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Background: The limb symmetry index may overestimate the recovery of quadriceps muscle strength after anterior cruciate
ligament reconstruction. Comparison of individuals who have had anterior cruciate ligament reconstruction with age-, sex-, and
activity-matched individuals might be more appropriate to guide rehabilitation interventions.

Purpose: To compare the quadriceps strength between the injured limb of people with anterior cruciate ligament reconstruction
and the limb of an age-, sex-, and activity-matched control group.

Study Design: Systematic review; Level of evidence, 3.

Methods: MEDLINE, CINAHL, EMBASE, SCOPUS, and SPORTDiscus were searched between inception and April 2019. Studies
were included if they reported the peak quadriceps strength for persons with anterior cruciate ligament reconstruction and age-,
sex-, and activity-matched control groups measured using isometric or isokinetic dynamometry. Risk of bias was assessed, and
meta-analyses and metaregression (for effect of time since surgery) were performed.

Results: A total of 2759 studies were identified and 21 were included for analyses. Quadriceps strength was lower in the limbs with
anterior cruciate ligament reconstruction compared with the limb from matched controls within 6 months of anterior cruciate
ligament reconstruction (standardized mean difference [SMD], –1.42; 95% CI, –1.62 to –1.23), 6 to 18 months after anterior cruciate
ligament reconstruction (SMD, –0.92; 95% CI, –1.18 to –0.66), and >18 to 48 months after anterior cruciate ligament recon-
struction (SMD, –0.38; 95% CI, –0.79 to 0.03). Results of the metaregression were significant, with the difference between anterior
cruciate ligament reconstruction and matched controls decreasing with time since surgery (P < .001).

Conclusion: In people with anterior cruciate ligament reconstruction, the injured limb had lower quadriceps strength compared
with the limb of age-, sex-, and activity-matched controls up to 4 years after surgery. Clinicians should consider comparison with
matched cohorts for return to sports decision making.
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Given the ubiquity of quadriceps muscle weakness after
anterior cruciate ligament (ACL) injury and surgery, the
recovery of quadriceps strength is a key goal of the rehabil-
itation protocols for individuals who undergo reconstruction
(ACLR).15,31 The recovery of quadriceps strength before
returning to sports after ACLR is often assessed by compar-
ing the strength of the injured limb with the strength of the
uninjured limb, a measure known as the quadriceps limb
symmetry index (LSI).12,13 Achieving a predetermined quad-
riceps LSI, usually 90%, is used to determine readiness to

return to sports.12,52 Although current protocols recommend
using LSI as a criterion for return to sports, quadriceps limb
symmetry measures may overestimate the recovery of quad-
riceps function in the injured limb.4,8,56 Hence, it is impor-
tant to establish more objective measures of quadriceps
strength recovery in this population.

A previous systematic review reported persistent
asymmetry in quadriceps strength between the injured and
contralateral limbs 12 months after ACLR.31 It is likely
that there are bilateral deficits in quadriceps function
among individuals with ACLR.14,35,47,56 Athletes who
return to sports with inadequate quadriceps strength or
other neuromuscular deficits in quadriceps function may
be placing themselves at increased risk for ACL reinjury
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or posttraumatic osteoarthritis.13,56 Therefore, rather than
comparing quadriceps strength of the limb with ACLR with
that of the uninjured contralateral extremity, comparisons
with the uninjured limb of individuals of similar age, sex,
and activity levels may be needed to help accurately assess
strength recovery.56 A recent systematic review compared
isometric quadriceps strength in both ACLR and contralat-
eral limbs with that in the limb of control participants.32

The authors reported isometric quadriceps strength was
lower in both ACLR and contralateral limbs than in the
limb of the control participants. However, in this review,
studies were not selected to ensure that the control group
was matched for age, sex, and activity levels to the ACLR
participants. Furthermore, the authors in the prior review
only included studies that assessed isometric quadriceps
strength when isokinetic measures are recommended while
assessing return to sports in individuals with ACLR.13

The primary objectives of our review were (1) to com-
pare the quadriceps strength between the injured limb in
individuals with ACLR and the limb of age-, sex-, and
activity-matched controls using meta-analyses of pub-
lished data and (2) to assess the effect of time since sur-
gery on the difference between the ACLR and control
groups using metaregression analyses of published data.
We hypothesized that quadriceps strength would be lower
in the injured limb of individuals after ACLR than in the
limb of matched controls and that this difference between
groups would decrease as time since surgery increased. A
secondary objective was to compare quadriceps strength
between the uninjured contralateral limb and the limb of
the age-, sex-, and activity-matched control group. We also
explored the effects of graft type and strength measure-
ment technique (isometric or isokinetic) where possible.

METHODS

The study protocol was developed according to guidelines
provided by the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) statement. The
protocol was prospectively registered on the PROSPERO
international register for systematic reviews (https://
www.crd.york.ac.uk/PROSPERO) (CRD42018083765).

Search Strategy

We followed guidelines provided by the Cochrane Collabora-
tion and developed a search strategy of the following data-
bases: MEDLINE, EMBASE, SPORTDiscus, CINAHL, and
SCOPUS.16 Search terms were entered into each database as
follows: (anterior cruciate OR anterior cruciate ligament OR

ACL) AND (reconstruct* OR surg*) AND (quadricep* OR
extens*) AND (strength OR power OR torque). Additional
terms were added to EMBASE, CINAHL, and SCOPUS
search strings in order to exclude MEDLINE results. Three
researchers (C.B., L.M., D.K.) screened titles and abstracts
from the retrieved results. All identified studies that
appeared suitable for inclusion were independently reviewed
by at least 2 researchers (C.B., D.K.) for confirmation. The
complete search strategy is shown in Appendix Table A1.

Study Selection

We included studies based on the following criteria: case-
control, cross-sectional, cohort, or randomized clinical trial
(RCT) studies that included participants with a primary
ACLR who were on average within 4 years of surgery and a
healthy uninjured control group. Only studies that
included peak isometric and/or isokinetic quadriceps
strength outcomes measured using an instrumented dyna-
mometer were included. Only studies that reported a priori
matching of experimental and control groups for age, sex,
and activity or had statistically insignificant differences in
these categories were included. The search included studies
published from inception until April 2019. Only studies
published in the English language were included. For
RCTs, only baseline data were included, and these were
only included when an uninjured matched control group
was also available.

We excluded studies based on the following criteria: stud-
ies using handheld dynamometry or manual muscle test-
ing; studies that included individuals who underwent
revision ACLR, bilateral ACLR, or other bony procedures
at the same time as the primary ACLR (eg, osteotomy);
studies that did not report peak torque data; and studies
that did not attempt to quantify the patient’s level of activ-
ity through established scales or other methods. We
excluded case reports, systematic reviews and meta-
analyses, conference abstracts, and gray literature. We
excluded studies that included participants who were skel-
etally immature, which we operationally defined as age
<13 years. We set no limits on publication date, study size,
graft type, sex, or recruitment method. We excluded studies
that used a handheld dynamometer (HHD) for assessing
quadriceps strength because strength assessment using
an isokinetic dynamometer is considered the gold standard;
there can be considerable variability in how HHD is used
(eg, with or without belt stabilization), the correlation
between HHD and isokinetic measures has been reported
to be poor to moderate, and the measurements collected
using a HHD have been reported to be lower than those
collected using an isokinetic dynamometer.5,33,38

§Address correspondence to Deepak Kumar, PT, PhD, 635 Commonwealth Ave, Boston, MA 02215, USA (email: krdeepak2pro@gmail.com) (PI Twitter:
@arthroprof; Lab Twitter: @bu_movelab).

*Department of Physical Therapy and Athletic Training, Boston University, Boston, Massachusetts, USA.
†Department of Biostatistics, Boston University School of Public Health, Boston, Massachusetts, USA.
‡Section of Rheumatology, Department of Medicine, Boston University School of Medicine, Boston, Massachusetts, USA.
Final revision submitted September 24, 2020; accepted November 18, 2020
The authors declared that they have no conflicts of interest in the authorship and publication of this contribution. AOSSM checks author disclosures

against the Open Payments Database (OPD). AOSSM has not conducted an independent investigation on the OPD and disclaims any liability or responsibility
relating thereto.

2 Brown et al The Orthopaedic Journal of Sports Medicine

https://www.crd.york.ac.uk/PROSPERO
https://www.crd.york.ac.uk/PROSPERO
mailto:krdeepak2pro@gmail.com
https://twitter.com/arthroprof
https://twitter.com/bu_movelab


Risk of Bias Assessment

We used a modified Downs and Black checklist to assess
study quality and risk of bias.9 As applied in recent pub-
lications, 16 questions were included in the modified check-
list (Appendix Table A2).21,41 Item 27 was used to assess the
power of the study. Similar to previous research, the max-
imum score for item 27 was modified to be 1 (a power anal-
ysis was conducted) instead of 5.21,23,41 The total possible
score was 17; studies with scores of 11 or greater (�65%)
were considered to have a low risk of bias (LR), and studies
with scores<11 (<65%) were considered to have a high risk
of bias (HR).3 Two investigators independently assessed
each included study using this checklist (C.B., L.M.). Any
disagreements between the 2 investigators were resolved in
a consensus meeting that involved a third investigator
(D.K.).

Data Management and Statistical Analysis

Relevant data were independently extracted by 2 reviewers
(C.B., D.K.) to ensure accuracy. Data were extracted for the
primary outcomes (mean and SD of peak quadriceps torque
for ACLR and control groups, sample size) and participant
characteristics (age, sex, weight, height, body mass index,
Tegner activity scale score, graft type, time since surgery).
Other information recorded included study characteristics
(design, setting, population description, inclusion criteria,
exclusion criteria, method of recruitment) and strength
measurement characteristics (isokinetic/isometric, mea-
surement angle/speed, use of gravity correction, use of
warm-up trials, number of repetitions, and duration of rest
period between repetitions).

Data were pooled for analyses using RevMan V5.3. Pri-
mary analyses compared the peak quadriceps strength
between the ACLR and matched control groups stratified
by time since surgery: 0 to 6 months, 6 to 18 months, and
>18 months. A meta-analysis of previous studies has
reported that the mean time to return to sports can range
from 6 to 13 months after ACLR.27 Hence, these time periods
reflect the early rehabilitation phase, return-to-sports phase,
and longer-term recovery phase. Standardized mean differ-
ences (SMDs) and 95% CIs were calculated for peak quadri-
ceps strength because units of measurement difference
across studies. Pooled analyses were only conducted when
at least 4 studies were available for pooling. Random-effects
models were used for the meta-analyses. Heterogeneity
across the studies was assessed using the I2 statistic. The
pooled SMD was interpreted using Cohen criteria, where
SMD �0.8 indicated a large effect, SMD between 0.5 and
0.8 indicated a medium effect, and SMD between 0.2 and
0.5 indicated a small effect. Forest plots were developed for
the pooled analyses, and funnel plots and the Egger test were
used to assess for bias. To explore the effects of time since
surgery on the differences between the ACLR and control
groups, a metaregression was performed.

Secondary analyses included comparison of the contra-
lateral uninjured limb in people with ACLR with the limb of
matched controls. Exploratory sensitivity analyses were
performed by repeating the primary analyses while only

including studies with patients who received an autoge-
nous patellar tendon or hamstring tendon graft and to
assess differences in quadriceps strength between the
ACLR and matched control groups stratified by method of
strength assessment (isometric or isokinetic). Studies that
did not describe the graft type or included participants who
received allografts were excluded from this sensitivity
analysis.

Level of Evidence

Level of evidence was determined as done in previous stud-
ies.21,41,54 Specifically, the following definitions were used
for pooled analyses: (1) Strong evidence was defined as
pooled results derived from �3 studies, including a mini-
mum of 2 LR studies, which are statistically homogeneous
(P > .05) and may be associated with a statistically signif-
icant or nonsignificant result. (2) Moderate evidence was
defined as statistically significant pooled results derived
from multiple studies, including at least 1 LR study, which
are statistically heterogeneous (P < .05), or from multiple
HR studies that are statistically homogeneous (P > .05). (3)
Limited evidence was defined as results from multiple HR
studies that are statistically heterogeneous (P < .05) or
from 1 LR study. (4) Very limited evidence was defined as
results from 1 HR study. (5) Conflicting evidence was
defined as pooled results that are insignificant and derived
from multiple studies, regardless of quality, which are sta-
tistically heterogeneous (P < .01 or I2 > 60%).

RESULTS

Search Results

The search strategy yielded 4548 titles (Figure 1). After the
removal of duplicates, 2759 titles and abstracts were
screened. The full texts of 186 papers were retrieved, and
21 studies met the study criteria and were included for the
meta-analyses.

k

Risk of Bias

The results from the study quality assessment using a mod-
ified Downs and Black checklist are shown in Appendix
Table A3. Total scores ranged from 11 to 16 out of a maxi-
mum possible score of 17. All 21 included studies were rated
as having an LR.

Included Studies

The characteristics of the 21 included studies are summa-
rized in Tables 1 and 2. Outcomes were reported for 730
participants with ACLR and 590 age-, sport-, and sex-
matched uninjured controls. For the primary analysis of
the 21 studies, we used data from isometric quadriceps
strength testing from 10 studies and data from isokinetic

kReferences 1, 6, 7, 10, 11, 17, 19, 25, 26, 29, 30, 34–36, 40, 42, 45, 48, 50,
58, 59.
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testing from 11 studies. The studies reported strength in
newton meters, newton meters per kilogram, newtons, or
newtons per kilogram. Eight studies included patients who
received autogenous patellar tendon grafts, 3 studies
included patients who received autogenous hamstring ten-
don grafts, 6 studies included patients with a combination
of graft types (with 3 using autogenous hamstring or patel-
lar tendon grafts and 3 using autogenous hamstring tendon
grafts, autogenous patellar tendon grafts, and allografts),
and 4 studies did not report graft type (Table 1). The follow-
up length ranged from 3 to 48 months.

In the case of multiple quadriceps torque measurements
in a study (eg, isometric and isokinetic, multiple isokinetic
speeds), we used the most common measurement across all
of the included studies to minimize heterogeneity for the
primary analysis (Table 1). If separate data were available

for >1 graft type (2 studies), data from the patellar tendon
graft cohort were included for the primary analysis, as this
was most common across the included studies.36,48 The
study by Chung et al7 was longitudinal in nature and
reported data from multiple time points. Hence, data from
this study were included in 2 strata, that is, 0 to 6 months
after ACLR and >18 months after ACLR. However, for the
metaregression, only the later time point was included.

Quadriceps Strength in the Injured Limb for ACLR
Compared With Matched Controls

The mean time since surgery was 5 months (0- to 6-month
strata), 9.2 months (6- to 18-month strata), and 35.4
months (>18-month strata). For 0 to 6 months after ACLR,
strong evidence with a large effect size (8 LR studies,

Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) diagram. ACLR, anterior cruciate
ligament reconstruction.
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homogeneous) showed that limbs with ACLR had lower
quadriceps strength compared with matched control limbs
(SMD, –1.42; 95% CI, –1.62 to –1.23; I2 ¼ 0%)

(Figure 2).1,7,10,17,30,35,40,45 For 6 to 18 months after ACLR,
strong evidence with a large effect size (7 LR studies, homo-
geneous) showed that ACLR limbs had lower quadriceps

TABLE 1
Study Design, Graft Type, Time Since Surgery, Strength Measurement, and Limb Information

for Included Studies (in Reverse Chronological Order)a

Lead Author,
Year Design Graft Type Time Since Surgery, mo

Strength Measurement
Type

Difference in
Strength, %

Almeida,
20181

Case-control Hamstring tendon 6 Isokinetic at 60 (used)
and 240 deg/s

18 (ACLR < C)

Boo, 20186 Cross-
sectional

Not reported 7.3 Isokinetic at 60 deg/s 24 (ACLR < C)

Garrison,
201810

Cross-
sectional

Not reported 3 Isokinetic at 60 deg/s 45 (ACLR < C)

Johnson,
201819

Cross-
sectional

Patellar tendon 7.5 ± 1.4 Isometric at 90� (used);
isokinetic at 60 deg/s

25 (ACLR < C)

O’Malley,
201840

Cross-
sectional

Patellar tendon 6.6 ± 1 Isokinetic at 60 deg/s 23 (ACLR < C)

Pamukoff,
201842

Cross-
sectional

Combination of graft types
(patellar tendon, hamstring
tendon, or allograft)

48.0 ± 25.0 Isometric at 45� (used);
isokinetic at 60, 180,
and 240 deg/s

10 (ACLR < C)

Pelegrinelli,
201845

Case-control Hamstring tendon 5 (4.5-6)b Isokinetic at 60, 120, and
300 deg/s

18 (ACLR < C)

Mirkov,
201735

Cross-
sectional

Patellar tendon 4 ± 0.3 Isometric at 45� 23 (ACLR < C)

Kuenze,
201725

Clinical trial Combination of graft types
(patellar tendon or hamstring
tendon)

27.9 ± 16 Isometric at 90� 20 (ACLR < C)

Goetschius,
201611

Cross-
sectional

Not reported 44.1 ± 29.9 Isometric at 90� 13 (ACLR < C)

Zwolski,
201659

Cross-
sectional

Not reported 9.2 ± 2.2 Isometric at 60� 17 (ACLR < C)

Lepley,
201530

Case-control Combination of graft types
(patellar tendon or hamstring
tendon)

Presurgery and 6.5
post-ACLR (used)

Isometric at 90� 28 (ACLR < C)

Kuenze,
201526

Cross-
sectional

Combination of graft types
(patellar tendon or hamstring
tendon)

31.5 ± 23.5 Isometric at 90� 10 (ACLR < C)

Chung, 20157 Cohort Hamstring tendon 3 (used), 6, 12, and 24
(used)

Isokinetic at 60 (used)
and 180 deg/s

39 (pre-RTS: ACLR
< C); 17 (post-RTS:
ACLR < C)

Hsieh, 201517 Cross-
sectional

Combination of graft types
(patellar tendon, hamstring
tendon, or allograft)

2.8 Isokinetic at 60 deg/s 36 (ACLR < C)

Lepley,
201429

Cross-
sectional

Combination of graft types
(patellar tendon, hamstring
tendon, or allograft)

48.2 ± 35.5 Isometric at 90� 15 (ACLR < C)

Mohammadi,
201336

Randomized
controlled
trial

Patellar tendon and hamstring
tendon (separate cohorts)

Patellar tendon, 8.1 ±
1.4; hamstring
tendon, 8.2 ± 1.8

Isokinetic at 60 (used)
and 180 deg/s

15 (ACLR < C)

Xergia,
201358

Cross-
sectional

Patellar tendon 7 ± 0.9 Isokinetic at 120 (used),
180, and 300 deg/s

24 (ACLR < C)

Thomas,
201350

Cross-
sectional

Patellar tendon Presurgery and 7 post-
ACLR (used)

Isokinetic at 60 deg/s 17 (ACLR < C)

Rudroff,
200348

Case-control Patellar tendon 24 Isometric at 90� 12 (ACLR > C)

Mattacola,
200234

Cross-
sectional

Patellar tendon 18 ± 10 Isokinetic at 120 (used)
and 240 deg/s

15 (ACLR < C)

aACLR, anterior cruciate ligament reconstruction; C, control; RTS, return to sport. Used indicates that data from that particular test were
included in the meta-analyses.

bReported as median.
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strength compared with matched control limbs
(SMD, –0.92; 95% CI, –1.18 to –0.66; I2 ¼ 0%)
(Figure 2).6,19,34,36,50,58,59 For >18 months after ACLR,
moderate evidence (7 LR studies, heterogeneous) with a
small effect size showed that ACLR limbs had lower quad-
riceps strength when compared with matched control
limbs (SMD, –0.38; 95% CI, –0.79 to 0.03; I2 ¼ 76%)
(Figure 2).7,11,25,26,29,42,48 It was seen that 1 study was
causing the heterogeneity.48 On removing this study,
strong evidence (6 LR studies, homogeneous) with a mod-
erate effect size showed that ACLR limbs had lower quad-
riceps strength when compared with matched control
limbs (SMD, –0.60; 95% CI, –0.83 to –0.37; I2 ¼ 29%).

We performed sensitivity analyses including only stud-
ies with patients who received an autogenous patellar
tendon or hamstring tendon graft (ie, excluding studies

that did not report graft type or included patients with
other graft types in addition to autogenous patellar ten-
don or hamstring tendon grafts). For 0 to 6 months after
ACLR, strong evidence with a large effect size (6 LR
studies, homogeneous) showed that limbs with ACLR
had lower quadriceps strength compared with matched
control limbs (SMD, –1.35; 95% CI, –1.57 to –1.14; I2 ¼
0%) (Appendix Figure A1).1,7,30,35,40,45 For 6 to 18 months
after ACLR, strong evidence (5 LR studies, homoge-
neous) with a large effect size showed that ACLR limbs
had lower quadriceps strength compared with matched
control limbs (SMD, –0.99; 95% CI, –1.30 to –0.68; I2 ¼
5%) (Appendix Figure A1).19,34,36,50,58 For >18 months
after ACLR, moderate evidence (4 LR studies, heteroge-
neous) showed that quadriceps strength was similar in
ACLR and matched control limbs (SMD, –0.24; 95% CI,

TABLE 2
Age, Sex, and Activity Information for Included Studies (in Reverse Chronological Order)a

Lead Author,

Year

n Age (y) Sex (% Female) Activity Level

ACLR Control ACLR Control ACLR Control ACLR Control

Almeida,

20181

20 20 21 (18-28) 20.5 (18-34) 0 0 Professional soccer players Professional soccer players

Boo, 20186 17 17 14.7 ± 1 14.5 ± 1.1 100 100 Level 1 sports Level 1 sports

Garrison,

201810

24 24 15.5 ± 1 15.5 ± 1.2 Not available Not available Level 1 or 2 sports Level 1 or 2 sports

Johnson,

201819

67 10 21.34 ± 5 23.5 ± 3.44 36 40 Tegner, 6.38 ± 1.89 Tegner, 6.1 ± 2.42

O’Malley,

201840

118 44 23.6 ± 5 24.1 ± 3.6 0 0 Multidirectional athletes Multidirectional athletes

Pamukoff,

201842

38 38 21.9 ± 2 21.9 ± 1.3 76 76 Tegner, 7 ± 1.7 Tegner, 6.8 ± 1.1

Pelegrinelli,

201845

7 7 23 (19-25) 21.8 (19-24) 0 0 Professional soccer players and

active individuals who play

amateur soccer

Professional soccer players and

active individuals who play

amateur soccer

Mirkov,

201735

19 16 23 ± 3 23 ± 1 0 0 Similar International Physical

Activity Questionnaire scores

Similar International Physical

Activity Questionnaire scores

Kuenze,

201725

10 10 21 ± 2.8 22.2 ± 3.2 90 90 Tegner, 7.9 ± 1.3 Tegner, 7.1 ± 1.6

Goetschius,

201611

53 50 23.4 ± 4.9 23.3 ± 4.4 49 44 Tegner, 6.8 ± 1.8 Tegner, 6.8 ± 1.8

Zwolski,

201659

15 15 18.2 ± 2.6 17.9 ± 2.2 100 100 Level 1 or 2 sports Level 1 or 2 sports

Lepley,

201530

20 20 20.9 ± 4.4 21.7 ± 3.7 45 45 Tegner, 6.2 ± 0.9 Tegner, 6.4 ± 0.9

Kuenze,

201526

22 24 22.5 ± 5 21.7 ± 3.6 45 50 Tegner, 6.4 ± 1.2 Tegner, 6.1 ± 1.7

Chung, 20157 75 75 27.9 ± 8.6 27.6 ± 7 15 15 Tegner, 6.3 ± 0.9 Tegner, 6.4 ± 0.8

Hsieh, 201517 28 28 19.6 ± 4.5 20 ± 4.3 50 50 Level 1 and 2 sports Level 1 and 2 sports

Lepley,

201429

29 29 21.5 ± 3.7 21.2 ± 2.7 69 69 Tegner, 5.9 ± 2 Tegner, 6 ± 1.4

Mohammadi,

201336

Patellar tendon,

21; hamstring

tendon, 21

21 Patellar tendon,

24.9 ± 2;

hamstring tendon,

25.2 ± 2.4

25.4 ± 2.9 0 0 Tegner, 9 Tegner, 9

Xergia 201358 22 22 28.8 ± 11.2 24.8 ± 9.1 0 0 Tegner, 7.5 Tegner, 8

Thomas,

201350

15 15 20.27 ± 5.4 24.73 ± 3.4 47 53 Matched on Tegner (±1) Matched on Tegner (±1)

Rudroff,

200348

Patellar

tendon,15;

hamstring

tendon, 15

10

Patellar tendon, 32.6 ±
4; hamstring

tendon, 29.1 ± 6.7

31.1 ± 4.7 0 0 Soccer players Soccer players

Mattacola,

200234

20 20 25.8 ± 8.1 24.5 ± 6.9 45 45 Matched using sections B and C

of the Sports Participation

Survey

Matched using sections B and C

of the Sports Participation

Survey

aACLR, anterior cruciate ligament reconstruction.
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–1.13 to 0.66; I2 ¼ 88%).7,25,26,48 It was seen that 1 study
was causing the heterogeneity.48 On removing this
study, only 3 studies remained, so pooled analyses were
not performed.

We performed sensitivity analyses to assess differ-
ences in quadriceps strength between ACLR and
matched control limbs stratified by method of strength
assessment (isometric or isokinetic). When the analyses
were restricted to studies that reported isometric quad-
riceps strength, pooled analyses were not performed for
the 0- to 6-month strata (only 2 studies were avail-
able)30,35 and 6- to 18-month strata (only 2 studies were
available).19,59 For >18 months after ACLR, moderate
evidence (6 LR studies, heterogeneous) showed that
ACLR limbs had similar quadriceps strength when com-
pared with matched control limbs (SMD, –0.26; 95%
CI, –0.68 to 0.16; I2 ¼ 68%) (Appendix Figure
A2).11,25,26,29,42 It was seen that 1 study was causing the

heterogeneity.48 On removing this study, strong evidence
(5 LR studies, homogeneous) with a small effect size
showed that ACLR limbs had lower quadriceps strength
when compared with matched control limbs (SMD, –0.46;
95% CI, –0.68 to –0.23; I2 ¼ 0%). When the analyses
were restricted to studies that reported isokinetic quad-
riceps strength, for 0 to 6 months after ACLR, strong
evidence with a large effect size (6 LR studies, homoge-
neous) showed that limbs with ACLR had lower isoki-
netic quadriceps strength compared with matched
control limbs (SMD, –1.46; 95% CI, –1.67 to –1.25; I2 ¼
0%) (Appendix Figure A3).1,7,10,17,40,45 For the 6- to 18-
month strata, strong evidence with a large effect size (6
LR studies, homogeneous) showed that ACLR limbs had
lower isokinetic quadriceps strength compared with
matched control limbs (SMD, –1.04; 95% CI, –1.39 to
–0.70; I2 ¼ 35%) (Appendix Figure A3).6,19,34,36,50,58 For

Figure 2. Forest plot for comparison of quadriceps strength in the injured limb of participants with anterior cruciate ligament
reconstruction (ACLR) and the control group, stratified by time since surgery. IV, inverse variance; Std, standardized.
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>18 months after ACLR, pooled analysis was not per-
formed because only 3 studies were available.7,11,42

Effect of Time Since Surgery on Difference in
Quadriceps Strength Between ACLR Limbs and
Matched Control Limbs

The results from the metaregression (Figure 3) showed that
there was a significant association of time since surgery on
the effect size (P < .001), with studies that included parti-
cipants with a shorter time since ACLR showing a greater
difference in quadriceps strength between the ACLR limb
and matched control limb in favor of the control limb. The
funnel plot for the pooled analyses can be seen in Figure 4.
The Egger test was nonsignificant (P ¼ .998), suggesting
that publication bias was unlikely to have influenced these
results.

Quadriceps Strength in the Uninjured Limb of
Persons With ACLR Compared With Matched
Control Limbs

For 0 to 6 months after ACLR, moderate evidence (4 LR
studies, heterogeneous) showed that the quadriceps
strength in the uninjured limbs of persons with ACLR was
similar to that in matched control limbs (SMD, –0.32; 95%
CI, –0.76 to 0.12; I2 ¼ 68%) (Figure 5).7,10,17,30 For 6 to
18 months after ACLR, strong evidence (6 LR studies,
homogeneous) showed that the quadriceps strength in the
uninjured limbs of persons with ACLR was similar to that
in matched control limbs (SMD, 0.06; 95% CI, –0.21 to 0.34;
I2 ¼ 0%) (Figure 5).6,19,34,36,50,59 For >18 months after
ACLR, pooled analyses were not performed because only
3 studies were available.7,42,48

DISCUSSION

Our objective was to compare quadriceps strength between
the injured limb of individuals with ACLR and the limb of

Figure 3. Results of metaregression for association of time
since surgery with effect size.

Figure 4. Funnel plot for included studies. SMD, standard-
ized mean difference.

Figure 5. Forest plot for comparison of quadriceps strength in the uninjured limb of participants with anterior cruciate ligament
(ACL) reconstruction and the control group, stratified by time since surgery. IV, inverse variance; Std, standardized.
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age-, sex-, and activity-matched uninjured controls. The
results showed that, regardless of time since surgery (up
to 4 years after ACLR), individuals with ACLR had lower
quadriceps strength in their injured limb when compared
with matched healthy controls. These results suggest that
the quadriceps strength deficits are evident for many years
in people with ACLR despite surgery and rehabilitation
when compared with an appropriate control group. Because
of the critical role of knee musculature stability of the joint,
especially after a ligamentous injury, deficits in muscle
strength may place the patient at an increased risk for
reinjury and posttraumatic knee osteoarthritis.

In our analyses, quadriceps strength deficits were
evident when comparing the ACLR group with the age-,
sex-, and activity-matched control group within 6 months
of surgery, 6 to 18 months after surgery, and >18 months
after surgery. In a recent meta-analysis of 28 studies,32 the
authors compared isometric quadriceps strength in indivi-
duals with ACLR and controls and reported a pooled effect
size of –0.78 (95% CI, –0.99 to –0.58) in favor of the control
group. However, in our analyses, the effect sizes were larger
than those reported previously when we pooled data for peo-
ple within 6 months of ACLR (SMD, –1.42) and 6 to 18
months of ACLR (SMD, –0.92), and smaller than those pre-
viously reported when we pooled data for people>18 months
after ACLR (SMD, –0.38). The previous review included
studies with time since surgery as short as 1 month, those
that did not stratify the analyses by time since surgery, and
those that only included studies reporting isometric quadri-
ceps torque. These differences in the methodologies preclude
direct comparisons. However, the results show overall that
people with ACLR have weaker quadriceps in their injured
limb when compared with controls. The persistence of
strength deficits over many years after ACLR could be
related to peripheral changes in the quadriceps muscle,
including chronic atrophy and changes in the architecture
and composition of the muscle,24,39 activation deficits,15 and
so forth. Our results showing the persistence of quadriceps
strength deficits in people with ACLR when compared with
age-, sex-, and activity-matched controls are based on mod-
erate to strong evidence with an LR.

Our primary analyses do not appear to have been
affected by publication bias, as can be seen in the funnel
plot and the Egger test. All studies were determined to be at
LR, leading to moderate to strong evidence for most of the
analyses reported. Heterogeneity for the primary analyses
was low, except for the 6- to 18-month strata. However, this
was because of a single outlier study,48 and exclusion of this
study resulted in homogeneous findings. Hence, the
reported results from the primary analyses can be consid-
ered robust. While we observed significant differences in
quadriceps strength between the injured limb after ACLR
and matched control limbs, the effect size decreased as the
time since surgery increased. This was confirmed in the
metaregression, which showed a significant effect of time
since surgery on the difference in quadriceps strength
between groups. In a narrative review by Petersen et al,46

the authors concluded that muscular deficits are greater
within the first 6 months after surgery and they can persist
up to 2 years or longer. These findings are aligned with our

meta-analyses. While it was not possible to determine the
reasons for the gradual reduction of effect with time, it
could be assumed that the return to sports and increase
in activity could provide further stimulus for quadriceps
strengthening. However, the fact that these stimuli appear
to be insufficient to promote full recovery of quadriceps
strength is concerning. While delaying return to sports is
not often feasible, an increased awareness and reassess-
ment of the postoperative rehabilitation after the athlete
returns to play may be important.

Quadriceps strength recovery, measured as LSI, is con-
sidered a key criterion while making return-to-sports deci-
sions.12,13 In a systematic review, achieving an LSI >90
was the most common criterion used to make return-to-
sports decisions.55 However, studies have suggested that
comparisons with the uninjured limb may not be appropri-
ate given the presence of bilateral neuromuscular deficits
after ACLR. Multiple experimental studies47,51,53 and a
systematic review17 have reported bilateral deficits in
quadriceps activation among people with ACLR. Mirkov
et al35 reported a lower quadriceps rate of force develop-
ment in the uninjured limb of individuals with ACLR than
in control limbs. Hence, using LSI as a criterion for making
return-to-sports decisions might be a flawed strategy and
could have significant negative clinical consequences. Well-
sandt et al56 reported that achieving LSI >90% for quadri-
ceps strength, among other measures, does not guarantee
that functional levels equivalent to preinjury levels are
met. The authors suggested using preinjury data as the
most appropriate comparison, and because such data are
usually not available, comparison with age-, sex-, and
activity-matched normative data should be considered. The
results from our study provide further guidance for clini-
cians by demonstrating the persistence of quadriceps
strength deficits in the injured limb of people with ACLR
when compared with an appropriate control group. These
results suggest that current return-to-sports criteria that
rely on LSI may need to be reconsidered and comparison
with a matched control group might be more appropriate.
The persistence of the strength deficits beyond 6 months
and after return to sports also suggests that athletes may
benefit from continued rehabilitation after returning to
their everyday activities at full capacity. However, further
work is needed to better understand the mechanisms
underlying persistent weakness so that the rehabilitation
intervention can be appropriately targeted. In addition to
clinical implications, these analyses may offer guidance for
the design of future studies examining quadriceps strength
after ACLR. Future studies should consider incorporating a
matched control group when investigating quadriceps
recovery after ACLR. While the recruitment methods var-
ied across the studies that we included in our analyses, one
approach was to recruit uninjured teammates of partici-
pants who underwent ACLR.36 This could be an effective
way to ensure matching in future studies. These data also
did not allow for a determination of what may be an accept-
able magnitude of deficit in quadriceps strength in the
injured limbs of people with ACLR when compared with
the limbs of matched controls to allow for return to sports.
This could be investigated in future studies.

The Orthopaedic Journal of Sports Medicine ACL Reconstruction and Quadriceps Strength 9



As a secondary objective, we compared the quadriceps
strength between the uninjured limb of people with ACLR
and the limb of matched controls. These differences in
quadriceps strength between the uninjured limb in people
with ACLR and the matched control limb at 0 to 6 months
and from 6 to 18 months were small. Fewer studies were
available to be pooled than were available for the primary
analyses because not all studies reported peak quadriceps
strength data for the uninjured leg. It should be noted that
we did not specifically select studies to address this ques-
tion. Hence, our effect estimates may have been somewhat
biased. However, our results are in agreement with a recent
review that also did not observe a significant difference
between the uninjured contralateral limb and the control
limb (SMD, –0.24; 95% CI, –0.68 to 0.19).32 Importantly,
the authors did observe a lower central activation ratio in
the contralateral uninjured limb (SMD, –0.73; 95%
CI, –1.39 to –0.07) compared with the control limb. While
this might suggest the presence of bilateral neuromuscular
deficits in individuals with ACLR, further research is needed
to compare participants with ACLR with age-, sex-, and
activity-matched controls to investigate the magnitude and
type of deficits in the contralateral limb. This is important
given the higher rate of reinjury in the contralateral limb
than the ACLR limb,57 especially in women.43,44 Future
studies should consider reporting data from both legs in
individuals with ACLR while comparing them with an
appropriate control group to further evaluate this question.

In the exploratory analyses assessing differences in
quadriceps strength between groups when measured using
isometric dynamometry and when measured using isoki-
netic dynamometry, there was an insufficient number of
studies available to allow for pooled analyses across all
strata. However, when studies could be pooled and the out-
lier study could be excluded, the results were aligned with
the primary analysis, with lower quadriceps strength seen
for ACLR limbs compared with control limbs irrespective of
the measurement technique. While we did not have suffi-
cient data to explore the effects of each graft type given that
some studies included patients with different graft types
and others did not report graft type, we did perform sensi-
tivity analyses including only studies with patients with
patellar tendon or hamstring tendon grafts. The results
from the>18-month strata do not appear to be robust given
the high heterogeneity and small number of studies. Oth-
erwise, the results are similar to the primary analyses,
suggesting that our findings are generalizable. Further-
more, the literature appears equivocal on the effects of graft
type on the recovery of quadriceps strength after
ACLR.2,18,22,28 However, further work may still be war-
ranted to specifically assess the effects of quadriceps tendon
grafts, allografts, and contralateral tendon harvest on the
recovery of quadriceps strength.

Important limitations need to be considered while inter-
preting the results from these analyses. Although we
observed statistical significance, the clinical significance
is unclear because many patients do return to sports after
ACLR. Future research may need to be developed to dem-
onstrate clinical meaningfulness. We did not have data or
know the preinjury quadriceps strength in patients who

tore their ACL. Thus, they may have had a weaker quadri-
ceps than did their matched controls. This may, in fact,
have put them at risk for ACL tears. Although the hetero-
geneity was low for the primary analyses, important differ-
ences were seen across studies, particularly for
methodologies used to measure quadriceps strength. These
differences included the type of strength assessment (iso-
metric, isokinetic), angles and velocities, positioning, the
use of practice trials, the duration and reporting of rest
periods, and so forth. Our exploratory analyses stratifying
the studies into those using isometric or isokinetic mea-
surements suggested that the differences due to type of
strength assessment were unlikely to affect the primary
results. However, it was not possible to fully explore the
effects of all differences in quadriceps strength testing pro-
tocols across the studies. It was not possible to make infer-
ences about various factors related to the magnitude of
initial injury, the type of surgical procedures, rehabilitation
protocols, and so forth, as these varied across the included
studies. Another factor that might be important but could
not be assessed because of the lack of reporting was the
possible effects of biological sex on the reported differences.
While a few studies only included men or women, most
included a mixed group, precluding any analyses by sex.
Given the strong effects of sex on ACL injury risk,37 out-
comes after ACLR,49 and risk of posttraumatic osteoarthri-
tis,20 it would be important to further evaluate the effect of
sex on the recovery of quadriceps strength as compared
with matched controls.

CONCLUSION

We observed that quadriceps strength was lower in the
injured limb of people with ACLR than in the limbs of
age-, sex-, and activity-matched controls. These deficits
persisted for many years after ACLR. The results have
implications for current rehabilitation protocols and
return-to-sports criteria.
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APPENDIX

TABLE A1
Complete Search Strategy

Database Search String Comments

PUBMED (anterior cruciate OR anterior cruciate ligament OR ACL) AND (reconstruct* OR
surg*) AND (quadricep* OR extens*) AND (strength OR power OR torque)

Limited to English language

SPORTDiscus (anterior cruciate OR anterior cruciate ligament OR ACL) AND (reconstruct* OR
surg*) AND (quadricep* OR extens*) AND (strength OR power OR torque)

Limited to English language

EMBASE “anterior cruciate ligament” AND (“reconstruct*” OR “surgery”) AND (“quadricep*”
OR “exten*”) AND (“strength” OR “power” OR “torque”) AND [english]/lim AND
[embase]/lim

Limited to English language and
excluded MEDLINE results

CINAHL (anterior cruciate OR anterior cruciate ligament OR ACL) AND (reconstruct* OR
surg*) AND (quadricep* OR extens*) AND (strength OR power OR torque)

Limited to English language and
excluded MEDLINE results

SCOPUS “anterior cruciate ligament” OR “ACL” AND reconstruction AND quadricep* AND
strength OR power OR torque AND NOT INDEX (medline) AND (LIMIT-TO
(LANGUAGE, “English”))

Limited to English language and
excluded MEDLINE results
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TABLE A2
Modified Downs and Black Checklista

Category
Original
Item No. Question Scoring

Reporting 1. Is the hypothesis/aim/objective of the study clearly
described?

1 ¼ hypothesis/aim/objective described
0 ¼ no description

2. Are the main outcomes to be measured clearly described
in the introduction or Methods section?

1 ¼ outcome measures described in the introduction or
Methods

0 ¼ described in Results
3. Are the characteristics of the patients included in the

study clearly described?
1 ¼ inclusion/exclusion criteria provided for both groups
0 ¼ criteria not provided

5. Are the distributions of principal confounders for each
group to be compared clearly described?

2 ¼ age, sex, activity level/sports, BMI described for both
groups

1 ¼ age, BMI, activity level described for both groups
0 ¼ missing confounders

6. Are the main findings of the study clearly described? 1 ¼ findings clearly described
0 ¼ no description

7. Does the study provide estimates of the random
variability in the data for the main outcomes?

1 ¼ measures of variability (standard deviation, standard
error, or confidence intervals) provided

0 ¼ no information provided
10. Have actual probability values been reported (eg, .035

rather than<.05) for the main outcomes except where
probability value is <.001?

1 ¼ if actual P values reported
0 ¼ if actual P values not reported

External
validity

11. Were the participants asked to participate in the study
representative of the entire population from which
they were recruited?

1 ¼ if participants were from the community
0 ¼ no description or unable to determine

12. Were those participants who were prepared to
participate representative of the entire population
from which they were recruited?

1 ¼ if participants enrolled represented source community
0 ¼ no description or unable to determine

Internal
validity

15. Was an attempt made to blind those measuring main
outcomes of the intervention?

1 ¼ if assessors blinded
0 ¼ if blinding not described

16. If any of the results of the study were based on “data
dredging,” was this made clear?

1 ¼ planned analyses described clearly
0 ¼ data dredging present

18. Were the statistical tests used to assess the main
outcomes appropriate?

1 ¼ appropriate statistical tests used
0 ¼ inappropriate statistical tests used or no information

provided
20. Were the main outcome measures used accurate (valid

and reliable)?
1 ¼ if reference provided for reliability or validity of the

outcome measures used
0 ¼ no description

21. Were the participants of the 2 groups recruited from the
same population?

1 ¼ if participants recruited from the same population (eg,
soccer players)

0 ¼ if no information provided or not recruited from same
population

25. Was there adequate adjustment for the confounding in
the analysis from which the findings were drawn?

1 ¼ if groups matched on age, sex, activity level
0 ¼ not matched

Power 27. Were appropriate power calculations reported? 1 ¼ power calculation provided
0 ¼ no information

aBMI, body mass index.
Source: Checklist modified from Downs and Black.9
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TABLE A3
Study Quality Assessed Using Modified Downs and Black Checklista

Original Item No.

Score

Risk of Bias

Reporting External Validity Internal Validity
Power

Lead Author, Year 1 2 3 5 6 7 10 11 12 15 16 18 20 21 25 27 Total %

Almeida, 20181 1 1 1 2 1 1 1 0 0 0 1 1 1 0 1 1 13 76 LR
Boo, 20186 1 1 1 2 1 1 1 0 0 0 1 1 1 0 1 0 12 71 LR
Garrison, 201810 1 1 1 1 1 1 1 0 0 0 1 1 1 0 1 0 11 65 LR
Johnson, 201819 1 1 1 2 1 1 1 0 0 0 1 1 1 0 1 0 12 71 LR
O’Malley, 201840 1 1 1 1 1 1 1 1 0 0 1 1 1 0 1 0 12 71 LR
Pamukoff, 201842 1 1 1 2 1 1 1 0 0 0 1 1 1 0 1 1 13 76 LR
Pelegrinelli, 201845 1 1 1 1 1 1 1 0 0 0 1 1 1 0 1 0 11 65 LR
Mirkov, 201735 1 1 1 2 1 1 0 0 0 0 1 1 1 1 1 0 12 71 LR
Kuenze, 201725 1 1 1 2 1 1 1 0 0 0 1 1 1 0 1 1 12 71 LR
Goetschius, 201611 1 1 1 2 1 1 1 0 0 0 1 1 1 0 1 0 14 82 LR
Zwolski, 201659 1 1 1 2 1 1 1 0 0 0 1 1 1 0 1 0 13 76 LR
Lepley, 201530 1 1 1 2 1 1 1 0 0 0 1 1 1 1 1 1 13 76 LR
Kuenze, 201526 1 1 1 2 1 1 1 0 0 0 1 1 1 0 1 1 13 76 LR
Chung, 20157 1 1 1 2 1 1 1 0 0 0 1 1 1 1 1 0 12 71 LR
Hsieh, 201517 1 1 1 2 1 1 0 0 0 0 1 1 1 1 1 1 16 94 LR
Lepley, 201429 1 1 1 2 1 1 1 0 0 0 1 1 1 0 1 0 15 88 LR
Mohammadi, 201336 1 1 1 2 1 1 1 1 1 0 1 1 1 1 1 1 13 76 LR
Xergia, 201358 1 1 1 2 1 1 1 1 0 0 1 1 1 1 1 1 12 71 LR
Thomas, 201350 1 1 0 2 1 1 1 0 0 0 1 1 1 1 1 1 11 65 LR
Rudroff, 200348 1 1 1 2 1 1 0 0 0 0 1 1 1 1 1 0 12 71 LR
Mattacola, 200234 1 1 1 2 1 1 0 0 0 0 1 1 1 0 1 0 11 65 LR

aLR, low risk of bias.
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Figure A1. Forest plot for comparison of quadriceps strength in the injured limb of participants with anterior cruciate ligament
reconstruction (ACLR) who received patellar tendon or hamstring tendon grafts and the control group, stratified by time since
surgery. IV, inverse variance; Std, standardized.

Figure A2. Forest plot for comparison of isometric quadriceps strength in the injured limb of participants with anterior cruciate
ligament reconstruction (ACLR) and the control group, stratified by time since surgery. IV, inverse variance; Std, standardized.
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Figure A3. Forest plot for comparison of isokinetic quadriceps strength in the injured limb of participants with anterior cruciate
ligament reconstruction (ACLR) and the control group, stratified by time since surgery. IV, inverse variance; Std, standardized.
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