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AbsTrACT
background The risk of reinjury and other sequelae 
following anterior cruciate ligament reconstruction (ACLR) 
remains high. Lack of knowledge regarding factors 
contributing to these risks limits our ability to develop 
sensitive return to play (RTP) tests. Using a running task, 
we evaluate whether fatigue induces alterations in foot 
progression angle (FPA), a proposed biomechanical risk 
factor and could be used to enhance RTP test sensitivity.
Method Transverse plane foot kinematics (FPA) were 
assessed for 18 post-ACLR subjects during a treadmill 
running task, before and after a generalised lower limb 
fatigue protocol. Subject’s contralateral limbs were used as 
a control group.
results A small but significant difference between FPA 
for ACLR and contralateral limbs was observed before 
but not after fatigue. When confounding variables were 
considered, there was a significant difference in FPA 
change between ACLR and contralateral limbs from the 
prefatigue to postfatigue state.
Conclusions Following ACLR athletes may develop 
a knee-protective movement strategy that delays the 
progression of osteoarthritis in the ACL-injured knee. This 
may, however, increase the risk of ACL reinjury. Following 
the onset of fatigue this proposed movement strategy, and 
thus osteoarthritis protection, is lost.

InTroduCTIon
Anterior cruciate ligament (ACL) rupture 
has significant short-term and long-term 
consequences. Many athletes never return 
to the same level of performance while rates 
of reinjury and osteoarthritis remain high. 
Optimal management including surgical 
techniques, rehabilitation protocols and 
return to play (RTP) criteria have not been 
fully established, contributing to these issues. 
ACL injury is a strong predictor of subsequent 
injury; reinjury rates of up to 25% have been 
reported.1 2 Risk factors consequent to ACL 
rupture, therefore, increase rates of graft 
rupture.3 Without incorporating such factors, 

RTP tests will not elicit all relevant functional 
deficits.4 Research suggests that outcomes 
correlate best with physical performance and 
several biomechanical variables are predictive 
of reinjury.1 5 Fatigue is a factor proposed to 
affect physical performance and therefore 
reinjury rates.

The risk of sequelae is highest for those 
returning to sport following ACL reconstruc-
tion (ACLR). There is limited awareness of 
how factors synonymous with sport, such as 
fatigue, interact with biomechanical variables 
to alter knee joint loading.6–9 Five studies 
have assessed fatigue’s effect on lower limb 

What are the new findings?

 ► Following anterior cruciate ligament reconstruction 
(ACLR), athletes develop a unique, asymmetrical 
gait. While running, athletes were demonstrated to 
have externally rotated operated limb feet and inter-
nally rotated contralateral limb feet.

 ► Fatigue abolishes differences in foot symmetry in 
post-ACLR athletes.

 ► This may represent a joint-protective movement 
strategy by reducing knee valgus angulation during 
each stride and thus delaying the progression of 
medial knee compartment osteoarthritis in ACL-
reconstructed knees.

What are the implications of these findings on 
clinical practice?

 ► Exercising under the influence of fatigue may ac-
celerate the progression of osteoarthritis in anterior 
cruciate ligament (ACL)-reconstructed knees.

 ► The risk of ACL rerupture may be greatest prior to 
the onset of fatigue.

 ► During rehabilitation, consideration should be given 
to how fatigue influences lower limb biomechanics 
in the ACL-reconstructed athlete. This could be used 
to determine progression towards return to play.
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Figure 1 Subject recruitment flow chart (MCL, medial 
collateral ligament).

Table 1 Procedures performed concurrently with ACLR for 
study subjects

Concurrent procedures
No of 
subjects

No concurrent procedures 3

Partial medial meniscectomy 5

Partial lateral meniscectomy 3

Partial medial and partial lateral meniscectomy 2

Medial meniscus repair 1

Chondroplasty 1

Chondroplasty and partial medial meniscectomy 2

Chondroplasty and partial lateral meniscectomy 1

ACLR, anterior cruciate ligament reconstruction.

biomechanics post-ACLR, identifying changes in hip and 
knee biomechanics.10–14 If fatigue contributes to the risk 
of reinjury and other sequelae through alterations in 
lower limb biomechanics, incorporating it into RTP tests 
may improve sensitivity. No study has assessed the effect 
of fatigue on foot progression angles (FPAs) following 
ACLR despite FPA effecting the risk of ACL rupture and 
osteoarthritis in healthy populations. FPA causes changes 
in frontal plane knee biomechanics. An internally rotated 
FPA (toe in) increases knee valgus moments increasing 
ACL injury risk. Conversely, an externally rotated FPA 
(toe out) increases knee adduction moments15 which 
accelerate knee medial compartment osteoarthritis.16 
Using a treadmill running task, this is the first study is to 
assess whether fatigue influences FPA post-ACLR. We have 
chosen an activity and outcome measure that are easily 
reproducible in clinical practice so could contribute to 
the development of an enhanced RTP test battery.

MeThod
study design
This is a laboratory-based case–control study with a prein-
tervention/postintervention design. It provides level 3b 
evidence.

subjects
Using a database of ACLR cases conducted at University 
College London (UCL) hospital between January 2007 
and January 2016, we recruited 18 subjects; 14 males, 4 
females who underwent ACLR and completed rehabil-
itation at UCL hospital (figure 1). Subjects eligible for 

inclusion were aged between 18 and 65, had undergone 
unilateral primary ACLR using hamstring autografts 
obtained from the same limb and had been discharged 
from both orthopaedic and physiotherapy care. Subjects 
were required to be a minimum of 1-year postsurgery 
and to have returned to recreational activity. In addition, 
subjects were required to have healthy contralateral knees 
and to demonstrate proficiency at all the functional tests. 
Exclusion criteria include:

 ► Other knee ligaments injured at the same time as the 
ACL.

 ► Previous lower limb joint injuries that required 
consultation with a healthcare professional.

 ► Medical condition(s) that limit exercise.
 ► Pain or the sensation of the knee giving way during 

testing.
Subjects who had undergone partial meniscectomy 

or chondroplasty were included in the study (table 1). 
Written informed consent was obtained from all subjects 
prior to testing.

Pretesting measures
Each subject’s physical activity level was assessed using 
the Tegner Activity Scale. Both the current level and 
that preceding injury are reported. The International 
Knee Documentation Committee (IKDC) subjective 
knee evaluation, Lysholm score and the Lower Extremity 
Functional Scale were completed to evaluate knee-re-
lated symptoms and function (table 2). Each measure has 
been demonstrated to be reliable and valid.17–19

A clinical examination was conducted on all partic-
ipants prior to testing. This included measurements of 
height, weight, body composition and a bilateral knee 
evaluation. Knee examination comprised an assessment 
for joint-line tenderness, swelling, laxity (Lachman and 
anterior drawer tests), range of motion and muscle 
strength. Subjects were examined by two examiners and 
a consensus was reached regarding findings.
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Table 2 Patient demographics and information

Age (years) 37.7 (10.0)

Gender 14 male/4 female

Weight (kg) 75.4 (10.8)

IKDC total 79.2 (5.9)

Lysholm score 142.0 (7.1)

Current Tegner Activity Score 5.1 (1.9)

Preinjury Tegner Activity Score 6.8 (1.6)

LEFS 76.6 (3.55)

Time since surgery (months) 45.3 (15.4)

Dominant limb 7 ACLR, 11 contralateral

Prefatigue running speed (km/
hour)

12.7 (1.8)

Postfatigue running speed (km/
hour)

12.9 (1.8)

Data presented as mean (SD).
ACLR, anterior cruciate ligament reconstruction; IKDC, 
International Knee Documentation Committee; LEFS, Lower 
Extremity Functional Scale.

Figure 2 Prefatigue bird’s eye representation of the 
treadmill. The right half represents transverse plane 
foot kinematics of ACLR limbs, the left half represents 
contralateral limbs. The grey line symbolises the line of gait 
progression and the red arrow is the mean foot progression 
angle (foot rotation). The mean difference in rotation of 10.78° 
was statistically significant. ACLR, anterior cruciate ligament 
reconstruction.

Apparatus
A Kistler h/p/cosmos treadmill (Nussdorf-Traunstein, 
Germany) with built-in force plates was used for testing. 
Data were recorded using Gaitway software V.2.08 (New 
York, USA). Participants completed the fatigue protocol 
on a supine leg press with the weight stack connected 
to a linear encoder. Ergotest Muscle Lab software (Pors-
grunn, Norway) was used to determine power output for 
each lower limb. Kistler state that their apparatus is reli-
able and valid, while other studies support this assertion 
for force plate data.20 21

experimental procedure
Prior to testing, subjects completed a warm-up consisting 
of jogging for 5 min at a comfortable pace, 2 sets of 10 
squats and 5 drop jumps. Subjects jogged barefoot on 
the treadmill to acclimatise to running without shoes. 
Subjects then selected a speed which they could maintain 
for 1 min (table 2). Data were gathered for a 15 s period. 
Subjects then completed the fatigue protocol described 
below, before repeating the running task at their previ-
ously selected speed. This was performed without delay to 
ensure that subjects remained maximally fatigued. Each 
subject completed data collection in a single session.

Fatigue protocol
The fatigue protocol was a lower limb resistance exercise 
effective at fatiguing all lower limb muscle groups.22–24 
While supine on the leg press machine, subjects were 
instructed to jump maximally with a single leg, land on the 
same leg and repeat. Unilateral maximal jumps continued 
until Muscle Lab demonstrated that the power output for 
that limb had declined by 30% for two consecutive jumps. 
Subjects were asked to minimise ground contact time 
between jumps and were given verbal encouragement to 

ensure that they exerted themselves fully. The leg press was 
performed first with the contralateral limb, then the ACLR 
limb. Single leg power tests were performed to determine 
the weight used during the fatigue protocol. For each 
limb, the leg press was set to 50% of the weight at which 
maximum power was achieved.

data and statistical analysis
Based on previous studies investigating the effect of 
fatigue on lower limb biomechanics, we estimated that 
a sample size of 15 would be required to achieve 80% 
statistical power and an alpha level of 0.05.13 25

Data were collected via force plates embedded within 
the treadmill and the average FPA for each limb was calcu-
lated during a 15 s period. Our main outcome measure 
was transverse plane foot kinematics (FPA), defined as 
the angle between the long axis of the foot (from the 
heel to the second metatarsal) and the line of progres-
sion of gait (longitudinal axis of the treadmill) (figures 2 
and 3). Positive values represent foot external rotation 
and negative values represent internal rotation relative to 
the line of gait progression. ACLR and contralateral limb 
mean FPA values were compared in the prefatigue and 
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Figure 3 Postfatigue birds eye representation of the 
treadmill. The right half represents transverse plane foot 
kinematics of ACLR limb, the left half represents contralateral 
limbs. the grey line symbolises the line of gait progression 
and the red arrow is the mean foot progression angle (foot 
rotation). The mean difference in rotation of 5.50° was not 
statistically significant. ACLR, anterior cruciate ligament 
reconstruction.

Table 3 The effect of fatigue on FPA for ACLR operated versus contralateral limbs

Prefatigue Postfatigue
Prefatigue to postfatigue 
change

ACLR limb 4.13° (10.04°) 2.03° (13.59°) −2.10° (12.77°)

Contralateral limb −6.64° (8.20°) −3.47° (13.57°) 3.17° (8.94°)

Mean difference 10.78° (15.12°) 5.50° (26.66°) −5.28° (20.66°)

P value for mean difference 0.008 0.382 0.293

Mean (SD) degrees of rotation. Positive values represent external rotation, negative values represent internal rotation.
ACLR, anterior cruciate ligament reconstruction; FPA, foot progression angle.

postfatigue condition. The FPA change from prefatigue 
to postfatigue was also compared for ACLR and contralat-
eral limbs. A paired t-test was used for each comparison. 
The same three comparisons were made for dominant 
versus non-dominant limbs. Binary correlation was used 
to assess for correlation between potential confounding 
variables and the outcome variables. These included age, 
IKDC total, Lysholm score and time since surgery. An 
alpha level of 0.05 was used to define statistical signifi-
cance. Analyses were performed using SPSS statistical 
software (V.22.0, SPSS).

resulTs
All data were normally distributed with equal variance. 
Demographic data are presented in table 2. The mean 
age of subjects was 37.7 (SD 10.0). The mean postoper-
ative time was 45.3 months (SD 15.4). The mean Tegner 
Activity Score was significantly higher (1.69±2.06) for 
subjects prior to injury (p=0.012). The 0.2 km/hour 
difference between prefatigue and postfatigue running 
speeds was not statistically significant (p=0.381).

Prefatigue running biomechanics
Prefatigue, subjects ran with externally rotated operated 
limb feet (4.13°±10.04°) but internally rotated contralat-
eral feet (−6.65°±8.20°) (figure 2). The mean difference 
of 10.78°±15.12° was statistically significant (p=0.008) 
(table 3).

No significant difference was observed between the 
FPA of dominant and non-dominant feet (p=0.464). No 
correlation was observed between age, IKDC total or 
Lysholm score and the progression angle of either foot. 
Time since surgery did not correlate with the FPA of oper-
ated limb feet, but a significant correlation was observed 
for contralateral feet; for every additional month since 
surgery, contralateral feet were 0.585° more internally 
rotated (p=0.046) (online supplementary appendix 1).

Prefatigue to postfatigue change in running biomechanics
Mean operated limb foot external rotation reduced by 
2.10°±12.77° with fatigue, whereas contralateral limb 
feet became 3.17°±8.95° more externally rotated. The 
mean difference in angle change from prefatigue to 
post-fatigue between the two groups was 5.28°±20.66°, 
but this did not reach statistical significance (p=0.293) 
(table 3). A difference between FPA change for domi-
nant and non-dominant limbs from the non-fatigued to 
the fatigued state of 6.76° was not significant (p=0.079).

Postfatigue running biomechanics
When fatigued, subjects ran with externally rotated 
operated limb feet (2.03°±13.59°) and internally rotated 
contralateral foot (−3.47°±13.57°). The mean FPA differ-
ence of 5.50°±26.02° was not statistically significant 
(p=0.382) (table 3).

Dominant feet were internally rotated (−6.68°±12.68) 
whereas non-dominant feet were externally rotated 
(5.24°±12.20°). The mean difference of 11.92°±17.45° 
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was statistically significant (p=0.010). No significant 
correlations were observed for age, time since surgery, 
IKDC total or Lysholm score (online supplementary 
appendix 1).

dIsCussIon
ACL injury as a strong predictor of subsequent injury 
and specific biomechanical risk factors for reinjury have 
been identified. To prevent reinjury and osteoarthritis 
post-ACLR, we need to elucidate whether sports situa-
tional factors induce high-risk lower limb biomechanics. 
Fatigue, synonymous with competitive sports, is frequently 
cited as one such factor; most ACL injuries occur towards 
the end of competitive matches when fatigue levels are 
highest.21–26 Borotikar et al demonstrated that fatigue 
increases hip flexion and internal rotation in addition to 
knee abduction and internal rotation in healthy subjects. 
These biomechanical alterations increase ACL injury 
risk.8 27–29 Evidence suggests that fatigue induces unique 
biomechanical alterations after ACL rupture; athletes 
develop a hip-dominant movement strategy that dimin-
ishes with fatigue. A hip dominant gait pattern could 
reduce reinjury risk by reducing knee joint moments, 
thus exposing ACL grafts to smaller loads. Such protec-
tion would be lost with fatigue. Our findings support the 
assertion that following ACLR athletes develop a unique, 
asymmetrical gait. Subjects ran with externally rotated 
operated limb feet but internally rotated contralateral 
feet. However, when fatigued, this asymmetry diminished 
and was no longer significant.

Foot external rotation increases knee valgus angulation 
and moments, increasing ACL injury risk.27 30 31 Hewett et al 
showed that landing with valgus knee moments increased 
the risk of ACL rupture by 250%.32 This suggests that 
changes in FPA consequent to ACL injury actually increase 
reinjury risk prior to the onset of fatigue. Valgus moments 
would reduce loading of the medial compartment of the 
knee, delaying osteoarthritis progression.33 Research shows 
that patients with knee osteoarthritis externally rotated 
their foot during the stance phase of gait as a strategy to 
reduce arthritic pain and slow arthritis progression.34 
Therefore, the gait alteration demonstrated may delay the 
progression of knee osteoarthritis following ACL injury but 
increase the risk of ACL graft rupture.

We propose that following ACLR athletes develop a knee 
protective movement strategy that delays osteoarthritis 
progression. This may, however, increase rates of ACL graft 
rupture. When this movement strategy is lost with fatigue, 
damage to the medial compartment of the knee may accel-
erate. Studies suggest that increased activation of the lateral 
hamstring, gastrocnemeus and soleus muscles is required 
to maintain an externally rotated foot.35 Indeed, increased 
activation of the lateral hamstrings relative to the medial 
hamstrings has been demonstrated in subjects with knee 
osteoarthritis with external rotated feet.36 The increased 
demands placed on these muscles may render them suscep-
tible to fatigue explaining the breakdown of this protective 
movement strategy.37–39

limitations
This study has several limitations. The gait alteration 
demonstrated may be gender specific, with only four 
female subjects, we cannot confirm this. To ensure an 
appropriate sample size, patients were included despite 
differences in age, postoperative time and concurrent 
injuries. This has several implications; first, postopera-
tive time had a significant interaction with prefatigue 
contralateral limb FPA. Second, the inclusion of 
concurrent injuries may alter results. For example, 
meniscal injuries accelerate osteoarthritis progression. 
Therefore, meniscal injuries (rather than the ACL 
injury) might explain the toe out gait alteration. Third, 
our subjects had medial hamstring allografts. Residual 
medial hamstring weakness may have produced a 
relative increase in lateral hamstring activity, thus 
increasing operated limb external foot rotation. Using 
contralateral limbs as controls minimised confounding 
from variables such as age.

Study subjects were at least 1-year post-ACLR, 
providing sufficient time to complete rehabilita-
tion. Subjects were on average 45 months post-ACLR 
(table 2). The rationale for not excluding subjects over 
a certain postoperative time was that functional deficits 
will remain unaddressed and persist regardless of how 
much time had passed.

This study adopted a closed chain exercise designed 
to induce fatigue in all lower limb muscle groups, 
inducing peripheral muscular fatigue but not 
accounting for the central effects of fatigue. However, 
it allowed utilisation of an objective measure of fatigue; 
reduction in lower limb power output of over 30%. The 
subjectivity of perceived fatigue would add a source 
of confounding. Furthermore, it is reassuring that 
other studies have demonstrated that neither the level 
of fatigue nor the precise nature of fatigue protocols 
alter lower limb biomechanical findings.40 However, we 
cannot be certain that fatiguing ACLR limbs second did 
not impact on findings. Subjects ran barefoot which 
does not simulate competitive sport but was felt to be 
preferable to confounding from differences in foot-
wear. Furthermore, running on a hard treadmill does 
not precisely simulate running on grass.

Regarding the risk of bias, tester blinding was not 
possible for either data collection or analysis. Participants 
could not be blinded but were unaware of the specific 
outcome measures being tested.

ConClusIons
Functional testing after ACLR provides informa-
tion relevant to the sporting context that cannot be 
obtained by simpler clinical tests. We have provided 
further evidence of alterations in functional perfor-
mance after ACLR in recreational athletes following 
RTP. The implications of these findings to both the risk 
of reinjury and long-term sequelae need to be estab-
lished. We propose that this gait alteration could delay 
osteoarthritis progression with a consequent increased 
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risk of ACL graft rupture.33 It may, however, have the 
opposite effect on the contralateral knee. The fatigue 
response (manifested as reduced operated limb foot 
external rotation) may represent a breakdown of this 
knee protective movement strategy.41 A multicentre, 
prospective study could determine how fatigue influ-
ences reinjury risk to both operated and contralateral 
knees. The relevance of these findings to longer term 
complications such as osteoarthritis will be harder to 
determine. If associations are established, they could be 
used to improve rehabilitation strategies and RTP func-
tional tests, therefore, enhancing our ability to safely 
return athletes to their preinjury competitive level.
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