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Context: Anterior cruciate ligament (ACL) reconstructions
are common, especially in young, active people. The lower
extremity neuromuscular adaptations seen after aerobic exer-
cise provide information about how previously injured patients
perform and highlight deficits and, hence, areas for focused
treatment. Little information is available about neuromuscular
performance after aerobic exercise in people with ACL recon-
structions.

Objective: To compare dynamic balance, gluteus medius
muscle activation, vertical jump height, and hip muscle strength
after aerobic exercise in people with ACL-reconstructed knees.

Design: Case-control study.

Setting: Research laboratory.

Patients or Other Participants: Of 34 recreationally active
volunteers, 17 had a unilateral primary ACL reconstruction at
least 2 years earlier and 17 were matched controls.

Intervention(s): All participants performed 20 minutes of
aerobic exercise on a treadmill.

Main Outcome Measure(s): We recorded dynamic, single-
legged balance electromyographic gluteus medius muscle
activation, single-legged vertical jump height, and maximum

isometric strength for hip abduction, extension, and external
rotation preexercise and postexercise.

Results: Participants with ACL reconstructions exhibited
shorter reach distances during dynamic balance tasks, indicat-
ing poorer dynamic balance, and less gluteus medius muscle
electromyographic activation. Reductions in hip abduction and
extension strength after exercise were noted in all participants;
however, those with ACL reconstructions displayed greater hip
extensor strength loss after aerobic exercise than did the con-
trol group.

Conclusions: Neuromuscular changes after aerobic exer-
cise exist in both patients with ACL reconstructions and con-
trols. The former group may experience greater deficits in hip
extensor strength after aerobic exercise. Reduced reach dis-
tances in people with ACL reconstructions may represent a
protective mechanism against excessive tibiofemoral rotation
during dynamic balance. Clinicians should identify weaknesses
in the resting state and after aerobic exercise in recreationally
active patients and those with ACL reconstructions.

Key Words: skeletal muscle adaptations, fatigue, strength,
isometric activity, isokinetic activity

Key Points
e After aerobic exercise, both patients with anterior cruciate ligament-reconstructed knees and the control group demon-

strated neuromuscular changes.

e Compared with the control group, those with anterior cruciate ligament reconstructions displayed greater hip extensor
strength deficits after exercise and shorter reach distances on the Star Excursion Balance Test.

e Clinicians should consider neuromuscular performance both at rest and after exercise when assessing functional out-
comes in patients with anterior cruciate ligament reconstructions.

among young, active people,'? resulting in more than
100000 estimated reconstructions in the United States
annually.’ Despite excellent outcomes after surgery, active peo-
ple with reconstructed knees remain at risk for graft failure* and
long-term degenerative joint conditions such as osteoarthritis.>¢
Animportant factor in postoperative rehabilitation and return-to-
play decision making is to ensure appropriate restoration of lower
extremity muscular strength and dynamic postural control.
Deficits after ACL injury and reconstruction have been
observed in various measurements, including force output,

ﬁ nterior cruciate ligament (ACL) injuries are common

balance, and neuromuscular control. Patients with ACL-
reconstructed knees (ACLRs) have deficits in balance and
quadriceps muscle strength.” Postural control deficits measured
during single-legged balance with eyes open and eyes closed
have been observed in ACLRs and may be attributed to a de-
crease in mechanoreceptor information about joint position of
the affected knee.®® Altered afferent information may result in
compensatory gait patterns or lower extremity muscle activa-
tion strategies during aerobic exercise or sport and predispose
an athlete to injury. Therefore, clinicians will benefit from in-
formation about exercise in ACLRs because compensations or
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deficits would be accentuated, thereby highlighting areas that
may benefit from therapeutic intervention. Specific information
about neuromuscular deficits that are accentuated after exercise
may help to focus therapeutic interventions in patients with
previous knee injuries.

Reductions in adduction strength,'® hip extensor strength,!!
and hamstring strength'? have been reported in patients after
ACL reconstruction. Altered neuromuscular function during
aerobic exercise may prevent normal joint function during ex-
ercise, thus increasing risk of injury. Little information is avail-
able about hip abduction strength after ACL injury, and none
describes lower extremity muscle strength or muscle activa-
tion during aerobic exercise in the ACLRs. The gluteus medius
muscle is a primary abductor of the hip joint and contributes to
pelvic control during the midstance of gait."”* The gluteus medi-
us plays an important role during the stance phase of gait by as-
sisting with eccentric control of femoral internal rotation. The
combination of femoral internal rotation and adduction, which
may be resisted to a lesser extent in people with weakness or
fatigability (or both) of the hip joint musculature, contributes to
a condition of dynamic valgus, which is a risk factor for non-
contact ACL injury.'*

Deficits in hip muscle function have been identified in
ACLRs. These deficits may be magnified during exercise, po-
tentially because of different rates of muscular fatigue or an
alternative coping strategy, resulting in altered performance.
Clinicians should be aware of exercise-related neuromuscular
changes that may place active people with a history of major
knee joint injury at risk for further injury.

Exercise testing provides a global evaluation of tolerance
to exertion, including responses from the pulmonary, cardio-
vascular, and musculoskeletal systems'>!¢ that may not be ad-
equately characterized by resting measurements. The Balke'*'¢
protocol has been described as a simple exertional exercise test
that involves treadmill walking at a constant speed; exercise
intensity is incrementally increased via treadmill incline. In
the sports medicine clinic and laboratory setting, standardized,
perception-regulated exertional exercise protocols can be used
to induce a level of subexhaustive muscular fatigue that will
help us to understand how patients respond during simulated
and controlled tasks that closely resemble activities of daily liv-
ing. In using graded exercise protocols, the goal is for people
to exert. On the continuum of exertion leading to total exhaus-
tion, muscular function may become altered by fatigue or other
neuromuscular responses. In the presence of hip muscle dys-
function, ACLRs may experience greater responses involving
hip muscle strength, jump height, and dynamic single-legged
balance compared with healthy, uninjured control participants
after exertion.

The purpose of our study was to compare the change in hip
muscle force output (primary outcome of interest), vertical
jump height (VIH), dynamic balance, and gluteus medius sur-
face electromyography (EMG) activation after aerobic exercise
in ACLRs with a healthy control population. As an exploratory
aim, we performed a subgroup analysis based on graft type in
our ACLRs.

10-12

METHODS

We used a case-control, pretest-posttest design with 2 inde-
pendent variables: group (ACLRs, healthy controls) and time
(before and after aerobic exercise). The dependent variables
were (1) dynamic balance, measured as normalized reach dis-

tance in the 3 directions of the Star Excursion Balance Test
(SEBT), anterior, posteromedial, and posterolateral; (2) average
root mean square of the gluteus medius EMG signal measured
at the point of maximal reach during the SEBT; (3) maximum
single-legged VJH; and (4) maximum isometric force output of
the hip extensors, abductors, and external rotators.

Participants

A total of 17 ACLRs (6 men: age=26.8+4.6 years,
height=176.1+10.6 cm, mass=86.7+15.8 kg; 11 women:
age=23.2+3.4 years, height=168.8+7.7 cm, mass=64.7+5.5
kg) who had undergone primary, unilateral ACL reconstruction
(10 semitendinosis-gracilis autografts, 7 bone-tendon-bone au-
tografts) an average of 3.3+1.66 years earlier were recruited
for this study. The ACLRs were matched with healthy con-
trols (6 men: age=25.5+2.9 years, height=176.1£5.7 cm,
mass=78.6+7.0 kg; 11 women: age=21.9+ 1.5 years, height =
165.7+5.4 cm, mass=62.8+£5.9 kg) based on sex and age.
Volunteers in both groups were recreationally active (ie, they
exercised 3 or more days per week). Activity levels between
the 2 groups were similar: control participants reported exer-
cising on average 3.9+0.9 times per week and 1.2+0.5 hours
per session. The ACLRs exercised 3.7+ 1.4 times per week and
1.0+0.3 hours per session. Most participants reported gym-
based exercise regimens that included a combination of weight
lifting, aerobic activity, and recreational sport involvement.
One female ACLR was an out-of-season collegiate soccer
player. Volunteers were excluded from the study if they had in-
curred a lower extremity injury within the last 6 months. Each
participant provided informed consent before testing occurred,
and the study was approved by the university’s institutional re-
view board.

Instruments

Maximum isometric hip external rotation, abduction, and
extension force outputs were measured with a handheld dy-
namometer (model microFET2; Hoggan Health Industries,
Draper, UT). A treadmill (model Q65 series 90; Quinton Instru-
ment Company, Bothell, WA) was used for the aerobic exercise
protocol. Gluteus medius muscle activity was measured with
surface EMG through a 16-bit data acquisition system (model
MP150; BIOPAC Systems, Inc, Goleta, CA). Signals were
amplified (model EMG100C; BIOPAC Systems, Inc) using a
gain of 1000 from disposable, round, pregelled 10-mm silver
chloride electrodes (model EL503; BIOPAC Systems, Inc).
The EMG measurements were sampled at 1000 Hz. The input
impedance of the amplifier was 1 MQ, with a common mode
rejection ratio of 110 dB and a signal-to-noise ratio of 70 dB.
AcqKnowledge Software (version 3.7.3; BIOPAC Systems,
Inc) was used for data processing. Time off the ground dur-
ing the vertical jump trials was measured using digitized signal
from a pressure mat (imported through a universal interface
module on our BIOPAC system). We subjectively monitored
each participant’s level of fatigue with the Borg Rate of Per-
ceived Exertion (RPE) Scale.

Testing Procedures

All testing orders were counterbalanced using a Latin square
in order to reduce the influence of multiple tests before and af-
ter exercise. The order of testing was the same during preexer-
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cise and postexercise measurements for each participant. The
SEBT is a reliable test!” that requires single-legged dynamic
balance while the participant performs a maximal reach task
with the contralateral limb."* While the participant stood on the
reconstructed or the dominant limb (control group), he or she
was instructed to maximally reach the contralateral limb along
a straight line on the floor in 3 directions!”!°: the anterior direc-
tion (12:00 on a clock face), posterolateral direction (4:30 on a
clock face), and posteromedial (7:30 on a clock face) (Figure
1). Three practice trials were allowed in each direction for ac-
climation to testing procedures. We recorded the mean of 3 test
trials for analysis. Trials were excluded if the volunteer was
unable to maintain balance on the stance leg while performing
maximal reach and return to the starting position.

To record the EMG signal, electrodes were placed over the
gluteus medius between the iliac crest and the greater trochan-
ter® of the injured or dominant leg and over active muscle tis-
sue, as verified with palpation during an isolated contraction.
Electrodes were placed parallel to muscle fiber orientation,
with a standard interelectrode distance of 2 cm. The EMG sig-
nal was recorded while the participant performed the SEBT. We
manually identified toe touchdown with a digital event marker
inserted into the EMG data stream when the volunteer achieved
maximum reach distance during the SEBT.

For VJH, participants were instructed to stand on the pres-
sure mat on the reconstructed or dominant leg and jump verti-
cally as high as possible, taking off only on the injured limb (ie,
single-legged jump). They were allowed to perform a counter-
movement jump and told to land on both legs. For the pretest,
volunteers were given 3 practice trials to ensure comprehen-
sion. They then rested for approximately 30 seconds or until
they felt adequately recovered from the practice trials followed
by 3 test trials.

Maximal isometric hip force output was collected using a
handheld dynamometer for 3 muscle groups: the abductors, ex-
tensors, and external rotators. To quantify force output, partici-
pants performed 2 practice trials (1 submaximal, 1 maximal)
followed by 3 maximal test trials, each lasting 3 seconds. All
contractions were performed in the same order to minimize the
setup time during posttesting. The testing order went as fol-
lows: side-lying hip abduction, prone hip extension, and seated
hip external rotation. Maximal isometric hip abduction force
output was measured with the volunteer side lying and the con-

tralateral limb positioned with the hip flexed and the knee bent
to 90°. Hip extensor strength was measured in the prone posi-
tion with the hip in neutral position and knee bent to 90°, and
hip external rotation was measured in the seated position with
hips and knees bent to approximately 90°. Canvas straps sta-
bilized the test leg and dynamometer during testing to isolate
the uniplanar movement of interest (Figure 2). Dynamometer
placement was based on the work of previous authors,”’ who
reported good reliability for handheld dynamometry in assess-
ing lower extremity isometric strength. Ink markings were
placed on the skin to ensure exact placement of the handheld
dynamometer during posttesting.

After baseline testing, participants performed a 20-minute
aerobic exercise treadmill protocol (modified Balke proto-
col'>1%) in which they walked continuously at a speed of 3.5
mph (5.6 kph). This speed was based on preliminary work and
previously used graded treadmill exercise protocols and was
intended to allow volunteers to walk at a consistent but chal-
lenging pace that would avoid knee pain due to high-impact
forces during inclined jogging. During the first 15 minutes, the
treadmill incline was increased 1.0% per minute. For the final
5 minutes, the participants were allowed to modify the tread-
mill incline (increase or decrease) to maintain an RPE of 15 to
17 for the remainder of the exercise protocol. After the aerobic
exercise treadmill protocol, dynamic balance, surface EMG,
muscle strength, and VIH were retested in the pretest order. To
minimize the potential influence of recovery on the dependent
measures, all posttesting was completed within 3 minutes of
the end of the treadmill protocol, and the order of the tests was
counterbalanced for each participant.

Data Processing

SEBT Data. The distance from the starting point to maxi-
mal reach was measured in centimeters and normalized to the
length of the participant’s stance leg from the anterosuperior
iliac spine to the medial malleolus. The average of 3 trials was
used for analysis.

EMG Data. A time epoch of 200 milliseconds (100 mil-
liseconds before and 100 milliseconds after the instant of maxi-
mal reach distance during SEBT testing) was band-pass filtered
(10-500 Hz) and processed using a 10-millisecond moving av-
erage root mean square algorithm. The mean root mean square

Figure 1. Performance of the Star Excursion Balance Test. A, Anterior. B, Posteromedial. C, Posterolateral. This image is not of an actual
patient.
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Figure 2. Strength testing positions. A, Hip abduction. B, Hip extension. C, Hip external rotation. The handheld dynamometer was placed
at the distal end of the femur superior to the lateral epicondyle, just superior to the popliteal space on the posterior thigh, and proximal
to the medial malleolus along the distal tibia for the 3 testing positions, respectively. This image is not of an actual patient.

value of the 200-millisecond window from each SEBT trial
was used for analysis.

Vertical Jump Height. Time off the ground during the trials
was identified using the digital signal captured from the pres-
sure mat. Maximum VJH (in meters) was calculated using the
following formula: VIH=(9.81 xT?)/8.

Force Data. The average of 3 trials of maximal force ob-
tained from the handheld dynamometer was normalized to
body mass for analysis.

Statistical Analysis

The sample size was based on previously published?' esti-
mates of variability in hip muscle strength assessment using
handheld dynamometry. Anticipating that a large effect size
(ie, 0.95) would result after the treadmill exercise protocol, we
determined that 17 volunteers per group would be sufficient to
detect statistically significant differences with a type I error rate
of 5% and power exceeding 80%.

We performed individual 2 X2 mixed-model multivariate anal-
yses of variances (ANOVAs) for each of the following preexer-
cise-postexercise comparisons: (1) dynamic balance (normalized
reach distance in the anterior, posteromedial, and posterolateral
directions during the SEBT); (2) average root mean square of
the gluteus medius EMG signal while performing the SEBT in
the anterior, posteromedial, and posterolateral directions; and
(3) maximum isometric hip muscle force output. In the case of
a main effect, we proceeded with individual ANOVAs for each
dependent variable. We performed an ANOVA for maximum,

single-legged VJH. In the event of any significant interaction
term, we used independent- and dependent-samples ¢ test post
hoc specific comparisons where appropriate. As an exploratory
aim, we performed a subgroup analysis to compare graft types
before and after aerobic exercise using individual 2X2 mixed-
model ANOVAs. Test findings were considered statistically sig-
nificant if P<.05; we did not use a Bonferroni correction.?>??

RESULTS
Dynamic Balance

We observed a multivariate effect for time when we consid-
ered a linear combination of SEBT reach distance dependent
variables (f33,=4.2, P=.01). On average, posterolateral reach
distance was reduced after aerobic exercise (ie, univariate main
effect for time: F,;,=10.2, P=.003, n?=0.24) (Table 1). No
differences were evident in anterior or posteromedial reach
distances after exercise (P>.05). The ACLRs displayed shorter
reach distances (ie, main effect for group) in the posterolateral
(F,5,=6.7, P=.02, n?=0.17) and posteromedial (F,;,=4.4,
P=.04, n*=0.12) directions but not in the anterior (P>.05)
reach direction when compared with matched controls.

Gluteus Medius Muscle Activation During
Dynamic Balance

No multivariate main effect for gluteus medius muscle ac-
tivation over time was demonstrated. On average (main effect

Table 1. Star Excursion Balance Test Maximum Normalized Reach Distance (cm/cm) in Patients With Anterior Cruciate
Ligament-Reconstructed Knees (ACLR), Control Group, and Total Sample (Mean +SD)

Group Total Sample P Value®
ACLR Control
After Aerobic After Aerobic After Aerobic Group x
Direction Baseline Exercise Baseline Exercise Baseline Exercise Time Group Time
Anterior 0.76+0.07 0.78+0.08 0.76+0.07 0.76+0.09 0.76+0.07 0.77+0.09 .40 .66 .58
Posteromedial 0.86+0.12 0.85+0.12 0.95+0.12 0.93+0.13 0.91+0.13 0.89+0.13 12 .02° .96
Posterolateral 0.83+0.12 0.78+0.11 0.91+0.11 0.89+0.12 0.87+0.12 0.84+0.13 .003¢ .04 A7

2Findings from univariate analysis of variance.
®Less in ACLR patients than in the control group.
°Reduced from pretest to posttest in all participants.
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Table 2. Root Mean Square Gluteus Medius Muscle Activation During Maximum Normalized Star Excursion Balance
Test Reach Distance Measurements in Patients With Anterior Cruciate Ligament-Reconstructed Knees (ACLR), Control

Group, and Total Sample (Mean +SD)

Group Total Sample P Value?
ACLR Control
After Aerobic After Aerobic After Aerobic Group x
Direction Baseline Exercise Baseline Exercise Baseline Exercise Time Group Time
Anterior 0.88+0.27 0.84+0.21 0.98+0.20 1.07+£0.24 0.93+0.24 0.96+0.25 .968 .01° .28
Posteromedial 1.45+1.20 1.11+0.61 1.30+0.70 1.20+0.77 1.37+0.95 1.16+0.70 .15 .91 42
Posterolateral 1.19+0.87 1.10+0.42 1.13+£0.49 1.08+0.88 1.16+0.68 1.09+0.69 .60 .86 .90

aFindings from univariate analysis of variance.
bLess in ACLR patients than in the control group.

for group), ACLRs exhibited lower gluteus medius EMG activ-
ity in the anterior direction than the control group (F,;;=7.1,
P=.01, n?=0.20) (Table 2). We found no other differences in
gluteus medius EMG activation between groups or after aero-
bic exercise.

Vertical Jump Height

No differences were noted in VJH between groups or after
aerobic exercise (Table 3).

Isometric Hip Muscle Strength

A multivariate effect for time was seen for the linear com-
bination of isometric muscle strength dependent variables
(F53=5.0, P=.01) was considered. Specifically, after the aero-
bic exercise protocol, all participants experienced a reduction
in hip extension (F,3=7.6, P=.01, n?=0.19) and hip abduc-
tion strength (F,;=4.4, P=.04, 1?=0.12) but not in external
rotation strength (F,5,=2.9, P=.09, n?=0.08) (Table 4). We
observed an interaction suggesting a difference in hip extensor
strength after aerobic exercise (F,;,=4.6, P=.04, n?=0.13):
ACLRs displayed reduced hip extensor strength after exercise
(t,,=3.0, P=.01), but the control group did not (P>.05).

Subgroup Analysis: Graft Type

Patients whose reconstructions were performed with bone-
tendon-bone grafts had greater external rotation strength (main
effect for group: F, ,=5.6, P=.03) than those with hamstring
grafts.

DISCUSSION

After aerobic exercise, we observed deteriorated dynamic
balance and hip muscle strength. Contrary to our hypothesis,
the changes in dynamic balance and VJH were not different be-
tween ACLRs and healthy, matched controls. However, ACLRs

Table 3. Maximum Single-Legged Vertical Jump Height (m)
in Patients With Anterior Cruciate Ligament-
Reconstructed Knees (ACLR), Control Group, and Total
Sample (Mean +SD)

Time ACLR Control Total Sample
Baseline 0.16+0.11 0.17+0.08 0.17+0.09
After aerobic exercise 0.17+0.16 0.17+0.09 0.17+0.13

experienced a greater reduction in hip extensor strength after
aerobic exercise than did the control group. This finding was
consistent with our expectations of a greater reduction in hip
extensor strength after a bout of aerobic exercise in recreation-
ally active people with unilateral, primary ACL reconstruc-
tions. These changes were not observed for isometric hip ex-
ternal rotation or abduction strength. The findings from this
study may help clinicians identify exercise-related compensa-
tions at the hip during clinical and sport-specific evaluations,
thereby guiding therapeutic exercise prescriptions or other
forms of proprioceptive or neuromuscular training. Although
patients with a history of severe knee injury appear to be at
higher risk for joint degeneration, we cannot say with any con-
fidence whether differences in hip muscle strength after exer-
cise precipitate the progression toward early-onset knee joint
degeneration.

Hip extension force output is reduced in ACLRs at 3 months
postoperatively and is restored by 1 year.!" Hamstring strength
deficits have also been reported in ACLRs.** However, data on
hamstring strength deficits after ACL reconstruction conflict.
Some authors®? reported greater hamstring strength deficits in
patients with hamstring autografts, whereas others*?’ noted no
differences in hamstring strength between those reconstructed
with hamstring versus bone—patellar tendon—bone autografts. In
the current study, patients who underwent reconstruction with
hamstring grafts exhibited weaker hip external rotation strength
and less gluteus medius muscle activation. Previous investiga-
tors have debated the existence of deteriorated quadriceps and
hamstring muscle strength®? and gait*® among patients with
reconstructions of different graft types. Generally speaking, it
is intuitive that people who lose native hamstring tissue will
be at risk for hamstring muscle strength problems, and those
who lose a portion of the patellar tendon will be at risk for
quadriceps strength problems. However, whether the observed
changes in hip extensor weakness among ACLRs were due to
donor site morbidity and whether this difference is clinically
important during exercise is unknown.

We observed no differences in single-legged VIH between
groups or after exercise. This was an unexpected finding, which
may reflect the fact that our aerobic exercise protocol did not
target the portions of the lower extremity motor-neuron pools
more likely to contribute to explosive, powerful maneuvers
such as the vertical jump. In a previous study,”’ ACLRs ex-
perienced reduced single-legged hop distance after a resisted
isotonic fatiguing protocol isolated to the knee extensors. Yet
Gustavsson et al* reported that vertical jump performance was
restored 11 months after reconstruction. Our participants were
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Table 4. Hip Muscle Strength, Normalized to Body Weight (N/kg), in Patients With Anterior Cruciate Ligament-
Reconstructed Knees (ACLR), Control Group, and Total Sample (Mean +SD)

Group Total Sample P Value?
ACLR Control
Hip Muscle After Aerobic After Aerobic After Aerobic Group x
Strength Baseline Exercise Baseline Exercise Baseline Exercise Time Group Time
Abduction 0.82+0.23 0.78+0.25 0.85+0.22 0.80+0.28 0.83+0.22 0.79+0.26° .04 77 .86
Extension 0.583+0.25 0.41+0.18° 0.43+0.14 0.42+0.16 0.47+0.21 0.42+0.17 .01° .46 .04¢
External rotation ~ 0.31+0.09 0.28+0.10 0.37+0.18 0.34+0.14 0.34+0.14 0.31+0.12 .10 .18 .99

2Findings from univariate analysis of variance.
®Reduced from pretest to posttest in all participants.
cSignificant difference.

2 or more years postreconstruction, but it is clear from the SDs
that vertical jump ability was highly variable, both at baseline
and after the exercise protocol. This result indicates that our
volunteers were heterogeneous in their ability to generate mus-
cle power during an explosive maneuver.

Decreased or altered mechanoreceptor information about
joint position® in the injured knee may lead to modified neu-
romuscular control while the person attempts to maintain bal-
ance. In some ACLRs, static balance was not different from
that in healthy controls®**; however, in ACLRs, already im-
paired postural control may further deteriorate during static,
unilateral balance® as a response to a postural perturbation.®3
In the current study, we observed worse dynamic balance, de-
fined as normalized reach distance during the SEBT, in ACLRs
compared with controls. These deficits were noted only in the
rotational components of the SEBT, indicating that ACLRs
may have difficulty or may be avoiding certain knee positions
of rotary instability during a dynamic balance task. Excessive
tibial rotation may result in abnormal loading of knee cartilage,
potentially leading to joint degeneration.*

The ACLRs exhibited shorter reach distances when per-
forming dynamic balance tasks that required greater lower ex-
tremity rotation. For example, their reach distance in the an-
terior direction of the SEBT was not different from that in the
control group, but their reach distance in the posterolateral and
posteromedial directions was different. Attempting to achieve
the greatest possible reach distance is often accompanied by
lower extremity rotational movements. However, no rotation is
typically involved in the anterior reach direction of the SEBT
(Figure 1). The findings of altered reach distances in the postero-
medial and posterolateral directions are consistent with pre-
vious descriptions of altered transverse-plane tibiofemoral kine-
matics after ACL reconstruction,?” especially during functional
tasks.*® One group® reported decreased internal tibial rotation
in the ACL-reconstructed knee under simulated muscle loads,
whereas another group* noted decreased internal tibial rotation
or increased external tibial rotation during running. Therefore,
ACLRs may be more likely to exhibit reduced dynamic balance
when the activities involve rotational movements at the knee
joint, such as those experienced during the posterolateral and
posteromedial reach directions of the SEBT.

We did not observe changes in gluteus medius activity after
our aerobic exercise protocol. This may be because insufficient
demand was placed on this muscle with a forward-walking
exercise protocol, which may not have adequately challenged
the frontal-plane hip stabilizers to reveal a difference between
groups after exercise. However, ACLRs demonstrated less glu-

teus medius EMG activation during the anterior reach of the
SEBT than did controls, even though no group differences were
evident in the reach distances. The fact that ACLRs achieved
anterior reach distances similar to those of controls indicates
that the former group was using less gluteus medius activity
while balancing. A potential explanation is that ACLRs were
activating muscles other than the gluteus medius or exploring
alternative knee, hip, and trunk positions while performing the
anterior reach task. Anecdotally, the lack of activation may also
result in a Trendelenburg posture during the anterior reach.
A dropped hip on the reach side would further indicate that
ACLRs had insufficient gluteus medius activation of the stance
leg to maintain a level pelvis. However, this is only a possible
rationale for our findings, and we did not make any attempt
to standardize pelvic inclination or lateral tilting during SEBT
procedures.

Previously, women were found to have reduced gluteus me-
dius EMG activity while landing from a jump,*! which has been
implicated as a potential source of noncontact injury risk. In the
current study, reduced gluteus medius muscle activity repre-
sents a neuromuscular adaptation in ACLRs that may influence
lower extremity stability during activity.

Our exercise protocol was intended to exert our participants
and induce a subexhaustive level of muscular fatigue. The time
between the end of the treadmill protocol and completion of the
postexercise measurements may confound any study designed
to examine the immediate influence of fatigue on neuromuscu-
lar function. Previous authors** reported balance deficits that
persisted 5 minutes after a 20-minute fatiguing exercise proto-
col but resolved completely after an additional 15 minutes of
rest. In our study, RPE values were similar to those reported
previously,* and all testing was completed within 5 minutes
after exercise. We performed extensive pilot and practice ses-
sions to enable expedient and accurate data collection in the
minutes after our exercise protocol. We also counterbalanced
the order of testing. Therefore, although we cannot confirm the
state of fatigue in the minutes after exercise, we offer the fol-
lowing assurances. An investigation of recovery of neuromus-
cular function** included absolute rest during the postexercise
period. This was not the case for our participants, who contin-
ued to work at high intensity while performing maximal jump
tasks, isometric contractions, and dynamic balance. In addition,
if participants experienced recovery immediately after the ex-
ercise tasks, we would expect that the values of our dependent
measures would vary greatly. As shown in the tables, it is clear
that variability, as reported with SDs, did not change much
from pretest to posttest. However, we cannot state with certain-
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ty that the level of neuromuscular fatigue was consistent during
all postexercise measures; this is a potential confounding factor
that may explain some of our nonsignificant findings.

This study may be limited by the aerobic exercise protocol
used to induce fatigue. Our concern was to be able to stringently
control the level of exertion experienced by each participant for
appropriate comparisons. Yet the fitness levels of “recreationally
active” people may vary. The exercise protocol we used was in-
tended to fatigue the participants. Previous researchers,* using
similar graded treadmill protocols, showed that young, healthy
people walking at a constant speed of 3.5 mph (5.6 kph) for 20
minutes on a gradually increasing incline experienced average
heart rates exceeding 180 beats per minute. More contempo-
rary models of fitness assessment in young adults use treadmill
tests that incorporate concurrent increases in treadmill incline
and speed to maximally exert participants, but this was not our
intention. We wanted volunteers to experience a consistent lev-
el of fatigue with minimal risk for becoming exhausted or ex-
periencing pain during the test, both of which could potentially
confound the outcome measures. The use of RPE has also been
reported as a valid and reliable method for regulating exercise
intensity*: an RPE value of 15 corresponds with an average
exercise intensity exceeding 70% V0, max.* Furthermore, the
6-20 RPE scale was developed to predict heart rate during ex-
ercise (ranging from 60-200 beats per minute, respectively).
Therefore, according to the common method for estimating
maximal heart rate (220—age), at an RPE between 15 and 17,
participants were exercising at more than 80% of their recom-
mended maximal heart rate. Thus, our participants completed
a period of exercise that progressed to a moderate level of in-
tensity. The changes experienced during this bout of exercise
may be magnified during longer-duration and higher-intensity
sport-specific exercise; therefore, clinicians and researchers
can use our findings to recognize exercise-related adaptations
that may represent coping strategies for injured people who are
fatigued. Neuromuscular differences between ACLRs and the
healthy control group after the low-demand exercise protocol
we used may be amplified during more strenuous, exhaust-
ing, or sport-specific exercise protocols. We cannot comment
on whether these changes existed before the initial injury.

In conclusion, neuromuscular changes after aerobic exer-
cise occurred in both ACLRs and controls. The ACLRs may
experience greater deficits in hip extensor strength after aerobic
exercise. Reduced reach distances in ACLRs may represent a
protective mechanism against excessive tibiofemoral rotation
during dynamic balance. These findings have potential implica-
tions for identifying patients who may be at risk for reinjury
or long-term joint degeneration. Clinicians should characterize
weaknesses in both the resting state and after aerobic exercise
in recreationally active patients with a history of ACL recon-
struction.
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