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ARTICLE INFO ABSTRACT

Articlle history: Background: There is a correlation between the hamstring stiffness and the decrease of
Received 21 September 2023 anterior tibial translation in athletic patients with healthy knees. This observation could
Revised 9 December 2023 question the clinical reliability of the Lachman-Trillat test to detect complete ACL ruptures

Accepted 7 February 2024 in patients with an important hamstring stiffness. This study aims to determine if anterior

tibial translation is correlated with hamstring stiffness in patients with complete ACL rup-

ture.

Methods: This is a prospective study including patients with unilateral complete ACL rup-

ture confirmed by MRI. The arthrometer GNRB® was used to measure anterior tibial trans-

lation on both knees at 134 N and compute the side-to-side difference. The hamstring

stiffness was assessed with the eccentric peak torque using the isokinetic dynamometer

CON-TREX. Linear regressions were done between these two parameters on two study

groups: one included all patients (GR1), and the other included only isolated ACL injuries

without associated lesions (GR2).

Results: Fifty-two patients were included (29 men, 23 women) with an average of

34.9 years old. The mean eccentric peak torque of the hamstrings for pathological knees

was 94.9Nm for GR1 and 91.7Nm for GR2. The mean side-to-side difference was

2.42 mm for GR1 and 1.99 mm for GR2. No significant correlations were identified for

GR1 (p = 0.66) and GR2 (p = 0.105).

Conclusion: No significant linear correlation was found between side-to-side difference

measured by GNRB® and hamstring stiffness for pathological knees with complete ACL rup-

ture. These results lead to believe that the Lachman-Trillat clinical test is not influenced by

hamstring stiffness.

Level of evidence: Prospective study, level of evidence IV.

© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The function of the anterior cruciate ligament (ACL) is to prevent anterior tibial translation (ATT) as well as providing
tibial internal rotational stability [1]. Each year, nearly 3% of amateur athletes suffer an ACL injury. In high performance
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athletes, this percentage can reach 15% [2]. The overall incidence rate of ACL rupture in athletes is 1.5 per 10,000 [3]. This risk
varies according to age, sex and the type of sports practiced [3-8].

Clinically, ACL injuries are detected with an excessive ATT on patient during muscle relaxation. The Lachman-Trillat is the
most commonly used clinical test and presents high performances with a sensitivity of 85% and a specificity of 94% [9]. The
patient is lying on an examination table with the leg at 20°-30° knee flexion. The examiner places one hand behind the tibia
and the other on the patient’s thigh in order to create a translational movement by pulling the tibia anteriorly. Magnetic Res-
onance Imaging (MRI) is often used as a complementary exam to confirm a diagnostic with a sensitivity of 87% and a speci-
ficity of 93% [10]. In 2008, the design of an automated arthrometer, the GNRB®,! allowed to quantify objectively ATT with
increasing thrust forces applied on the upper section of the calf. Thus, according to Klouche et al., a complete ACL tear can
be confirmed with a sensitivity of 92.2% and a specificity of 96.3% if the side-to-side difference (SSD) of laxity at 134 Newtons
(N) between both knees is superior to 1.5 mm [11]. Several other studies have validated the interest of using the GNRB® as a
diagnostic aid for ACL tears detection [12-15].

Isokinetic has also become essential in the management of these ligament injuries [16,17]. It is possible with this tech-
nique to identify and assess muscle ratios between hamstrings and quadriceps in order to improve the rehabilitation work
[18-20]. Some meta-analyses, such as the one of Hewett et al., showed the primary role of the hamstring muscles in knee
stability and the control of ATT [21-24]. Stiffness is defined as the ratio between the change in force and change in length.
With a constant given forward force on the tibia, an anterior drawer is created, inversely proportional to the knee stiffness.
As the hamstring belongs to the knee flexor group, the stiffer it is, the more it will prevent tibial translation. Simulated ham-
string force reduces ATT, ACL strain and ACL loading [25]. Thus, during a Lachman-Trillat test, all these structures are
stressed. However, only few studies analysed the influence of hamstrings at rest on ATT. Blackburn et al. in 2011 were inter-
ested to this question and found a correlation between the hamstring stiffness and the reduction of the ATT on athletes with
healthy knees [25]. Thus, this study questions the clinical reliability of the Lachman-Trillat test and the higher rate of false
negatives in subjects with an important hamstring stiffness.

The main objective of this study is to highlight on pathological patients with a complete ACL tear a linear correlation
between the hamstring stiffness of the injured knee assessed with the eccentric peak torque (PT) using the isokinetic
dynamometer CON-TREX, and the SSD of laxity at rest measured with the GNRB®.

Our hypothesis is that SSD at rest between the healthy and the pathological knee is getting lower when the hamstring
stiffness is high.

2. Method
2.1. Participants

It is a prospective and single-center study. All participants were informed of the use of their data for experimental pur-
poses. The Scientific and Ethical Committee of the Hospices Civils de Lyon (France) approved the realization of this study on
February 04, 2021 (N° 21_332) and a declaration of conformity MR-004 was obtained from the Commission Nationale Infor-
matique et Liberté (CNIL) (N°21_5332).

Data collection was performed between May 2020 and April 2021. Inclusion criteria were as follows: consulted for an
acute or chronic ACL tear diagnosed clinically by a senior physician in the department (sports medicine physician or ortho-
paedic surgeon) and confirmed by MRI. Patients with homolateral ACL rupture (graft rupture) could be included as the con-
tralateral knee remained healthy. 56% of the database reports associated meniscal injuries and 17% associated ligament
injuries. According to several studies, meniscal injuries associated with ACL injuries range from 16% to 82% for acute injuries,
and can go up to 96% for chronic ligament tears [26-29]. Considering that in most cases, meniscal injuries are highly preva-
lent in conjunction with ACL injuries, all these patients were included. Exclusion criteria were: patients with a partial rup-
ture, a bilateral rupture, who have already undergone a ligamentoplasty on the contralateral knee and lack of patient
consent.

2.2. Method and protocol

Two study groups were created: the first group included all patients, without differentiate associated injuries in order to
reflect the clinical reality (GR1). It is demonstrated in literature that meniscus tears could increase ATT [26,29-31]. A second
group included only isolated ACL tears to overcome this bias (GR2).

The protocol was exactly the same for all included patients. GNRB® tests performed before isokinetic tests in order to not
increase the ATT resulting from hamstring or quadriceps muscle fatigue [32,33]. When both tests could not be performed the
same day, a 30-day period was acceptable between the tests.

The automated device GNRB® was used to measure the laxity of anteroposterior tibial translation at 20° knee flexion,
reproducing the Lachman test position. The device used for this study did not have the “Biodeefback” option, able to detect

T Genourob®, Batiment 60, Rue du Chef de Bataillon Henri Géret, 53,000 Laval - France.
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muscle contraction of hamstrings. Before each test, a palpation of the knee joint was performed to identify properly the
lower limit of the patella and then place accurately the different supports on the leg (Figure 1).

Measurements were performed first on the healthy knee to allow the patient to become familiar with the device and sen-
sations. A posteroanterior force calibrated at 134 N was applied on the upper part of the calf to allow tibial translations. The
same procedure was then performed on the pathological limb. The patellar clamping force was measured for the healthy and
pathological sides. At the start of each measurement, patients were asked to relax as much as possible and not to voluntarily
contract the hamstring or quadriceps muscles. If the patient felt pain during the measurements, results were excluded. When
the ATT measurements were performed for both knees, the SSD at 134 N was calculated and expressed in millimeters.

Isokinetic tests were carried out using a CON-TREX® isokinetic dynamometer, where Maffiuletti et al. demonstrated a
good reliability and reproducibility [34]. The analysis software “Human Kinetics 1.7.5 Filter V 1.7.3” was used to record
all force data. All knee flexion and extension movements were between —15° and —100° from the horizontal. The procedure
was standardized: first, familiarization and warm-up on the isokinetic machine by performing ten concentric/concentric
movements at an angular velocity of 240°/s followed by ten concentric/concentric movements at an angular velocity of
60°/s. A test always started with the healthy limb. After, data were recorded on three concentric/concentric repetitions at
60°/s angular velocity, followed by three concentric/concentric repetitions at 240°/s angular velocity and finally two eccen-
tric/passive repetitions at 30°/s angular velocity. During the different sets, we used verbal stimuli to encourage the patient to
produce maximum effort. A rest period of 30 seconds was allowed between each set. Two parameters were used: the first
was the maximal eccentric PT of the hamstrings of the pathological lower limb at an angular speed of 30°/s. This value is used
to estimate the hamstring stiffness according to Pousson et al.[35]. The second parameter is the mixed ratio

Maximal hamstring PT in eccentric at 30° /s Tei
Maximal quadriceps PT in concentric at 240° /s defined by Croisier et al. [36]

2.3. Statistics

Alinear regression was performed on both groups between the SSD at 134 N measured by the GNRB® and the maximal PT
of the hamstring in eccentric at 30°/s of the pathological lower limb. The correlation coefficient Pearson was computed for
GR1. As the sample size for GR2 was too small, the correlation coefficient Spearman was used.

Several studies suggested that the difference of the patella tightening between both knees of a patient and the mixed ratio
hamstring/quadriceps of the lower pathological limb could directly impact ATT measurements [36,37]. That is why a second
linear regression including these two variables was done. This was possible only for GR1 because of the sample size. The
remaining potential adjustment variables were entered into a penalized Least Absolute Shrinkage and Selection Operation
(LASSO) regression model. The penalty coefficient (lambda) was chosen to provide an estimation error less than one standard
deviation from the minimum error obtained by 10-fold cross-validation, while being as parsimonious as possible. No vari-
able had a coefficient other than 0 with this lambda coefficient. The remaining potential adjustment variables were entered
into a penalized Least Absolute Shrinkage and Selection Operation (LASSO) regression model. The penalty coefficient
(lambda) was chosen to provide an estimation error less than one standard deviation from the minimum error obtained
by cross-validation 10 times, while being as parsimonious as possible. No variable had a coefficient other than 0 with this
lambda coefficient.

For all statistical analyses, significance was accepted at p < 0.05. All statistical analyses were performed with the open
access software pvalue.io based on R software.

2.4. Management of missing data

No variable entered in the model had more than 20% missing data. For variables with less than 5% missing data, impu-
tation method with median was used for quantitative variables, and by the mode for qualitative variables.

3. Results

Fifty-two patients (twenty-nine males and twenty-three females) with unilateral complete ACL rupture were included in
this study. All patient characteristics are summarized in Table 1. The patients ranged in age from 15 to 60 years with an aver-
age age of 34.9 years. Most of the patients were amateur athletes. Soccer and skiing were the most represented sports.
Twenty-nine patients had at least one associated meniscal lesion, including two with a posteromedial meniscal ramp lesion.
Nine patients had a moderate sprain (maximum grade 2 on MRI) of the medial collateral ligament. Seven patients reported a
history of homolateral ACL rupture, operated or not, and five patients had associated bone oedema.

Only two patients did not perform both tests on the same day (14 and 28 days delay). The minimum delay between the
ACL rupture and the GNRB® tests was 45 days, the average was 148 days. The different parameters of the two tests are sum-
marized in Table 2 for both groups. No significant differences were found between GR1 and GR2 for the patellar tightening
delta (p = 0.58), the maximal eccentric PT (p = 0.45), the mixed ratio (p = 0.32) and the SSD at 134 N (p = 0.69).

With an alpha risk of 5%, no significant linear correlation was found between the SSD of laxity measured with the GNRB®
and the maximal eccentric PT of the hamstring of the pathological lower limb for GR1. It exists a poor correlation which is
not significant for GR2 where the ATT increases with the maximal eccentric PT(Table 3 and Figure 2).
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Figure 1. Patient position for GNRB® laxity measurements.

The second adjusted analysis considers the absolute value of the patellar tightening difference between the two knees and
the mixed ratio of the pathological lower limb. It was performed only on GR1 and presented no statistically significant linear
correlation at the 5% risk (Table 4).

4. Discussion

The most important finding of this study is that no linear correlation was found between the SSD of laxity at 134 N mea-
sured with the GNRB® and the maximal eccentric PT of the hamstring measured with the isokinetic dynamometer CON-TREX
in patients with unilateral ACL rupture. The hypothesis is then not confirmed.

To our knowledge, this is the first study which evaluates the impact of hamstring torque on TTA in patients with ACL rup-
ture. With this measurement, hamstring stiffness could be approximated using the method described in the work of Pousson
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Table 1
Characteristics of the included population.
Age Mean (standard deviation) Median [Q25-75] Min Max n
34.9(12.3) 33.5[25.5; 44.2] 15.0 60.0 52
Sex n (%)
Male 29 (56%)
Female 23 (44%)
Main sport practiced
Football 16 (31%)
Ski 13 (25%)
Other sports 6 (12%)
Running 6 (12%)
None 5(9.6%)
Bike 3 (5.6%)
Rugby 2 (3.8%)
Judo 1(1.9%)
Reported orthopaedic history
None 43 (83%)
Iterative homolateral ACL rupture 7 (13%)
Partial Meniscectomy 1(1.9%)
Internal meniscal suture 1(1.9%)
Side of the ACL rupture
Right 26 (50%)
Left 26 (50%)
Associated meniscus lesions
No 23 (44%)
Internal meniscus 16 (31%)
External meniscus 6 (12%)
Internal and external meniscus 4(7.7%)
« RAMP lesion » 2(3.8%)
Bucket handle 1(1.9%)
Associated ligament lesions
No 43 (83%)
Medial collateral ligament 9(17%)
Associated oedema
No 47 (90%)
Yes 5(9.6%)
Table 2
GNRB® and isokinetic results.
Group Parameter Mean Median [Q25-75] Min Max n
(standard deviation)
GR1 Maximal eccentric PT at 30°/s of the PH (Nm) 94.8 (39.3) 87.5[68.5; 114] 19.0 223 52
Mixed ratio of the PLL 1.43(0.713) 1.25[1.06; 1.54] 0.654 5.20 51
Absolute value of tightening difference (N) 5.4 (5.00) 4.00 [2.00; 7.25] 1.00 25.0 52
SSD of laxity at 134 N (mm) 2.42(1.84) 2.30[1.15; 3.23] 0.600 7.40 52
GR2 Maximal eccentric PT at 30°/s of the PH (Nm) 91.7 (37.1) 85.0 [68.0; 108] 17.0 173 23
Mixed ratio of the PLL 1.49(0.572) 1.37[1.15; 1.78] 0.654 3.14 22
Absolute value of tightening difference (N) 4.83(3.33) 4.00 [2.00; 6.50] 1.00 12.0 23
SSD of laxity at 134 N (mm) 1.99 (1.50) 1.70[1.00; 2.45] 0.200 6.10 23

GR1: All patients with associated injuries, GR2: Patients with isolated ACL tears, PT: Peak Torque, PH: Pathological Hamstring, PLL: Pathological Lower Limb,
SSD: Side-to-Side Difference (Pathological — Healthy), N: Newton, Nm: Newton-meter.

et al. [35]. They were the first to demonstrate an increase in muscle stiffness after six weeks of eccentric training of the arm
flexor muscles. In their study, they showed that eccentric muscle work decreased muscle compliance and increased active
muscle stiffness. Some authors have questioned this measurement technique [38,39]. In the study of Blackburn et al., the

Table 3

Correlation between the SSD of laxity and the maximal eccentric PT of the hamstring of the pathological lower limb.
Group Correlation coefficient [IC 95%] n p Test
GR1 0.0633 [-0.213; 0.331] 52 0.66 Pearson
GR2 0.207 [-0.159; 0.486] 23 0.105 Spearman

GR1: All patients with associated injuries, GR2: Patients with isolated ACL tears.
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Figure 2. Curves showing correlation between ATT side to side difference and pathological hamstring eccentric PT for GR1 (a) and GR2 (b).
Table 4

Correlation between the SSD of laxity and the maximal eccentric PT of the hamstring of the pathological lower limb adjusted with the difference of the patellar
tightening and the mixed ratio.

Group Correlation coefficient [IC 95%] n p Test
GR1 0.0329 [-0.103; 0.168] 52 0.63 Pearson

GR1: All patients with associated injuries.

measurement of hamstring stiffness was performed using the “damped oscillation” [25]. This method is more accurate but
not very accessible in the current practice. This is why we thought it would be more appropriate to evaluate stiffness using
the eccentric muscle torque.

Stiffness corresponds to the resistance of a muscle to its own elongation [40]. This muscular stiffness varies and can be
modified chronically by training its muscular strength in isometric, isotonic and plyometric modes. Thus, changes in muscle
stiffness of the order of 29-71% have been demonstrated after this type of training [39,41]. According to Howell et al., even a
single session of eccentric exercise is sufficient to observe an increase in musculo-articular stiffness [42].

Particular attention was paid to the value of patellar tightening when performing GNRB® tests. Alqahtani et al. showed
that a difference in patellar tightening between the two knees of a patient greater than 11 N induced a significant difference
in ATT [37]. In our study, the average patellar tightening delta was only 5.4 N. The mixed hamstring/quadriceps ratio defined
by Croisier et al. was also incorporated into our analyses to limit the bias of an overly strong quadriceps compared to the
hamstring muscle.

The mean SSD of laxity measured with the GNRB® in our study was 2.42 mm. This result confirms the work done by
Klouche et al., who stated that a diagnosis of ACL rupture can be made beyond a differential of 1.5 mm at 134 N [11]. Thus,
the sensitivity of the GNRB® in the diagnosis of an ACL rupture does not seem to be influenced by hamstring stiffness.

A limitation of this study is the bias that could be induced by involuntary hamstring contraction during GNRB® measure-
ments. The work of Barcellona et al. had already shown in 2014 that in patients with an ACL rupture, initial hamstring muscle
activity had a greater effect on reducing anterior tibial translation compared with patients with a healthy knee [43]. Dale
et al. confirmed these results and observed that the large number of false negatives in the KT-1000 measurements was lar-
gely attributed to involuntary contraction of the hamstring [44]. We can therefore reasonably transpose these results to the
automated dynamic arthrometer GNRB®, especially since the device used in our study was not equipped with the “Biofeed-
back” option for detecting hamstring muscle contractions.

Two study groups were created to provide different approaches. GR1 included all patients to obtain results to better cap-
ture the clinical reality with the use of the Lachman-Trillat test, providing more holistic approach with the frequent associ-
ations between ACL and meniscal injuries, and offering a more comprehensive perspective. GR2 included only isolated ACL
tears to assess specifically the relationship between the hamstring stiffness and the ATT independently of other factors.
Indeed, referring to the literature, meniscal injuries increase ATT, especially medial meniscus injuries such as longitudinal
tears or ramp lesions [26,29-31]. However, the sample size was a limitation for GR2. A poor correlation could be observed
but it was not significant. In light of the foregoing, it implies that our study lacks the statistical power necessary to draw
definitive conclusions regarding the correlation between isolated ACL tears and hamstring stiffness. It would be interesting
to conduct a new study with a larger number of patients and thus create several distinct groups.
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The study of Barcellona et al. demonstrated a logarithmic relation between voluntary contraction at different levels of
hamstring muscle strength and the measurement of anterior tibial laxity by KT-2000 device at 133 N [43]. It is therefore pos-
sible that we did not find a significant correlation because it was not linear in nature.

5. Conclusions

In patients with a complete ACL rupture, there was no linear correlation between the anterior tibial laxity differential
measured with the GNRB® at 134 N and the maximal eccentric peak torque of the hamstring of the pathological lower limb.
These results lead us to believe that the Lachman-Trillat clinical test is not influenced by hamstring stiffness, but should
prompt a new study allowing the control of hamstring contraction using a GNRB® device equipped with the “Biofeedback”
option with a larger number of patients.

Fundings

All authors declare that no funds, grants, or other support were received for this study and during the preparation of this
manuscript.

CRediT authorship contribution statement

Djaffar Mouhli: Data curation, Investigation, Methodology, Resources, Software, Validation, Visualization, Writing - orig-
inal draft, Writing - review & editing. Théo Cojean: Methodology, Validation, Visualization, Writing - original draft, Writing
- review & editing. Sébastien Lustig: Supervision, Validation, Resources. Elvire Servien: Resources, Supervision, Validation.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

References

[1] Duthon VB, Barea C, Abrassart S, Fasel JH, Fritschy D, Ménétrey ]. Anatomy of the anterior cruciate ligament. Knee Surg Sports Traumatol Arthrosc
2006;14:204-13. doi: https://doi.org/10.1007/s00167-005-0679-9.

[2] Moses B, Orchard ], Orchard J. Systematic review: annual incidence of ACL injury and surgery in various populations. Res Sports Med 2012;20:157-79.
doi: https://doi.org/10.1080/15438627.2012.680633.

[3] Montalvo AM, Schneider DK, Yut L, Webster KE, Beynnon B, Kocher MS, et al. “What’s my risk of sustaining an ACL injury while playing sports?” A
systematic review with meta-analysis. Br ] Sports Med 2019;53:1003-12. doi: https://doi.org/10.1136/bjsports-2016-096274.

[4] Gornitzky AL, Lott A, Yellin JL, Fabricant PD, Lawrence JT, Ganley TJ. Sport-specific yearly risk and incidence of anterior cruciate ligament tears in high
school athletes: a systematic review and meta-analysis. Am ] Sports Med 2016;44:2716-23. doi: https://doi.org/10.1177/0363546515617742.

[5] Stanley LE, Kerr ZY, Dompier TP, Padua DA. Sex differences in the incidence of anterior cruciate ligament, medial collateral ligament, and meniscal
injuries in collegiate and high school sports: 2009-2010 through 2013-2014. Am ] Sports Med 2016;44:1565-72. doi: https://doi.org/10.1177]/
0363546516630927.

[6] Prodromos CC, Han 'Y, Rogowski ], Joyce B, Shi K. A meta-analysis of the incidence of anterior cruciate ligament tears as a function of gender, sport, and a
knee injury-reduction regimen. Arthrosc J Arthrosc Relat Surg Off Publ Arthrosc Assoc N Am Int Arthrosc Assoc 2007;23:1320-1325.e6. doi: https://doi.
org/10.1016/j.arthro.2007.07.003.

[7] Montalvo AM, Schneider DK, Webster KE, Yut L, Galloway MT, Heidt Jr RS, et al. Anterior cruciate ligament injury risk in sport: a systematic review and
meta-analysis of injury incidence by sex and sport classification. ] Athl Train 2019;54:472-82. doi: https://doi.org/10.4085/1062-6050-407-16.

[8] Bram JT, Magee LC, Mehta NN, Patel NM, Ganley T]. Anterior cruciate ligament injury incidence in adolescent athletes: a systematic review and meta-
analysis. Am ] Sports Med 2020:. doi: https://doi.org/10.1177/0363546520959619363546520959619.

[9] Benjaminse A, Gokeler A, van der Schans CP. Clinical diagnosis of an anterior cruciate ligament rupture: a meta-analysis. ] Orthop Sports Phys Ther
2006;36:267-88. doi: https://doi.org/10.2519/jospt.2006.2011.

[10] Phelan N, Rowland P, Galvin R, O’Byrne JM. A systematic review and meta-analysis of the diagnostic accuracy of MRI for suspected ACL and meniscal
tears of the knee. Knee Surg Sports Traumatol Arthrosc 2016;24:1525-39. doi: https://doi.org/10.1007/s00167-015-3861-8.

[11] Klouche S, Lefevre N, Herman S, Gerometta A, Cascua S, Bohu Y. Performance diagnostique du GNRB selon la force exercée dans les ruptures totales du
LCA. Rev Chir Orthopédique Traumatol 2014;100:5291. doi: https://doi.org/10.1016/j.rcot.2014.09.194.

[12] Robert H, Nouveau S, Gageot S, Gagniére B. A new knee arthrometer, the GNRB®: experience in ACL complete and partial tears. Orthop Traumatol Surg
Res 2009;95:171-6. doi: https://doi.org/10.1016/j.0tsr.2009.03.009.

[13] Collette M, Courville ], Forton M, Gagniére B. Objective evaluation of anterior knee laxity; comparison of the KT-1000 and GNRB® arthrometers. Knee
Surg Sports Traumatol Arthrosc 2012;20:2233-8. doi: https://doi.org/10.1007/s00167-011-1869-2.

[14] Lefevre N, Bohu Y, Naouri JF, Klouche S, Herman S. Validity of GNRB® arthrometer compared to Telos™ in the assessment of partial anterior cruciate
ligament tears. Knee Surg Sports Traumatol Arthrosc 2014;22:285-90. doi: https://doi.org/10.1007/s00167-013-2384-4,

[15] Bouguennec N, Odri GA, Graveleau N, Colombet P. Comparative reproducibility of TELOS™ and GNRB® for instrumental measurement of anterior tibial
translation in normal knees. Orthop Traumatol Surg Res 2015;101:301-5. doi: https://doi.org/10.1016/j.0tsr.2015.01.007.

[16] Timm KE. Postsurgical knee rehabilitation. A five year study of four methods and 5,381 patients. Am J Sports Med 1988;16:463-8. doi: https://doi.org/
10.1177/036354658801600506.

[17] Grimby G, Gustafsson E, Peterson L, Renstrom P. Quadriceps function and training after knee ligament surgery. Med Sci Sports Exerc 1980;12:70-5.

[18] Calmels P, Ribinik P, Barrois B, Le Moine F, Yelnik A-P. Physical and rehabilitation medicine (PRM) care pathways: “patients after knee ligament
surgery”. Ann Phys Rehabil Med 2011;54:501-5. doi: https://doi.org/10.1016/j.rehab.2011.10.001.

[19] Undheim MB, Cosgrave C, King E, Strike S, Marshall B, Falvey E, et al. Isokinetic muscle strength and readiness to return to sport following anterior
cruciate ligament reconstruction: is there an association? A systematic review and a protocol recommendation. Br ] Sports Med 2015;49:1305-10. doi:
https://doi.org/10.1136/bjsports-2014-093962.

127


https://doi.org/10.1007/s00167-005-0679-9
https://doi.org/10.1080/15438627.2012.680633
https://doi.org/10.1136/bjsports-2016-096274
https://doi.org/10.1177/0363546515617742
https://doi.org/10.1177/0363546516630927
https://doi.org/10.1177/0363546516630927
https://doi.org/10.1016/j.arthro.2007.07.003
https://doi.org/10.1016/j.arthro.2007.07.003
https://doi.org/10.4085/1062-6050-407-16
https://doi.org/10.1177/0363546520959619
https://doi.org/10.2519/jospt.2006.2011
https://doi.org/10.1007/s00167-015-3861-8
https://doi.org/10.1016/j.rcot.2014.09.194
https://doi.org/10.1016/j.otsr.2009.03.009
https://doi.org/10.1007/s00167-011-1869-2
https://doi.org/10.1007/s00167-013-2384-4
https://doi.org/10.1016/j.otsr.2015.01.007
https://doi.org/10.1177/036354658801600506
https://doi.org/10.1177/036354658801600506
http://refhub.elsevier.com/S0968-0160(24)00020-6/h0085
https://doi.org/10.1016/j.rehab.2011.10.001
https://doi.org/10.1136/bjsports-2014-093962

D. Mouhli, T. Cojean, Sébastien Lustig et al. The Knee 47 (2024) 121-128

[20] Croisier J-L, Ganteaume S, Binet ], Genty M, Ferret J-M. Strength imbalances and prevention of hamstring injury in professional soccer players: a
prospective study. Am ] Sports Med 2008;36:1469-75. doi: https://doi.org/10.1177/0363546508316764.

[21] Hewett TE, Ford KR, Myer GD. Anterior cruciate ligament injuries in female athletes: Part 2, a meta-analysis of neuromuscular interventions aimed at
injury prevention. Am ] Sports Med 2006;34:490-8. doi: https://doi.org/10.1177/0363546505282619.

[22] Logerstedt DS, Scalzitti D, Risberg MA, Engebretsen L, Webster KE, Feller ], et al. Knee stability and movement coordination impairments: knee
ligament sprain revision 2017. ] Orthop Sports Phys Ther 2017;47:A1-A. doi: https://doi.org/10.2519/jospt.2017.0303.

[23] Liu W, Maitland ME. The effect of hamstring muscle compensation for anterior laxity in the ACL-deficient knee during gait. ] Biomech 2000;33:871-9.
doi: https://doi.org/10.1016/S0021-9290(00)00047-6.

[24] Ahmad CS, Clark AM, Heilmann N, Schoeb JS, Gardner TR, Levine WN. Effect of gender and maturity on quadriceps-to-hamstring strength ratio and
anterior cruciate ligament laxity. Am ] Sports Med 2006;34:370-4. doi: https://doi.org/10.1177/0363546505280426.

[25] Blackburn JT, Norcross MF, Padua DA. Influences of hamstring stiffness and strength on anterior knee joint stability. Clin Biomech 2011;26:278-83.
doi: https://doi.org/10.1016/j.clinbiomech.2010.10.002.

[26] Ahn JH. Longitudinal tear of the medial meniscus posterior horn in the anterior cruciate ligament-deficient knee significantly Influences anterior
stability. Am J Sports Med 2011;39(10):2187-93. doi: https://doi.org/10.1177/0363546511416597.

[27] Cipolla M, Scala A, Gianni E, Puddu G. Different patterns of meniscal tears in acute anterior cruciate ligament (ACL) ruptures and in chronic ACL-
deficient knees. Knee Surg Sports Traumatol Arthrosc 1995;3:130-4. doi: https://doi.org/10.1007/BF01565470.

[28] Seil R, Mouton C, Coquay ], Hoffmann A, Niihrenborger C, Pape D, et al. Ramp lesions associated with ACL injuries are more likely to be present in
contact injuries and complete ACL tears. Knee Surg Sports Traumatol Arthrosc 2018;26:1080-5. doi: https://doi.org/10.1007/s00167-017-4598-3.

[29] Cristiani R, Ronnblad E, Engstrom B, Forssblad M, Stalman A. Medial meniscus resection increases and medial meniscus repair preserves anterior knee
laxity. Am ] Sports Med 2018;46(2):357-62. doi: https://doi.org/10.1177/0363546517737054.

[30] Lorbach O, Kieb M, Herbort M, Weyers I, Raschke M, Engelhardt M. The influence of the medial meniscus in different conditions on anterior tibial
translation in the anterior cruciate deficient knee. Int Orthop 2015;39:681-7. doi: https://doi.org/10.1007/s00264-014-2581-x.

[31] Zaffagnini S, Signorelli C, Bonanzinga T, Grassi A, Galan H, Akkawi I, et al. Does meniscus removal affect ACL-deficient knee laxity? An in vivo study.
Knee Surg Sports Traumatol Arthrosc 2016;24:3599-604. doi: https://doi.org/10.1007/s00167-016-4222-y.

[32] Skinner HB, Wyatt MP, Stone ML, Hodgdon JA, Barrack RL. Exercise-related knee joint laxity. Am ] Sports Med 1986;14:30-4. doi: https://doi.org/
10.1177/036354658601400106.

[33] Wojtys EM, Wylie BB, Huston LJ. The effects of muscle fatigue on neuromuscular function and anterior tibial translation in healthy knees. Am ] Sports
Med 1996;24:615-21. doi: https://doi.org/10.1177/036354659602400509.

[34] Maffiuletti NA, Bizzini M, Desbrosses K, Babault N, Munzinger U. Reliability of knee extension and flexion measurements using the Con-Trex isokinetic
dynamometer. Clin Physiol Funct Imaging 2007;27:346-53. doi: https://doi.org/10.1111/j.1475-097X.2007.00758.x.

[35] Pousson M, Van Hoecke ], Goubel F. Changes in elastic characteristics of human muscle induced by eccentric exercise. ] Biomech 1990;23:343-8. doi:
https://doi.org/10.1016/0021-9290(90)90062-8.

[36] Croisier J-L, Crielaard J. Mise au point d’un rapport isocinétique original fléchisseurs du genou/quadriceps: application a une pathologie musculaire. ]
Traumatol Sport 1996:115-9.

[37] Alqahtani Y, Murgier J, Beaufils P, Boisrenoult P, Steltzlen C, Pujol N. Anterior tibial laxity using the GNRB® device in healthy knees. Knee 2018;25:34-9.
doi: https://doi.org/10.1016/j.knee.2017.03.004.

[38] Dewig DR, Goodwin ]S, Pietrosimone BG, Blackburn JT. Associations among eccentric hamstrings strength, hamstrings stiffness, and jump-landing
biomechanics. ] Athl Train 2020;55:717-23. doi: https://doi.org/10.4085/1062-6050-151-19.

[39] Kubo K, Ikebukuro T, Yaeshima K, Yata H, Tsunoda N, Kanehisa H. Effects of static and dynamic training on the stiffness and blood volume of tendon
in vivo. ] Appl Physiol Bethesda Md 1985;2009(106):412-7. doi: https://doi.org/10.1152/japplphysiol.91381.2008.

[40] Guilhem G, Cornu C, Guével A. Neuromuscular and muscle-tendon system adaptations to isotonic and isokinetic eccentric exercise. Ann Phys Rehabil
Med 2010;53:319-41. doi: https://doi.org/10.1016/j.rehab.2010.04.003.

[41] Burgess KE, Connick M], Graham-Smith P, Pearson SJ. Plyometric vs. isometric training influences on tendon properties and muscle output. | Strength
Cond Res 2007;21:986-9. doi: https://doi.org/10.1519/R-20235.1.

[42] Howell ]N, Chleboun G, Conatser R. Muscle stiffness, strength loss, swelling and soreness following exercise-induced injury in humans. J Physiol
1993;464:183-96. doi: https://doi.org/10.1113/iphysiol.1993.sp019629.

[43] Barcellona MG, Morrissey MC, Milligan P, Amis AA. The effect of thigh muscle activity on anterior knee laxity in the uninjured and anterior cruciate
ligament-injured knee. Knee Surg Sports Traumatol Arthrosc 2014;9.

[44] Daniel DM, Stone ML, Sachs R, Malcom L. Instrumented measurement of anterior knee laxity in patients with acute anterior cruciate ligament
disruption. Am ] Sports Med 1985;13:401-7. doi: https://doi.org/10.1177/036354658501300607.

128


https://doi.org/10.1177/0363546508316764
https://doi.org/10.1177/0363546505282619
https://doi.org/10.2519/jospt.2017.0303
https://doi.org/10.1016/S0021-9290(00)00047-6
https://doi.org/10.1177/0363546505280426
https://doi.org/10.1016/j.clinbiomech.2010.10.002
https://doi.org/10.1177/0363546511416597
https://doi.org/10.1007/BF01565470
https://doi.org/10.1007/s00167-017-4598-3
https://doi.org/10.1177/0363546517737054
https://doi.org/10.1007/s00264-014-2581-x
https://doi.org/10.1007/s00167-016-4222-y
https://doi.org/10.1177/036354658601400106
https://doi.org/10.1177/036354658601400106
https://doi.org/10.1177/036354659602400509
https://doi.org/10.1111/j.1475-097X.2007.00758.x
https://doi.org/10.1016/0021-9290(90)90062-8
http://refhub.elsevier.com/S0968-0160(24)00020-6/h0180
http://refhub.elsevier.com/S0968-0160(24)00020-6/h0180
https://doi.org/10.1016/j.knee.2017.03.004
https://doi.org/10.4085/1062-6050-151-19
https://doi.org/10.1152/japplphysiol.91381.2008
https://doi.org/10.1016/j.rehab.2010.04.003
https://doi.org/10.1519/R-20235.1
https://doi.org/10.1113/jphysiol.1993.sp019629
http://refhub.elsevier.com/S0968-0160(24)00020-6/h0215
http://refhub.elsevier.com/S0968-0160(24)00020-6/h0215
https://doi.org/10.1177/036354658501300607

	Influence of hamstring stiffness on anterior tibial translation after anterior cruciate ligament rupture
	1 Introduction
	2 Method
	2.1 Participants
	2.2 Method and protocol
	2.3 Statistics
	2.4 Management of missing data

	3 Results
	4 Discussion
	5 Conclusions
	Fundings
	CRediT authorship contribution statement
	Declaration of competing interest
	References


