 (6.5)
1.80 to 2.77 11 (6.8)

aP values and RR are based on original values and not on stratified groups. The Bold P value indicates statistical significance (P < .05).
ACL, anterior cruciate ligament; RR, relative risk; RTS, return to sport.

bAll tests were performed with univariable generalized linear models.
cAdjusting for patient sex, age at index surgery, time to RTS (months), and preinjury Tegner score using a generalized linear model.

Figure 3. Cumulative incidence of ipsilateral graft rupture and
contralateral ACL rupture after RTS. ACL, anterior cruciate
ligament; RTS, return to sport.
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Although there is conflicting evidence on the effectiveness
of RTS testing,26 the current proposed RTS criteria14,16 are
based on limb-to-limb symmetry, that is, achieving an LSI
�90% to be defined as ready to RTS,27 which is believed to
have a protective effect on the risk of sustaining a second
ACL injury. In contrast, Bodkin et al6 presented results sug-
gesting an increased risk for a second ACL injury with 2.1%
for every 1% increase in quadriceps strength symmetry at 6
months for patients who return to activity <8 months after
ACLR. Our sensitivity analysis showed that our finding of
increased risk for second ACL injury was no longer present
in patients who had symmetrical strength. One concern
about recovering symmetry after ACLR is whether it is
achieved by a strength decrease in the nonreconstructed leg,
thereby masking bilateral weakness.42 However, when
interpreting our results, the recovery of symmetrical quad-
riceps strength after ACLR appears to eliminate the associ-
ation between increased quadriceps strength and risk for a
second ACL injury. In addition, we acknowledge that
strength deficits have been associated with more severe
knee-related symptoms,10,35,44 which suggests that encour-
aging patients to increase their strength as part of recover-
ing symmetrical function is advised.

Risk of ACL Graft Rupture and Contralateral ACL
Injury

The overall rate of a second ACL injury in the present study
appears to be lower compared with a previous study—8%
versus 15% to 25%.30 Previous results from a systematic
review showed a greater rate of contralateral injuries as
second ACL injuries, 12% contralateral versus 8% ipsilat-
eral ACL injuries, during a 51-month follow-up after
ACLR.43 Our findings suggest a greater rate of ipsilateral
graft rupture as a second ACL injury, 6% ipsilateral versus
3.8% contralateral, during the first 2 years after RTS fol-
lowing ACLR. The difference in ipsilateral graft rupture or
contralateral injury as a second ACL injury may be due to
different periods of follow-up, 24 months after RTS in our
study versus 51 months after ACLR in the systematic
review,43 as other researchers have suggested that ipsilat-
eral graft ruptures are more common during the first 2
years after RTS following ACL reconstruction.9

Our results revealed no significant effect of relative
quadriceps or hamstring strength on the risk of either an
ACL graft rupture or a contralateral second ACL injury
when analyzed separately 2 years after RTS following
ACLR. Future studies on risk factors for ipsilateral and
contralateral secondary ACL injuries separately are there-
fore warranted; however, this requires a larger cohort of
patients sustaining a second ACL injury. The present study
was underpowered to perform multivariable analyses for
contralateral second ACL injury.

Strengths and Limitations

In this study, we analyzed the risk of a second ACL injury
in patients after primary ACLR. The use of a rehabilitation
registry provided a large cohort of 835 patients who

underwent ACLR, increasing generalizability to the popu-
lation of patients returning to a physical activity level cor-
responding to a Tegner score �6 after ACLR and enabling
sensitivity analyses with known confounders. Although we
had a large number of eligible patients for inclusion, a con-
siderable number of patients were excluded, as they had
not returned to sport or had not attended the follow-ups
in Project ACL.

The definition of RTS used in our study was a Tegner
score �6, which means that some patients may not have
returned to their preinjury level of activity or may have
returned to sport in the early stage of rehabilitation. As the
Tegner is self-reported, patients in our cohort who had a
preinjury activity level �6 may have returned to a more
knee-strenuous activity than other patients and were
therefore exposed to a greater risk of a second ACL injury.
It is also worth mentioning that there were no patients in
our cohort who sustained a second ACL injury before
returning to Tegner activity level 6. In addition, the Tegner
score accounts for neither time of exposure nor the inten-
sity of physical activity, which are known to influence the
risk of a second ACL injury,15 especially if the increase in
load/exposure exceeds the patient’s knee capacity.12,13 This
is especially important considering the greater rate of a
second ACL injury that occurred during the first year after
RTS compared with the second year. Furthermore, the test
analyzed in this study was the test closest in time to RTS,
which means that there may be a difference in time
between RTS and time of testing between patients, and
quadriceps strength may also differ because of this time
gap, which could have led to an over- or underestimation
of quadriceps strength at the time of RTS.

Since the reasons for a second ACL injury are multifac-
torial, we acknowledge that there might be other measure-
ments of muscle function and surgical techniques37 that
could help explain the risk of a second ACL injury23 that
were are not accounted for in this study. To account for the
risk of type 1 error, we presented confidence intervals for
every analysis.

CONCLUSION

Greater quadriceps strength in the injured leg at the time
of RTS after ACLR was associated with an increased risk of
a second ACL injury. In patients who had recovered sym-
metrical quadriceps strength, there was no effect of relative
quadriceps strength on the risk of a second ACL injury.
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