
Journal of Athletic Training 2023;58(6):542—553
doi: 10.4085/1062-6050-0700.20
� by the National Athletic Trainers’ Association, Inc
www.natajournals.org

Knee

Immediate Effects of Walking With a Knee Brace After

Anterior Cruciate Ligament Reconstruction: A

Biomechanical, Biochemical, and Structural Approach
Alyssa Evans-Pickett, MS*†; Hope C. Davis-Wilson, PhD*†‡;
Christopher D. Johnston, PhD, ATC*†§; J. Troy Blackburn, PhD, ATC*†∥;
Anthony C. Hackney, PhD*†¶; Brian Pietrosimone, PhD, ATC*†∥
*MOTION Science Institute, Department of Exercise and Sport Science, †Human Movement Science Curriculum,
∥Department of Orthopaedics, School of Medicine, and ¶Department of Nutrition, School of Public Health, University
of North Carolina at Chapel Hill; ‡Physical Therapy Department, School of Medicine, University of Colorado Denver,
Anschutz Medical Campus, Aurora; §Department of Athletic Training, High Point University, NC

Context: Individuals who undergo anterior cruciate ligament
reconstruction (ACLR) are at higher risk of posttraumatic
osteoarthritis. Altered joint tissue loading caused by aberrant
gait biomechanics leads to deleterious changes in joint health
linked to the onset of posttraumatic osteoarthritis. Knee braces
have been used to modify joint tissue loading in individuals with
joint injury, yet the effects of walking with a brace after ACLR on
biomechanical, biochemical, and structural cartilage outcomes
are unknown.
Objective: To compare biomechanical, biochemical, and

structural outcomes between braced and nonbraced walking in
individuals with ACLR.
Design: Crossover study.
Setting: Research laboratory.
Patients or Other Participants: A total of 34 individuals

with unilateral ACLR (18 females, 16 males; time since ACLR ¼
50.1 6 36.8 months).
Intervention(s): Gait biomechanics were assessed during

braced and unbraced conditions on separate days.
Main Outcome Measure(s): Vertical ground reaction force,

knee-flexion angle, and internal knee-extension moment wave-
forms were evaluated throughout the stance phase and
compared between conditions. Percentage changes in serum

cartilage oligomeric matrix protein (%ΔCOMP) and femoral
cartilage cross-sectional area (%ΔCSA) measured via ultra-
sound were calculated after a 3000-step walking protocol.

Results: Braced walking increased the knee-flexion angle
(largest difference ¼ 3.56°; Cohen d effect size ¼ 1.72) and
knee-extension moment (largest difference ¼ �0.48% body
weight 3 height; Cohen d effect size ¼ �1.14) compared with
nonbraced walking but did not influence vertical ground reaction
force. Whereas no difference (P ¼ .20) in %ΔCOMP existed
between the braced and nonbraced conditions in the entire
cohort (n ¼ 30 with complete blood data), a larger increase (P ¼
.04) in %ΔCOMP was seen during nonbraced than braced
walking in individuals who demonstrated increased COMP
during nonbraced walking. No difference (P ¼ .86) in %ΔCSA
was present between the braced and nonbraced conditions.

Conclusions: Braced walking may improve sagittal-plane
gait biomechanics and %ΔCOMP in a subset of individuals who
demonstrate a typical increased COMP response to load (ie,
increase in COMP) after nonbraced walking.

Key Words: stiffened-knee gait strategy, knee-flexion
angle, knee-extension moment, ultrasound, cartilage oligomeric
matrix protein

Key Points

� Compared with nonbraced walking, braced walking after anterior cruciate ligament reconstruction may mitigate the
stiffened-knee strategy by increasing the peak knee-flexion angle early in the stance phase of gait.

� Braced walking may decrease the acute serum cartilage oligomeric matrix protein response in individuals with
anterior cruciate ligament reconstruction who typically demonstrate increased serum cartilage oligomeric matrix
protein concentrations after nonbraced walking.

� Ultrasound measures of femoral cartilage cross-sectional area were not different between the braced and
nonbraced walking conditions.

I ndividuals who sustain anterior cruciate ligament
(ACL) injury and undergo ACL reconstruction
(ACLR) are at increased risk of developing posttrau-

matic osteoarthritis (OA).1 Posttraumatic OA develops, in
part, because of the changes in gait biomechanics that occur
after ACLR. Aberrant gait biomechanics, such as a
stiffened-knee gait strategy (ie, lesser sagittal knee-flexion

angle [KFA] and peak internal knee-extension moment
[KEM]) and lesser lower extremity loading, are common in
individuals after ACLR compared with uninjured control
participants.2 Researchers3 have hypothesized that a
stiffened-knee gait strategy negatively influences force
attenuation and localizes forces to cartilage regions ill-
adapted to withstand such loads, especially during early
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stance phase, when contact force may be highest. In
addition, accumulating evidence suggests that lesser
vertical ground reaction force (vGRF) early after ACLR
is associated with worse outcomes. Specifically, lesser
vGRF, as well as a stiffened-knee gait strategy, has been
linked to greater serum biomarkers of joint tissue
inflammation and extracellular articular cartilage break-
down,4,5 altered articular cartilage composition,6 and worse
patient-reported outcomes.7 It is not clear if interventions
that modify aberrant gait biomechanics after ACLR could
slow or reverse these deleterious changes in articular
cartilage health. A multifaceted approach incorporating
biomechanical, biochemical, and structural outcomes is
important for understanding the ability of an intervention to
influence multiple factors linked to posttraumatic OA
development.8

Knee braces have been used to modify loading of
articular cartilage during gait in individuals with idiopathic
knee OA.9,10 An external 3-point bending force is often
applied to the tibiofemoral joint to decrease tibiofemoral
compartment loading.9 Three-point bending braces resist
femoral cartilage deformation11 and increase peak KFAs
during gait,9,10 indicating that bracing may influence the
sagittal-plane gait biomechanics that are critical for force
attenuation after ACLR. Therefore, using a 3-point bending
brace to decrease the propensity to rely on the stiffened-
knee gait strategy without further decreasing vGRF may be
an effective intervention model to assist in restoring normal
loading across the tibiofemoral joint during gait after ACLR.
However, investigators have not comprehensively evaluated
the effects of 3-point bending braces on biomechanical,
biochemical, and structural outcomes related to articular
cartilage health.
Researchers have used serum biomarker cartilage oligo-

meric matrix protein (COMP) and ultrasound (US)
measures of femoral cartilage cross-sectional area (CSA)
after an acute standardized loading protocol to evaluate the
acute biochemical12—15 and structural16—18 responses,
respectively, to walking. Cartilage oligomeric matrix
protein is a mechanosensitive biomarker of cartilage
breakdown19 associated with OA severity and progres-
sion.13 In individuals with knee OA, larger increases in
COMP after a 30-minute walking protocol are associated
with larger decreases in medial femoral and tibial cartilage
thickness over the next 5 years.13 Ultrasound measures of
the anterior femoral cartilage CSA are similarly responsive
to loading during an acute bout of walking.18 Although
walking may cause dynamic changes in anterior femoral
cartilage CSA, most individuals demonstrate decreased
anterior femoral cartilage CSA after 3000 steps.16

Therefore, the primary purpose of our study was to
determine if gait biomechanics related to lower extremity
loading and a stiffened-knee strategy (ie, vGRF, KFA, and
KEM), changes in serum COMP concentrations, and US
measures of femoral cartilage CSA differed between 3000-
step braced and nonbraced walking conditions in individ-
uals with ACLR. We hypothesized that the braced
condition would result in increased sagittal KFA and
KEM but would not alter vGRF. Additionally, we
hypothesized that serum COMP would increase less and
femoral cartilage CSA would decrease less in the braced
than the nonbraced condition.

METHODS

Study Design

We conducted a crossover study with 3 sessions that
occurred on separate days (Figure 1). All sessions started at
the same time of day (61 hour) to account for possible
diurnal variations in articular cartilage physiology. The first
visit was a screening session during which we collected
descriptive data and determined self-selected walking
speed. During testing sessions 2 (19 6 10 days after
session 1) and 3 (17 6 8 days after session 2), participants
completed the braced and nonbraced walking conditions.
Outcomes of gait biomechanics were assessed at the
beginning of each testing session (braced and nonbraced),
and COMP and US outcome measures were collected
before (baseline) and immediately after (posttest) a
standardized walking protocol. The order of conditions
was block randomized (blocks of 6). In the braced
condition, participants wore a valgus unloader brace (model
Rebound Cartilage; Ossur Inc) on the ACL-reconstructed
limb.

Participants

Participants were recruited from the university commu-
nity and surrounding community using flyers, email, and
word of mouth (Figure 2). Only individuals who met the
following criteria were included: (1) age between 16 and
35 years, (2) body mass index between 18 and 35, (3)
unilateral ACLR �6 months before testing, (4) no history
of neurologic disorder, (5) no lower extremity joint injury
in the 6 months before the study, (6) cleared by a physician
for return to physical activity, (7) currently engaged in
�20 minutes of physical activity 3 times per week, and (8)
no previous diagnosis of any diseases that affect joint
tissue. The study was approved by the Institutional
Review Board at the University of North Carolina at
Chapel Hill, and all participants provided written informed
consent.
We estimated braced walking would have a moderate

effect (Cohen d ¼ 0.6) for a change in biomechanics based
on a previous study20 that assessed acute modifications in
gait biomechanics due to bracing in individuals with
ACLR. The authors of another study11 reported a moderate
effect (Cohen d ¼ 0.6) for differences in US measures of
femoral CSA after a similar walking protocol between
braced and nonbraced conditions in uninjured individuals
with varus alignment. Finally, we estimated that we would
find a moderate effect size (Cohen d ¼ 0.6) for a change in
COMP based on earlier work that involved evaluating the
acute effects of a real-time gait biofeedback intervention in
modifying acute measures of COMP.21 We estimated that
we would need to test 24 individuals to detect differences
using a dependent t test (2-tailed α ¼ .05; 1 � β ¼ 0.8) for
changes in COMP and CSA if similar between-conditions
effect sizes were found. We estimated that at least 9
participants would be needed to detect a moderate
difference (Cohen d ¼ 0.6) in biomechanics using a
functional waveform analysis. Therefore, accounting for the
potential removal of outliers or missing data, we recruited
35 individuals to enable us to detect differences with a
moderate effect (Cohen d ¼ 0.5) using the same rigorous
approach (2-tailed α ¼ .05; 1 � β ¼ 0.8).
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Procedures

During the screening session, we determined self-selected
walking speed by instructing participants to walk over a 6-m
distance between 2 infrared timing gates (model TF100; Trac
Tronix) at the pace they would “comfortably walk over a
sidewalk.” After participants were comfortable walking
in the laboratory, the speeds of 5 walking trials were
averaged and used to set the speed of the treadmill during
the subsequent testing conditions. For the braced
condition and before any data collection, all participants
were fitted with the brace using the manufacturer’s

guidelines. For both conditions, we collected gait biome-
chanics before a 45-minute rest period in which participants
were positioned supine on a padded plinth. The brace was
removed during the rest period. Baseline blood samples and
US images were collected after 30 and 45 minutes of rest,
respectively.18,22 The brace was refitted after the baseline
blood collection and US imaging were performed. For both
conditions, participants then completed the 3000-step
walking protocol. Immediately afterward, they were seated
on a plinth for posttest blood sample collection and US
cartilage imaging. The brace was removed immediately

Figure 1. The experimental protocol for the initial laboratory visit and both the braced and nonbraced conditions. Although the braced
condition is depicted first, the order of the testing conditions was randomized. Abbreviations: ACLR, anterior cruciate ligament
reconstruction; ACL, anterior cruciate ligament.
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after the walking protocol and before the posttest US
cartilage imaging and blood sample collection.

Brace-Fitting Protocol

At the beginning of the braced condition, participants
walked 40 m, after which any needed readjustments to the
fit of the brace were made. This brace readjustment and
40-m walk were repeated 3 times. A permanent marker
was used to outline the brace on the skin to assist with
reapplication as required. Participants underwent the
same fitting procedures after the rest period and the
collection of the baseline blood and US images to ensure
brace comfort during the standardized walking protocol.
After the rest period during the nonbraced condition,
participants covered the same walking distance to ensure

consistency of lower extremity loading between condi-
tions.

Walking Gait Biomechanics Collection, Processing,
and Analysis

Participants were outfitted with 26 retroflective markers
and 1 rigid cluster of 3 markers placed over the sacrum.23

For both testing sessions, a static trial was collected without
the brace and used to create the segment-linkage model. For
the braced condition only, the lateral epicondyle retrore-
flective marker was then removed to allow proper refitting
of the brace. When refitting the brace using the previously
drawn outlines, we replaced the lateral epicondyle retrore-
flective marker using the outline of its previous location.
Data from 5 successful walking trials were then collected.
Trials were considered successful if participants did each of
the following: (1) individually struck a single force plate
with each foot, (2) maintained a walking speed 65% of the
predetermined self-selected walking speed, and (3) did not
undergo any visible alterations to gait during the trial (eg,
trip or stutter step).
We evaluated kinematic and kinetic outcomes from the

ACL-reconstructed limb. Marker positions were collected
at 120 Hz using a 10-camera motion-capture system
(version 1.8.5; Vicon Industries, Inc), and force data were
sampled at 1200 Hz. All data were low-pass filtered at 10
Hz using a fourth-order recursive Butterworth filter.
Biomechanical outcomes during the stance phase of
walking were analyzed on a global coordinate system
using Visual3D software (version 2020.09.1; C-Motion,
Inc). Hip-joint centers were estimated using the Bell and
Brand hip-joint CODA coordinate system.24 Knee- and
ankle-joint centers were identified as the midpoint between
the medial and lateral femoral epicondyles and the malleoli,
respectively. Knee kinematics were calculated as motion of
the shank relative to the thigh using Euler angles (sagittal-
frontal-transverse sequence). Internal joint moments were
calculated using anthropometrics, synchronized kinematic
and ground reaction force data, and a standard inverse-
dynamics approach via Visual3D software. Vertical ground
reaction force was normalized to body weight (BW). Internal
moments were normalized to the product of BW (in
newtons) and height (in meters). Vertical ground reaction
force, KFA, and internal KEM data during stance were time
normalized to 101 data points before analysis.

Serum COMP Collection, Processing, and Analysis

We collected 5 mL of blood from an antecubital vein
using a standard vacutainer serum separator tube fitted
with a 21-gauge needle. Serum vacutainers were kept
cool until being centrifuged at 4°C for 10 minutes at
3000g.25 Serum was pipetted equally into two 1.5-mL
cryovials and stored at �80°C in a freezer until all serum
samples could be batch analyzed at the end of the study.
Serum was assessed for COMP concentrations using
commercially available enzyme-linked immunosorbent
assays (Human COMP Quantikine ELISA kit; R & D
Systems) according to the manufacturer’s protocols. All
standards, samples, and controls were performed in
duplicate determinations. All assays demonstrated an
average intra-assay variability of 1.92%, and all intra-
assay variabilities were ,7.56%.

Figure 2. The recruitment, enrollment, and data collection of
participants. The initial laboratory visit, the braced condition, and
the nonbraced condition each occurred on separate days.
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Collection of Femoral Cartilage CSA Using US

Just before US image acquisition, participants sat on a
plinth with their back against a wall and their ACL-
reconstructed knee positioned in 140° of flexion using a
manual goniometer. A measuring tape was secured along
the length of the plinth so the position of the posterior
calcaneus could be recorded to allow for consistent
positioning between measurements. At each time point, 3
US images of the anterior femoral cartilage were obtained
using a LOGIQe US System (General Electric Co) and a
12-MHz linear probe. The probe was placed transversely in
line with the medial and lateral femoral condyles just
superior to the patella and rotated in the sagittal plane to
maximize sound reflection off the femoral articular
cartilage. To further improve reproducibility of the US
image, we placed a transparent numbered grid over the US
screen.17 The US images were deidentified and segmented
by a blinded and trained investigator (H.C.D.W.) using
ImageJ software (version 1.52q; National Institutes of
Health). To obtain CSA (in millimeters squared), we
segmented the femoral cartilage by identifying the
cartilage—bone and soft tissue—cartilage interfaces over
the medial and lateral femur. This method has demonstrated
strong intrasession (intraclass correlation coefficient [ICC]
for medial femoral cartilage ¼ 0.99, ICC for lateral femoral
cartilage ¼ 0.99) and intersession (ICC for medial femoral
cartilage ¼ 0.98, ICC for lateral femoral cartilage ¼ 0.98)
reliability.17

Walking Protocol

Participants walked on a treadmill (model 4Front;
WOODWAY) at the predetermined self-selected speed for
3000 steps. Steps were measured using a pedometer. A
similar protocol has been used to elicit femoral articular
cartilage deformation.11 During the braced condition, partic-
ipants wore the brace throughout the entire 3000 steps.

Statistical Analyses

Before data analysis, a single investigator (A.E.P.)
inspected all biomechanical outcome curves to ensure quality
control (ie, to ensure individuals stepped entirely on the force
plate). Before data analysis, for discrete outcome measures,
we defined participants with point measures .3 SDs from
the mean as statistical outliers and planned to subsequently
remove their data points from the analyses.
Biomechanical Data Analysis. We compared biome-

chanical outcomes between the braced and nonbraced
conditions at each percentile of the stance phase using a
separate functional waveform analysis26 for each outcome
(vGRF, KFA, and internal KEM). We also compared knee-
adduction moments (KAMs) between the braced and
nonbraced conditions (see Supplemental Figure, available
online at http://dx.doi.org/10.4085/1062-6050-0700.20.S1).
The functional waveform gait analysis facilitates comparison
of the biomechanical outcomes at each percentile of the
stance phase rather than only at discrete time points.26

Functional waveform gait analyses were performed as
previously reported27 using the functional data analysis
package in R statistical computing software (version 2.2.6;
The R Foundation). We calculated 95% CIs for each

biomechanical waveform for each group. The comparisons
were considered different at any percentile of the stance
phase in which the mean differences and corresponding
95% CIs did not cross zero.26 We reported the largest
difference between ensemble curves and corresponding
between-groups effect sizes (Cohen d) within the propor-
tions of stance demonstrating differences for each primary
comparison as described. Effect size magnitude was
interpreted as no effect (0—0.19), small (0.20—0.49),
medium (0.50—0.79), or large (�0.80).
The COMP and Femoral Cartilage CSA Analysis. The

COMP response due to each walking condition was
calculated as the percentage change score from baseline
to posttest (%ΔCOMP; posttest � baseline). The CSAs
from the 3 femoral cartilage US images at each time point
(baseline and posttest) were averaged. Femoral cartilage
deformation due to each loading condition was calculated
as the percentage change from the average baseline to
posttest CSA (%ΔCSA; posttest � baseline). Paired t test
and Cohen d between-groups effect-size calculations were
conducted to compare %ΔCOMP and %ΔCSA between the
braced and nonbraced conditions.
Post Hoc Analyses. An increase in serum COMP

concentration after a walking protocol is associated with
future cartilage thinning.13 Researchers28 have shown
greater effects in loading interventions in patients who
displayed an increase in COMP during normal walking.
Therefore, we performed a separate post hoc analysis to
determine if differences in %ΔCOMP existed between
conditions in a subset of participants who exhibited
increased COMP from baseline to posttest (.0-μg/mL
increase in COMP during the nonbraced condition). Cohen
d between-groups effect sizes were calculated for differ-
ences between conditions. All analyses were conducted
using SPSS (version 26; IBM Corp).
To identify potential associations between changes in gait

biomechanics and changes in %ΔCOMP and %ΔCSA, we
conducted separate Pearson r correlations between the
differences in biomechanics and the differences in %
ΔCOMP and %ΔCSA between the braced and nonbraced
conditions (nonbraced � braced). Pearson r correlation
coefficients and associated P values (significant at P , .05)
were calculated using SPSS.

RESULTS

A total of 53 active individuals who were cleared for
unrestricted physical activity were screened, and 36
individuals were enrolled in the study (Table 1). Biome-
chanics and US data were collected for 34 participants,
whereas blood was collected from 30 participants in both
the braced and nonbraced conditions (Figure 2). Percentiles
of the stance phase showing mean differences and
corresponding effect sizes for vGRF, KFA, and internal
KEM are listed in Table 2. One statistical outlier was
identified and removed from subsequent femoral cartilage
CSA analysis; thus, data from 33 participants were used in
the final CSA analysis.

Biomechanical Data

Compared with the nonbraced condition, the braced
condition demonstrated greater vGRF between 4% and
10% and between 55% and 71% of stance and lesser vGRF
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between 86% and 95% of stance (Figure 3). Compared
with the nonbraced condition, KFAwas greater throughout
most of the stance phase (1%—99% of stance; Figure 4)
during the braced condition. The KEM was greater between
1% and 12%, 53% and 91%, and 95% and 100% of stance
(Figure 5) in the braced than the nonbraced condition.
Compared with the nonbraced condition, the braced
condition displayed greater KAM between 9% and 23%
and between 31% and 38% of stance (see Supplemental
Figure) and lesser vGRF between 91% and 99% of
stance.

Serum COMP Response and Associated Post Hoc
Analysis

We observed no difference between the nonbraced
(8.6% 6 13.6%) and braced (6.4% 6 15.3%) conditions
for %ΔCOMP in the entire cohort (t29 ¼ 1.323, P ¼ .20;
Cohen d¼ �0.30; 95% CI¼ �0.80, 0.22; Figure 6). Twenty-
two participants who exhibited an increase in COMP after the
nonbraced condition were included in the post hoc analysis. A
smaller increase in COMP (t21 ¼ 2.243, P ¼ .04; Cohen d ¼
�0.65; 95% CI ¼ �1.26, �0.04) existed after the braced
(8.9% 6 13.8%) than the nonbraced condition (13.6% 6
12.3%) in this subgroup (Figure 6).

Table 1. Participant Characteristics

Characteristic No.

Sex

Female 18

Male 16

Graft type

Patellar tendon autograft 18

Quadriceps tendon autograft 14

Cadaveric allograft 2

Mean 6 SD

Age, y 22.1 6 4.2

Height, cm 172.9 6 9.2

Mass, kg 71.7 6 12.7

Body mass index 23.9 6 2.8

Knee injury and Osteoarthritis

Outcome Score Quality of Life

78.1 6 16.5

Self-selected gait speed, m/s 1.31 6 0.16

Mean 6 SD (Range)

Time since surgery, mo 50.1 6 36.8 (9—146)

Table 2. Portions of Stance Demonstrating Relevant Differences Between Braced and Nonbraced Conditions

Portions of Stance

With Differences Between

Ensemble Curves, %

Largest Difference

Between

Ensemble Curves

Cohen d Effect Size (95% CI)

of Largest Difference

Between Ensemble Curves

Vertical ground reaction force 4—10 3.56% BW 0.91 (0.68, 1.14)

55—71 2.46% 0.78 (0.55, 1.01)

86—95 �2.23% �0.61 (�0.83, �0.39)

Knee-flexion angle 1—99 3.56° 1.72 (1.46, 1.97)

Internal knee-extension moment 1—12 �0.19% BW 3 height �0.72 (�0.94, �0.49)

53—91 �0.48% BW 3 height �1.14 (�1.38, �0.91)

95—100 �0.11% BW 3 height �1.00 (�1.23, �0.76)

Abbreviation: BW, body weight.
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Figure 3. A, Vertical ground reaction forces and, B, mean
difference curve of the braced and nonbraced conditions. A, Mean
ensemble waveforms plotted over the stance phase of walking for
mean vertical ground reaction force normalized to body weight for
both the braced and nonbraced conditions. B, Corresponding
pairwise comparison functions and associated 95% CIs (gray
bands) indicating the mean differences between the braced and
nonbraced conditions. Differences between conditions exist when
the 95% CIs do not overlap zero.
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Femoral Cartilage Deformation

We found no difference (t32 ¼ 0.183, P ¼ .86; Cohen d ¼
�0.05; 95% CI ¼ �0.53, 0.43) in %ΔCSA between the
nonbraced (�0.86% 6 3.46%) and braced (�0.65% 6
4.76%) conditions (Figure 7).

Correlations Between Biomechanical Changes and

Changes in COMP and CSA Responses

A positive correlation existed between the change in
vGRF impact peak (ΔvGRF-IP) and the change in the CSA
responses. Specifically, a greater ΔvGRF-IP (ie, nonbraced
vGRF-IP � braced vGRF-IP) was associated with a greater

ΔCSA increase (ie, nonbraced %ΔCSA � braced %ΔCSA).
We noted no correlations between KFA, KEM, or KAM
values and changes in COMP or CSA responses. Similarly,
no correlation was seen between ΔvGRF-IP and the change
in the serum COMP response (see Supplemental Table,
available online at http://dx.doi.org/10.4085/1062-6050-0700.
20.S2).

DISCUSSION

Overall, individuals with ACLR demonstrated greater
KFA throughout the stance phase and greater KEM in the
first 12% of the stance phase during the braced condition,
suggesting a propensity to minimize the stiffened-knee gait
strategy early in stance. In the entire study cohort, walking
with the 3-point bending brace did not influence acute

Figure 4. A, Knee-flexion angles and, B, mean difference curve of
the braced and nonbraced conditions. A, Mean ensemble wave-
forms plotted over the stance phase of walking for mean knee-
flexion angle for both the braced and nonbraced conditions. B,
Corresponding pairwise comparison functions and associated 95%
CIs (gray bands) indicating the mean differences between the
braced and nonbraced conditions. Differences between conditions
exist when the 95% CIs do not overlap zero.

Figure 5. A, Internal knee-flexion moments and, B, mean differ-
ence curve of the braced and nonbraced conditions. A, Mean
ensemble waveforms plotted over the stance phase of walking for
mean internal knee-flexion moment for both the braced and
nonbraced conditions. B, Corresponding pairwise comparison
functions and associated 95% CIs (gray bands) indicating the
mean differences between the braced and nonbraced conditions.
Differences between conditions exist when the 95% CIs do not
overlap zero.
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serum COMP concentrations, yet a smaller increase in
serum COMP was evident after walking with a brace in a
subset of individuals (n ¼ 22) whose serum COMP
concentrations increased after the nonbraced condition.
Contrary to our hypothesis, the braced condition did not
acutely influence acute femoral cartilage deformation.
Therefore, our laboratory-based findings suggested that
the 3-point bending brace acutely modified the stiffened-
knee strategy early in the stance phase and the acute
biological response to walking in participants who
displayed increased serum COMP concentration after a
3000-step walking protocol.
A stiffened-knee gait strategy (ie, less peak KFA and less

sagittal moment)2 has been hypothesized to impede optimal
energy attenuation across the tibiofemoral cartilage surface.
Our results are consistent with those of previous researchers29

who reported that walking with a brace promoted increased
KFA throughout stance compared with nonbraced walking in
those with ACLR. Peak vGRFs (22%—23% of stance)
remained similar between conditions; thus, the increased
KFA during braced walking may have allowed force
attenuation across more of the tibiofemoral joint.30 Further,
an increase in KFA may be linked to the increased internal
KEM in early stance (1%—12%) and the second half of stance
(53%—91%) in the braced condition compared with the
nonbraced condition. Individuals did show slightly greater
vGRF early during the stance phase (4%—10%) when braced.
Maintaining, or slightly increasing, vGRF during gait may
also be beneficial for maintaining cartilage health, as greater
vGRF in the first 50% of stance is associated with less type II

collagen turnover.4 Our data indicated that alterations in the
stiffened-knee gait strategy may have been caused by an acute
increase in KFA throughout stance. Our findings also
suggested that the brace may have acutely restricted full
extension of the knee during midstance. Overall, our results
provide evidence that using a 3-point bending brace may
acutely elicit changes in sagittal-plane gait biomechanics that
may be beneficial for cartilage health. The supplemental
comparison of KAM biomechanics revealed that braced
walking elicited greater KAM than did nonbraced walking in
our cohort. In earlier studies, investigators observed that
individuals with ACLR had lesser KAM,5,6,31 in addition to
lesser KFAs and lesser KEMs than control participants.32—35

Although we did not compare gait biomechanics between
individuals with ACLR and uninjured control individuals, the
increases in KFA, KEM, and KAM in individuals with ACLR
after acute bracing suggests that bracing may acutely assist in
normalizing biomechanics in portions of the stance phase.
Researchers4 have hypothesized that aberrant joint

loading contributes to harmful biological changes to knee-
joint tissues. As such, it is surprising that walking with a
brace did not result in a smaller COMP increase compared
with walking without a brace in the entire cohort. It is
possible, however, that in attempting to unload the medial
compartment, braced walking increased the lateral tibio-
femoral contact stresses, thereby creating a net-neutral
articular cartilage load that may have resulted in the same
serum COMP results as those of nonbraced walking. Future
investigators should measure the shifting of contact stresses
between the medial and lateral compartments due to braced

Figure 6. Percentage change in serum cartilage oligomeric matrix
protein (COMP) due to the braced and nonbraced conditions in all
participants and in a post hoc subset of participants. The percentage
change in serum COMP due to a standardized 3000-step walking
protocol both with (braced) and without (nonbraced) a knee brace
designed to offload articular tissues both for all participants (n ¼ 30)
and in a subset of participants who demonstrated increased COMP
(.0-μg/mL increase in COMP during nonbraced walking; n ¼ 22).
The horizontal line indicates the median. The upper and lower hinges
correspond to the first (25th) and third (75th) quartiles, respectively.
The interquartile range is the distance between the first and third
quartiles. The whiskers indicate the smallest and largest data points
within 1.5 3 interquartile range of the respective hinge.

Figure 7. Percentage change in femoral cartilage cross-sectional
area due to the braced and nonbraced conditions in all participants.
The percentage change in ultrasonic femoral cartilage cross-
sectional area due to a standardized 3000-step walking protocol
both with (braced) and without (nonbraced) a knee brace designed
to offload articular tissues for all individuals (n ¼ 33). The horizontal
line indicates the median. The upper and lower hinges corre-
spond to the first (25th) and third (75th) quartiles, respectively.
The interquartile range is the distance between the first and third
quartiles. The whiskers indicate the smallest and largest data
points within 1.5 3 interquartile range of the respective hinge.
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walking in individuals with ACLR. In addition, braced
walking may result in biological changes in individuals who
demonstrate the most deleterious responses to joint loading.
Similar to the data from previous authors,21 approximately
65% of our cohort experienced increased serum COMP
after habitual walking. In individuals whose serum COMP
increased after the nonbraced condition, the braced
condition resulted in a smaller increase in serum COMP
concentration. Our results indicated that walking with a
brace may reduce acute cartilage breakdown during
walking in individuals with ACLR who displayed more
breakdown during activities of daily living, such as
walking. Furthermore, the acute effects of braced walking
on COMP concentrations in individuals whose serum
COMP increased after usual walking in our study were
similar to those found when patients with ACLR were cued
to normalize gait patterns with real-time gait biofeedback.21

Whereas our study was not powered to conduct the
additional analyses to evaluate multiple covariates, it is
possible that this subgroup of individuals with greater
breakdown during activities of daily living may present
with additional factors that influence the biological
response to load. Static lower extremity posture is a factor
associated with knee OA.36 Authors of multiple studies
have specifically sought to understand the link between gait
biomechanics and medial tibiofemoral cartilage un-
loading37—39 attributed to varus malalignment, as cartilage
degeneration is also common in the lateral tibiofemoral
cartilage after ACL injury.40 As such, future researchers
should consider personalizing the direction of the 3-point
bending that the brace applies to the knee based on an
individual’s baseline static posture. Moreover, it will be
important to determine the effect of other covariates (eg,
meniscal injury, articular cartilage lesions, sex, time since
surgery or injury) on the COMP response in individuals
with ACLR.
The results of the post hoc analyses between the

biomechanics and changes in CSA and COMP response
suggested that a higher ΔvGRF-IP was associated with a
higher ΔCSA response. Although our work was not
powered to characterize the different CSA responses
associated with an increase in vGRF-IP, we speculate that
individuals’ biomechanical responses to bracing may have
affected ΔCSA differently. Future authors should elucidate
the factors associated with the femoral CSA response to
braced walking. Specifically, researchers may choose to
characterize the effect of covariates (eg, meniscal injury,
articular cartilage lesions, sex, time since surgery or injury,
baseline concentrations of additional biomarkers of articu-
lar cartilage breakdown and metabolism) on the COMP and
CSA response in individuals with ACLR to subsequently
improve the clinical outcomes for the entire group of
individuals with ACLR.
We are the first, to our knowledge, to evaluate the effects

of an unloader brace on femoral cartilage CSA in
individuals with ACLR. Healthy individuals who displayed
measurable deformation during walking demonstrated
lesser cartilage deformation when walking with a valgus
unloader brace than without a brace.11 Conversely, we did
not find differences in cartilage deformation (ie, %ΔCSA)
between the braced and nonbraced conditions in individuals
with ACLR, suggesting that wearing a brace during a single
session of walking may not influence the structural response

of femoral articular cartilage. However, it is possible that
changes in femoral cartilage structure not evaluated using
US imaging were modified by braced walking. The US
imaging procedures we used were restricted to the anterior
femoral cartilage; therefore, the central and posterior
femoral cartilage regions that may be deformed during
walking were not assessed. In future studies, investigators
may seek to incorporate other imaging modalities (eg,
magnetic resonance imaging) to understand the changes in
articular cartilage structure across the entire femoral
condyle after braced walking.
The effects of postoperative bracing on individuals with

ACLR are controversial.41—43 Whereas postoperative brac-
ing is still relatively common clinical practice, the
authors41,44 of recent systematic reviews have proposed
that bracing for ACLR should not be recommended
routinely. Yet these reviews were based only on knee
functional and joint stability outcomes.41,44 We are the first,
to our knowledge, to evaluate how knee bracing affects
biomechanical, biochemical, and structural outcomes
related to articular cartilage health, and our results
suggested that bracing may benefit some physically active
individuals with ACLR who have been cleared for
unrestricted physical activity. As such, we suggest future
efforts to consider other benefits of postoperative bracing
beyond traditional knee function and joint stability outcome
measures.
Limitations to this study can inform future research.

Although Pollo et al45 reported that medial unloader braces
decreased medial compartment tibiofemoral loads in
individuals with OA, whether this remains true for
individuals with ACLR using the specific valgus unloader
brace used in our study is unknown, as we did not collect or
estimate contact stresses. We recruited a convenience
sample of physically active individuals at 50.1 6 36.8
months post-ACLR. The time since ACLR and baseline
femoral cartilage structure have been associated with gait
mechanics46,47 and may have contributed to the femoral
cartilage structural response to the walking conditions.
Whereas our research was not powered to run the analyses
with additional covariates (eg, meniscal injury, articular
cartilage lesions, sex, time since surgery or injury), we
believe we have provided justification to conduct future
large-scale projects that consider the influence of these
covariates on the effectiveness of the intervention. Addi-
tionally, fewer steps per day have been associated with the
cartilage response to load.48 Future authors should evaluate
the effect of physical activity, time since ACLR, and
baseline femoral cartilage structure on cartilage response to
load. Further, we did not obtain information regarding
concomitant injuries (eg, meniscal and chondral injures)
from the surgical records. Given the established associa-
tions between concomitant injury and articular cartilage
health,49 determining if concomitant injury influences
changes after braced walking will be beneficial. We did
not assess compartment-specific changes; researchers may
seek to identify if personalized evaluation of cartilage
changes and individualized varus versus valgus unloader
bracing improves the biomechanical, biochemical, and
structural responses to bracing. Additionally, we measured
only the immediate and acute changes after bracing, and it
is possible that alterations may be more pronounced after a
longer time postwalking (eg, 30 minutes postwalking) or
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repeated brace wear. Moreover, because serum COMP
also originates from anatomic sources outside of the knee-
joint capsule,50 we were unable to determine the extent to
which the change in serum COMP specifically represented
the knee COMP response. Quantifying COMP directly
from the knee synovial fluid would provide a more specific
measure of COMP changes in the involved joint tissue.
However, knee aspirations in noneffused joints are often
unreliable, making these measurements unfeasible for this
study. Furthermore, serum COMP is associated with the
development of knee OA,51 and the acute change in serum
COMP is the most common biomarker used to measure an
acute response to lower extremity loading.12,14,15,21,22,52—56

As such, we chose to analyze serum COMP to represent
the biochemical response to load. The time range from
ACLR to participation was long (9—146 months post-
ACLR) and could have influenced individuals’ responses
to bracing. Therefore, future researchers should consider
controlling for the time post-ACLR. Whether another
device (eg, a compression strap around the thigh and
shank) could be used to alter walking-gait biomechanics
and CSA in individuals with ACLR also remains
unknown. Finally, given the nature of the study, which
prioritized evaluating the immediate effects of bracing on
CSA and COMP responses, we were unable to assess
nonbraced biomechanics after the 3000-step braced
walking protocol. Walking with the brace for 3000 steps
may have amplified or altered the gait changes described
herein and should be taken into account when drawing
conclusions and designing future studies. Overall, further
investigation is needed to determine the effect of bracing
during walking on structural femoral cartilage changes in
individuals post-ACLR.

CONCLUSIONS

Walking with a 3-point bending brace resulted in
differences in sagittal-plane gait biomechanics as well as
decreased %ΔCOMP in a subset of individuals who
demonstrated an increase in serum COMP concentrations
after nonbraced walking. Braced walking did not cause
changes in %ΔCSA in the anterior femoral articular
cartilage compared with nonbraced walking. Our results
indicated that walking with a brace may improve walking
biomechanics in individuals who are active and cleared for
unrestricted physical activity. Also, a subset of these
individuals who displayed an increase in serum COMP
after nonbraced walking exhibited less %ΔCOMP during
braced walking, which may reflect lesser cartilage break-
down or turnover in individuals post-ACLR. It remains
unknown if similar responses to bracing would be found in
the acute stages of rehabilitation.
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SUPPLEMENTAL MATERIAL

Supplemental Figure. A, External knee-adduction
moments and, B, mean difference curve of the braced and
nonbraced conditions. A, Mean ensemble waveforms
plotted over the stance phase of walking for mean external
knee-adduction moment for both the braced and nonbraced
conditions. B, Corresponding pairwise comparison func-
tions and associated 95% CIs (gray bands) indicating the
mean differences between the braced and nonbraced
conditions. Differences between conditions exist when the
95% CIs do not overlap zero.
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Supplemental Table. Correlation Between Changes in
Discrete Biomechanical Variables and Changes to Both the
Cartilage Oligomeric Matrix Protein and Femoral Cartilage
Cross-Sectional Area Responses.
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