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Abstract

Purpose The purpose of this study was to assess activa-
tion patterns of medial (MH) versus lateral (LH) hamstrings
in female athletes who had undergone ACL reconstruction
(ACLR) using a hamstrings-graft during single-limb func-
tional testing.

Methods Eighteen athletes (1-6 years since ACLR)
and 18 healthy controls were recruited from the Icelandic
women’s top divisions in football, handball, and basketball.
Activation of the MH and LH was monitored bilaterally
using surface electromyography. Peak activation of the nor-
malized signal was identified for two phases of the single-
limb crossover (SLC) hop test and performance (distance
jumped) registered. Self-reported knee symptoms and func-
tion were evaluated with the Knee injury and Osteoarthritis
Outcome Score (KOOS). A repeated measures general lin-
ear model was used for main statistical data analyses, com-
paring variables of interests between limbs (within-subjects
factor) and between groups.

Results ACLR athletes had worse KOOS-symptoms
scores (p < 0.05) than controls, while hop distance
was equal. Overall, MH and LH muscle activation lev-
els differed between the two phases of the SLC hop test
(p < 0.05). Moreover, inter-limb differences in MH and LH
activity were identified between groups (p < 0.05), mainly
explained by greater LH than MH activation in the unin-
jured limb of ACLR athletes.

Conclusion One to 6 years after ACLR, female athletes
performed on par with uninjured controls, but demonstrated
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inter-limb differences in muscle activation patterns of the
hamstrings that were not evident in controls. This may be
an important factor to consider during postsurgical rehabili-
tation in order to lower the risk of a second injury.

Level of evidence 111.

Keywords ACL - Function - Activation - Rehabilitation -
Electromyography

Introduction

An injury to the anterior cruciate ligament (ACL) of the
knee is a serious one with short- as well as probable long-
term consequences for the individual’s knee function,
which may negatively affect his or her activity, participa-
tion, and quality of life. Female athletes are at greater risk
of injury than their male counterparts who practice and
compete in the same sport [22, 28], and they are also more
likely to suffer a second injury to either the ipsilateral or
contralateral limb [7, 25]. Concomitant injuries are com-
mon and typically involve menisci, collateral ligaments,
and cartilage [12, 23]. This may, in part, explain early onset
and progression of knee osteoarthritis (OA) recognized in
this population [16].

The purpose of ACL reconstruction (ACLR) is to regain
joint stability and thereby function of the lower limb.
While joint stability may be adequately restored, arthrokin-
ematics of the joint and kinematics of the lower limb are
affected and may influence the rate of progression of knee
OA [9, 10, 15, 34]. In Scandinavia, the graft is most com-
monly harvested from the ipsilateral semitendinosus (with
or without additional strands from gracilis) [14]. In many
instances, regeneration of the tendon does not ensue [17]
and a resulting proximal migration of the muscle-tendon
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junction of the semitendinosus is often found [8, 17, 37].
This and postsurgical muscle atrophy may explain seem-
ingly selective, persistent muscle weakness of the medial
knee flexors that is found in tests performed in deep knee
flexion [2, 8, 38, 41] and tibial internal rotation [3, 35].
The hamstrings, from a functional anatomy perspective,
augment the ACL’s resistance to anterior translation of the
tibia, and the muscle’s recovery following ACLR is there-
fore of clinical importance. Recent longitudinal analy-
ses indicate that autografts harvested from the hamstrings
[hamstring graft (HG)] are more often associated with re-
rupture than when retrieved from the patellar tendon [27].
No studies, however, have elucidated whether this is related
to the graft, fixation method, or postsurgical alterations in
musculotendineal structure and/or function affecting knee
joint arthrokinematics.

The overall goal of rehabilitation after ACLR was for the
individual to regain knee and lower limb function and thus
the ability to return to his/her desired activities [1, 39, 47].
The goal is generally achieved by progressively improv-
ing range of motion, strength, neuromuscular function, and
sport-specific performance [1, 44, 45]. Specific training and
testing for the medial (MH) versus lateral hamstring (LH)
components are not routine, although muscle strength of
knee flexors collectively is typically well monitored dur-
ing rehabilitation [42]. This may, however, be of particu-
lar importance within the context of preventing re-injury
in light of the mechanism of non-contact ACL injuries in
sports, as the MH component has the potential to counter
the external outward rotating knee moments associated
with ACL rupture [5].

Athletes who have returned to previous levels of sports
participation may have symmetrical lower limb perfor-
mance upon functional testing, while continuing to demon-
strate measurable biomechanical differences that reflect the
quality of performance [24, 43]. Identifying specific altera-
tions in muscle activation may inform postsurgical rehabili-
tation, with potential improvements in successful return to
competition and lowered risk of re-injury. With respect to
specific hamstring muscle activation, Ristanis et al. [32]
used electromyography (EMG) to investigate whether
timing of hamstring muscle activation was affected after
ACLR using HG. They found significant electromechani-
cal delay in the ipsilateral knee flexors compared with the
contralateral limb and controls. Differences in the relative
contribution of knee flexor components have further been
demonstrated during controlled exercises in athletes who
had undergone ACLR compared with matched controls
[4, 43]. The mechanism of non-contact ACL rupture, how-
ever, typically involves predominantly unilateral dynamic
maneuvers. To our knowledge, specific hamstring muscle
activation patterns during single-limb cutting tasks have not
been investigated post-ACLR.

Therefore, the purpose of this controlled laboratory trial
was to assess MH and LH muscle activation levels in each
lower limb during the single-limb crossover (SLC) hop test,
which is frequently utilized to assess lower limb function
after injury [19, 31]. The primary aim was to contrast muscle
activation patterns of individuals who had undergone ACLR
using a HG and matched healthy athletes. The ‘a-priori’
hypothesis was that inter-limb differences in MH and LH
peak activation would only be found in participants, who had
undergone ACLR. Secondary aims included group compari-
sons of variables that might identify differences in knee joint
function and activity limitations (measured hop performance
and self-reported). These are domains recognized within the
World Health Organization’s International Classification of
Functioning, Disability, and Health (ICF) [46].

Materials and methods

Eighteen eligible female athletes who had all undergone
surgery 1-6 years previously volunteered to participate
(ACLR group). They were recruited via advertisement
from teams competing in the top leagues in three sports
[team handball (n = 5), basketball (n = 4), and football
(n = 9)]. In 12 instances, the surgical limb was the indi-
vidual’s dominant one, while in six participants, this was
not the case. The 18 controls (CTRL group) were recruited
from the same teams and were matched for age, height,
and weight (Table 1). The designated ‘surgical’ limb was
in 11 instances the dominant side, while in seven cases, it
was not. All ACLR participants had returned to competition
with their teams. Five participants had undergone surgery
1-2 years previously, another five had undergone surgery
3—4 years previously, and eight participants had surgery
5-6 years previously. Exclusion criteria were current mus-
culoskeletal injury, history of lower limb muscle strain
within the previous 3 months, and any orthopedic condition
precluding them from performing single-limb hop testing
of either lower extremity. In order to avoid negative effects
of excess adipose tissue on the EMG signal amplitude, and
thereby the signal-to-noise ratio of the recorded signal,
only participants with a body mass index (BMI) lower than
30 kg/m? were accepted into the study.

Table 1 Participants’ mean (SD) age, height, weight, and BMI

CTRL ACLR p value
Age 22.7 (3.5) 21.5(2.7) n.s.
Height (cm) 171.4 (5.5) 170.8 (5.3) ns.
Weight (kg) 67.2(7.8) 66.3 (7.1) n.s.
BMI (kg/m?) 22.8 (2.4) 22.7 (2.2) n.s.

BMI body mass index
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Age, height, and weight were registered, and in addition,
each participant completed the Knee injury and Osteoar-
thritis Outcome Score (KOOS) questionnaire. The KOOS
consists of five subscales assessing: (1) knee pain, (2) other
knee symptoms, (3) knee function during activities of daily
living, (4) ability during sports and recreation, and (5) fac-
tors relating to quality of life. The instrument is valid and
reliable and contains items that are important to patients [6,
33, 40]. No group differences were found with respect to
age, height, weight, or BMI (Table 1).

Wireless surface EMG (Kine Pro, Hafnarfjordur, Ice-
land) was used to monitor muscle activity of MH and LH
during hop testing of each lower limb. A signal bandwidth
of 16-500 Hz was used, sampling at 1,600 Hz. Electrodes
were placed according to SENIAM guidelines in order to
identify the optimal position [36]. In order to verify place-
ment, muscles were palpated and a visual assessment of the
signal performed prior to testing.

After a 5-min warm up on a stationary bicycle, partici-
pants performed the SLC hop test for distance, during which
three consecutive maximal hops (triple jump) were per-
formed while alternately crossing over a 15-cm strip on the
floor (Fig. 1). The participants stood on the test limb with the
toe behind a start line, with the 15-cm strip to the lateral side
of the foot. The test was thereby always performed in such
a manner that the first and third hops involved an anterolat-
eral projection and anteromedial during the second hop. The
overall distance (meters) covered was measured with a tape
measure from the start line to the heel of the foot as it landed
at the completion of the task. The test is a reliable and a valid
measure of functional performance often used after knee
injury [19, 31]. Following two practice trials, the EMG signal

<

END
Phase 2
...‘-0
Phase 1 — Distance
o000
) -
START

Fig. 1 Single-limb crossover hop test for distance (seen for left limb)
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and the distance jumped were then recorded during a single
maximal test trial and the same procedure followed for each
limb. ACLR participants started jumping on the non-surgical
limb, and each matched control with their matched limb. Two
distinct phases of the triple jump were of interest: (1) the first
landing and subsequent take-off and change in direction and
(2) the second landing and subsequent take-off and change
in direction. Raw EMG signals were high-pass filtered at
25 Hz, full-wave rectified, and the root-mean square of the
signal was derived using a moving 250 ms window. Peak val-
ues for each of the two phases of the test jump were normal-
ized to the maximum signal collected during two 5-s trials of
maximal voluntary isometric muscle contraction. The study
was approved by the National Bioethics Committee in Ice-
land (VSNb2012110023/03.07), and informed consent was
obtained from participants prior to data collection.

Statistical analysis

Data were analyzed using IBM SPSS Statistics version 20.
A repeated measures general linear model was used to evalu-
ate each lower limb’s distance jumped (within-subjects fac-
tor) between groups. For muscle activity, within-subjects
factors included limb (involved/uninvolved), phase of jump
(first/second), and muscle (MH/LH), between the ACLR
and CTRL groups. Independent t tests were used to analyze
demographic variables and KOOS-scores between groups.
Sample size was determined with reference to previous EMG
studies conducted in our laboratory, where observed power of
two groups with 20 subjects each ranged from 0.7 to over 0.9
for two- and three-way interactions. The alpha level was set
at 0.05.

Results

A significant interaction was found due to differences
in mean muscle activation levels of the medial and lat-
eral hamstring components during phase one compared
with phase two across both lower limbs for both groups
(p = 0.001). Furthermore, a three-way interaction was
found as inter-limb differences in MH versus LH activation
levels were different between groups (p = 0.042; Fig. 2).
Medial versus lateral activation levels were similar within
both limbs of the CTRL group and within the surgical limb
of ACLR athletes, but not the uninjured limb, where high
activation levels of LH were coupled with relatively low
activation of MH. Neither inter-limb nor group differences
were demonstrated in performance of the SLC hop test.
The mean (SD) distance was 3.54 (0.57) and 3.55 (0.64) m
for the involved versus uninvolved limb of ACLR partici-
pants and 3.55 (0.63) and 3.49 (0.63) m for the matched
limbs of the CTRL group. Although mean KOOS scores
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Fig. 2 Mean (SE) lateral (LH) and medial (MH) muscle activation
levels across both phases of the single-limb crossover hop test for the
surgical (Op) and contralateral (Non-op) limbs of the reconstructed
group (ACLR) and matched limbs of controls (CTRL)

Table 2 Mean (SD) scores for the five subscales of the KOOS ques-
tionnaire

CTRL ACLR p value
KOOS-pain 97.1 (5.0) 94.8 (6.5) n.s.
KOOS-symptoms 93.7 (6.7) 85.7 (10.9) 0.012
KOOS-ADL 99.0 (2.0) 98.8 (2.7) n.s.
KOOS-sports/rec 96.4 (5.9) 91.0 (10.4) n.s.
KOOS-quality of life 91.7 (11.3) 82.6 (18.4) n.s.

KOOS knee injury and osteoarthritis outcome score, ADL activities of
daily living
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Fig. 3 Mean scores for five subscales of the KOOS questionnaire for
participants that had (ACLR) and had no (CTRL) history of anterior
cruciate ligament reconstruction. KOOS, Knee injury and osteoarthri-
tis outcome score. ADL Activities of daily living, QOL Quality of life.
*p <0.05

were generally slightly lower for ACLR participants, a
statistically significant difference was only found for the
KOOS-symptoms subscale (p < 0.05; Table 2, Fig. 3).

Discussion

The most important finding of this study was that inter-limb
differences in activity of MH versus LH were identified in
female athletes who had undergone ACLR, whereas perfor-
mance (distance) was not affected during single-limb hop
testing. Secondary outcomes showed greater complaints of
knee symptoms of female athletes with history of ACLR.
Knee joint arthrokinematics during loading of the knee,
in particular during cutting maneuvers, are of importance
with respect to the injury mechanism of non-contact ACL
tears. The interaction of muscle component and hop phase
demonstrated clearly how the medial and lateral hamstring
components play different roles depending on the change
in direction. Net knee joint moments in the frontal and
transverse planes would be expected to differ when cutting
to the inside versus outside of the stance limb. The muscle
components have distal insertions on either side of the knee
and tibial rotation [11, 20], and frontal plane moments [29,
30] are known to affect their relative activation levels. Out-
wards versus inwards change in direction during the cross-
over hop would therefore be expected to affect them differ-
ently, as demonstrated by the results of the present study.
Interestingly, the between-groups interaction of limb and
muscle group was mainly due to the difference in MH ver-
sus LH activation levels of the uninjured limb of the ACLR
participants. The lateral component demonstrated high acti-
vation levels relative to the medial, across jump phases,
whereas the surgical limb and both CTRL limbs had rela-
tively similar LH versus MH activation levels on average.
The result is of clinical significance, as female athletes with
history of ACLR have a 16-fold greater risk of a second
ACL injury than healthy athletes [25]. A second ACL injury
of the contralateral limb is reportedly twice as likely to be
sustained in the contralateral limb, and this is more com-
mon in female than male athletes [26, 48]. Greater relative
LH activation levels may induce greater knee abduction and
external rotation of the tibia, recognized components of the
multifactorial mechanism of non-contact ACL injury [18].
The ACLR athletes had successfully returned to full
participation of high-level sports and therefore had likely
achieved acceptable limb symmetry for lower limb muscle
strength. Moreover, no difference was found in hop perfor-
mance between the two groups, as is to be expected given
that limb symmetry is generally evaluated as one of the
criteria for returning to high-level sport participation [42].
However, the contribution of MH versus LH toward the
net flexor strength is not measured and therefore unknown.
Studies have shown that tibial internal rotation strength
is affected by harvesting semitendinosus [3, 35], which
indicates that their function as knee flexors may also be
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compromised. A compensatory shift in muscle volume (MH
atrophy and LH hypertrophy) has also been demonstrated in
imaging studies [21, 37]. Hypertrophy and greater strength
of LH combined with atrophy and decreased strength of
MH after ACLR might lead to the changes in activation lev-
els seen in the surgical limb compared with the uninjured
limb of the ACLR participants. The weak MH would be
activated at a greater percentage of its maximum, while the
strong LH would demonstrate relatively low activation lev-
els. However, no strength measures were performed in the
present study, which limits our ability to interpret the clini-
cal significance of the inter-limb differences in activation
levels measured in ACLR participants. Another limitation
involves motion of electrodes as the skin moves over the
muscles. This is inevitable during a task where a change in
direction is involved and, despite high-pass filtering of the
signal to eliminate movement artifacts, may introduce cross
talk from other than the target muscles.

Although mean KOOS-scores were generally slightly
lower in ACLR athletes than controls, this was only sta-
tistically significant for the symptoms subscale, where the
difference may also be considered clinically significant
[6]. Notably, CTRL participants registered symptoms that
affected their sports participation and quality of life, and
this is recognized within amateur soccer, in particular in
athletes with history of even minor knee injuries [13].

Conclusion

In summary, female athletes who had a history of ACLR
surgery demonstrated inter-limb differences in relative
medial versus lateral hamstring muscle activity not found
in uninjured controls, reflecting high activation levels of
LH in the uninjured limb. In light of the high rate of rein-
jury seen in this population and known mechanisms of non-
contact ACL injury, in particular to the contralateral limb,
rehabilitation after primary ACL injury should address
muscle function of medial and lateral hamstring compo-
nents of both lower limbs.
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