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Background: Younger patients who sustain anterior cruciate ligament (ACL) ruptures are at high risk for reinjury after ACL
reconstruction. Restoring muscle strength before return to sports (RTS) is regarded as an important factor in reducing the reinjury
risk, and quadriceps and hamstring strength assessment is commonly included in RTS testing. However, it is not clear whether
reduced strength is a risk factor for subsequent graft rupture in this patient population.

Purpose: To investigate the association between quadriceps and hamstring strength at 12 months after primary ACL reconstruction
and ACL graft rupture in young patients.

Study Design: Case-control study; Level of evidence, 3.

Methods: The cohort consisted of 210 patients (100 men and 110 women) who were younger than 20 years at the time of primary
ACL reconstruction with a hamstring tendon autograft and who had no previous contralateral ACL injury. Isokinetic strength testing
(60 and 180 deg/s) of knee flexors and extensors was performed at 12 months postoperatively, and the limb symmetry index (LSI)
for each strength outcome was calculated. RTS rates and the incidence of further ACL graft ruptures were recorded.

Results: Measures of central tendency (mean and median) of LSI values ranged from 88 to 98. The percentage of patients with LSI
�90 was 57% to 69% for quadriceps strength and 45% to 47% for hamstring strength. Overall, 19 patients (9%) sustained an ACL
graft rupture. No significant differences were found between the patients who sustained an ACL graft rupture and those who did
not in terms of quadriceps and hamstring strength at 12 months. No significant associations were found between achieving LSI
�90 for quadriceps peak torque and subsequent ACL graft rupture.

Conclusion: In young patients who underwent an ACL reconstruction, no association was noted between quadriceps and
hamstring strength at 12 months postoperatively and subsequent graft ruptures. The role of strength testing as part of the RTS
criteria after ACL reconstruction, and specifically the use of limb symmetry thresholds, warrants further investigation and
clarification.

Keywords: anterior cruciate ligament (ACL); strength testing; young patients; reinjury; graft rupture; contralateral injury; return to
sport (RTS)

The incidence of anterior cruciate ligament (ACL) injuries
and surgical reconstruction in young patients is increas-
ing.33,45 A further ACL injury after primary ACL reconstruc-
tion is a well-recognized and devastating complication.
Young age at the time of surgery has been shown to be a risk
factor for further injury, with reported reinjury rates of up to
40% in younger patients.2,6,10,20,24,32,38,41 It appears that the
risk of second ACL injury is greatest within the first 2 years
after ACL reconstruction for young athletes returning to
pivoting and cutting sports.12,27,30,32,41

Restoration of strength in the quadriceps and hamstring
muscle groups is generally accepted as an important com-
ponent of rehabilitation after ACL reconstruction, not only
to allow recovery of function and return to sports (RTS) but
also to reduce the risk of reinjury. One way of assessing
the recovery of strength is to compare the strength of the
operated limb to that of the contralateral limb using the
limb symmetry index (LSI).12,25,34 Typically, LSI >80 to
90 is regarded as reflecting a satisfactory recovery of
strength.1,3,14,26,28,29 Achieving this level of symmetry has
been proposed as a criterion to be met before RTS on the
basis that this reduces the risk of reinjury.8,12,22

A limited number of studies have specifically assessed
recovery of strength and the relationship between strength
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and second ACL injuries, particularly in a young, high-risk
population. Two studies reported that patients who had
decreased quadriceps strength symmetry after ACL recon-
struction had an increased risk of further knee reinjuries,
including ACL graft ruptures.12,22 In comparison, Beischer
et al4 recently concluded that there were no associations
between achieving symmetrical muscle function or
quadriceps strength and sustaining a subsequent ACL
injury. These 3 studies entailed large variations in the
time from surgery to strength testing and in the testing
protocols used. In addition, a variety of graft types were
used, and patient populations were not specifically a youn-
ger age group.

The aim of the current study was therefore to investi-
gate the recovery of quadriceps and hamstring strength in
a large cohort of young patients after primary ACL recon-
struction using a hamstring tendon autograft and to
explore the association between the recovery of quadriceps
and hamstring strength and the rate of ACL graft rup-
tures. We hypothesized that there would be satisfactory
recovery of quadriceps and hamstring muscle strength but
no association between quadriceps or hamstring strength
and ACL graft rupture rates in this young cohort of
patients.

METHODS

Patient Population and Study Setting

Human research ethics committee approval was obtained
for the study protocol, and all participants or their guar-
dians gave informed consent to participate. The study was
undertaken in a private orthopaedic clinic in Melbourne,
Australia, at which data are collected prospectively for all
patients undergoing an ACL reconstruction. The inclusion
criteria for the study were age younger than 20 years at the
time of surgery, a primary ACL reconstruction with a ham-
string tendon autograft between January 2013 and April
2018, and routine follow-up attendance at 12 months post-
operatively. Patients were excluded if they had previous
contralateral surgery or ACL injury, contralateral graft
harvest, multiligament surgery, a lateral extra-articular
tenodesis procedure, or bilateral ACL reconstruction.
Patients who underwent subsequent surgery that would
affect strength testing or who sustained a graft rupture or
contralateral ACL injury before their 12-month review
were also excluded.

Surgical Technique and Rehabilitation

All ACL reconstructions were performed by 1 of 4 experi-
enced knee surgeons using an arthroscopically assisted
technique (J.A.F., T.S.W., B.M.D.). A 4-strand hamstring
tendon autograft (semitendinosus/gracilis) was used in all
cases. Both femoral and tibial tunnels were positioned
within the anatomic footprint of the ACL, with the femoral
tunnel being created via the anteromedial portal. An Endo-
Button CL Ultra (Smith & Nephew Endoscopy) was used to
secure the proximal end of the graft; after cycling of the
knee and tensioning of the graft, we used a cannulated
interference screw to secure the distal portion of the graft
with the knee in full extension.

The same postoperative rehabilitation protocol was pro-
vided to all patients, although individuals undertook their
rehabilitation under supervision at their own discretion
and using an allied health professional of their choice.
Weightbearing as tolerated was encouraged from the out-
set, and no braces or splints were used unless a meniscal
repair had been performed. Emphasis was placed on early
restoration of active knee extension and quadriceps activa-
tion. Progression through the rehabilitation program was
guided by the presence of pain and swelling. Participants
progressed to riding a stationary bicycle as soon as they
were comfortable (usually between 3 and 4 weeks) and typ-
ically commenced gymnasium-based exercises 5 to 6 weeks
postoperatively. Running was permitted when there was no
knee effusion and the quadriceps strength was satisfactory
(typically between 12 and 16 weeks). Progression to sport-
specific drills commenced at 4 months, and a graduated
return to team training started around 6 months postoper-
atively, provided a participant had no effusion, essentially
full range of motion, good quadriceps strength, and good
control of lower limb stability. Formal RTS testing was not
performed on a routine basis, but return to competition
sport was permitted after at least 1 month of unrestricted
full-contact training, typically from 11 to 12 months after
surgery onward. The strength testing reported in this study
was not used to determine readiness to RTS.

Data Collection Procedures

Participants’ characteristics, as well as information about
the original injury, preinjury sports participation, and sur-
gical details, were collated from the prospectively collected
patient database.

All patients undergoing ACL reconstruction at the clinic
are encouraged to return for a routine 12-month
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assessment. The assessment involves a questionnaire that
includes standard patient-reported outcome measures
(Marx activity rating scale, International Knee Documen-
tation Committee–Subjective Knee Form, and single
assessment numerical evaluation) as well as questions
about further ACL injuries, further surgical procedures
on the knee, and RTS. Possible responses to the RTS ques-
tion were as follows: returned at the same or a higher level,
returned at a lower level, returned to training only, or did
not return to sport. Clinical examination of the knee is also
undertaken (effusion, range of motion, and side-to-side dif-
ference in anterior knee laxity using the KT-1000 arthrom-
eter at 134 N), as well as hop tests (single hop for distance
and triple crossover hop for distance).

During the study period, all patients patients seen in the
clinic who were younger than 20 years at the time of sur-
gery were encouraged to undertake a strength assessment
at the 12-month follow-up. Isokinetic strength testing was
undertaken by trained clinical assessors (H.J.K.) using a
HUMAC NORM Dynamometer (Computer Sports Medi-
cine). The seat back was set at an angle of 85�, and the seat
was adjusted to the length of the thigh. The thigh of the
testing limb was secured via a strap, and the center of rota-
tion of the dynamometer was aligned with the epicondylar
axis of the knee. Isokinetic testing of the knee flexors and
extensors was performed across the full range of motion at
2 different speeds: 60 and 180 deg/s. For each test, 2 warm-
up trials were performed, followed by 3 and 5 trials at
maximum effort for 60 and 180 deg/s, respectively. The
nonoperated limb was tested first, followed by the operated
limb. This protocol for testing knee flexor and extensor
strength has shown good to excellent reliability, with intra-
class correlation coefficient values ranging from 0.74 to
0.89 for knee tests.13 The highest peak torque from the 3
trials was collected for each limb and used to calculate the
LSI for both quadriceps and hamstring strength (LSI ¼
[Injured Leg Value O Uninjured Leg Value] � 100). As a
secondary strength outcome, we also calculated peak tor-
que as a percentage of body weight for the operated limb.

All study patients were sent a questionnaire at a mini-
mum of 2 years after surgery. This included the same ques-
tions from the 12-month questionnaire regarding RTS as
well as further injuries or knee procedures. For the subse-
quent analysis, only ACL graft ruptures or contralateral
ACL injuries that occurred before 3 years were included,
given that beyond this time point, the relevance of a
strength test at 12 months was questionable. It is worth
reiterating that patients who sustained a graft rupture or
contralateral ACL tear before the 12-month follow-up were
not included.

Statistical Analysis

Measures of central tendency (mean, median) were calcu-
lated for each strength variable, and test of normality was
performed. Patients were classified according to whether
they had sustained a graft rupture, and between-group com-
parisons were performed for all strength variables using
independent-samples t tests or the Mann-Whitney U test.

Patients were then grouped according to whether their
LSI was �90 or <90. Contingency tables (2 � 2) were con-
structed, and the chi-square test was used to test for signif-
icant associations between achieving LSI�90 and reinjury.

All analyses were performed using IBM SPSS Statistics
Version 27 (IBM Corp). A P value <.05 was considered sta-
tistically significant.

RESULTS

During the study period, 421 patients younger than
20 years at the time of surgery underwent a primary ACL
reconstruction. Of these patients, 265 met the eligibility
criteria for this study. Reasons for exclusion are shown in
Table 1. Of the 265 eligible patients, 221 had complete
12-month follow-up data, including strength testing. Of
these patients, 11 patients did not have minimum 2-year
follow-up and were therefore excluded, leaving a final study
cohort of 210 patients. With this sample size, the current
study had 80% power with an alpha level of .05 to detect a
moderate to large effect when the number of patients sus-
taining graft ruptures was equivalent to 10% of those not
sustaining a rupture.

The final population included 100 men and 110 women,
and the average age at the time of surgery was 17 years
(range, 10-19 years). The most common preinjury sports
were Australian Rules football (34.8%), netball (27.6%), soc-
cer (10.0%), and basketball (11.9%), together accounting for
84.3% of preinjury sports played by the cohort. The mean
preinjury Marx activity score was 14.1 ± 2.3 (range, 4-16).

Concomitant meniscal and chondral findings at the time
of ACL reconstruction are shown in Table 2, as are the graft
diameters.

The patient-reported outcome scores at 12-month follow-
up are shown in Table 3. At 12 months, 75 patients (36%)
had returned to the same or a higher level of sports com-
pared with preinjury, 73 (35%) had returned to training,
and 62 (30%) had not yet returned to any sport.

Strength at 12-month follow-up is summarized in Table
4. Measures of central tendency (mean and median) for
both quadriceps and hamstring peak torque LSI ranged
from 88 to 98, whereas the percentage of patients with LSI
�90 was between 57% and 69% for quadriceps strength and
45% and 47% for hamstring strength. The distribution of

TABLE 1
Reasons for Exclusion From the Studya

Reason for Exclusion
No. of Patients

Excluded

Other graft source 35
Previous contralateral ACL reconstruction 24
Lateral extra-articular tenodesis 10
Graft rupture or contralateral ACL rupture

before 12-mo follow-up
26

Further surgical procedure to the knee before
12-mo follow-up

2

aACL, anterior cruciate ligament.
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LSI scores for hamstring strength showed marked devia-
tion from a normal distribution (high positive skew and
kurtosis >10). Quadriceps strength showed only mild

deviation from a normal distribution (slightly positive skew
for both speeds and kurtosis >3 for 180 deg/s). Peak torque
of the operated limb as a percentage of body weight was
normally distributed.

At minimum 2-year follow-up, 172 patients (81.9%) indi-
cated that they had returned to their preinjury sports after
surgery. A total of 19 patients (9%) had sustained an ACL
graft rupture. A further 19 patients (9%) had sustained a
contralateral ACL rupture. The median time from surgery
to graft rupture was 23 months (11 months from strength
testing) with a range from 13 to 36 months. A total of 4
patients sustained the graft rupture between 12 and
18 months from surgery; 6 patients, between 18 and
24 months; and the remainder, after 24 months. We noted
that 2 of the ACL graft ruptures occurred in patients who
reported that they had not returned to their preinjury
sports at follow-up. However, both patients were playing
sports when they sustained the graft rupture. In view of
this as well as the generally high Marx scores of the patient
cohort at 12 months and the high rate of return to preinjury
sports (82%), comparison of strength measurements
between those who sustained a graft rupture and those who
did not was conducted using the whole cohort rather than
only those who reported that they had returned to their
preinjury sports.

We found no significant differences between the patients
who sustained an ACL graft rupture and those who did not
in terms of quadriceps and hamstring strength at
12 months. This was the case when strength was recorded
as the LSI for peak torque measurements as well as when
strength was reported as peak torque measurements
adjusted for body weight (Table 5).

We also found no significant associations between
achievement of LSI �90 for peak torque and subsequent
ACL graft rupture, as shown in Table 6. Figure 1 shows
scatterplots of all LSI scores for quadriceps and hamstring
peak torque at 60 deg/s. We found no discernable pattern of
LSI scores among patients who sustained an ACL graft
rupture compared with those who did not.

DISCUSSION

This study revealed that in a large cohort of young athletes
undergoing primary ACL reconstruction with hamstring
tendon autograft, although there was an overall high level

TABLE 2
Surgical Details

No. of Patients (%)

Medial meniscal injury and treatment
No tear 161 (77)
Stable tear: no treatment 15 (7)
Tear: partial resection 10 (5)
Tear: repair 23 (11)
Previous partial resection 1 (0.5)

Lateral meniscal injury and treatment
No tear 141 (67)
Stable tear: no treatment 23 (11)
Tear: partial resection 34 (16)
Tear: repair 12 (6)

Chondral injuriesa

Patellofemoral compartment 9 (4)
Medial compartment 9 (4)
Lateral compartment 9 (4)

Graft diameterb

6-6.5 mm 3 (1)
6.6-7.0 mm 28 (13)
7.1-7.5 mm 43 (21)
7.6-8.0 mm 58 (28)
8.1-8.5 mm 52 (25)
8.6-9.0 mm 21 (10)
9.1-9.5 mm 5 (2)

aInternational Cartilage Repair Society grade �2.
bCalculated as (Proximal þ Distal) O 2.

TABLE 3
Patient-Reported Outcome Scores at 12 Months

Postoperativelya

Score Mean Median Range

Marx activity 10.8 12 0-16
IKDC-SKF 87.8 90.8 51.7-100
SANE 90.0 90 7-100

aIKDC-SKF, International Knee Documentation Committee
Subjective Knee Form; SANE, single assessment numerical eval-
uation.

TABLE 4
Measures of Central Tendency for Quadriceps and Hamstring Peak Torque and the Proportion of Patients

With LSI �90 for Quadriceps and Hamstring Peak Torquea

Quadriceps Hamstring

60 deg/s 180 deg/s 60 deg/s 180 deg/s

Peak torque LSI
Mean ± SD 91.4 ± 16.1 98.2 ± 20.7 92.4 ± 23.9 93.3 ± 34.8
Median 92.1 96.5 88.7 88.1

% Patients with LSI �90 57 69 47 45

aLSI, limb symmetry index.
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of quadriceps and hamstring strength recovery as judged
via measures of central tendency (mean and median
values) of the LSI, <70% of patients actually achieved LSI
�90 at 12 months after surgery. Despite this, we found no
association between quadriceps and hamstring strength at
12 months and ACL graft ruptures in the 2 years after
strength testing. This potentially raises questions about
the emphasis placed on quadriceps and hamstring strength
assessment in decisions about returning to sports.

Restoring quadriceps and hamstring muscle strength
and symmetrical function is considered a key aspect of ACL
rehabilitation and has been regarded as an important fac-
tor in reducing the reinjury risk upon RTS.8,12,22 Grindem
et al12 reported significantly higher rates of knee reinjury
in patients with a quadriceps strength LSI <90 on routine
testing at 6 and 12 months after ACL reconstruction versus
those with LSI �90 (33% vs 13%, respectively). Similarly,
Kyritsis et al22 found that elite-level male athletes who did
not meet all 6 discharge criteria, including quadriceps
strength LSI �90, before returning to professional sports

had a 4 times greater risk of ACL graft rupture than did
those who passed the RTS criteria. However, quadriceps
strength LSI<90 was not associated with an increased risk
of ACL graft rupture.22 In the current study, we found no
association between ACL graft rupture and knee extensor
or flexor strength.

The findings of the current study are consistent with
those of Beischer et al,4 who investigated a cohort of 157
patients with a mean age of 22 years and found no associa-
tions between sustaining a subsequent ACL injury and
achieving symmetrical muscle function or quadriceps
strength. Ithurburn et al17 assessed strength of quadriceps
and hamstring muscles at the time of clearance for RTS in a
young patient group (mean age, 17 years) and found no
differences between those who successfully resumed their
preinjury sports participation and those who sustained a
second ACL injury.

The discrepancies in the literature regarding the associ-
ation between quadriceps strength and the risk of further
ACL injury may be due in part to differences in the char-
acteristics of the patient cohorts and the methods used in
the relevant studies. For instance, Kyritsis et al22 reported
on a cohort of male professional athletes, whereas other
studies included both male and female participants and
entailed a wider range of sporting levels.4,12,17 In addition,
Kyritsis et al used ACL graft rupture as their outcome of
interest, whereas Beischer et al4 and Ithurburn et al17 used
further ACL injury, including contralateral ACL injuries.
Grindem et al12 reported on further knee injuries, although
their data included both ACL graft ruptures and contralat-
eral ACL injuries.

The current study involved a young cohort of patients, all
younger than 20 years at the time of surgery and with a
mean age of 17 years. The only other study with a similarly
young cohort was that of Ithurburn et al.17 It has been
reported that quadriceps strength after ACL reconstruction
decreases with age,16,37 although this in itself would not
explain the lack of association between quadriceps strength

TABLE 5
Comparison of Quadriceps and Hamstring Peak Torque (LSI and %BW) Between Patients

Who Did and Did Not Sustain ACL Graft Rupturea

Quadriceps Hamstring

60 deg/s 180 deg/s 60 deg/s 180 deg/s

Peak torque LSI
No ACL graft rupture (n ¼ 191) 89.0 ± 22.5 97.1 ± 19.0 90.1 ± 19.4 91.4 ± 16.2
ACL graft rupture (n ¼ 19) 94.2 ± 20.1 98.4 ± 19.3 93.6 ± 9.4 92.2 ± 16.0

Peak torque, %BW
No ACL graft rupture (n ¼ 191)

Operated 195.0 ± 53.8 135.2 ± 43.3 103.8 ± 32.1 69.8 ± 27.4
Nonoperated 214.3 ± 55.5 140.4 ± 44.3 116.0 ± 35.3 77.0 ± 28.0

ACL graft rupture (n ¼ 19)
Operated 203.5 ± 53.8 136.8 ± 44.1 102.1 ± 25.4 73.6 ± 23.1
Nonoperated 225.8 ± 69.0 135.8 ± 42.8 109.0 ± 24.7 75.7 ± 24.0

aData are reported as mean ± SD. No significant between-group differences were found in peak torque when assessed as LSI (P > .05,
Mann-Whitney U test) and after adjustment for BW (P> .05, independent-samples t test). ACL, anterior cruciate ligament; BW, body weight,
LSI, limb symmetry index.

TABLE 6
Comparison of ACL Graft Rupture Rates Between Patients
Who Did and Who Did Not Achieve Peak Torque LSI �90

for Quadriceps and Hamstring Strengtha

Graft Ruptures

LSI �90 LSI <90

Quadriceps
60 deg/s 9/91 (10) 10/119 (8)
180 deg/s 14/144 (10) 5/66 (8)

Hamstring
60 deg/s 13/99 (13) 6/111 (5)
180 deg/s 8/116 (7) 11/94 (12)

aData are reported as No. of patients/total patients (%). No signif-
icant between-group differences were found (P> .05, Mann-Whitney
U test). ACL, anterior cruciate ligament; LSI, limb symmetry index.
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and further ACL injury in either the current study or the
study of Ithurburn et al. The older age of the patient
cohorts in the studies by Grindem et al,12 Kyritsis et al,22

and Beischer et al4 may explain in part the lower reinjury
rate in those studies, as young age is a known risk factor
for second ACL injuries.2,24,32,38,41

A further difference between the current study and
others is that all patients in the current study received a
hamstring tendon graft, whereas the populations in other
studies received a mix of both hamstring tendon and patel-
lar tendon grafts.4,12,17,22 When studying a cohort of 53
similarly young patients who had undergone ACL recon-
struction with a patellar tendon graft, Rauck et al31

reported a graft rupture rate of 7.4%, which is not dissim-
ilar to the finding of the current study. It is not clear
whether their patients underwent strength testing. It has
been reported that ACL reconstruction using a hamstring
tendon graft results in better quadriceps strength com-
pared with that using patellar tendon or quadriceps tendon
grafts,19,21 although once again this would not specifically
explain the lack of association between quadriceps strength
and further ACL injury in the current study.

The timing of strength testing after surgery also varies
among studies. We performed routine strength testing at
12 months postoperatively, but this was not done as part of
RTS testing. Other studies used strength testing at vari-
able time points, although generally related to the time of
RTS.4,12,17,22 This resulted in a broader range of time
points, such as 116 to 513 days in the study by Kyritsis
et al.22 It is possible that customizing the timing of strength
testing relative to the stage of rehabilitation and the time of
RTS may have influenced the findings with regard to an
association between strength recovery and further injury.
However, only half of the graft ruptures occurred within
12 months of strength testing, and less than a quarter
occurred within 6 months. Presumably, the longer the time
from strength testing to graft rupture, the less likely are
the results of the testing to be associated with the risk of
graft rupture.

The validity of using limb symmetry in RTS testing after
ACL reconstruction has been questioned. Although an asso-
ciation between LSI �90 for hop tests and RTS has been
reported,39 it has also been shown that only 45% of a
healthy young cohort was able to achieve LSI �90 for all
tests in a battery of 4 hop tests.11 Interestingly, the mean
LSI for each hop test in the battery was >95.11 Looking at
the issue from another perspective, Wellsandt et al44 com-
pared quadriceps strength LSI and the results of 4 hop tests
in the operated limb 6 months after ACL reconstruction
with the results of the nonoperated limb at 6 months as
well as preoperatively. Those investigators found that
57% of patients achieved at least 90% limb symmetry rela-
tive to the nonoperated limb at 6 months whereas only 29%
achieved at least 90% of the preoperative performance of
the nonoperated limb. However, this result was found when
the analysis combined hop test results with the quadriceps
strength results. For quadriceps strength in isolation, 87%
(61/70) of patients achieved at least 90% limb symmetry of
the nonoperated limb at 6 months compared with 83% (58/
70) relative to the preoperative results of the nonoperated
limb.44 Whether testing at 12 months would have produced
different results is unknown. Johnston et al18 demon-
strated a significant improvement in quadriceps strength
in the operated limb between 6 and 12 months after ACL
reconstruction with both hamstring and quadriceps tendon
grafts; the investigators noted less improvement in the non-
operated limb, resulting in an increased LSI from 6 to 12
months. Clearly, further research is needed to fully under-
stand the implications of LSI and its role in RTS testing.

Young patient cohorts can entail considerable heteroge-
neity in terms of height and weight given the effects of
growth in this age group. Younger patients are more likely
to RTS; as well, young patients are more likely to meet
criteria that indicate a satisfactory functional recovery and
that have been used to indicate readiness to RTS,39

although few patients meet the threshold criteria for mul-
tiple tests.4,7,36,40 It has been suggested that thresholds for
RTS criteria might need to be adjusted in this age
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Figure 1. Scatterplots of peak torque limb symmetry index (LSI) scores at 60 deg/s of all study patients for (A) quadriceps and
(B) hamstring strength. Gray dots indicate patients with no anterior cruciate ligament (ACL) graft rupture; red dots indicate patients
with ACL graft rupture. Dashed line indicates LSI ¼ 90.
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group, potentially using age-based normative data as a
comparison.23,39 In the current study, we used the LSI for
peak torque as well as peak torque as a percentage of body
weight. The latter was an attempt to account for some of the
heterogeneity in the cohort in terms of patients’ body
weight. Despite this, the findings based on body weight
were similar to those based on LSI, in that there were no
strength differences between those patients who had a
graft rupture and those who did not.

Limitations

The current study has several limitations. The cohort was
recruited from a single, private, high-volume clinic, and
only hamstring tendon grafts were used. As such, the
results may not be generalizable to a more heterogeneous
population. The strength testing was done as part of rou-
tine testing at 12 months after ACL reconstruction and not
as part of an assessment of readiness to RTS. The assess-
ment deliberately did not include hamstring to quadriceps
strength ratios on the basis of our experience that this ratio
can be difficult to interpret when patients have undergone
ACL reconstruction using a hamstring tendon graft.
Patients who had sustained a second ACL injury before
12 months could not be included because they did not
undergo 12-month strength testing or strength testing
before RTS and reinjury. This included 19 patients who
sustained a graft rupture, which was the same number of
graft ruptures after the 12-month strength assessment,
albeit a lower percentage of the potentially eligible patient
population compared with the percentage of eligible
patients who sustained a graft rupture. It is unknown
whether these patients had adequate or inadequate
strength or strength asymmetries at the time of their graft
rupture. Similarly, strength and LSI at the time of graft
rupture were unknown in the patients in the eligible
cohort. The minimum follow-up of the current study was
2 years, and it is possible that some patients may have
sustained second ACL injuries at a later date but did not
report these or received treatment elsewhere. Further-
more, as outlined earlier, because 2 graft ruptures occurred
in patients who reported that they had not returned to their
preinjury sports, we decided to include all patients in our
analysis, regardless of RTS status. This may have poten-
tially resulted in a bias to lower overall strength and LSI
values in the group of patients who did not sustain a graft
rupture. Finally, no account was made for other potential
contributing factors that may affect function and perfor-
mance and further explain the risk of second ACL injuries.
These could include rehabilitation protocols, the treatment
of concomitant injuries, social factors, and psychological
factors.

Despite these limitations, the results of the current study
raise questions about the emphasis placed on strength test-
ing in the decision making regarding RTS after ACL recon-
struction, particularly in a young patient cohort. It may be
that other factors such as agility and balance testing,
assessment of proprioception, and time since surgery may
be more important or that a combination of tests would
provide a better guide as to the safety of returning to sports.

Nonetheless, restoration of quadriceps and hamstring
strength is intuitively important for patients in order to
RTS both safely and competently, but it is unclear whether
a threshold level of strength or symmetry is required to
minimize risk of further ACL injury. A recent review and
meta-analysis reported that only 23% of patients passed the
testing criteria before returning to sports after ACL recon-
struction surgery.42 Other studies have shown that as few
as 20% to 60% of patients have LSI �85% for knee extensor
strength at the time of RTS and that LSI <85% frequently
persists for up to 2 years.5,9,15,35,36,43 Despite the perceived
importance of achieving strength symmetry, in a number of
studies, only a minority of patients achieved this before
returning to sports, particularly in the younger age
group.5,7,36

CONCLUSION

In young patients who underwent an ACL reconstruction,
there was no association between quadriceps or hamstring
strength at 12 months postoperatively and subsequent ACL
graft ruptures. The role of strength tests as part of RTS
testing after ACL reconstruction therefore warrants fur-
ther investigation and clarification.
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