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Context: Knee braces and neoprene sleeves are commonly 
worn by people with anterior cruciate ligament reconstructions 
(ACLRs) during athletic activity. How knee braces and sleeves 
affect muscle activation in people with ACLRs is unclear.

Purpose: To determine the effects of knee braces and neo-
prene knee sleeves on the quadriceps central activation ratio 
(CAR) before and after aerobic exercise in people with ACLRs.

Design: Crossover study.
Patients or Other Participants: Fourteen people with a his-

tory of ACLR (9 women, 5 men: age = 23.61 ± 4.44 years, height =  
174.09 ± 9.82 cm, mass = 75.35 ± 17.48 kg, months since ACLR =  
40.62 ± 20.41).

Intervention(s): During each of 3 sessions, participants per-
formed a standardized aerobic exercise protocol on a treadmill. 
The independent variables were condition (brace, sleeve, or 
control) and time (baseline, pre-exercise with brace, postexer-
cise with brace, postexercise without brace).

Main Outcome Measure(s): Normalized torque measured 
during a maximal voluntary isometric contraction (TMVIC) and 

CAR were measured by a blinded assessor using the superim-
posed burst technique. The CAR was expressed as a percent-
age of full muscle activation. The quadriceps CAR and TMVIC were 
measured 4 times during each session: baseline, pre-exercise  
with brace, postexercise with brace, and postexercise without 
brace.

Results: Immediately after the application of the knee brace, 
TMVIC decreased (P = .01), but no differences between bracing 
conditions were observed. We noted reduced TMVIC and CAR 
(P < .001) after exercise, both with and without the brace. No 
differences were seen between bracing conditions after aero-
bic exercise.

Conclusions: The decrease in TMVIC immediately after brace 
application was not accompanied by differences between 
bracing conditions. Wearing a knee brace or neoprene sleeve 
did not seem to affect the deterioration of quadriceps function 
after aerobic exercise.

Key Words: neuromuscular function, aerobic exercise, cen-
tral activation ratio

Key Points
•	 After a single bout of aerobic exercise, people with anterior cruciate ligament reconstructions displayed reduced quadri-

ceps normalized maximal voluntary isometric torque and central activation ratio. These reductions were not affected by 
wearing a knee brace or neoprene sleeve while exercising.

•	 Once the knee brace was applied, quadriceps normalized maximal voluntary isometric torque decreased immediately, 
but the central activation ratio did not change.

•	 Wearing a knee brace or neoprene sleeve neither helped nor hindered quadriceps function during a single bout of aero-
bic exercise.

Quadriceps muscle weakness and central activation fail-
ure1 are common after anterior cruciate ligament (ACL) 
injury and reconstruction (ACLR).2,3 The phenomenon 

of persistent weakness and activation failure may be explained 
by arthrogenic muscle inhibition, a reflex response to joint in-
jury that may be magnified after aerobic exercise4 in which a 
muscle cannot contract to its full potential.2,3 Persistent quad-
riceps weakness after knee joint injury is a likely cause of al-
tered gait patterns5 and shock attenuation capabilities during 
dynamic activities.6 Identifying potential sources of arthrogenic 
muscle inhibition and therapies to help overcome inhibition is 
paramount to preventing excessive muscle weakness and al-
tered lower extremity biomechanics after joint injury.

 Conventionally, a variety of knee braces have been pre-
scribed to assist people with ACLRs maintain joint stability 
and prevent further joint injury during exercise.7,8 Rigid braces 
and neoprene sleeves are often worn during athletic activity9–11 
for a variety of reasons; however, little is known about how 
braces and sleeves influence neuromuscular adaptations dur-
ing exercise. Quadriceps muscle function has been shown to 
deteriorate after a standardized treadmill aerobic exercise pro-
tocol.12 This finding is clinically important because knee braces 
or sleeves are often worn after ACLR during athletic activities, 
yet whether such braces help or hinder neuromuscular function 
of the quadriceps, which is known to be deficient after ACL 
injury and ACLR, is unknown.13 Although decreases in muscle 
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activation may occur during aerobic exercise, clinicians should 
be aware of the influence of external knee joint bracing on 
quadriceps function in people with ACLRs during prolonged 
exercise. The purposes of our study were to compare (1) the 
quadriceps muscle central activation ratio (CAR) and normal-
ized torque measured during a maximal voluntary isometric 
contraction (TMVIC) immediately after the application of a rigid 
knee brace or neoprene sleeve and (2) changes in CAR and TMVIC  
after aerobic exercise in people with ACLRs wearing a knee 
brace or neoprene sleeve while exercising.

METHoDS

Participants

 A total of 18 people with ACLRs were enrolled in the 
study, but 4 withdrew before completing all sessions. There-
fore, 14 volunteers (9 women, 5 men: age = 23.61 ± 4.44 years, 
height = 174.09 ± 9.82 cm, mass = 75.35 ± 17.48 kg) with primary, 
unilateral ACLR who had undergone surgery (8 hamstring au-
tografts, 5 bone–patellar tendon–bone autografts) at least 2 years 
earlier (mean = 40.62 ± 20.41 months) completed all sessions. 
Volunteers were excluded from the study if they had undergone 
graft revision or multiple knee ligament repairs, experienced 
infection or another postoperative complication that necessi-
tated surgical intervention, or had continued complaints of pain 
or instability. This study was approved by the institutional re-
view board before participant recruitment, and each participant 
provided written informed consent before enrolling.

Instruments

 Isometric torque was recorded by a dynamometer (Biodex 
System 3; Biodex Medical Systems, Inc, Shirley, NY) and ex-
ported through a remote access port via a custom-built coaxial 
cable to a 16-bit analog-to-digital converter (model MP150; 
BIOPAC Systems, Inc, Goleta, CA), where it was digitized 
(200 Hz). A square-wave stimulator (model S88; Grass Tech-
nologies, West Warwick, RI) in conjunction with a stimulation 
isolation unit (model SIU8T; Grass Technologies) produced a 
100-millisecond train of 10 stimuli at 100 pulses per second, 
with a pulse duration of 0.6 milliseconds and a 0.01-millisec-
ond pulse delay. With the low switch engaged on the stimula-
tion isolation unit and an estimated 3000-Ω load, each partici-
pant was stimulated with approximately 125 V. Two 7- × 13-cm 
Dura Stick II self-adhesive electrodes (Chattanooga Group, 
Hixson, TN) were used to deliver the stimulus to the quadriceps 
muscles.

Testing Procedures

 All participants completed 1 aerobic exercise familiarization 
session and 3 measurement testing sessions. During the 3 test-
ing sessions, each participant performed a bout of standardized 
aerobic exercise while wearing a knee brace, neoprene sleeve, 
or nothing (control). During each session, quadriceps muscle 
testing was repeated 4 times: (1) baseline before exercise and 
bracing condition, (2) before exercise with randomly allocated 
bracing condition applied, (3) after exercise with randomly al-
located bracing condition remaining, and (4) after exercise with 
bracing condition removed.
 Apart from the initial exercise familiarization session, the 
order of the testing sessions was counterbalanced by an investi-

gator who was not collecting the measurements and the sessions 
were separated by at least 7 days. The investigator collecting all 
outcome measurements left the room while another investiga-
tor randomly allocated bracing condition, appropriately fit the 
participant with the specific brace or sleeve (each fitting took 
approximately 5 minutes), and supervised the aerobic exercise. 
During quadriceps muscle testing, a screen was used to blind this 
investigator.

Bracing Conditions

 The knee brace was an off-the-shelf ACL functional brace 
designed to prevent anterior tibial translation using rigid ante-
rior cuffs and soft posterior straps (Fusion; Breg Inc, Vista, CA). 
The neoprene knee sleeve was a typical soft support sleeve with 
a closed patella designed to provide compression and warmth 
to the knee joint (Knee Support; Breg Inc). During the control 
sessions, participants were treated exactly the same as when 
they were fitted with the knee brace or neoprene sleeve. They 
were removed from the chair for the same approximate time 
that it would take to fit the knee brace or neoprene sleeve and 
then restrapped into the chair with no brace on the knee.
 After the aerobic exercise, participants were immediately re-
strapped into the chair for the postaerobic exercise test with the 
assigned brace or sleeve condition. They were removed from 
the chair, so the brace or sleeve could be taken off, and then re-
strapped into the chair for the second postaerobic exercise test. 
In the control sessions, participants were removed from the 
chair between postaerobic exercise tests for the same amount 
of time. The time between postaerobic exercise tests was kept 
under approximately 2 minutes to reduce potential confound-
ing due to recovery.

Aerobic Exercise

 Each participant completed a 20-minute treadmill exercise 
protocol at a constant walking speed of 3.5 mph (5.6 km/h). 
Each minute for the first 15 minutes, the treadmill level of in-
cline was increased by 1%. While on the treadmill, participants 
provided a subjective rating of perceived exertion (RPE)14 ev-
ery minute to ensure they did not exceed an RPE of 17. The 
scale provides numerical values ranging from 6 (no exertion) to 
20 (maximal exertion); 17 corresponds to the perception that the 
exercise is very hard. However, during the last 5 minutes of ex-
ercise, participants adjusted the treadmill grade (up or down) so 
that they were exercising within the desired range of exercise 
intensity (RPE rating of at least 15 but no more than 17). Be-
fore the 3 testing sessions, each participant performed a tread-
mill familiarization session, in which he or she executed the 
exercise protocol in order to establish the treadmill settings and 
adjustments that could be repeated exactly during all 3 experi-
mental sessions.

Quadriceps Central Activation Ratio Testing

 Two 8- × 14-cm self-adhesive electrodes were applied to 
a clean, dry surface on the participant’s proximal-lateral and 
distal-medial thigh. The top of the proximal electrode was po-
sitioned at the height of the greater trochanter, with the medial 
edge of the electrode aligned with the anterior-superior iliac 
spine, while the bottom of the distal electrode was positioned 2 
cm proximal to the superior pole of the patella, with the medial 
edge aligned with the middle of the patella.
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 The participant was positioned in the dynamometer chair 
with the back at an 85° angle and the knee in 90° of flexion. The 
distal lower leg was tightly secured to the arm of the dynamom-
eter with a hook-and-loop strap and was positioned proximal to 
the ankle mortise. Hook-and-loop straps secured the participant 
to the seat at both shoulders and the waist.
 Each participant performed several submaximal and maxi-
mal practice contractions to allow for adequate warmup before 
baseline testing. During test trials, verbal feedback and instruc-
tion were provided for the maximal isometric knee extension 
contraction to encourage proper technique. Once the examiner 
observed a plateau in torque, electric stimulation was manu-
ally triggered and delivered through the thigh electrodes. This 
stimulus resulted in a transient increase in isometric torque, 
called the superimposed burst torque (TSIB) production, which rep-
resents the torque produced by activating unrecruited portions of 
the quadriceps muscle via exogenous stimulus. The average of 2 
trials, separated by a 30-second rest period, was used for analysis.

Data Analysis

 The quadriceps CAR was calculated for each participant to 
express the percentage of muscle that could be voluntarily acti-
vated. The CAR was calculated by dividing the normalized TMVIC  
by the normalized TSIB using the following formula: TMVIC/
TSIB × 100. The TMVIC was calculated from a 0.1-second time ep-
och immediately before the electric stimulus was administered. 
All torques were normalized to body mass.

Statistical Analysis

 The sample size was an estimate based on variability in 
CAR of approximately 8% to 10% in people with ACLRs.13 We 
anticipated a large effect size (ie, > 0.8) in the change in CAR 
after the treadmill exercise protocol, so 14 participants were 
deemed sufficient for our analysis with an acceptable 5% type 
I error rate and statistical power of 80%. We oversampled to 
compensate for the likelihood of dropout in a 4-session cross-
over design.
 Within-session reliability of torque and CAR measurements 
was evaluated using the control session pre-exercise data, and 
between-sessions reliability by evaluating the baseline mea-
sures from each session. We used intraclass correlation coef-
ficients (ICCs) for reliability analysis.

 This was a repeated-measures, pretest-posttest crossover de-
sign. The independent variables were bracing condition (knee 
brace, neoprene sleeve, control) and time (baseline, pre-exer-
cise with brace condition applied, postexercise with brace con-
dition, postexercise with brace condition removed). The depen-
dent variables were CAR (%) and TMVIC (Nm/kg). To compare 
TMVIC and CAR immediately after the application of each knee 
bracing condition, we performed a 2 × 3 analysis of variance 
with repeated measures on the 2 pre-exercise measurements 
(baseline and pre-exercise with brace condition). We then 
performed 2 separate 2 × 3 analyses of variance with repeated 
measures for each dependent variable to determine the pretest-
posttest exercise changes in quadriceps muscle function. These 
tests were performed to compare pre-exercise and postexercise 
measures recorded with and without the bracing condition.
 Post hoc comparisons between the bracing conditions (Tukey 
least significant difference) were performed where appropriate. 
We also calculated within-bracing condition effect sizes (Co-
hen d = mean difference/pooled standard deviation) for all main 
effects. All statistical tests were performed using SPSS (version 
17.0; SPSS Inc, Chicago, IL). A test was considered statisti-
cally significant if the P value was .05 or less.

RESuLTS

Reliability of Measurements

 The ICC from the control session (no brace) indicated high 
within-day reliability for CAR (ICC [1,k] = 0.978) and TMVIC 
(ICC [1,k] = 0.972; Table). Between-days reliability was also 
high for CAR (ICC [2,k] = 0.95) and TMVIC (ICC [2,k] = 0.92).

Immediate Effects of Brace Application

 This analysis compared baseline and pre-exercise measure-
ments with the brace condition applied. A reduction was noted 
in TMVIC (F1,39 = 6.9, P = .01) but not in CAR (F1,39 = 0.59, P = .45) 
immediately after the knee bracing condition was applied. No 
bracing condition differences or bracing condition-by-time 
interaction were observed (Table). Effect sizes describing the 
changes in TMVIC measures in each bracing condition were con-
trol = 0.07, knee brace = 0.20, and neoprene sleeve = 0.21; for 
CAR, they were control = 0.04, knee brace = –0.16, and neo-
prene sleeve = –0.07.

Table. Central Activation Ratio (CAR, %) and Normalized Maximal Voluntary Isometric Torque (TMVIC, Nm/kg) by Bracing 
Condition and Time, Mean ± SD

 Time

  Pre-Exercise (Brace Postexercise (Brace Postexercise (Brace 
Bracing Condition Baseline Condition Applied) Condition Applied) Condition Removed)

Control CAR 90.04 ± 9.89 89.61 ± 11.64 85.62 ± 11.85 87.11 ± 11.93
  TMVIC 2.82 ± 0.88 2.76 ± 0.87 2.53 ± 0.85 2.57 ± 0.80
Knee brace CAR 89.99 ± 9.55 91.37 ± 7.97 87.26 ± 10.71 87.52 ± 9.74
  TMVIC 2.80 ± 0.78 2.66 ± 0.60 2.55 ± 0.62 2.60 ± 0.63
Neoprene sleeve CAR 92.65 ± 7.89 92.40 ± 5.79 87.90 ± 9.07 88.63 ± 8.24
  TMVIC 2.96 ± 0.72 2.76 ± 0.70 2.56 ± 0.63 2.58 ± 0.56
Totalc CAR 90.75 ± 9.08 91.03 ± 8.85 86.85 ± 10.48a 87.68 ± 9.95b

  TMVIC 2.85 ± 0.78 2.72 ± 0.72b 2.55 ± 0.69a 2.58 ± 0.66b

Abbreviations: CAR indicates central activation ratio; TMVIC, normalized torque measured during a maximal voluntary isometric contraction.
a Significantly lower than pre-exercise measures recorded with the bracing condition applied (P < .05).
b Significantly lower than baseline.

abbreviation added during last cx, 
not present on 2nd pdf with cx
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Effects of Wearing Braces During Aerobic Exercise

 This analysis compared data measured at pre-exercise with 
bracing condition applied and after exercise with the bracing 
condition remaining. On average, participants experienced a 
reduction in CAR (F1,39 = 41.2, P < .001) and TMVIC (F1,39 = 27.7, 
P < .001) during the allocated knee bracing condition. No differ-
ences were seen between bracing condition (main effects), and 
no interactions were demonstrated. We calculated effect sizes de-
scribing within-bracing condition changes in TMVIC (control = 0.26, 
knee brace = 0.18, and neoprene sleeve = 0.34) and CAR (con-
trol = 0.34, knee brace = 0.44, and neoprene sleeve = 0.57).
 In the analysis that compared data measured at baseline 
and after exercise with the bracing condition removed, we 
observed a reduction in CAR (F1,39 = 9.7, P = .003) and TMVIC 
(F1,39 = 23.7, P < .001) when quadriceps function was mea-
sured with the allocated knee bracing condition removed. No 
differences were evident between bracing condition groups 
(main effects) and no interactions were noted. We calculated 
effect sizes for each group to describe changes in TMVIC (con-
trol = 0.30, knee brace = 0.28, and neoprene sleeve = 0.51) and 
CAR (control = 0.26, knee brace = 0.25, and neoprene sleeve = 
 0.23).

DISCuSSIoN

 Our findings are consistent with those of previous research-
ers15–17 who demonstrated a decrease in quadriceps muscle 
function and activation after aerobic exercise. Although nu-
merous authors have looked at the effects of knee braces18–29 
and neoprene sleeves10,30 on neuromuscular performance dur-
ing dynamic activities, very few have compared these effects 
during a bout of aerobic exercise. Previous studies of knee 
bracing and neuromuscular function have indicated that knee 
braces21,22,24,26–28 decreased quadriceps muscle function and that 
neoprene sleeves10,30 improved knee joint proprioception. Our 
findings indicate that knee braces and neoprene sleeves did not 
affect the reductions in quadriceps TMVIC or CAR that were ob-
served after aerobic exercise.
 Although we saw no differences among sessions, TMVIC 
and CAR were lower than baseline values after exercise dur-
ing all sessions. This result is consistent with the results of 
earlier authors31,32 who showed decreases in muscle function 
after aerobic exercise in healthy people; however, we believe 
we are the first to evaluate quadriceps muscle function in peo-
ple with ACLRs wearing knee braces. Persistent quadriceps 
dysfunction13 and altered gait patterns33 after ACLR are well 
documented and may be exacerbated during prolonged exer-
cise bouts, possibly because of excessive muscle fatigability or 
inappropriate neuromuscular adaptations. People with ACLRs 
commonly wear braces while active; therefore, it is important 
to understand whether muscles respond differently during exer-
cise when a brace is worn. Whether the response represents an 
improvement or deterioration, clinicians should be informed in 
order to make evidence-based recommendations to athletes and 
patients. In our study, no changes were apparent in quadriceps 
muscle function immediately after knee braces were applied. 
Furthermore, the deterioration in quadriceps strength and central 
activation after a single session of aerobic exercise in people with 
ACLRs was not influenced by either of the bracing conditions.
 The immediate application of a knee brace or a neoprene 
sleeve before exercise did not affect CAR; however, TMVIC 

values immediately decreased, indicating that knee extensor 
strength was affected but central activation was not. One possi-
ble explanation is that cutaneous afferent feedback from brace 
or sleeve application resulted in a proportional reduction in both 
TMVIC and TSIB. Previous researchers34–37 demonstrated that pro-
viding direct cutaneous stimulation, such as hot and cold, can 
change afferent responses to the central nervous system. Pietro-
simone and Ingersoll36 reported that both transcutaneous elec-
tric nerve stimulation and cryotherapy immediately increased 
quadriceps CAR in participants with knee joint osteoarthritis, 
suggesting that afferent feedback from an external source may 
alter quadriceps CAR. In the current study, we observed larger 
effect sizes in the braced conditions than in the control condi-
tion, which may reflect increased cutaneous mechanoreceptor 
stimulation from greater surface area contact with the skin sur-
rounding the knee joint. However, only torque production was 
affected; quadriceps CAR was not.
 Bracing in people with ACLRs is controversial when the 
potential risks and benefits during exercise are considered, 
especially for joint stability, neuromuscular function, and per-
formance. For example, bracing has resulted in altered knee 
joint proprioception19,30 and been found to hinder athletic per-
formance.21,24,26,27 The added bulk and weight of braces may 
also be concerning to athletes.27,28 Therefore, whether a person 
with an ACLR should wear a brace must be determined in 
light of the potential advantages and disadvantages. However, 
according to our results, wearing a brace or knee sleeve dur-
ing aerobic exercise did not influence the change in torque 
production or central drive to the quadriceps in people with 
ACLRs.
 Research on the clinical effects of knee braces continues to 
show conflicting findings. Numerous authors38–41 have indicated 
that a knee brace may decrease the amount of shear forces and 
anterior tibial translation at the knee joint, improving the per-
ception of stability. Previous investigations34,37 on the role of 
mechanoreceptors in joint position sense have demonstrated 
that feedback from skin receptors can affect joint propriocep-
tion. This may explain why knee bracing appears to improve 
proprioception in fatigued people and in those with preexisting 
proprioceptive deficits.10 Yet people with ACLRs who wore a 
knee brace displayed improved neuromuscular control during 
drop landings.42 We did not determine whether any of our par-
ticipants had specific proprioceptive or neuromuscular deficits; 
therefore, any potential benefit would have been mitigated in a 
participant without pre-existing deficiencies. In our cohort of 
young, healthy, and recreationally active people with ACLRs, 
bracing did not seem to help or hinder quadriceps muscle func-
tion after aerobic exercise.
 A limitation to the current study is the small sample size and 
the fact that participants may or may not have had experience 
with wearing knee braces during activity. Each brace was worn 
for only 1 session, so the effects of a knee brace or neoprene 
sleeve over a longer period of time, such as the length of a sport 
season, are unknown. The long-term effects of wearing knee 
braces for active people with ACLRs have not been studied. 
It is also possible that alterations in participants’ gait patterns 
from wearing the braces22 affected knee joint biomechanics; 
observations of people with ACLRs during more sport-specific 
exercises and more prolonged bouts of exercise may provide 
additional information about muscle function in the braced 
knee. We did not screen participants for quadriceps muscle ac-
tivation failure, nor did we measure quadriceps function bilat-
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erally. Some participants were more than 95% activated, which 
has been defined as “fully activated.”1 In the current study, 8 
of 14 participants in each session exhibited quadriceps central 
activation failure (CAR values less than 95%) at the baseline 
measure. The effect of a knee brace or neoprene sleeve may be 
different if used on a population of knee-injured participants 
with documented quadriceps central activation failure or asym-
metric quadriceps neuromuscular function.
 In conclusion, TMVIC and CAR decreased after a single bout 
of aerobic exercise in people with ACLRs, a finding that was 
not affected by wearing a knee brace or neoprene sleeve while 
exercising. Quadriceps CAR was not altered after a knee brace 
was applied, but TMVIC was immediately reduced. Therefore, 
according to our findings, wearing a knee brace or neoprene 
sleeve neither helped nor hindered quadriceps muscle function 
during a single bout of aerobic exercise.
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