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Context: Sex differences in lower extremity neuromuscular
function have been reported after anterior cruciate ligament
reconstruction (ACLR). Research evidence supports different
levels of fatigability in men and women and between patients with
ACLR and healthy controls. The influence of sex on the response
to continuous exercise in patients with ACLR is not clear.
Objective: To compare quadriceps neuromuscular function
after exercise between men and women with ACLR.
Design: Descriptive laboratory study.
Setting: Laboratory.
Patients or Other Participants: Twenty-six active volunteers (13 men [50%]: age ¼ 24.1 6 4.4 years, height ¼ 179.1 6
9.8 cm, mass ¼ 80.1 6 9.4 kg, months since surgery ¼ 43.5 6
37.0; 13 women [50%]: age ¼ 24.2 6 5.6 years, height ¼ 163.0
6 5.9 cm, mass ¼ 62.3 6 8.3 kg, months since surgery ¼ 45.8 6
42.7) with a history of unilateral primary ACLR at least 6 months
earlier.
Intervention(s):
Thirty minutes of continuous exercise
comprising 5 separate 6-minute cycles, including 5 minutes of
uphill walking and 1 minute of body-weight squatting and stepups.
Main Outcome Measure(s):
Normalized knee-extension
maximal voluntary isometric contraction torque, quadriceps

superimposed-burst torque, and quadriceps central activation
ratio before and after exercise. We performed separate 2 (sex:
men, women) 3 2 (time: preexercise, postexercise) repeatedmeasures analyses of variance for the 3 variables. Separate,
independent-samples t tests were calculated to compare
preexercise with postexercise change in all dependent variables
between sexes.
Results: A significant group-by-time interaction was present for knee-extension torque (P ¼ .04). The percentage
reduction in knee-extension maximal voluntary isometric contraction torque (men ¼ 1.94%, women ¼ 10.32%; P ¼ .02) and
quadriceps central activation ratio (men ¼ 1.45%, women ¼
8.69%; P ¼ .03) experienced by men was less than that
observed in women.
Conclusions: In the presence of quadriceps dysfunction,
female participants experienced greater-magnitude reductions
in quadriceps function after 30 minutes of exercise than male
participants. This indicates a reduced ability to absorb knee-joint
loads, which may have significant implications for reinjury and
joint osteoarthritis in women after ACLR.
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Key Points






After anterior cruciate ligament reconstruction, quadriceps muscle dysfunction may reduce the ability to dynamically
absorb knee-joint loading during activity.
Compared with women, the quadriceps muscle in men is less susceptible to fatigue after anterior cruciate ligament
reconstruction; however, sex differences have not been investigated.
In the presence of preexercise quadriceps muscle dysfunction, women experienced greater reductions in
normalized knee-extension maximal voluntary isometric torque and quadriceps central activation ratio after 30
minutes of exercise than men.
The greater magnitude of exercise-induced alterations observed in women compared with men may put them at
increased risk for reinjury and long-term knee-joint degeneration.

D

espite a return to physical activity after anterior
cruciate ligament (ACL) reconstruction (ACLR),
sex differences in short-term and long-term
outcomes1–3 have been reported.4 Clinically, female
patients have demonstrated decreased knee-related function
as well as diminished physical activity levels when
compared with their male counterparts in the ﬁrst 2 years
after ACLR.5 Additionally, when matched for demographics and activity level, females may be at greater risk for
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ACL reinjury and concomitant injury to the involved
limb.6,7 The cause of this disparity is undoubtedly
multifactorial; however, a contributor may be the greateramplitude declines observed in muscle function by females
after exercise. These sex differences in muscle function
may help to explain the persistent biomechanical differences present during gait8 and jump landings.9,10 Suboptimal outcomes related to sex may increase the risk for
posttraumatic knee-joint osteoarthritis after ACLR. At an
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Table 1. Participant Demographics
Mean 6 SD
Characteristic

Men

Age, y
Height, cm
Weight, kg
BMI, kg/m2
Time since surgery, mo
VAS at screening
Tegner activity score

24.1
179.1
80.1
24.9
43.5
0.0
6.4

6
6
6
6
6
6
6

Women
4.4
9.8
9.4
1.9
37.0
0.1
1.5

24.2
163.0
62.3
23.4
45.8
0.1
5.9

6
6
6
6
6
6
6

5.6
5.9
8.3
2.7
42.7
0.1
0.7

Abbreviations: BMI, body mass index; VAS, visual analog scale for
pain.

reconstructions, a signiﬁcant surgical complication (eg,
infection), or a history of graft failure or were unable to
complete 30 minutes of aerobic exercise. All volunteers
were recruited from the university community. This study
was approved by the university institutional review board,
and informed, written consent was received from all
participants before enrollment.
Instrumentation

Knee-extension torque was measured with a Biodex
multimodal dynamometer (System 3; Biodex Medical
Systems, Inc, Shirley, NY). Data were exported with a
remote-access port and digitized at 125 Hz (version MP150;
Biopac Systems, Inc, Santa Barbara, CA). A Grass S88 dualoutput square-pulse stimulator (Grass-Telefactor, West Warwick, RI) with the STIMSOC stimulus isolation unit (Biopac
Systems, Inc) was used to deliver a 100-millisecond train of
10 square-wave pulses at an intensity of 125 V with a pulse
duration of 600 lm at a frequency of 100 pulses per second.
Preexercise Measures

METHODS

Participants completed a single testing session in the
laboratory, which included screening for inclusion and
exclusion criteria and performing the test protocol.

Design

Quadriceps SIB Technique

This was a descriptive laboratory study with a pretestposttest design. The independent variables were time
(preexercise, postexercise) and sex (male, female). The
dependent variables were quadriceps MVIC torque, quadriceps superimposed-burst (SIB) torque (TSIB), and quadriceps CAR.

We measured unilateral quadriceps CAR of the involved
limb using the SIB technique. Each participant was seated
in the dynamometer chair with the hips and knees ﬂexed to
808 and 608, respectively. He or she was secured to the
chair using a lap belt and instructed to maintain good
seated posture (back straight, shoulders against the chair
back) with hands resting in the lap. Each participant
completed several practice trials (25%, 50%, and 75% of
MVIC) to become comfortable with the testing protocol.
Then he or she was asked to perform a knee-extension
MVIC, which was normalized to body mass, while
focusing on using only the quadriceps muscle group. Oral
encouragement such as ‘‘keep going’’ and ‘‘push harder’’
was provided throughout each trial. Once the investigator
(C.K.) determined that the MVIC had reached a plateau,
an electrical stimulation was delivered to the quadriceps
using two 8 3 14-cm, pregelled stimulating electrodes
(Alexgaard Manufacturing Company, Fallbrook, CA)
placed above the proximal-lateral and distal-medial
quadriceps on the involved leg. The stimulus was intended
to induce a short-duration increase in torque (TSIB). That

Participants

Twenty-six (women ¼ 13 [50%], men ¼ 13 [50%])
volunteers with a history of primary, unilateral ACLR
(patellar tendon autografts ¼ 8 [31%], hamstrings autografts
¼ 15 [58%], allografts ¼ 3 [12%]) participated in this study
(Table 1). Volunteers were included if they were between
18 and 40 years old, had a body mass index less than 35 kg/
m2, had recovered for at least 6 months after unilateral
primary ACLR, and were recreationally active (exercised at
least 3 times a week for 30 minutes).35 In addition, all
participants exhibited unilateral quadriceps-activation failure (CAR  90%) of the involved limb.36 Volunteers were
excluded if they had experienced a lower extremity joint
sprain within the previous 6 weeks, multiple ligament
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average follow-up of 7.8 years after ACLR, females were
more likely than males to exhibit radiologic signs of
osteoarthritis.11 The underlying factors for those observed
short-term and long-term outcomes for females after ACLR
are not well understood and are troubling when considered
with the increased rates of initial ACL injury experienced
by females.12–14
Little information is currently available about the
adaptations to exercise that occur after ACLR. In healthy
individuals, lower extremity muscles weaken after acute
bouts of high-intensity and high-volume exercise.15–17
Previous investigators have used fatiguing-exercise protocols to better understand the effects of simulated athletic
participation in healthy individuals15,16,18–22 and, to a lesser
extent, individuals after ACLR.23–25 In healthy people,
decreased knee-extension strength and altered gait biomechanics have been noted after isokinetic fatigue of the
hamstrings and quadriceps.26 However, when sex differences in quadriceps fatigability were investigated, depending on the task and the age of the participants, healthy
females appear to be more27–29 or less19,30,31 resistant to
muscular fatigue. Females are heavily reliant on the
quadriceps muscle during running, cutting, and jump
landing at rest and after exercise.31–34 That is consistent
with reports that healthy females may be more susceptible
to quadriceps fatigue after exercise; however, we are the
ﬁrst, to our knowledge, to compare sexes after ACLR.31
Therefore, the purpose of our study was to compare the
effects of exercise on knee-extension maximal voluntary
isometric contraction (MVIC) torque (TMVIC) and quadriceps
central activation ratio (CAR) in men and women after
ACLR. We hypothesized that female participants would
experience lower-magnitude declines in isometric TMVIC and
quadriceps CAR when compared with male participants
because of patterns of reduced lower extremity fatigability
and quadriceps dominance previously measured in healthy
populations.

The investigator constantly monitored participants and gave
constant feedback on the pace of the exercise and the
quality of the repetitions throughout the cycle. Five cycles
(walking and exercise) were completed, for a total of 30
minutes of exercise. Participants were asked to rate their
level of exertion using the Borg Scale of Perceived Exertion
during the ﬁnal 30 seconds of each 5-minute walking cycle
(Figure 1). Participants could modify their walking pace
during the ﬁfth and sixth cycles of exercise to maintain a
rating of perceived exertion of 17 or less.
Postexercise Testing

peak value was then compared with the average value for
a 250-millisecond window immediately before the stimulation (TMVIC). Those values were then used to calculate
the quadriceps CAR:
CAR ¼ ½TMVIC =ðTMVIC þ TSIB Þ 3 100

ð1Þ

Theoretically, Equation 1 represents the percentage of the
quadriceps motor-neuron pool that can be volitionally
activated.36

Statistical Analysis

We performed separate independent-samples t tests for
preexercise knee-extension torque, TSIB, and quadriceps
CAR. Separate 2 (sex: male, female) 3 2 (time: preexercise,
postexercise) repeated-measures analyses of variance were
conducted for knee-extension torque, TSIB, and quadriceps
CAR. Separate post hoc independent-samples t tests were
calculated for the mean of the individual participant’s
preexercise to postexercise percentage of change within each
group in the knee-extension torque, TSIB, and quadriceps
CAR between sexes. The level of signiﬁcance was set a priori
at P , .05. We used SPSS statistical software for all analyses
(version 17.0; SPSS Inc, Chicago, IL).
RESULTS

Exercise Protocol

The exercise protocol consisted of repeated 6-minute
cycles of treadmill walking and body-weight–resisted
squats and step-ups.31 Each treadmill-walking phase lasted
5 minutes, during which participants were allowed to walk
at a self-selected pace 3.0 mph (1.3 m/s). The treadmill
incline was increased 1.08 per minute until an incline of
15.08 was achieved, at which point the incline remained
constant for the remainder of the protocol. During the 1minute intervals of nontreadmill exercise, participants were
asked to complete at least 2 sets of 10 high-paced step-ups
onto a 20-cm step, as well as 2 sets of 10 body-weight–
resisted squats with a minimum knee-ﬂexion angle of 608.

Quadriceps Muscle Function

Normalized knee-extension TMVIC (t24 ¼ 0.23, P ¼ .82),
quadriceps TSIB (t24 ¼0.38, P¼.71), and quadriceps CAR (t24
¼ 0.07, P ¼ .94) were not different between sexes before
exercise. A signiﬁcant group-by-time interaction was demonstrated for knee-extension torque (F1,50 ¼ 4.718, P ¼ .04).
The percentage reductions in normalized knee-extension
TMVIC (t24 ¼ 2.60, P ¼ .02) and quadriceps CAR (t24 ¼ 2.27, P
¼ .03) experienced by male participants (MVIC ¼ 1.94%,
CAR ¼ 1.45%) were less than for female participants
(MVIC ¼10.32%, CAR ¼8.69%) (Table 2; Figure 2).

Table 2. Sex Comparison of Change in Quadriceps Function After Exercise
Preexercise, Mean 6 SD

Postexercise, Mean 6 SD

% Change

95% Confidence Interval

2.62 6 0.55
2.28 6 0.65

1.94b
10.32

9.29, 5.42
3.16, 17.80

3.60 6 0.82
3.33 6 0.53

3.39
1.84

7.35, 0.56
4.64, 8.31

73.9 6 9.7
68.0 6 16.0

1.45b
8.69

4.26, 7.16
4.71, 12.67

Knee-extension maximal voluntary isometric contraction torque, Nm/kg
Men
Women

2.63 6 0.68a
2.56 6 0.70

Quadriceps superimposed-burst torque, Nm/kg
Men
3.49 6 0.82
Women
3.39 6 0.40
Quadriceps central activation ratio, %
Men
Women
a
b

75.4 6 10.2
75.0 6 16.4

Significant between-groups 3 time interaction (P , .05).
Significant between-groups difference in preexercise to postexercise percentage of change (P , .05).
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Figure 1. Comparison of knee-extension maximal voluntary
isometric contraction (MVIC) torque in men and women with a
history of anterior cruciate ligament reconstruction (ACLR). Data
from healthy individuals, including men and women described in a
previous publication,37 were included for comparison. a Signiﬁcant
group 3 time interaction (P , .05). b Signiﬁcant group difference in
preexercise to postexercise percentage of change (P , .05).

Unilateral knee-extension MVIC and quadriceps SIB
testing was repeated immediately after the exercise
protocol. Postexercise measurements were completed
within 10 minutes after the exercise ended.

DISCUSSION

We hypothesized that after ACLR, female participants
would experience lower-magnitude declines in kneeextension TMVIC and quadriceps CAR when compared
with their male counterparts after completing a 30-minute
cycle of submaximal exercise. However, our ﬁndings
contradict our initial hypothesis. Men and women displayed
equal, normalized isometric knee-extension strength and
activation at rest; yet despite similar reported activity levels
before participation (Table 1) and reported exertion levels
during the exercise protocol, women experienced greater
declines in both measures of quadriceps function. The
contrast in adaptation to exercise between groups indicates
a potential reduction in the ability of females to generate
knee-extension torque and thereby absorb dynamic joint
loading during functional activity. These results may have
implications for both reinjury risk and the incidence of
long-term joint degeneration.
Men and women achieved similar levels of participantreported exertion throughout the exercise protocol (Figure
4). However, women experienced distinctly greater adaptations to exercise. Theoretically, because of the design of
our exercise protocol, which included step-ups onto a 20cm box for all participants, women might have experienced
greater relative quadriceps work than did their taller male
counterparts. Yet we found no relationship between height
and change in normalized knee-extension TMVIC for men or
women. Therefore, we are conﬁdent that the difference in
fatigue patterns observed between sexes was not likely due
to differences in body proportions or disproportionate task
difﬁculty during the exercise protocol. Female participants
experienced declines in normalized knee-extension TMVIC
(men ¼ 1.94%, women ¼ 10.32%; Figure 1) and
quadriceps CAR (men ¼ 1.45%, women ¼ 8.69%;
Figure 2), whereas male participants experienced little
alteration in their quadriceps function. Patients with a
history of ACLR have shown resistance to quadriceps
fatigue after isolated knee-extension exercise24,25 as well as
lower extremity exercise similar to that performed in this
study.37 Those alterations may be related to reductions in
knee-extension torque and activation that are commonly
seen at rest after ACLR (Figures 2 and 3).37,38

Figure 3. Box-and-whisker plots for the percentage of change
from preexercise to postexercise for A, normalized knee-extension
maximal voluntary isometric contraction torque (MVIC) torque, and
B, quadriceps central activation ratio (CAR) in men and women.
Potential outliers for change in normalized, isometric kneeextension torque were present in both groups, as indicated by the
circles that fall outside the box and whiskers for each group. No
such outliers were present for the change in quadriceps CAR data.
* Signiﬁcant difference between men and women (P ¼ .02).

In the presence of quadriceps weakness and reduced
activation, participants were shown to have altered
movement patterns that may result in decreased demand
on the quadriceps and, therefore, explain the tendency
toward decreased quadriceps fatigue after ACLR.37,39 In
this investigation, women experienced preexercise to
postexercise declines in normalized knee-extension TMVIC
and quadriceps CAR that were consistent with previous
reports regarding healthy individuals; the men’s results
appeared to be more consistent with those who had a
history of ACLR (Figures 2 and 3).37 It should be noted
that, on average, men experienced a small increase in
normalized knee-extension torque after exercise. We did
not assess the mechanism for that increase in motor
performance. Depending on the intensity of activity and
the muscle groups involved, an ability to maintain neural
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Figure 2. Comparison of quadriceps central activation ratio in
men and women with a history of anterior cruciate ligament
reconstruction (ACLR). Data from healthy individuals, including
men and women described in a previous publication, were included
for comparison.37 aSigniﬁcant group difference in preexercise to
postexercise percentage of change (P , .05).

activity, as measured by electromyographic frequency
content, as well as greater efﬁciency in the usage of
muscle-glycogen stores has been proposed to lead to shortterm fatigue resistance and, in some cases, facilitate motor
performance in men.27,28 Interestingly, healthy females
were more likely to use those strategies associated with
greater fatigue resistance, which is counter to our results.
The clear disparity between sexes in the pattern of
quadriceps fatigue may reﬂect different strategies adopted
after ACLR that allow individuals to exercise in the
presence of quadriceps weakness and activation failure.
Previous investigations of healthy individuals have shown
that a 20% reduction in knee-extension torque may have
deleterious effects on performance and alter hopping
biomechanics; however, a minimum level of quadriceps
fatigue that results in biomechanical alterations has not
been established in the healthy recreationally active or
ACLR populations.40
Our ﬁndings are consistent with recent reports that kneejoint injury is more likely to occur late in athletic
competitions, when exercise-induced fatigue and related
neuromuscular dysfunction are greatest.41–43 Fatigue is
broadly deﬁned as a decreased ability of a muscle to
produce force; however, that deﬁnition does not take into
account the demands of speciﬁc tasks or the potential
pattern of dysfunction that may be elicited. In healthy
individuals, alterations in lower extremity functional
performance44–47 and gait biomechanics26,48,49 have been
shown after single bouts of moderate-to-intense exercise.
Yet the quadriceps muscles of patients with a history of
ACLR are less fatigable during isolated exercise24,25 and
after moderate-intensity functional exercise.37 Returning to
exercise despite lower extremity neuromuscular dysfunction after traumatic knee-joint injury may put athletes at
greater risk for both acute injury and long-term joint
degeneration.
Little information is available about sex patterns in hipmuscle activation after ACLR. Females with a history of
patellofemoral pain exhibit decreased gluteal activation and
744
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CONCLUSIONS

In the presence of preexercise quadriceps dysfunction,
women experienced larger reductions in normalized kneeextension TMVIC and quadriceps CAR after 30 minutes of
exercise than did their male counterparts. Previous authors
have reported reduced quadriceps fatigability after ACLR;
yet we are the ﬁrst, to our knowledge, to study the effect of
sex on quadriceps neuromuscular function after exercise.
The larger magnitude of exercise-induced alterations
observed in women, when compared with men, may
indicate a reduced ability to dynamically absorb joint
loading. This may help to explain the increased likelihood
of reduced-activity level, ACL reinjury, and knee-joint
osteoarthritis observed in females after ACLR.
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Figure 4. Sex comparison of rating of perceived exertion throughout the exercise protocol. (In the x-axis, time ¼ min.)
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