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Abstract
Theoretical compensation after anterior cruciate ligament (ACL) tear could cause quadri-

ceps weakness and hamstring activation, preventing anterior tibial subluxation and affecting

the expected hamstring-to-quadriceps ratio. Although quadriceps weakness often occurs

after ACL tears, it remains unclear whether hamstring strength and hamstring-to-quadriceps

ratio increase in ACL deficient knees. This meta-analysis compared the isokinetic muscle

strength of quadriceps and hamstring muscles, and the hamstring-to-quadriceps ratio, of

the injured and injured limbs of patients with ACL tears. This meta-analysis included all

studies comparing isokinetic thigh muscle strengths and hamstring-to-quadriceps ratio in

the injured and uninjured legs of patients with ACL tear, without or before surgery. Thirteen

studies were included in the meta-analysis. Quadriceps and hamstring strengths were 22.3

N�m (95% CI: 15.2 to 29.3 N�m; P<0.001) and 7.4 N�m (95% CI: 4.3 to 10.5 N�m; P<0.001)

lower, respectively, on the injured than on the uninjured side. The mean hamstring-to-

quadriceps ratio was 4% greater in ACL deficient than in uninjured limbs (95% CI: 1.7% to

6.3%; P<0.001). Conclusively, Decreases were observed in both the quadriceps and ham-

string muscles of patients with ACL tear, with the decrease in quadriceps strength being 3-

fold greater. These uneven reductions slightly increase the hamstring-to-quadriceps ratio in

ACL deficient knees.

Introduction
Following injury to the anterior cruciate ligament (ACL), isokinetic quadriceps strength is gen-
erally lower in the injured than in the contralateral uninjured knee due to arthrogenic muscle
inhibition.[1–3] This phenomenon is considered a natural compensating mechanism to pre-
vent anterior subluxation that may result in painful and potentially detrimental movements of
the injured knee.[4] This compensating mechanism may include the facilitation or activation
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of the knee flexor (hamstring),[5]in addition to quadriceps inhibition. The activated hamstring
could thereby counteract anterior shear forces during knee loading.[6,7].

However, it is unclear whether the isokinetic muscle strength of the hamstring is also
reduced after ACL tear, and, if so, whether the magnitude of reduction is similar to that of the
quadriceps muscle. Furthermore, the balance between the quadriceps and hamstring muscles,
usually assessed as the hamstring-to-quadriceps (HQ) ratio, may be altered in knees with ACL
tears when compared with contralateral uninjured knees. Such alterations in the HQ ratio,[8]
indicating an imbalance between the quadriceps and hamstring strengths, may increase the
risk of further injury of the lower limb and osteoarthritis after ACL injury. [9,10] Adequate res-
toration of hamstring and quadriceps strength after ACL injury or reconstruction could be
used as a parameter for decision-making regarding return to sports. [11] Therefore, an accurate
understanding of HQ ratio alteration in patients with ACL tears is important. However, previ-
ous studies[12,13] investigating the HQ ratio in patients with ACL tears have yielded conflict-
ing results.

Therefore, this meta-analysis compared the isokinetic muscle strengths of the quadriceps
and hamstring muscles, as well as the HQ ratio, of injured limbs with ACL tears and contralat-
eral uninjured limbs. This study hypothesized that, although the isokinetic strengths of both
muscles would be lower on the injured than on the uninjured side, the HQ ratio would be rela-
tively unchanged because the magnitude of decrease of both muscles on the injured side would
be similar.

Materials and Methods
This meta-analysis was performed according to the guidelines of the preferred reporting items
for systematic reviews and meta-analysis (PRISMA) statement (S1 PRISMA Checklist).

Data & Literature Sources
This study was based on Cochrane Review Methods.[14] Multiple comprehensive databases,
including MEDLINE (January 1, 1976 to April 30, 2014), EMBASE (January 1, 1985 to June
30, 2014), the Cochrane Library (January 1, 1987 to June 30, 2014) and KoreaMed (June 1,
1958 to June 30, 2014), were searched for studies that compared isokinetic muscle strengths of
the quadriceps and/or hamstring muscles, and/or the HQ ratio, between limbs with ACL tears
and contralateral uninjured limbs. There were no restrictions on language or year of publica-
tion. Search terms used in the title, abstract, MeSH and keywords fields included "Anterior
Cruciate Ligament" [tiab] OR "Anterior Cruciate Ligaments" [tiab] OR "ACL" [tiab], and "Mus-
cle Strength" [MeSH] OR "Muscle Contraction" OR "Isometric Contraction" [MeSH] OR
"Quadriceps" [tiab] OR "Muscle Contractions" [tiab] OR "Muscular Contraction" [tiab] OR
"Muscular Contractions" [tiab] OR "Isometric Contractions" [tiab] OR "hamstring" [tiab] OR
"hamstrings" [tiab]. After the initial electronic search, we hand-searched additional relevant
articles and the bibliographies cited by identified studies. Articles identified were assessed indi-
vidually for inclusion.

Study Selection
Study inclusion was decided independently by two reviewers, based on the predefined selection
criteria. Titles and abstracts were read; if suitability could not be determined, the full article
was evaluated. Studies were included in the meta-analysis if (1) they analyzed patients with
ACL tears, without or before surgery, (2) they reported direct comparisons of isokinetic thigh
muscle concentric strength, including quadriceps and hamstring muscles, and/or their concen-
tric (HQ) ratio of injured limbs with ACL tear and contralateral uninjured limbs, (4) they
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measured isokinetic thigh muscle strength with a dynamometer as maximal peak torque, (5)
they fully reported the means and standard deviations of the isokinetic strength of thigh mus-
cles and their HQ ratio, and sample numbers, and (5) they used adequate statistical methods to
compare muscle strengths and HQ ratios of injured and uninjured limbs.

Studies that measured muscle strength using isometric tests were excluded, because the
results of such tests may be affected by the learning curve effect and have lower reliability com-
pared with isokinetic tests.

Data Extraction
Two reviewers independently recorded data from each study using a predefined data extraction
form. Any disagreement unresolved by discussion was reviewed by a third author.

Variables recorded included: (1) means and standard deviations of isokinetic muscle
strength (maximal peak torque) of the quadriceps and hamstrings, and HQ ratio, of injured
and uninjured limbs; (2) sample size; and (3) angular velocity, a measure of maximal peak tor-
que. If these variables were not mentioned in the articles, we contacted the study authors by
email to request the data.

Assessment of Methodological Quality
Two reviewers independently assessed the methodological quality of each study using the New-
castle-Ottawa Scale,[15] as recommended by the Cochrane Non-Randomized Studies Methods
Working Group. For our purposes, we adjusted the Newcastle-Ottawa Scale’s star system,
which awards stars depending on level of bias, to a scale that included only low (one star), high,
and unclear bias. Each study was judged on three criteria: the selection of the study groups, the
comparability of the groups and the ascertainment of either the exposure or the outcome of
interest for case-control or cohort studies. Any unresolved disagreements between reviewers
were resolved by consensus or by consultation with a third investigator.

Statistical Analysis
The main outcome of the meta-analysis was the mean difference in isokinetic concentric
strength (maximal peak torque) of the quadriceps and hamstring muscles, and the HQ ratio, of
injured and uninjured limbs. Random-effects meta-analyses were used to pool these outcomes
across the included studies, estimating weighted mean differences in thigh muscle strength and
their ratio between injured and uninjured limbs and their associated 95% confidence intervals
(CIs). Heterogeneity was determined by estimating the proportion of between-study inconsis-
tencies due to actual differences between studies, rather than differences due to random error
or chance, using the I2 statistic, with values of 25%, 50%, and 75% considered low, moderate,
and high, respectively. To examine whether the demographic characteristics of participants
had a biasing effect on any of the effect sizes, including the differences in hamstring and quad-
riceps muscle strengths and their ratio between uninvolved and involved legs, meta-regression
analyses were conducted with effect size as the dependent variable and age and gender ratio as
predictors. All statistical analyses were performed using RevMan version 5.2 and Stata/MP
13.0. A P value< .05 was considered significant.

Results

Identification of Studies
Fig 1 shows the details of study identification, inclusion, and exclusion. An electronic search
yielded 423 studies in PubMed (MEDLINE), 426 in EMBASE, 48 in the Cochrane Library and
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20 in KoreaMed. Five additional publications were identified through manual searching. After
removing 339 duplicates, 583 studies remained; of these, 556 were excluded based on reading
of the abstracts and full-text articles and an additional 13 studies were excluded based on unus-
able information and inappropriate group comparisons. Only the most recently published of
two papers describing the same study was included in the analysis. After applying these criteria,
13 studies were included in this meta-analysis.

Study Characteristics and Patient Populations
The 13 included studies included 18 patient cohorts and 548 knees with ACL tears, with thigh
muscle strength or HQ ratio measured for each knee. Of the 13 studies, eight prospectively
compared results in the injured and noninjured sides, whereas the other five were retrospective
comparisons. Five studies evaluated both thigh muscle strength and HQ ratio; six compared
only thigh muscle strength; and two compared only HQ. Ten of the 12 studies measured thigh
muscle strength and HQ ratio at 60°/sec, as well as angular velocity at 120°/sec, 180°/sec, and/
or 270°/sec. Of the remaining three studies, two out of them measured HQ ratio at an angular
velocity of 30°/sec and 60°/sec, respectively, and one study measured thigh muscle strengths at
angular velocities of 30°/sec and 90°/sec. The mean time interval from injury to measurement
varied from two to 33 months, indicating that most studies included patients with chronic
ACL tears (Table 1).

Quality and Publication bias of the Included Studies
All 13 studies included in this meta-analysis were at low risk of selection bias. All compared
injured legs with ACL tears with contralateral uninjured legs as controls, and 11 provided
detailed demographic data. None assessed possible confounding factors. The evaluation of fol-
low up duration was modified relative to the chronic nature of ACL (time from injury to mea-
surement). We assumed that too short an interval from injury (<4 weeks) was insufficient to
measure isokinetic muscle strength due to the pain usually caused by limited motion of the

Fig 1. PRISMA (Preferred Reporting Items for Systematic reviews and Meta-analyses) flow diagram of
the identification and selection of the studies included in this meta-analysis.

doi:10.1371/journal.pone.0146234.g001
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knee joint. Nine studies evaluated patients>2 months after injury, indicating that all included
patients could perform isokinetic tests appropriately without pain. However, the remaining
studies, which did not report the chronicity of ACL tear, were regarded as biased. None of the
included studies mentioned the percentage of patients evaluated, relative to all patients with
ACL tears who visited each institution. We therefore deemed all studies included in this meta-
analysis as having a high risk of bias (Table 2).

Isokinetic Quadriceps Strength
Eleven studies, including 16 comparison cohorts, compared the isokinetic strength of the quad-
riceps muscles of injured and uninjured legs. The pooled standard mean difference in mean
peak torque of the quadriceps muscles of the two legs was 22.3 N�m (95% CI: 15.2 to 29.3 N�m;
P<0.001; I2 = 48%), indicating that the isokinetic quadriceps strength was lower on the injured
side than on the uninjured side. Subgroup analysis of the ten studies assessing quadriceps
strength at 60°/sec showed that quadriceps strength was 28.4 N�m lower on the injured than on
the uninjured side (95% CI: 18.9 to 38.0 N�m; P<0.001; I2 = 45%). Subgroup analysis, involving
six cohorts in five studies, including two cohorts at 180°/sec and one each at 30°/sec, 90°/sec,
120°/sec and 270°/sec, showed similar results, with mean quadriceps strength being 13.6 N�m
lower on the injured than on the uninjured side (95% CI: 6.3 to 20.9; P<0.001; I2 = 9%, Fig 2).

Isokinetic Hamstring Strength
Similar results were observed in the meta-analysis of isokinetic hamstring strength, which
involved 11 studies and 16 cohorts, comparing the isokinetic strength of the hamstring muscles
of the injured and uninjured legs.

The pooled standard mean difference in mean peak torque of the hamstring muscles of the
two legs was 7.4 N�m (95% CI: 4.3 to 10.5 N�m; P<0.001; I2 = 0%). Subgroup analysis of the
ten studies in which strength was measured at 60°/sec also showed a significant mean differ-
ence (9.6 N�m, 95% CI: 5.1 to 14.0 N�m; P<0.001; I2 = 12%) between the injured and uninjured
limbs. Similarly, subgroup analysis of the six other cohorts in five studies, two cohorts at 180°/

Table 1. Study characteristics.

Authors Year Study
type

Sample
size

Measured Parameters (angular velocity) Mean time interval from injury
to testing (months)

Benjuya et al.[20] 2000 PCS 27 Q(60°/sec, 180°/sec), H(60°/sec, 180°/sec), HQ ratio (60°/sec, 180°/sec) 9

Dvir et al.[21] 1989 RCS 35 HQ ratio(30°/sec) 11

Eitzen et al.[22] 2013 PCS 100 Q(60°/sec), H(60°/sec) 2

Friden et al.[23] 2010 RCS 18 Q (30°/sec, 90°/sec), H(30°/sec, 90°/sec) 29

Gibson et al.[13] 2000 RCS 18 Q(60°/sec), H(60°/sec) NC

Hole et al.[12] 2000 PCS 10 HQ ratio (60°/sec) NC

Kannus et al.[24] 1988 RCS 41 Q(60°/sec, 180°/sec), H(60°/sec, 180°/sec), HQ ratio (60°/sec, 180°/sec) NC

Keays et al.[25] 2003 RCS 31 Q (60°/sec, 120°/sec), H(60°/sec, 120°/sec) 33

Lee HM et al.[26] 2009 PCS 12 Q(60°/sec), H(60°/sec), HQ ratio (60°/sec) 17.5

Lee JC et al.[27] 2013 PCS 10 Q(60°/sec), H(60°/sec) NC

Lephart et al.[28] 1992 PCS 41 Q(60°/sec, 270°/sec), H(60°/sec, 270°/sec), HQ ratio (60°/sec, 270°/sec) 26.5

Segawa et al.[29] 2002 PCS 62 Q(60°/sec), H(60°/sec) 10.2

Tsepis et al.[30] 2004 PCS 30 Q(60°/sec), H(60°/sec), HQ ratio (60°/sec) 32

Abbreviations: PCS, prospective comparison study; RCS, retrospective comparison study; Q, quadriceps; H, hamstring; HQ, hamstring-to-quadriceps.

doi:10.1371/journal.pone.0146234.t001
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sec and one each at 30°/sec, 90°/sec, 120°/sec and 270°/sec, showed that isokinetic hamstring
strength was 4.9 N�m lower in the injured than the uninjured limb (95% CI: 0.1 to 9.7 N�m;
P = 0.04; I2 = 0%, Fig 3). These findings demonstrated that, like quadriceps strength, hamstring
strength was lower in legs with than without ACL tears. However, the reduction in hamstring
strength was only one-third the reduction in quadriceps strength.

Hamstring-to-Quadriceps Ratio
Eight studies, including eleven comparison cohorts, compared the HQ ratio of injured and
uninjured legs. The pooled standard mean difference in mean peak torque of the HQ ratio was
4.0% (95% CI: 1.7% to 6.3%; P<0.001; I2 = 0%), indicating that the HQ ratio was slightly higher
in the injured than the uninjured leg. Analysis of the 7 studies in which HQ ratio was measured
at 60°/sec also showed a slight increase (3.8%, 95% CI: 1.1% to 6.6%; P = 0.006; I2 = 0%) on the
injured side. Analysis of the 4 cohorts measured at other than 60°/sec (two cohorts at 180°/sec,
one at 30°/sec and one at 270°/sec) found that the HQ ratio was 4.3% (95% CI: 0.6% to 9.1%;
I2 = 29%) higher on the injured than on the uninjured side. This difference approached statisti-
cal significance but was not statistically significant (P = 0.08, Fig 4).

Metaregression analyses
The results of the meta-regression analysis are reported in Table 3. No significant association
was found between age and gender, and any of the effect sizes, including the differences in
hamstring and quadriceps muscle strengths and their ratio between uninvolved and involved
legs. This finding indicated that the results of the current meta-analysis were not biased by the
demographic characteristics of the participants of the included studies.

Table 2. Risk of bias summary: authors’ judgments about each risk of bias item for each included study.

Author Representativeness
of the cases

Selection
of controls

Ascertainment
of exposure

Interest
outcome
not present at
start of study

Comparability
of cohorts

Control
for any
additional
factor

Assessment
of outcome

Enough
Follow-
up

Adequacy
of follow
up

Benjuya et al.
[20]

− − − − − + + − +

Dvir et al.[21] − − − − + + + − +

Eitzen et al.[22] − − − − − + + − +

Friden et al.[23] − − − − − + + − +

Gibson et al.[13] − − − − − + + + +

Hole et al.[12] − − − − − + − + +

Kannus et al.[24] − − − − − + + + +

Keays et al.[25] − − − − − + + − +

Lee HM et al.
[26]

− − − − − + − − +

Lee JC et al.[27] − − − − − + + + +

Lephart et al.[28] − − − − − + + − +

Segawa et al.
[29]

− − − − − + + − +

Tsepis et al.[30] − − − − − + − − +

−, low risk of bias; +, high risk of bias;?, unclear risk of bias

doi:10.1371/journal.pone.0146234.t002
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Discussion
This meta-analysis analyzed the reductions in quadriceps and hamstring muscle strengths, and
their ratio, in ACL deficient knees. The main findings were that the reduction in quadriceps
muscle strength was three-fold greater than the reduction in hamstring strength in knees with
ACL tears, resulting in a slight increase in HQ ratio.

Fig 2. Forest plot demonstrating significant reductions in quadriceps strength in ACL deficient limbs
compared with uninjured limb.

doi:10.1371/journal.pone.0146234.g002

Fig 3. Forest plot showing significant reductions in hamstring strength in ACL deficient compared
with uninjured limbs.

doi:10.1371/journal.pone.0146234.g003
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Quadriceps strength was shown to be altered in patients with ACL tears, a type of compen-
satory mechanism to reduce the anterior tibial subluxation caused by a torn ACL. Patients with
ACL tears tend to avoid quadriceps contraction when the knee is near full extension, since this
can induce strain on the ACL.[15] The reduction in quadriceps contraction observed in
patients with ACL tears is likely to diminish the anterior translation of the tibia relative to the
femur, protecting the knee from excessive anterior drawer. Therefore, quadriceps strength is
generally reduced after ACL tear.[16,17] Although reduction in isokinetic strength of the quad-
riceps after ACL tear is regarded as a compensatory mechanism to avoid tibial anterior transla-
tion, the compensation mechanism also occurred in hamstring muscles. Increased hamstring
strength is theoretically desirable in patients with ACL tears, because hamstring activation can
reduce anterior tibial translation by decreasing the load on the passive restraints of the knee,
increasing knee joint compression, and stabilizing the knee in response to an external varus/
valgus load.[18,19] Thus, it was expected that the reductions in hamstring strength after ACL
tears would not be as large as the reductions in quadriceps strength, but there is no consensus
on the magnitude of hamstring reduction after ACL tear. This meta-analysis found that the
reduction in quadriceps muscle strength was about 3-times greater than the reduction in

Fig 4. Forest plot demonstrating slight reductions in hamstring-to-quadriceps ratio in ACL deficient
compared with uninjured limbs.

doi:10.1371/journal.pone.0146234.g004

Table 3. Meta-regression analysis between the demographic variables age and gender, and thighmuscle strength parameters.

Variable Coefficient Standard error P value 95% confidence interval

Difference of Hamstring muscle strength between uninvolved and involved leg

Age −0.068 1.288 0.959 −3.111 to 2.978

Gender 17.126 17.241 0.354 −23.643 to 57.895

Difference of Hamstring muscle strength between uninvolved and involved leg

Age −0.128 0.608 0.839 −1.568 to 1.311

Gender 4.546 8.056 0.590 −14.503 to 23.597

Difference of Hamstring-to-quadriceps ratio between uninvolved and involved leg

Age 0.302 0.333 0.417 −0.624 to 1.229

Gender −3.300 4.425 0.497 −15.588 to 8.986

doi:10.1371/journal.pone.0146234.t003
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hamstring muscle strength. These uneven reductions in thigh muscle strength contributed to
muscle imbalance, as shown by the higher HQ ratio in injured than in uninjured limbs.

This meta-analysis also showed a greater loss in quadriceps than in hamstring dominant
strength, resulting in thigh muscle imbalance, as shown by an increased HQ ratio in limbs of
patients with ACL tear. This greater degree of loss of quadriceps strength may increase the
knee adduction moment on the coronal plane during gait due to the greater reduction in
abduction moment resulting from quadriceps weakness,[14] and may reduce the external knee
flexion moment and knee flexion angle in the sagittal plane.[15,16] These changes in dynamic
loading of the knee joint on both the coronal and sagittal planes could result in overloading of
the knee joint due to the increased adduction moment on the coronal plane and the lack of
shock absorption during weight-bearing, resulting from decreased flexion moment on the sag-
ittal plane.[4] These situations may explain in part the development of knee osteoarthritis after
chronic ACL tear or even in ACL reconstructed knees. Interestingly, however, the observed
increase in HQ ratio in limbs of patients with ACL tears was significant only when measure-
ments were performed at 60°/sec and not at other angular velocities. This dependence of the
results on angular velocity may be explained in part by the fact that hamstring muscle strength
measured at the higher angular velocities (180°/sec or 240°/sec) may have been slightly under-
estimated because the measurements were made very early (approximately 100 ms) after the
onset of contraction, a time at which the contractile force likely had not reached its fully active
state. This situation would lead to a smaller increase in HQ ratio at higher velocities compared
with 60°/sec, consistent with the observation of a significantly greater HQ ratio only at 60°/sec.

This study had several limitations. The quality of the meta-analysis was dependent on the
quality of the individual studies. Furthermore, all of the studies included in this meta-analysis
were observational comparison studies; none of the studies was a randomized controlled trial.
Thus, there may be inherent heterogeneity due to uncontrolled bias. In addition, the studies
included in this meta-analysis compared thigh muscle strength in the limbs with and without
ACL tears, rather than using a separate control group. Bilateral muscle strength impairment,
utilizing aberrant information in the intra-articular receptors in the injured limb, may also
decrease muscle strength in the contralateral, uninjured limb,[17] thus affecting the results of
this meta-analysis. However, it is very difficult to select control subjects with the same activity
level and athletic history as subjects with ACL tears. This meta-analysis also did not take into
account possible gender differences in thigh muscle strength and HQ ratio in each included
study. However, a recent study showed that gender differences in muscle strength and HQ
ratio were not significant at slow testing speeds. We could not perform separate meta-analyses
for males and females because none of the included studies provided separate data for males
and females. Finally, it was unclear whether the slight difference (4%) in HQ ratio observed
between ACL torn- and uninjured limbs has clinical implications. However, we believe that
this small difference could affect the long term performance of ACL deficient knees, because
even a small imbalance in hamstring to quadriceps strength could lead to lower extremity
injury. In addition, the greater loss of quadriceps compared with hamstring strength observed
in the current study demonstrates the importance of quadriceps strengthening exercises in
ACL deficient knees.

Conclusions
In conclusion, both the quadriceps and hamstring muscles lose strength in limbs with ACL
tears. The loss of quadriceps strength was approximately three-fold greater than the loss of
hamstring strength. The uneven reductions in the strengths of these thigh muscles resulted in a
slight increase in HQ ratio in ACL deficient knees.
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