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Background: Open kinetic chain (OKC) exercise is an effective method to improve muscle function during rehabilitation after
anterior cruciate ligament reconstruction (ACLR); however, there is controversy about its use in the early phase of rehabilitation.

Purpose: To determine (1) whether the use of OKC and closed kinetic chain (CKC) exercises improves quadriceps and hamstring
strength in the early phase of rehabilitation after ACLR and (2) whether the early use of OKC exercise affects graft laxity at 3 and
6 months postoperatively in patients with a hamstring tendon graft.

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

Methods: This study included an intervention group that underwent OKC þ CKC exercises (n ¼ 51) and a control group that
underwent CKC exercise only (n ¼ 52). In the intervention group, OKC exercise for the quadriceps and hamstring was started at 4
weeks after ACLR. At 3 and 6 months postoperatively, isokinetic testing was performed to calculate the limb symmetry index (LSI)
and the peak torque to body weight ratio (PT/BW) for the quadriceps and hamstring. Anterior knee laxity was measured by an
arthrometer.

Results: At 3 and 6 months postoperatively, quadriceps strength was higher in the intervention group than in the control group for
the LSI (3 months: 76.14% ± 0.22% vs 46.91% ± 0.21%, respectively; 6 months: 91.05% ± 0.18% vs 61.80% ± 0.26%,
respectively; P < .001 for both) and PT/BW (3 months: 1.81 ± 0.75 vs 0.85 ± 0.50 N�m/kg, respectively; 6 months: 2.40 ± 0.73 vs
1.39 ± 0.70 N�m/kg, respectively; P< .001 for both). There were similar findings regarding hamstring strength for the LSI (3 months:
86.13% ± 0.22% vs 64.26% ± 0.26%, respectively; 6 months: 91.90% ± 0.17% vs 82.42% ± 0.24%, respectively; P< .001 at three
months, P¼ .024 at 6 months) and PT/BW (3 months: 1.09 ± 0.36 vs 0.67 ± 0.39 N�m/kg, respectively; 6 months: 1.42 ± 0.41 vs 1.07
± 0.39 N�m/kg, respectively; P < .001 for both). No significant difference in laxity was observed between the intervention and
control groups at 3 or 6 months.

Conclusion: Early use of OKC exercise for both the quadriceps and the hamstring, in addition to conventional CKC exercise,
resulted in better correction of quadriceps and hamstring strength deficits without increasing graft laxity.
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After anterior cruciate ligament (ACL) reconstruction
(ACLR), a long period of rehabilitation begins that is well-
documented. There are consensus guidelines on the main
steps to follow for rehabilitation according to 3 main
phases.27 It starts with the early phase, which includes the
management of postoperative pain and other issues as well
as the consequences of surgery. Then, the middle and late

phases consist of the return-to-sport continuum, as pro-
posed in the “reconstruction, rehabilitation and return-to-
sport continuum after anterior cruciate ligament injury”
(ACLR3–continuum).36 Upon return to sport or in the lon-
ger term, a persistent strength deficit in the quadriceps is
often observed and sometimes also in the hamstring, espe-
cially with the use of hamstring tendon grafts. Thus, mus-
cle strengthening is a key element in rehabilitation after
ACLR, and it is necessary to optimize rehabilitation to
allow for a safe return to sport while respecting the biolog-
ical (graft healing), physiological (ie, neuromuscular
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adaptations), and psychological challenges that the patient
must face.38

Open kinetic chain (OKC) exercise of the quadriceps
early in the postoperative period is an effective method to
improve muscle function; however, there is controversy
regarding its use. According to the consensus guidelines,27

this mode of strengthening can be utilized from the fifth
postoperative week unless the graft is harvested from the
semitendinosus, in which case the authors recommend
against additional loads to the leg such as leg extension
exercises. However, multiple studies have shown the
absence of harm from this mode of contraction, even with
this type of graft,9,10,45 as indicated by laxity measured
using the KT-1000 arthrometer (MEDmetric). This type of
measurement with the KT-1000 arthrometer or another
evaluation that requires human action may introduce
errors and be inaccurate. The GNRB arthrometer (Gen-
ourob), an automated tool to assess knee laxity, provides
a more objective, reproducible, and less error-prone mea-
surement of joint laxity.16,17,28,33,41

Few studies have been published that focus on hamstring
strengthening during the early phase, especially after
ACLR with a hamstring tendon graft. However, even if
tenotomy is performed (semitendinosus tendon is fully har-
vested), healing and even regrowth may occur.43 It there-
fore seems logical to offer early OKC exercise for the
hamstring after the first stages of healing are complete.
An isokinetic dynamometer is also very safe for both the
evaluation and the strengthening of the knee extensor and
flexor muscles. The isokinetic mode of OKC exercise, in
addition to classic strengthening exercises for the quadri-
ceps and hamstring, may both protect the graft (the action
of the hamstring makes it possible to avoid anterior tibial
drawer) and limit the onset of amyotrophy during the first
phases of rehabilitation (early and middle).

Thus, this study was designed to assess the association of
OKC exercise for quadriceps and hamstring muscle
strengthening with the accepted closed kinetic chain (CKC)
exercise. The main objective was to compare the peak tor-
que to body weight ratio (PT/BW) and the limb symmetry
index (LSI) of the quadriceps and hamstring muscles at 3
and 6 months postoperatively between the 2 groups. The
secondary objective was to compare the difference in laxity
during rehabilitation (at 3 and 6 months) between a group
of patients with an OKCþ CKC exercise protocol (interven-
tion group) and a group of patients rehabilitated only with
CKC exercise (control group).

METHODS

Study Design

The protocol for this study received ethics review board
approval, and all included patients participated in agree-
ment with the Declaration of Helsinki and provided written
informed consent. The following baseline information was
recorded for each participant regarding medical data (graft
type, date of surgery, knee surgeon’s name) and demo-
graphic and sport-related data (age, weight, height, Tegner
and Marx scores before ACL injury).

Participants

This study included 103 recreational athletes (33 women)
who had undergone ACLR. Patients were included if (1)
they had undergone ACLR using a hamstring autograft
with semitendinous and gracilis tendons by 3 different knee
surgeons (A.V., P.D., L.R.) (no extra procedures were per-
formed), (2) their ACL injury occurred without contact dur-
ing sports, (3) they were younger than 35 years and had a
body mass index (BMI) <30 kg/m2, and (4) their activity
level before the ACL injury was defined as a Tegner score8

of �6 and a Marx score19 of �6.
The exclusion criteria were (1) an existing or previous

injury to the ipsilateral knee and (2) reconstruction for an
iterative injury. Patients with meniscal repair and/or menis-
cectomy were not excluded, but patients with associated
lesions (osteochondral lesions, multiple ligament injuries)
other than meniscal injuries were excluded. There were 2
groups established: a control group (exclusively CKC exer-
cise) and an intervention group (mixed OKC and CKC exer-
cises). The intervention group underwent rehabilitation at 1
center, and the control group underwent rehabilitation at
other centers. Each group was matched by sex, age, height,
weight, BMI, Marx score, and Tegner score.

Rehabilitation Protocol

The rehabilitation protocols were overseen independently by
4 physical therapists who were experienced in ACL rehabil-
itation and who participated in the design of the rehabilita-
tion programs but none of whom were authors of the study..
All the physical therapists were involved in the follow-up of
the programs with regard to the assessment of the applied
loads and the dosage of the individual exercises.
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The control group followed a rehabilitation protocol after
ACLR, 3 times per week, with muscle strengthening exclu-
sively with CKC exercise initiated from the immediate post-
operative phase, without any OKC exercise. The patients
followed the same standardized rehabilitation protocol as
different rehabilitation centers, as previously described by
Quelard et al.34 The intervention group followed a mixed
protocol of OKC and CKC exercises for muscle strengthen-
ing of the quadriceps and hamstring. CKC exercise was
initiated from the immediate postoperative phase, and
OKC exercise was initiated from 4 weeks postoperatively
(31.4 ± 7.6 days), as recommended by Perriman et al.31 The
introduction of OKC exercise was authorized if the patient
presented a stroke test result of �1þ, a range of motion
between 0� and 110�, a single-leg rise without lag, and graft
laxity at 134 N of <1.5 mm.13,33 Meniscal procedures did
not modify ACL rehabilitation.35

The OKC exercise protocol focused on the quadriceps and
hamstring muscles. It was performed on an isokinetic
machine with leg extension and seated leg curls. It included
10 sets of 8 repetitions in isokinetics at 60 deg/s (Figure 1A)
as well as 8 sets of 8 repetitions, 3 times per week, for leg
extension for the quadriceps (Figure 1B) and seated leg
curls for the hamstring (Figure 1C). The contraction modal-
ities were the same, regardless of the type of exercise, with
3 seconds of concentric contraction, 1 second of isometric
contraction, and 3 seconds of eccentric contraction.7 The
load applied was 60% of the maximum resistance, reas-
sessed weekly for the quadriceps and hamstring with a
handheld dynamometer (microFET 2; Hoggan Scientific)
at 90� of knee flexion with a strap. Both groups were
assessed at 3 and 6 months postoperatively during follow-
up with a clinical evaluation and an isokinetic muscle
strength assessment for the quadriceps and hamstring.
From 3 months onward, the interval was variable between
each patient because time was not an absolute criterion and
delays had to be individualized on the basis of other objec-
tive variables but were nevertheless without significant
difference between the 2 groups.37,38

Assessment Protocol

The principal investigator (F.F.), who performed all mea-
surements, was not informed of group assignment. At

3 months (102.3 ± 18.9 days) and 6 months (203.4 ± 42.2
days), all participants underwent an isokinetic muscle
strength assessment for the quadriceps and hamstring
and a graft laxity assessment with a GNRB arthrometer.
The muscle strength assessment was performed using a
Humac Norm isokinetic dynamometer (Version 15.000.0273;
Computer Sports Medicine), and data were collected using
the computer software interface attached to the machine.
Before carrying out the isokinetic assessment, each par-
ticipant had a standardized warm-up with 10 minutes of
walking on a treadmill at 5 km/h. The objective of this
assessment was to measure the PT/BW for the quadriceps
and hamstring during knee extension and flexion move-
ments, allowing interpatient comparison, and for both legs
to analyze the variation in intrapatient strength. Symme-
try was expressed as percentages by the LSI, which was
calculated as the PT/BW of the injured limb divided by
the PT/BW of the uninjured limb, multiplied by 100.26,46

The positioning of the participants on the isokinetic
dynamometer was individually adjusted to ensure correct
alignment of the anatomic axis of the knee joint with the
axis of rotation of the lever arm during movements. The
trunk and thigh of the limb tested were strapped to mini-
mize body movements. Once the warm-up was completed
and the positioning adjusted on the machine, each of the
participants performed 1 series of 4 knee extensions and
flexions at 60 deg/s ranging from 0� to 100�. The series was
performed first on the operated limb and then on the non-
operated limb.

The angular range chosen and the angular velocity cor-
responded to standards in the literature in terms of isoki-
netic assessments for the quadriceps and hamstring in the
context of follow-up after ACLR.14,39 These were justified,
as the maximum torque values measured were obtained at
between 0 and 60 deg/s. An assessment at a higher angular
velocity would not only decrease PT/BW values but also
decrease the sensitivity of a comparison of the PT/BW
between the 2 legs or between 2 distinct groups, thus bias-
ing decision making within the framework of return to
sport.38

After the isokinetic muscle strength assessment for the
quadriceps and hamstring, the graft laxity assessment with
the GNRB arthrometer was performed (Figure 2). After
having immobilized the distal extremities of the femur

Figure 1. (A) Isokinetic machine for the quadriceps and hamstring muscles. (B) Seated leg curl for the hamstring. (C) Leg extension
for the quadriceps.
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(tightening at 10 N compared with the contralateral side)
and of the tibia (the base-foot distance indicated is noted for
the reproducibility between measurements), 3 successive
thrusts were carried out.13,16,17,28,41 The data were col-
lected at 134 N.13,28,33,41 The laxity assessment had moder-
ate to good intratester reliability (intraclass correlation
coefficient [ICC], 0.72-0.83) and good intertester reliability
(ICC, 0.76-0.81), and test-retest repeatability also demon-
strated good reliability (ICC, 0.77-0.83).13,28,33,42 The calcu-
lated standard errors of measurement for intrarater
reliability, interrater reliability, and test-retest repeatabil-
ity ranged from 0.48 to 0.62 mm. The minimal detectable
change at 134 N was 2.1 mm/N.42 The minimal detectable
change can be a clinically significant metric when looking
to compare the smallest amount of change between testing
sessions of 1 limb.42

Statistical Analysis

Statistical analysis and calculation of means and standard
deviations were performed with R software (Version
1.2.5033; RStudio) after exporting the data to Excel (Micro-
soft Version 16.61). All variables were normally distributed
(Shapiro-Wilk normality test). A P value of <.05 was used
to identify statistical significance. To compare the charac-
teristics between patient groups, the unpaired t test was
used for continuous variables, and the chi-square test was
used for categorical variables. For measurements of the
LSI, the PT/BW, and graft laxity (anterior displacement
of the tibia), t tests were used for independent-samples
group comparisons. The effect size was reported as the
Cohen d, with values of 0.2, 0.5, and 0.8 interpreted as
small, medium, and large effects, respectively.23

RESULTS

Patient Characteristics

The mean age of the 103 study patients was 30.1 ± 9.3
years. A complete summary of patient data is presented
in Table 1. No statistically significant differences were
observed between the 2 groups for the variables of sex, age,
height, weight, BMI, and Tegner and Marx scores (Table 1).

Tables 2 and 3 present comparisons between the groups
for the LSI and PT/BW, respectively. At 3 months, signifi-
cant differences of 29.2% in the LSI for the quadriceps
(P < .001; Cohen d ¼ –1.3) and of 21.8% in the LSI for the
hamstring (P < .001; Cohen d ¼ –0.9) were observed, favor-
ing the intervention group. At 6 months, similar results
were observed, with significant differences of 29.2% in the
LSI for the quadriceps (P < .001; Cohen d ¼ –1.2) and
of 9.5% in the LSI for the hamstring (P ¼ .024; Cohen
d ¼ –0.4), also favoring the intervention group.

Similar results were observed in the comparison of the
PT/BW, with a significant difference at 3 months of 0.96
N�m/kg in relative quadriceps strength (1.81 ± 0.75 vs
0.85 ± 0.50 N�m/kg, respectively; P < .001; Cohen d ¼
–1.5) and 0.42 N�m/kg in relative hamstring strength
(1.09 ± 0.36 vs 0.67 ± 0.39 N�m/kg, respectively; P < .001;
Cohen d ¼ –0.9), favoring the intervention group. These
significantly higher strength values in the intervention
group were also present at 6 months, with a between-
group difference in quadriceps strength of 1.01 N�m/kg
(P < .001; Cohen d ¼ –1.3) and in hamstring strength of
0.35 N�m/kg (P < .001; Cohen d ¼ –0.6).

Graft Laxity

As shown in Figure 3A, laxity was substantially the
same at 3 months between the 2 groups (0.38 ± 1.19 vs
0.38 ± 1.90 mm, respectively; P ¼ .98; Cohen d ¼ 0.005).

Figure 2. Positioning of the leg segment during the assess-
ment with a GNRB arthrometer.

TABLE 1
Characteristics of Patients (N ¼ 103)a

Intervention
Group (n ¼ 51)

Control Group
(n ¼ 52) P Cohen d

Age, y 26.3 ± 5.3 30.5 ± 10.2 .71 0.22
Male sex, n 34 36 .94 NA
Height, cm 173.0 ± 9.0 174.0 ± 8.0 .94 0.11
Weight, kg 74.0 ± 13.5 73.1 ± 10.9 .96 0.07
BMI, kg/m2 24.6 ± 3.5 24.4 ± 3.2 .96 0.05
Tegner scoreb 7.5 ± 1.0 7.0 ± 2.0 .82 0.31
Marx scorec 13.5 ± 3.0 10.2 ± 3.3 .46 1.04

aData are reported as mean ± SD unless otherwise indicated.
BMI, body mass index; NA, not applicable.

bAll Tegner scores were between 6 and 10.
cAll Marx scores were between 6 and 16.

TABLE 2
Limb Symmetry Index (%)a

Intervention
Group (n ¼ 51)

Control
Group (n ¼ 52) P Cohen d

Quadriceps strength
3 mo 76.14 ± 0.22 46.91 ± 0.21 < .001 –1.3
6 mo 91.05 ± 0.18 61.80 ± 0.26 < .001 –1.2

Hamstring strength
3 mo 86.13 ± 0.22 64.26 ± 0.26 < .001 –0.9
6 mo 91.90 ± 0.17 82.42 ± 0.24 .024 –0.4

aData are reported as mean ± SD. Boldface P values indicate a
statistically significant difference between groups (P < .05).
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However, at 6 months (Figure 3B), laxity was increased in
the control group versus the intervention group (0.58 ± 1.65
vs 0.44 ± 1.20 mm, respectively; P ¼ .62; Cohen d ¼ 0.09).
Yet, in both groups, the results were not significant at 3 and
6 months.

DISCUSSION

The results show that the rehabilitation program that com-
bined CKC exercise with early OKC exercise for the quad-
riceps and hamstring seemed to lead to significantly higher
quadriceps and hamstring strength at 3 and 6 months on
isokinetic testing compared with a rehabilitation program
exclusively carried out with CKC exercise. Muscle assess-
ments have shown that OKC exercise with resistance is
more effective than CKC exercise alone for quadriceps and
hamstring strength recovery. There was no significant
increased graft laxity with combined CKC and OKC
exercises.

Consistent with these results, other studies have shown
that OKC exercise with CKC exercise significantly
improved quadriceps strength.1,4,11,29 However, this study
highlights the benefits of OKC exercise on the hamstring
strength symmetry index. For return to sport, the ham-
string strength symmetry index is a decisive value37,38 and
was not considered by previous researchers. Also, Grondin
et al12 showed that the hamstring strength symmetry index
could be added to slightly increase the prediction of return
to running. In addition, Krzeminska and Czamara18 high-
lighted that restoring the hamstring strength symmetry
index and hamstring/quadriceps ratio can reduce the risk
factor for ACL graft ruptures. As with Kang et al15 and
Morrissey et al,30 the increase in applied and controlled
loads to the quadriceps and hamstring showed similar
effects to those in our intervention group. Quadriceps and
hamstring muscle function after an ACL injury appear to
be critical factors in a patient’s ability to cope with the
injury process.46 Therefore, it is very important to recover
strength in the quadriceps and hamstring. These results
support the theory that progressive training of the quadri-
ceps and hamstring with OKC exercise facilitates the recov-
ery of muscle strength at different times for return to sport.

At 3 and 6 months, most patients had started running,
jumping, agility exercises, and specific sport activities,
which may have influenced the results in the 2 groups as
well. In the control group, the LSI for the quadriceps and
the LSI for the hamstring were far from recommended
values at 337 and 6 months,22,32 while those in the interven-
tion group were close. Indeed, at 3 and 6 months, a differ-
ence of 29.2% was noted in the LSI for the quadriceps and of
21.8% and 9.5% in the LSI for the hamstring at 3 and 6
months, respectively. Similar differences in the PT/BW
were observed at 3 and 6 months for quadriceps and ham-
string strength. However, analysis of the results showed
moderate effect sizes for the LSI and PT/BW of the ham-
string at 6 months after ACLR.

Beynnon et al2,3 found that CKC and OKC exercises pro-
duced similar ACL strain forces, and in the present study,
there was no significant difference in tibial translation
between the groups at 3 or 6 months. These findings are
consistent with previous studies that showed that both
CKC and OKC exercises can be safely implemented in an
ACL rehabilitation program in the early phase without
restricting the range of motion.1,4,25,29,30,40 However,
Heijne and Werner13 concluded that the early introduction
of OKC exercise of the quadriceps engendered greater ante-
rior translation after ACLR with a hamstring tendon graft
compared with a bone–patellar tendon–bone graft. How-
ever, their rehabilitation protocol of OKC exercise did not
include strengthening sessions on an isokinetic machine
with seated leg curls but only leg extension on a quadriceps
machine. Therefore, the 2 protocols are not comparable,
which may explain the differences in the LSI and graft
laxity between the 2 studies. Contrary to Heijne and Wer-
ner,13 early OKC exercise for hamstring strengthening was
introduced in a concentric contraction mode. This mode of
exercise could have had a role in less anterior tibial trans-
lation. Indeed, Blackburn et al5,6 showed that isometric
concentric strengthening increases hamstring stiffness and

TABLE 3
Peak Torque to Body Weight Ratio (N�m/kg)a

Intervention
Group (n ¼ 51)

Control Group
(n ¼ 52) P Cohen d

Quadriceps strength
Operated

side at 3 mo
1.81 ± 0.75 0.85 ± 0.50 < .001 –1.5

Nonoperated
side at 3 mo

2.36 ± 0.62 1.81 ± 0.56 < .001 –1.0

Operated
side at 6 mo

2.40 ± 0.73 1.39 ± 0.70 < .001 –1.3

Nonoperated
side at 6 mo

2.62 ± 0.59 2.24 ± 0.52 < .001 –0.8

Hamstring strength
Operated

side at 3 mo
1.09 ± 0.36 0.67 ± 0.39 < .001 –0.9

Nonoperated
side at 3 mo

1.29 ± 0.36 1.08 ± 0.40 .005 –0.5

Operated
side at 6 mo

1.42 ± 0.41 1.07 ± 0.39 < .001 –0.6

Nonoperated
side at 6 mo

1.55 ± 0.38 1.32 ± 0.42 .005 –0.5

aData are reported as mean ± SD. Boldface P values indicate a
statistically significant difference between groups (P < .05).

Figure 3. Comparison of laxity at (A) 3 and (B) 6 months in the
intervention and control groups (the width of the plots indi-
cates the frequency with which these values occur). CKC,
closed kinetic chain; OKC, open kinetic chain.
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that stiffness decreases anterior tibial translation. Joint
compression increases, which lead to joint stiffening,
improve joint stability in the anterior position20,21,24,44 and
reduce graft strain.

Limitations

In this study, standardization and compliance of the control
group could not be controlled. The intervention group was
derived from the same rehabilitation center and underwent
rehabilitation after ACLR according to the same standard-
ized protocol. The patients in the control group underwent
their rehabilitation at other centers, according to Quelard
et al.34 However, it was not possible to randomize and per-
form blinded testing on the patients of the 2 groups and the
evaluators. In addition, the time from injury to surgery, the
time from surgery to strength testing, meniscal procedures,
sex, mechanisms of injury, and rehabilitation before sur-
gery may be parameters that influence the initial and final
strength assessments.

CONCLUSION

The current results indicated the potential benefits of early
OKC exercise at 6 months postoperatively. This study is
consistent with previous literature that examined similar
protocols and supports current recommendations that OKC
exercise should be introduced at an early stage. These
results highlight several perspectives that would be inter-
esting to consider in the future, particularly by linking with
psychological parameters that are also involved in the
decision-making process as patients progress toward
recovery.
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