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ABSTRACT

Anterior cruciate ligament reconstruction (ACLR) is essential for athletes recovering from ACL injuries,
yet many face challenges in regaining pre-injury performance due to persistent muscle imbalances and altered
knee biomechanics. Objective: To examine the effects of incorporating Single-Leg Hamstring Bridge (SLHB)
exercises into standard ACLR rehabilitation protocols, focusing on hamstring strength and knee joint kinematics
during running. Methodology: Eight male athletes (mean age 23.4 + 3.1 years) who had undergone ACLR with
hamstring tendon autografts were randomly assigned to a control group (standard rehabilitation only) or an
intervention group (standard rehabilitation + SLHB) for six weeks. Hamstring strength was measured via
isokinetic peak torque at 60°/sec, and knee kinematics, such as knee angle at foot strike, were recorded during
treadmill running at 3.35 m/s. Results: The IG shows significant improvement in knee flexion peak torque of the
uninvolved leg (p = 0.016) post-intervention, and knee angle at the foot strike of the uninvolved leg (p = 0.037)
compared to the CG.

Conclusion: Adding SLHB to standard ACLR rehabilitation significantly enhanced hamstring strength
in the uninvolved limb and improved knee positioning at foot strike, suggesting better dynamic knee stability
and lower-limb function. However, because strength gains were confined to the uninvolved leg, conclusions
about benefits for the operated limb remain tentative. SLHB may improve gait mechanics during ACLR
rehabilitation; however, further studies with larger samples and longer follow-up are needed to confirm its effects

on the surgical limb and long-term return-to-sport outcomes.
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Introduction

Anterior cruciate ligament (ACL) injuries are common, especially among athletes involved in
multidirectional sports as well as sudden changes in direction, pivoting, and landing from jumps such as
football, rugby, and basketball (1). In the United States, the number of ACL injuries is estimated to range from
80,000 to 250,000 cases per year (2). Over 70% of these injuries occur without direct contact to the knee or leg
during sports activities (3). The ACL, located within the knee joint, connects the femur and tibia bones, playing
a crucial role in preventing excessive forward movement of the tibia during sports. Consequently, rapid or
abrupt movements such as sudden stops, high-speed running, and direction changes during intense training
or competition can result in ACL tears (4, 5).

Following ACL reconstruction (ACLR), athletes often face significant rehabilitation challenges,
including muscle weakness and altered biomechanics. Specifically, quadriceps and hamstring muscle
imbalances are common, with hamstring weakness being a significant risk factor for re-injury (6). Hamstring
strength deficits can range from 9% to 27% in the injured limb, with some studies (7) indicating that these
deficits may persist for years post-surgery (8). The implications of such weakness extend beyond mere muscle
function; they can compromise knee stability and increase the risk of ACL re-injury, particularly in activities
requiring deep knee bending and rapid changes of direction (9). Moreover, despite advancements in
rehabilitation protocols, many athletes struggle to regain their pre-injury performance levels, with less than 50%
returning to their previous level of competition after ACLR (10). The high incidence of re-injury, estimated at
over 30% in some cases (11). A key factor contributing to this risk is muscle weakness, particularly in the
hamstrings, which play a crucial role in absorbing force and preventing excessive forward movement of the
tibia. In Vitro studies on ACL tears, it has been found that activation of the hamstring muscles reduces tibial
movement and impact on the tibiofemoral joints upon landing during running and jumping (12). Additionally,
hamstring activation increases knee stability and decreases shear force, which is a key factor in ACL tears
(13). Targeted rehabilitation strategies that focus on strengthening the hamstrings are crucial for restoring
muscle balance, enhancing neuromuscular control, and improving knee kinematics, ultimately reducing the risk
of ACL re-injury (14). Traditional exercises like the Nordic hamstring curl effectively strengthen hamstrings at
higher knee flexion angles (90°-70°), but ACLR athletes often struggle to perform them properly due to
significant hamstring weakness (15). Moreover, hamstring activation during running peaks near 30° knee flexion
(16), a range not targeted by Nordic curls. The Single-Leg Hamstring Bridge (SLHB), in contrast, involves closed
kinetic chain, weight-bearing movements that engage the hamstrings at these lower, more functionally relevant
angles while combining hip extension with knee stabilization (17, 18). Therefore, SLHB may offer a more
practical and effective option for restoring running-specific knee stability in ACLR rehabilitation. The SLHB
begins in a supine position with one heel on a 60-centimeter box and the knee bent at 30 degrees, involving
pressing the heel down to lift the body and hips to full extension. The SLHB is widely recognized for its ability
to replicate running mechanics, particularly the late swing phase, where the hamstrings pull the swinging leg
forward for ground contact by generating concentric hip extension and isometric knee stabilization (17-19), and

it improves peak torque and muscle activation, essential for dynamic knee stability, while correcting altered
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knee kinematics (20, 21). Despite the importance of hamstring strengthening in ACL rehabilitation, there is a
notable lack of research examining the specific impact of hamstring exercises on running biomechanics after
ACLR. Studies have shown that impaired hamstring function post-ACLR is associated with persistent
biomechanical deficits during running, including altered knee joint loading and reduced shock absorption
capabilities (20, 22). These deficits underscore the biomechanical justification for targeting hamstring strength
to restore normal gait mechanics and reduce re-injury risk. Especially as running is a critical activity for athletes
returning to sports, as it involves repetitive landing and deceleration maneuvers that can stress the knee joint.
In addition to muscular strength, specific knee joint kinematic variables were analyzed to assess functional
adaptations during running. These included knee joint angle at foot strike, which reflects limb positioning and
impact preparedness at initial ground contact and is associated with lower limb loading mechanics (23).
Maximum knee flexion during stride was also assessed, as it represents swing-phase range of motion and is
influenced by hamstring flexibility and control (16). Moreover, maximum knee flexion and extension angles
during the stance phase provide insight into dynamic stability, shock absorption capacity, and neuromuscular
control under load (20, 21). Alterations in these metrics may reveal compensatory strategies or functional
improvements that impact re-injury risk and overall movement efficiency in athletes post-ACLR (13).

A literature review reveals a lack of research utilizing the Single Leg Hamstring Bridge exercise to enhance
hamstring strength, and knee joint kinematics during running, particularly in individuals undergoing surgery for
ACL tears. In this pilot study of eight male athletes, we aim to determine whether adding the Single-Leg
Hamstring Bridge (SLHB) exercise to a standard six-week ACLR rehabilitation protocol improves hamstring
strength and knee joint kinematics during running. We hypothesized that training with additional SLHB exercise
can enhance hamstring strength and knee joint movement patterns by reducing excessive anterior tibial
translation during running in athletes following ACLR. The hamstrings act as dynamic stabilizers of the knee by
opposing anterior shear forces, particularly during the late swing and stance phases of gait. By strengthening
the hamstrings, SLHB exercises may enhance their capacity to limit anterior tibial movement relative to the
femur, thereby improving joint stability. This biomechanical effect may reduce the risk of re-injury. Our study
explored this relationship by examining changes in knee flexion angles and peak hamstring torque, key

indicators of the hamstrings' ability to modulate anterior tibial translation during functional movement.

Method
Participants

A total of 8 male athletes (Age: 23.4 + 3.07 years, Weight: 75.0 + 11.1 kg, Height: 176 + 3.93 cm, BMI
23.9 + 5.06 kg/m?) in sports that primarily involved running, including football and basketball players, who had
undergone ACLR using hamstring tendon autograft, were recruited. The sample size was based on a similar
pilot study design used in middle-phase rehabilitation research, where 4 to 8 participants per group were
deemed sufficient to detect large effect sizes in biomechanical or strength-related outcomes (Harput et al.,
2015; Freckleton et al., 2014). Due to strict inclusion criteria and the logistical limitations of conducting

instrumented biomechanical analyses, a smaller sample was chosen to maintain methodological control. While
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underpowered for detecting small effects, this sample size was considered adequate for preliminary evaluation
of the intervention’s feasibility and effect trends. The inclusion criteria were: (1) age between 18 and 30 years;
(2) a pain level, measured using the Visual Analogue Scale (VAS), ranging from no pain to low-level pain (0-3);
(3) having undergone ACLR using hamstring tendon autograft between 6 to 24 months prior; and (4) a knee
showing no swelling and the ability to bear weight. The exclusion criteria were: (1) an unforeseen event, such
as illness, injury from the research, or other reasons hindering continued participation; (2) unwillingness to
continue participating; and (3) research participants attending less than 80% of the training sessions, missing
more than 2 out of a total of 12 sessions. Participants were randomly allocated by the order in which they joined
the research to either a control group (CG, n=4) or an intervention group (IG, n=4) while the assessors were
blind.

Table 1 shows the mean and standard deviation (SD) of subject characteristics

Variable Control Groups Intervention Groups p-Value
Age 2425+ 4.42 2250+ 0.57 0.463
Height 175.00 + 1.82 177.75+5.25 0.361
Weight 77.32+11.66 72.75+11.64 0.5
BMI 24.55 + 554 23.22 +5.26 0.741
Injured side (right/left) 0/4 4/0
Time from surgery, mouth 10.50 + 3.87 9.50 + 3.31 0.708

Research procedures

All participants attended 2 testing sessions 6 weeks (i.e., PRE and POST-test). At each testing session,
participants performed a 5-minute warm-up using a stationary bike at a cadence of 70 - 80 revolutions per
minute (RPM) and a constant work rate of 100 watts (W). Before the formal testing commenced, participants
were presented with a detailed outline of the testing procedures and voluntarily agreed to participate in the
research and signing of the consent form. After that, they were allowed to familiarize themselves with the testing
apparatus. The testing procedures consisted of (1) measurement of thigh muscle circumference by using a
measurement tape, measure 15 centimeters above the superior pole of the patella, and use this position to
measure the circumference of the thigh in centimeters while lying in prone position, (2) use of an isokinetic
dynamometer (Biodex System 4 Pro™ Medical Systems Inc, Shirley, NY) at 60 degrees/sec to test the peak
torque, and (3) conducting a running analysis using a treadmill with 10 optical electronic cameras (BTS,
Bioengineering, ltaly) set a frequency of 200 Hz, and 44 retro-reflective markers (16 mm diameter) were

attached to the participant's body following the lower limb and trunk model as shown in Figure 1 (24, 25).
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Figure 1 Marker placement

The testing speed on the treadmill was set at 3.35 meters/second (12 kilometers/hour) (20). Data was
collected over a total of 15 steps after the participants were able to run at the specified speed for 30 seconds.
After the PRE-test, subjects were trained using the ACLR training protocol, 2 sessions per week for 6 weeks,
following the Bousquet protocol (26). The protocol included: (1) a warm-up using a stationary bike for 5 minutes
(min); (2) 30 seconds (sec) of single-leg squat for 3 sets; (3) 8 repetitions (reps) of front squat at 60% 1RM for
3 sets; (4) 8 reps of reverse lunges for 3 sets; (5) 8 reps of Nordic hamstring curl for 3 sets; (6) 30 seconds of
single-leg skater 3-way balance for 3 sets; and (7) 30 seconds of shuttle squat jump for 3 sets. For the IG,
participants performed additional exercises of 3 reps for 10 seconds, holding each rep of the single-leg
hamstring bridge for 3 sets with 2 minutes resting between sets. In the single-leg hamstring bridge training, the
resistance was progressively increased every 2 weeks. In weeks 1-2, the load was at body weight; in weeks 2-
4, the load was body weight plus 10 kilograms; and in weeks 4-6, the load was body weight plus 20 kilograms
(15).

Data Processing

The 3D kinematic data were digitized using the Smart Tracker and Smart Analyzer software, and the
3D movement analysis was conducted using Visual3D software (Visual3D, Has-Motion, Kingston, Ontario,
Canada). All marker trajectories were filtered at 6 Hz by a Butterworth low-pass filter from the location of the
three-dimensional coordinates of the markers placed on the body. The knee joint angle was computed using
inverse kinematic algorithms in the Visual 3D program. Spatiotemporal and knee kinematics variables were
calculated consisting of (1) step length, (2) stride length, (3) stance time, (4) flight time, (5) knee joint angle at
foot strike, (6) maximum knee flexion during stride, (7) maximum Knee flexion/extension during stance phase,
and (8) maximum knee flexion/extension angle during stance phase. All Kinematics variables have been

exported to ASCII for statistical analysis.
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1. Warm up on the elliptical for 5 min 2. Single-Leg Squat for 30 seconds, 3 sets. 3. Front Squat - 8 reps for 3 sets.

5. Nordic Hamstring Curl - 8 reps for 3 sets.

"Jf

6. Single-Leg Skater (3-way) - 30 seconds for 3 sets.

7. Shuttle Squat Jump - 30 seconds for 8. Additional Single-Leg Hamstring Bridge — 3 reps with a 10-second hold

3 sets. each, for 3 sets.

Figure 2. ACLR Training Protocol: (1-7) Standard Rehabilitation and (8) Additional Intervention Exercise
Statistical Analysis

All statistical analyses were performed using Jamovi software (version 2.3.28). Descriptive statistics
for all outcome variables are reported as mean * standard deviation (SD). Prior to inferential testing, the
Shapiro-Wilk test was conducted to assess the normality of data distributions. All variables met the assumption
of normality (p > 0.05), supporting the use of parametric tests. To determine within-group changes (pre- vs.
post-test) in each group (control and intervention), paired samples t-tests were applied. These analyses
evaluated changes in thigh circumference, knee flexion/extension peak torque, and kinematic parameters over
the 6-week intervention period. To assess between-group differences at both the pre-test and post-test phases,
independent samples t-tests were conducted, comparing the control group (CG) and the intervention group

(IG) across all primary outcomes. Statistical significance was defined as p < 0.05. In addition to p-values,
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Cohen’s d was calculated to quantify effect sizes, interpreted as small (d = 0.2), medium (d = 0.5), and large

(d=0.8).

Results

All eight participants completed the study, four athletes assigned to the control group (CG) and four

to the intervention group (IG). The results are reported in terms of changes within each group before and after

the six-week intervention, as well as comparisons between groups at both pre-test and post-test phases.

Table 2: Within-group comparisons of thigh circumference, knee muscle strength, and knee joint kinematics

before and after the intervention in the control and intervention groups. Data are presented as mean * standard

deviation.
Variable Group Pre-test Post-test p-value Cohen's d
Circumference (cm)
Control 49.82 + 4.97 51.32+6.44 0.173 -0.891
Involved
Intervention 47.82 +7.37 50.95 + 8.07 0.116 -1.094
Control 53.07 £5.73 53.5+6.67 0.441 -0.442
Uninvolved
Intervention 49.37 +6.37 52.8+7.44 0.107 -1.138
Knee Flexion Peak Torque (Nm)
Control 107.9 £ 23.42 102.45 + 27.94 0.268 0.678
Involved
Intervention 91.35+10.85 101.52 £ 10.20 0.159 -0.932
Control 122.37 + 34.41 114.45 + 32.75 0.224 0.763
Uninvolved
Intervention 106.27 + 4.87 119.85+6.33 0.016 -2.446
Knee Extension Peak Torque (Nm)
Control 174.27 + 48.27 197.92 + 48.16 0.027 -2.027
Involved
Intervention 162.27 + 44.27 187.75 + 35.46 0.264 -0.685
Control 240.25 + 65.53 231.22 + 56.65 0.182 0.866
Uninvolved
Intervention 234.92 +49.42 252.5 +50.33 0.097 -1.194
Step Length (m)
Control 0.57 +£0.02 0.59 +0.01 0.199 -1.091
Involved
Intervention 0.56 + 0.03 0.56 + 0.03 1.000 0.000
Control 0.57 +£0.02 0.59 +0.02 0.213 -0.789
Uninvolved
Intervention 0.58 £ 0.05 0.58 £ 0.04 1.000 0.000
Stride Length (m)
Control 1.14 £ 0.04 1.16 £ 0.07 0.408 -0.480
Intervention 1.14 +0.09 1.14 +0.07 0.920 -0.550
Stance time (sec)
Control 0.22 +0.01 0.22 +0.01 0.761 0.167
Involved
Intervention 0.22 £ 0.01 0.23 £ 0.01 0.638 0.261
Uninvolved Control 0.21 £ 0.01 0.21 £ 0.01 0.495 -0.387
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Intervention 0.22 £ 0.03 0.23 £ 0.01 0.824 -0.121
Flight time (sec)
Control 0.48 £ 0.02 0.52 +0.06 0.397 -0.493
Involved
Intervention 0.51+£0.03 0.50 £ 0.02 0.444 0.439
Control 0.49 +£0.03 0.50 +0.02 0.658 -0.245
Uninvolved
Intervention 0.50 +0.03 0.49 £ 0.02 0.239 0.732

Knee angle at foot strike (deg)

Control 18.13 + 3.50 16.7 £ 3.29 0.492 0.390
Involved
Intervention 18.51 +1.99 18.58 +1.17 0.958 -0.028
Control 1712 £ 3.1 16.64 +1.73 0.690 0.219
Uninvolved
Intervention 18.27 +4.48 19.45+1.18 0.639 -0.260

Maximum knee flexion during stride (deg)

Control 88.25 + 5.69 88.05 + 8.07 0.934 0.045
Involved
Intervention 91.53 +3.39 90.55 + 6.00 0.793 0.143
Control 88.67 + 3.85 86.46 + 6.46 0.716 -0.200
Uninvolved
Intervention 91.18 £ 8.43 91.47 £ 10.02 0.936 -0.044

Maximum Knee Flexion/Extension during stance (deg)

Control 40.7 £ 3.96 38.11 +5.37 0.047 1.637
Involved
Intervention 39.23 + 3.01 38.95 + 0.99 0.861 0.095
Control 41.38+3.35 41.17 +2.26 0.877 0.084
Uninvolved
Intervention 4313 +5.64 42.52 +2.05 0.819 0.125

Minimum Knee Flexion/Extension during stance (deg)

Control 17.02 + 4.05 17.56 + 5.41 0.851 -0.103
Involved
Intervention 16.76 + 1.83 16.2+4.94 0.780 0.153
Control 17.31 + 3.51 14.63 + 2.69 0.010 2.879
Uninvolved
Intervention 17.49 +7.03 17.46 + 9.05 0.987 0.009

For thigh circumference, both the CG and IG exhibited increases in both the involved and uninvolved
limbs following the intervention, though none of these changes reached statistical significance. In the 1G, the
circumference of the involved limb increased from 47.82 + 7.37 cm to 50.95 + 8.07 cm (p = 0.116, d = -1.094),
while the uninvolved limb increased from 49.37 + 6.37 cm to 52.80 + 7.44 cm (p = 0.107, d = -1.138). In the
CG, the involved limb increased from 49.82 + 4.97 cm to 51.32 + 6.44 cm (p = 0.173, d = -0.891), and the
uninvolved limb from 53.07 + 5.73 cm to 53.50 + 6.67 cm (p = 0.441, d = -0.442).

Regarding knee muscle strength, a statistically significant increase was observed only in the 1G for
knee flexion peak torque of the uninvolved leg, which improved from 106.27 + 4.87 Nm to 119.85 + 6.33 Nm (p
= 0.016, d = -2.446). No other within-group strength changes have reached significance. In the CG, knee
extension peak torque of the involved leg significantly increased from 174.27 + 48.27 Nm to 197.92 + 48.16 Nm
(p = 0.027, d = -2.027), while other changes remained non-significant (p > 0.05).
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For kinematic variables during treadmill running, the CG showed a significant decrease in maximum
knee flexion/extension angle during stance phase of the involved leg, from 40.70 + 3.96° to 38.11 + 5.37° (p =
0.047, d = 1.637), and in minimum knee flexion/extension angle of the uninvolved leg, from 17.31 + 3.51° to
14.63 + 2.69° (p = 0.010, d = 2.879). No other within-group kinematic changes have reached statistical
significance. Parameters such as step length, stride length, stance time, flight time, and knee angle at foot strike

remained stable (p > 0.05) in both groups.

Table 3: Between-group comparisons of thigh circumference, knee muscle strength, and knee joint
kinematics at pre-test and post-test between the control and intervention groups. Data are presented as mean

+ standard deviation.

Pre-test Post-test
Variable p- Cohen’s p- Cohen'’s
Control Intervention Control Intervention
value d value d
Circumference (cm)
- Involved 49.82 +4.97 47.82 +7.37 0.669 0.318 51.325+6.44 50.95 + 8.07 0.944 0.051
— 53.07 £ 5.73 49.37 +6.37 0.421 0.611 53.50 + 6.67 52.80 + 7.44 0.893 0.099
Uninvolved
Knee Flexion Peak Torque (Nm)
107.90 + 102.45 + 101.52 +
- Involved 91.35+ 10.85 0.247 0.907 0.952 0.044
23.42 27.94 10.20
- 122.37 + 114.45 +
106.27 + 4.87 0.390 0.655 119.85 £ 6.33 0.757 -0.229
Uninvolved 34.41 32.75
Knee Extension Peak Torque (Nm)
174.27 + 162.27 + 197.92 + 187.75 +
- Involved 0.727 0.259 0.745 0.240
48.27 44.27 48.16 35.46
- 240.25 234.92 + 231.22 £
0.905 0.088 252.5 +50.33 0.595 -0.396
Uninvolved 65.53 49.42 56.65
Step Length (m)
- Involved 0.57 +£0.02 0.56 +0.03 0.802 0.186 0.59 +0.01 0.56 +0.03 0.121 1.425
— 0.57 +£0.02 0.58 £ 0.05 0.812 -0.176 0.59 +0.02 0.58 +0.04 0.701 0.285
Uninvolved
Stride Length (m)
1.14 £ 0.04 1.14 £ 0.09 1.000 0.000 1.16 £ 0.07 1.14 £ 0.07 0.734 0.251
Stance time (sec)
- Involved 0.22 +£0.01 0.21 £0.01 0.458 0.560 0.22 +£0.01 0.21£0.01 0.494 0.514
0.22 +£0.01 0.22 +0.03 0.862 -0.128 0.23 +0.01 0.23 +0.01 1.000 0.000
Uninvolved
Flight time (sec)
- Involved 0.48 +0.02 0.51+0.03 0.157 -1.143 0.52 +0.06 0.50 +0.02 0.533 0.468
— 0.49 +0.03 0.50 £0.03 0.832 -0.157 0.50 +0.02 0.49 +0.02 0.337 0.738

Uninvolved
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Knee angle at foot strike (deg)

- Involved 18.13 £ 3.50 18.51 £ 1.99 0.854 -0.135 16.7 £3.29 18.58 £ 1.17 0.322 -0.763

17.12+3.10 18.27 +4.48 0.687 -0.299 16.64 + 1.73 19.45+1.18 0.037 -1.895
Uninvolved

Maximum knee flexion during stride (deg)

- Involved 88.25 + 5.69 91.53 +3.39 0.359 -0.702 88.05 + 8.07 90.55 +6.00 0.637 -0.351

88.67 + 3.85 91.18 £ 8.43 0.280 -0.840 86.46 + 6.46 91.47 +10.02 0.433 -0.594
Uninvolved

Maximum Knee Flexion/Extension during stance (deg)

- Involved 40.70 £ 3.96 39.23 +3.01 0.576 0.418 38.11+5.37 38.95+0.99 0.771 -0.216

41.38 +3.35 43.13 +5.64 0.612 -0.378 4117 +2.26 42.52 +2.05 0.409 -0.627
Uninvolved

Minimum Knee Flexion/Extension during stance (deg)

- Involved 17.02 £ 4.05 16.76 £ 1.83 0.912 0.082 17.56 £ 5.41 16.20 £ 4.94 0.724 0.261

17.31 £ 3.51 17.49+7.03 0.965 -0.032 14.63 + 2.69 17.46 £ 9.05 0.571 -0.424
Uninvolved

At the post-test phase, between-group comparison revealed a statistically significant difference in knee
angle at foot strike of the uninvolved leg, with the IG exhibiting a greater angle (19.45 + 1.18°) than the CG
(16.64 + 1.73°; p = 0.037, d = —1.895). No other between-group comparisons showed statistical significance.
However, several variables showed large effect sizes despite non-significant p-values. For example, the step
length of the involved leg in the post-test was higher in the CG (0.59 + 0.01 m) compared to the I1G (0.56 + 0.03
m), with a large effect size (d = 1.425, p = 0.121). Additionally, the difference in maximum knee flexion/extension
during stance in the uninvolved leg yielded a moderate effect size (d = -0.627, p = 0.409), though not
statistically significant. The findings indicate selective improvements in knee muscle strength and kinematic
function, particularly in the uninvolved limb of the intervention group, following the 6-week SLHB training

program.
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DISCUSSION

This study aimed to determine the adding Single Leg Hamstring Bridge (SLHB) exercises to a standard
ACLR rehabilitation protocol would improve thigh muscle strength and knee joint kinematics during running.
Our primary hypothesis, suggesting that SLHB exercises would enhance hamstring strength and improve knee
joint movement patterns, was partially supported. While baseline subject characteristics (age, height, weight,
BMI, and time after surgery) were similar between groups, the intervention yielded noteworthy biomechanical
adaptations.

The result of the CG showed a significant increase in knee extensor peak torque of the involved leg
(Fig 2.), a significant decrease in minimum and maximum knee flexion/extension during the stance phase of the
involved leg (Fig 3.). These results show that the ACLR training protocol can enhance knee extensor strength
and reduce Knee joint ROM during stance phase (27). Interestingly, despite CG and |G completing the same
quadriceps strengthening protocol, only CG showed a significant improvement in knee extension peak torque.
This discrepancy of the SLHB group may be explained by the activation of the hamstrings (agonists), which via
spinal reflex circuits transiently inhibit the quadriceps (antagonists). This reciprocal inhibition (28) can alter inter-
muscle coordination, reducing co-contraction around the knee and indirectly improving hamstring torque
capacity. Alternatively, the control group may have directed greater neuromuscular resources toward
quadriceps activation without the added posterior chain loading, resulting in more pronounced improvements.
Moreover, the observation that the CG exhibited altered knee motion patterns during the stance phase,
specifically a decrease in both minimum and maximum knee flexion/extension, suggests a stiffened gait pattern,
commonly seen post-ACLR as a protective strategy to reduce graft strain (29, 30). This is consistent with
previous research indicating that individuals with ACL injuries often develop altered movement patterns to
minimize stress on the knee joint, which can reduce the risk of ACL loading and injury (31). However, while
these compensatory mechanisms may initially be protective, they can also lead to altered loading patterns and
an increased risk of secondary injuries due to muscle imbalances and inefficient movement strategies (32).
Thus, these findings underscore the importance of targeted interventions to address these compensatory
patterns and restore normal biomechanics (22). Conversely, adding SLHB exercise led to a significant increase
in knee flexor peak torque of the uninvolved leg (Fig. 2) and greater knee flexion angle at foot strike (Fig. 3a).
While the hamstrings are primarily responsible for controlling knee flexion during the swing phase, the
quadriceps, especially the vasti muscles, are the main contributors to controlling knee flexion during the stance
phase of running (33). During early stance, the quadriceps eccentrically contract to decelerate knee flexion
and support weight-bearing. The observed increase in maximum knee flexion angle during stance may
therefore reflect an indirect hamstring support for limb control and pre-activation patterns prior to foot strike,
allowing for more efficient shock absorption and greater range of motion at the knee (34). This change in knee
kinematics may thus represent a neuromuscular adaptation favoring smoother weight acceptance and
potentially reducing aberrant loading patterns. Our findings align with existing evidence highlighting the critical
role of SLHB exercises in optimizing knee biomechanics after ACL reconstruction (17, 18). The IG demonstrated

a significant increase in knee flexion peak torque in the uninvolved leg following the 6-week intervention. This
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suggests that the addition of SLHB exercises improved the strength and power of the hamstrings in the
uninvolved leg (35). This aligns with the well-established importance of hamstring strength for knee stability and
function (32) and supports the incorporation of specific hamstring exercises into ACL rehabilitation programs
(36). However, it is essential to acknowledge that the increase in peak torque was observed only in the
uninvolved leg. This could be attributed to several factors, including a greater capacity for adaptation in the
uninjured limb due to the absence of surgical trauma and associated pain or inhibition. Also, it is possible that
a protective inhibition of muscle activation in the operated leg limits the extent of strength gains in that limb (37).
This highlights the challenges of restoring muscle strength and function in the operated leg following ACLR and
emphasizes the need for rehabilitation strategies that specifically address these limitations (38). These may be
suggested that the involved leg may not have enough muscle strength for SLHB exercise, therefore the
uninvolved leg assisted the action through motor control reinforcement across the leg (39), that causes the
uninvolved leg to strengthen after training significantly. Moreover, these intervention subjects were ACLR for
more than 6 months, therefore each subject may become habituated to using the uninvolved leg more than the
involved leg. On the other hand, the contralateral improvements may reflect a systemic neuromuscular
recalibration, where enhanced hamstring strength and activation patterns on the operated side facilitated
improved motor control strategies bilaterally (40). This phenomenon supports the concept of cross-education
effects in rehabilitation, where unilateral training can induce bilateral adaptations through central nervous
system plasticity (41). The results underscore the hamstrings' dual role as both knee flexors and dynamic
stabilizers of tibial translation, with their strengthened capacity likely reducing anterior shear forces during
weight acceptance phases of gait (42).

The significant between-group difference in uninvolved limb knee angle during stance observed post-
intervention suggests that SLHB may induce bilateral neuromuscular adaptations, potentially improving landing
strategies even in the non-operative limb (32). As SLHB closely mirrors running mechanics, specifically at the
late swing phase, where the hamstrings pull the swing forward leg for ground contact, involving an isometric
contraction at the knee joint and a concentric force to extend the hip joint (18), which replicates running
mechanics, particularly in generating concentric hip extension and isometric knee stabilization (17, 19). This
aligns with evidence that persistent gait alterations post-ACLR often stem from hamstring function deficits,
particularly in tibial stabilization during dynamic tasks (36). The intervention's focus on hamstring loading likely
enhanced proprioceptive feedback and inter-limb coordination, creating more synchronized movement
patterns across both lower extremities (32).

These biomechanical changes occurred without significant hypertrophy, suggesting the intervention
primarily enhanced neural drive and inter-muscular coordination - a finding consistent with evidence that
neuromuscular adaptations precede structural changes in ACL rehabilitation (43). The preserved
spatiotemporal parameters across groups indicate that improved knee kinematics were achieved without
compromising fundamental gait rhythm, a crucial consideration for maintaining functional movement patterns
during rehabilitation (18, 23). Collectively, these findings reinforce the need for periodized hamstring

strengthening protocols that progress from isometric stabilization to dynamic, multiplanar loading (44).
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Incorporating exercises that challenge the hamstrings at varying muscle lengths and contraction velocities
appears essential for restoring their capacity to modulate tibiofemoral forces during complex movements (45).
This approach aligns with emerging rehabilitation strategies emphasizing the hamstrings' role as protector of

the ACL through their ability to dynamically compensate for ligamentous insufficiency (32).

Practical implications

The findings of this study may have meaningful implications for ACLR rehabilitation. Incorporating
SLHB exercises could help improve uninvolved limb knee angle at foot strike, potentially contributing to bilateral
neuromuscular adaptations and more stable landing mechanics. This may be particularly relevant given prior
evidence linking lower SLHB scores to increased hamstring injury risk (46). While SLHB is often considered
during mid- to late-stage rehabilitation due to its biomechanical similarity to the late swing phase of running, its
isometric and closed-chain characteristics may also allow for cautious application in the early stages, assuming
the patient demonstrates adequate control. In this context, SLHB provides a lower-risk method to engage the
posterior chain and reinforce hip-knee coordination. Clinicians should also be aware of potential compensatory
patterns, such as those observed in the control group, and address them through individualized movement
retraining (17). Furthermore, the observed increase in hamstring torque in the uninvolved leg suggests that
contralateral training strategies, including SLHB, may be useful during phases when the involved limb cannot
tolerate high loading (41). As the study’s biomechanical changes occurred without significant hypertrophy (47),
rehabilitation strategies should emphasize neuromuscular efficiency and intermuscular coordination (23),
gradually progressing from isometric control to dynamic, multiplanar tasks to support return-to-activity goals

(17).

CONCLUSION

The findings of this study suggest that Single-Leg Hamstring Bridge (SLHB) training may have the
potential to support neuromuscular adaptations, particularly in the uninvolved limb, as evidenced by
improvements in knee flexion torque and increase in knee angle during foot strike. While knee angle during foot
strike was the only kinematics variable to reach statistical significance, other kinematic changes, such as trends
toward increased maximum knee flexion during stance and stride phases, suggest additional improvements in
lower limb control. These changes, although not statistically significant, may reflect meaningful neuromuscular
adaptations that support joint stability and running mechanics. However, given the absence of significant
changes in the operated limb, these results should be interpreted with caution. It remains unclear whether SLHB
alone can enhance rehabilitation outcomes for the injured leg. The observed effects may reflect bilateral motor
control adjustments or compensatory limb use rather than direct improvements in the surgical limb. While SLHB
may contribute to improved gait mechanics and dynamic knee stability, its role in optimizing long-term recovery
remains to be determined, particularly considering the small sample size. Further studies with larger cohorts

and longer follow-up periods are needed to confirm its clinical value.
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Limitations of the study

While this study provides valuable insights, several limitations should be acknowledged. First,
the inherent trade-off between highly specific inclusion criteria and the resulting small sample size. While the
narrow inclusion criteria focusing on male athletes aged 18-30 years who had undergone ACLR using
hamstring tendon autografts were necessary to ensure a homogenous study population and minimize
confounding variables, it directly contributed to the small sample size of only eight participants (4 in the |G and
4 in the CG). This limited sample size restricts the statistical power of the study and, consequently, the
generalizability of the findings to a broader population, including female athletes or individuals with ACLR from
different sports or graft types. Second, the short duration of the intervention (6 weeks) may not have been
sufficient to elicit the full potential benefits of SLHB training on hamstring strength, knee kinematics, or running
mechanics, potentially underestimating the long-term impact of the Single Leg Hamstring Bridge exercise and
injury rates. Future studies should employ a substantially larger sample size to enhance statistical power and
allow for more definitive conclusions. Also, the study should adopt a longitudinal design with extended follow-
up periods (e.g., 6 months, 1 year, 2 years). This would allow for the examination of the sustained impact of the
intervention on hamstring strength, knee joint kinematics during functional activities (such as running, jumping,
and cutting), and, critically, re-injury rates. Assessing return-to-sport outcomes and long-term functional
performance is essential for determining the true clinical value of the intervention. It is also important to note
that the current sample includes only male athletes, which limits the generalizability of our findings to female
populations. Given that females often exhibit different neuromuscular control patterns, hormonal influences, and
injury mechanisms following ACL reconstruction (ACLR), caution should be exercised when applying these
results to female athletes. Future research should specifically investigate SLHB effects in female cohorts to
better understand sex-specific rehabilitation outcomes. Lastly, this study did not include electromyography
(EMG) analysis, which limits our ability to directly confirm changes in hamstring activation patterns in response
to the SLHB intervention. While torque improvements and kinematic changes were observed, the underlying
neuromuscular strategies remain speculative. Additionally, the kinematic assessment was limited to linear
running. Given that many ACL injuries occur during cutting or deceleration movements, which involve higher
multiplanar stress on the knee joint, future research should examine whether the observed adaptations persist

or differ under more demanding, sport-specific conditions.
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