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Background: The association between quadriceps strength and functional outcomes after anterior cruciate ligament recon-
struction (ACLR) is a focus of current research, while evaluations of hamstring strength are limited, despite the frequent use of
hamstring autografts.

Purpose/Hypothesis: The purpose of this study was to determine the relationship between changes in quadriceps and hamstring
strength symmetry and self-reported outcomes before ACLR and at 12 and 24 weeks after surgery. We hypothesized that
improvements in quadriceps and hamstring strength symmetry would be correlated with improvements in self-reported outcome
measures within the first 6 months after ACLR.

Study Design: Cohort study; Level of evidence, 2.

Methods: Thirty patients who underwent ACLR with a hamstring autograft were enrolled. Quadriceps and hamstring strength and
Knee injury and Osteoarthritis Outcome Score (KOOS) values were assessed before and at 12 and 24 weeks after ACLR; limb
symmetry indexes for strength were calculated at each time point. The Friedman and Wilcoxon signed-rank tests were used to
analyze changes in KOOS values over time. Spearman rank-order correlations were used to test the relationship between changes
in strength and KOOS values between each time point.

Results: Hamstring and quadriceps limb symmetry significantly increased with time (P � .03). Fair correlations were observed
between changes in the hamstring index and changes in the KOOS Symptoms subscore from before surgery to 12 weeks
postoperatively (r ¼ 0.48; P � .05). Changes in the quadriceps index (QI) were moderately correlated with changes in the KOOS
Sport/Recreation subscore (r ¼ 0.60; P ¼ .001), and fair correlations were seen between the QI and the KOOS Quality of Life
subscore (r ¼ 0.39; P � .04) from preoperatively to 12 weeks after surgery. Moderate correlations were seen between the QI and
the KOOS Sport/Recreation subscore (r ¼ 0.57; P ¼ .005) from 12 to 24 weeks after surgery.

Conclusion: Improvements in quadriceps and hamstring strength symmetry were modestly associated with improvements
in athletes’ perceived function in the first 6 months after ACLR. Specifically, improvements in hamstring symmetry were
associated with improvements in knee symptoms within the first 12 weeks postoperatively, while improvements in
quadriceps symmetry were associated with improvements in self-reported sport function throughout the first 6 months
after ACLR. The restoration of strength symmetry within the first 6 months may be a critical component of rehabilitation
aimed at maximizing function after ACLR. Further investigation is warranted to comprehensively evaluate whether the
timing of strength gains predicts future function, including those who successfully return to their preinjury activity level
after ACLR.
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Anterior cruciate ligament (ACL) reconstruction (ACLR) is
frequently performed to restore knee stability after an ACL
tear.10,34 However, the recovery of sport-related function
after ACLR varies significantly, and some athletes never
return to their prior level of function.30,37,48 Criterion-based
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rehabilitation aims to restore sport-related function; how-
ever, impairments such as decreased range of motion,42,47

quadriceps and hamstring muscle weakness,12,39,56 gait
abnormalities,17,44 and changes in neuromuscular activa-
tion patterns44,49 persist, with some impairments lasting
up to 2 years.46,51 Muscle impairments, in particular, are
associated with altered knee biomechanics and knee func-
tion and thus are important elements of focus in
rehabilitation.1,21,46

The majority of studies have evaluated the recovery of mus-
cle strength beginning at 6 months after ACLR.11,25,32,46,52,55

However, studies on the relationship between quadriceps
and hamstring strength and knee function in the first
6 months after ACLR are limited. During this time frame,
rehabilitation progression includes the initiation of high-
impact activities such as running and plyometrics.2,8,34 It is
well documented that performing high-impact activities
with insufficient quadriceps strength can lead to abnormal
joint loads31,53 and asymmetrical dynamic knee function.46

However, the relationship between hamstring strength
and knee function is not as well established.

The hamstring muscle group provides inherent stability
to the knee joint as an agonist to the ACL.6,14 When ham-
string grafts are utilized for ACLR,36 hamstring weakness
may occur, and despite improvements in strength over
time, hamstring strength may not return to preoperative
levels.13,23,30 Hamstring strength and activation are asso-
ciated with abnormal jumping kinematics in healthy con-
trols54 and a risk for primary ACL ruptures34; however,
data regarding the association between hamstring strength
and knee function after ACLR are conflicting.1,15,24,26,29,51

A large variation in the timing of successful return to
sport is common after ACLR and implies that not all ath-
letes recover at the same rate.4 High-impact activity pro-
gression is a critical part of rehabilitation but may not be
appropriate for some athletes who are not meeting strength
milestones during this time frame. Identifying knee
strength and functional deficits early in the rehabilitation
process may allow for more directed interventions to help
prevent delayed recovery and improve metrics at the time
of return to sport.

Therefore, the purpose of this study was to determine the
relationship between changes in quadriceps and hamstring
limb symmetry and self-reported outcomes before ACLR
and at 12 and 24 weeks after ACLR. We hypothesized that

improvements in quadriceps and hamstring limb symmetry
would correlate with improvements in self-reported out-
come measures in the first 6 months after ACLR.

METHODS

Participants

Patients between the ages of 14 and 50 years with acute,
primary, unilateral ACL ruptures were identified from an
ongoing randomized controlled trial (RCT).33 All partici-
pants from the parent RCT were included in this study, and
all tests were part of the RCT protocol. An institutional
review board approved this study protocol, and eligible par-
ticipants and/or guardians provided informed consent.
Patients were eligible to participate in the study if they par-
ticipated in International Knee Documentation Committee
(IKDC) level I/II cutting, pivoting, jumping, and lateral
movement sports for at least 50 hours per year before their
injury.10,18 Participants had no history of lower extremity or
lumbar spine injuries that required surgery or immobiliza-
tion. Patients were excluded if they had concomitant injuries
including contralateral ACL ruptures, chondral defects
requiring surgical treatment, or concurrent grade III liga-
mentous injuries. Patients with meniscal tears were
included, and the surgical procedure was documented.

Surgical Procedure and
Postoperative Rehabilitation

Arthroscopic, anatomic, single-bundle ACLR was per-
formed using a hamstring autograft by 1 of 3 sports medi-
cine fellowship–trained surgeons (R.A.M., D.C.F., or
C.C.K.). Femoral fixation was achieved using a cortical but-
ton, and tibial fixation was performed with an interference
screw with or without a sheath device. Tourniquets were
not utilized during the procedure. No postoperative bracing
was used. Patients initiated formal rehabilitation within 1
week of surgery at a single physical therapy practice. After
surgery, athletes were individually progressed through
rehabilitation utilizing guidelines based on the Multicenter
Orthopaedic Outcomes Network (MOON) recommenda-
tions.28,59,60 Rehabilitation progression was adjusted based
on the surgical procedure and strength, range of motion,
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effusion, and self-reported knee function milestones.
Weightbearing was initiated immediately after surgery.
Patients who underwent meniscal repair did not initiate
weightbearing until 4 weeks after ACLR. Quadriceps
strength training was limited to open kinematic chain
from 90� to 60� of knee flexion for the first 8 weeks after
ACLR. Isolated, resisted hamstring strengthening was
avoided during this same time frame to protect the ham-
string graft site.2,59 Unilateral, isolated hamstring and
quadriceps strengthening was introduced after this time
frame as described in the MOON protocol.

Strength Testing

Testing sessions were conducted by testers trained on the
assessment protocols. Quadriceps and hamstring strength
were quantified with isokinetic dynamometry (Biodex Sys-
tem 3; Biodex Medical Systems), with procedures shown to
provide reliable and valid measures of strength after ACL
injuries and ACLR.5,22,55 Concentric isokinetic testing of the
quadriceps and hamstring (60 deg/s) was utilized before
ACLR and at 12 and 24 weeks after ACLR to record peak
torque (N�m). Participants were instructed to actively extend
and flex the knee with maximal effort between 10� of knee
extension and 100� of knee flexion (Biodex Medical Sys-
tems). Participants were given 2 practice repetitions with
each test set. Verbal encouragement was provided during
practice and test repetitions to ensure participants’ best
effort. The uninvolved limb was tested first, followed by the
involved limb. Two test sets of 5 repetitions of knee extension
and flexion at 60 deg/s were performed for each limb, for a
total of 4 test sets. The examining clinician monitored parti-
cipants’ comfort and was given the option to stop testing at
any time if participants did not feel that they could continue;
no participant refused testing because of pain. The highest
peak torque values of the 2 sets for knee extension and flex-
ion were used in data analysis. Peak torque was normalized
to body weight (kg), and the highest peak torque values from
each limb were used to calculate the quadriceps index (QI)
and hamstring index (HI) ([involved limb peak torque/unin-
volved limb peak torque] � 100%).

Self-Reported Outcome Measures

To determine changes in knee function, the Knee injury
and Osteoarthritis Outcome Score (KOOS) was completed
at all testing time points. The KOOS is a validated outcome
measure utilized for athletes after ACLR to document
change in multiple areas of perceived function, with higher
scores representing higher functional status.43 The KOOS
was administered to assess the patient’s perceived func-
tional status on the subscales of Symptoms, Pain, Activities
of Daily Living (ADL), Sport/Recreation, and Quality of Life
(QOL), with each scored independently (0-100) and 100%
equating with perfect function.

Statistical Analysis

Repeated-measures analysis of variance, followed by a post
hoc paired t test, was used to analyze changes in the QI and

HI over time (before ACLR, 12 weeks after ACLR, and 24
weeks after ACLR). Effect sizes were reported as partial
eta-square values. The KOOS subscales violated the
assumptions of analysis of variance; therefore, the Fried-
man test, followed by a post hoc Wilcoxon signed-rank test,
was used to analyze changes in KOOS subscores over time.
Mean differences in KOOS subscores between time points
that exceeded published minimal detectable change
values were also reported. Spearman rank-order correla-
tions were used to test the relationship between changes
in strength and changes in KOOS subscores between adja-
cent time points (before ACLR to 12 weeks after ACLR and
12 weeks after ACLR to 24 weeks after ACLR). Only par-
ticipants with complete data sets were used in analysis.
Correlation values (r) between 0.25 and 0.50 were consid-
ered fair, and values from 0.50 to 0.75 were considered
moderate to good.40

The sample size was estimated a priori using G*Power
3.1 (http://www.psycho.uni-duesseldorf.de/abteilungen/
aap/gpower3/). Based on the previous literature demon-
strating significant quadriceps strength gains early in
rehabilitation that suggest at least a moderate effect size
(f ¼ 0.5), power analysis was performed with an alpha level
of 0.05 and desired power of 0.90. Based on these data, it
was estimated that 11 participants were needed to show a
significant change in strength over time. Further power
analysis was performed to determine that adequate power
would be available for the estimation of Spearman correla-
tions. It was determined that with an alpha level of 0.05
and a moderate correlation (r ¼ 0.6), a sample size of 25
would provide sufficient power for this goal of the study
(power > 0.90).

RESULTS

Demographics

Thirty patients were included in this study (Table 1), and
16 of 30 (53.3%) underwent a meniscal procedure with uni-
lateral ACLR (Table 2). Twenty-three of 30 participants
completed all 3 testing sessions (Figure 1).

TABLE 1
Participant Demographicsa

Sex, n
Male 20
Female 10

Age, y 22.2 ± 9.1
Height, m 1.7 ± 0.1
Weight, kg 77.8 ± 15.7
Body mass index, kg/m2 26.3 ± 4.9
Time from injury to surgery, mo 2.2 ± 3.4
Mechanism of injury, n

Noncontact 23
Contact 7

aData are expressed as mean ± SD unless otherwise specified.
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Changes in the Quadriceps Index Over Time

There was a statistically significant increase in the QI
over time (F ¼ 3.78; P ¼ .030; partial Z2 ¼ 0.15) (Table
3). There was no significant change in the QI from
before ACLR to 12 weeks after ACLR (P ¼ .66), however
there was a significant increase in the QI from 12 to
24 weeks after ACLR (P ¼ .016).

Changes in the Hamstring Index Over Time

There was a statistically significant increase in the HI
over time (F ¼ 4.01; P ¼ .025; partial Z2 ¼ 0.15) (Table
3). There was no significant change in the HI from
before ACLR to 12 weeks after ACLR (P ¼ .14), however
there was a significant increase in the HI from 12 to
24 weeks after ACLR (P < .001).

Changes in KOOS Values Over Time

Each of the KOOS subscores improved over time (P < .001)
and between each adjacent time point (P � .02) (Table 3).
Mean subscores demonstrated clinically meaningful differ-
ence improvements45 between before ACLR and 12 weeks
after ACLR and again between 12 and 24 weeks after
ACLR. Only the KOOS Pain and ADL subscales did not
demonstrate a clinically meaningful difference improve-
ment between 12 and 24 weeks postoperatively.

Correlations Between Strength Symmetry
and KOOS Values

Changes in the QI were moderately correlated with
changes in the KOOS Sport/Recreation subscore
(r ¼ 0.60), and fair correlations were observed between the
QI and the KOOS QOL subscore (r ¼ 0.39) from before
ACLR to 12 weeks after ACLR (P� .04) (Figure 2). Changes
in the QI were moderately correlated with changes in the
KOOS Sport/Recreation subscore only (r ¼ 0.57; P ¼ .005)
from 12 to 24 weeks after ACLR.

Fair correlations were observed between changes in the
HI and changes in the KOOS Symptoms subscore from
before ACLR to 12 weeks after ACLR (r ¼ 0.48; P � .05)
(Figure 3). There were no significant associations between
changes in the HI and changes in any of the KOOS sub-
scores from 12 to 24 weeks postoperatively (P > .05).

DISCUSSION

The purpose of this study was to determine the relationship
between changes in quadriceps and hamstring limb sym-
metry and self-reported outcomes before ACLR and at 12
and 24 weeks after ACLR. The findings partially confirmed
the study hypothesis, in that improvements in quadriceps
and hamstring limb symmetry modestly correlated with
improvements in self-reported outcomes. Although signifi-
cant correlations were identified, the strength of those rela-
tionships indicates that other factors such as autogenic
muscle inhibition, effusion, pain,38 and psychosocial factors
including patient expectations and fear3 are likely impor-
tant in improving function early in rehabilitation. Only the
QI and KOOS Sport/Recreation subscore demonstrated
moderate to good correlation in the early time period
after ACLR.

Expectedly, the use of autologous hamstring grafts in
ACLR results in hamstring weakness after surgery.11,23,25

To allow graft site healing and minimize soft tissue
irritation, resisted hamstring strengthening is typically
avoided in the early postoperative phases of rehabilitation.59

Hamstring strength improves over time, despite its use as a
graft source13,23,30; however, there is conflicting evidence
regarding the association between the recovery of ham-
string strength and improved knee function.24,26,29,52 Varia-
tions in the literature with respect to testing procedures
(eg, prone lying vs seated testing), timing of testing, and
statistical analyses limit comparisons of outcomes between
studies. While the majority of the current literature has

Figure 1. Study flow chart.

TABLE 2
Meniscal Procedures

No. of
Participants

No intervention
No meniscal injury 12
Stable lateral tear without intervention 2

Partial meniscectomy
Partial medial meniscectomy 3
Partial lateral meniscectomy 9

Meniscal repair
Medial meniscal repair 1

Meniscal repair with additional procedures
Medial meniscal repair with partial lateral

meniscectomy
1

Lateral meniscal repair with partial lateral
meniscectomy

1

Medial/lateral meniscal repair with partial lateral
meniscectomy

1
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Figure 2. Scatter plots of changes in the quadriceps index (QI) and Knee injury and Osteoarthritis Outcome Score (KOOS)
subscales of (A) Pain, (B) Symptoms, (C) Activities of Daily Living, (D) Sport/Recreation, and (E) Quality of Life from before anterior
cruciate ligament reconstruction (ACLR) to 12 weeks after ACLR. Negative x-axis values indicate a decline in strength symmetry;
negative y-axis values indicate a decline in the KOOS score.

TABLE 3
Mean Quadriceps and Hamstring Indexes and Self-Reported Outcomesa

Before ACLR 12 wk 24 wk Overall Significance

Strength, %
Quadriceps symmetry 78.1 (70.7-85.5) 76.7 (69.5-83.9) 83.7 (76.3-91.1)b F ¼ 3.78

P ¼ .030
Hamstring symmetry 78.9 (72.2-85.6) 71.6 (64.9-78.3) 82.8 (75.5-90.0)b F ¼ 4.01

P ¼ .025
Function

KOOS Pain 75.3 (71.2-79.4) 89.0 (85.1-92.9)c,d 92.3 (88.9-95.7)b w2 ¼ 31.7
P < .001

KOOS Symptoms 68.0 (63.6-72.3) 78.4 (71.0-85.8)c,d 89.6 (85.8-93.4)b,d w2 ¼ 30.5
P < .001

KOOS ADL 88.3 (84.8-91.8) 96.9 (93.6-100.2)c,d 99.0 (98.1-99.9)b w2 ¼ 34.4
P < .001

KOOS Sport/Recreation 50.4 (42.6-58.2) 73.2 (66.1-80.2)c,d 83.0 (74.7-91.3)b,d w2 ¼ 30.6
P < .001

KOOS QOL 44.6 (38.0-51.2) 58.3 (51.2-65.4)c,d 67.9 (59.0-76.8)d w2 ¼ 29.3
P < .001

aData are expressed as mean (95% CI). ACLR, anterior cruciate ligament reconstruction; ADL, Activities of Daily Living; KOOS, Knee
injury and Osteoarthritis Outcome Score; QOL, Quality of Life.

bSignificant difference (P < .05) relative to 12-week value.
cSignificant difference (P < .05) relative to value before ACLR.
dClinically meaningful improvement.
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focused on the long-term recovery of hamstring strength and
function,19,26,29,52 the present study, to our knowledge, is the
only study that evaluates these relationships within the first
6 months after ACLR. Fair correlations between improve-
ments in the HI and the KOOS Symptoms subscore were
noted within the first 12 weeks postoperatively. As isolated,
resisted hamstring strengthening was not initiated in this
cohort before 8 weeks after ACLR, the relationship may be
partly attributed to a reduction in postoperative inflamma-
tion and effusion.

Quadriceps weakness is common after ACLR, regardless
of the graft choice.11 Importantly, the restoration of quad-
riceps strength and sport-related knee function after ACLR
varies greatly.7,11,22,27,35,41 Despite a well-established posi-
tive relationship between quadriceps strength and knee
function,24,31,46,53 there is little known about this relation-
ship in the early phases of recovery after ACLR. Data from
the present study demonstrated a moderate, positive
correlation between changes in the QI and the KOOS
Sport/Recreation subscore between preoperatively and 12
weeks postoperatively and between 12 and 24 weeks post-
operatively. Fair correlations between improvements in the
QI and the KOOS QOL subscore were also observed within
the first 12 weeks after ACLR.

To our knowledge, only 1 other study has evaluated lower
extremity strength and function during the early recovery
phase after ACLR. In a retrospective study of 63 patients who
had undergone ACLR and a standard postoperative rehabil-
itation protocol, Christensen et al9 showed that higher peak
isometric force symmetry measured via a unilateral leg
press at 4 and 8 weeks after ACLR explained approximately
30% of the variance in self-reported knee function at each
respective time point. Their data indicate a similar positive
relationship between strength symmetry and self-reported
function as identified in the present prospective investigation.

Athletes typically progress to high-impact, sport-related
activities such as running and jumping between 12 and 24
weeks after surgery.2,8,34 The current study demonstrated
a moderate to good association between improvements in
the QI and the KOOS Sport/Recreation subscore during this
time frame. These data are consistent with other long-term
data demonstrating that higher quadriceps symmetry is
related to better performance during dynamic tasks such
as single-leg hopping.46 In isolation, patient-reported out-
comes cannot fully capture impairments that contribute to
functional limitations in this population. The literature
suggests that other factors such as autogenic muscle inhi-
bition, effusion, pain,38 and patient expectations and fear3

Figure 3. Scatter plots of changes in the hamstring index (HI) and Knee injury and Osteoarthritis Outcome Score (KOOS) subscales
of (A) Pain, (B) Symptoms, (C) Activities of Daily Living, (D) Sport/Recreation, and (E) Quality of Life from before anterior cruciate
ligament reconstruction (ACLR) to 12 weeks after ACLR. Negative x-axis values indicate a decline in strength symmetry; negative
y-axis values indicate a decline in the KOOS score.
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likely play a role in knee function as well. However, frequent
and early testing of quadriceps strength, in combination with
patient-reported outcome measures, may help rehabilitation
specialists progress athletes to high-impact activities appro-
priately and avoid undue stress and loading to the knee joint.
These findings highlight the important relationship between
gains in quadriceps strength and sport-related knee function
within the first several weeks and months after ACLR and
may help clinicians identify the impairments early and tailor
therapeutic exercises to prevent delayed recovery and poten-
tially improve return-to-sport metrics.

Limitations

The participant attrition rate was 24%, which is higher than
the commonly acceptable 20% cutoff for clinical trials, which
may have underpowered the analysis. Limb symmetry
indexes were used to maintain consistency with return-to-
sport guidelines in the ACLR population. However, we
acknowledge that limb symmetry may not be the best repre-
sentation of strength changes, as it can mask the independent
changes in muscle strength between involved and uninvolved
limbs.19,50 Patient positioning for hamstring isokinetic
strength testing is controversial in the literature,51,57,58 and
testing hamstring strength in a seated position may not cap-
ture strength deficits in deep knee flexion angles, which is a
position that has been associated with knee function.16,20 No
participant refused strength testing because of pain, but the
presence of pain could have influenced force production.
These data are limited to acutely injured athletes who
undergo ACLR with hamstring autografts; thus, the findings
cannot be extrapolated to populations with other graft types.

CONCLUSION

In the first 6 months after ACLR using hamstring auto-
grafts, changes in hamstring and quadriceps symmetry
were positively associated with changes in the KOOS
Symptoms subscore and the KOOS Sport/Recreation and
QOL subscores, respectively. Correlations were only fair
to moderate. Additional studies that explore strength
changes among the multifactorial contributions to improve-
ments in patient-reported function are necessary to inform
best practices in rehabilitation after ACLR.
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