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Background

There is a growing body of knowledge linking common gait maladaptations seen in
patients who have undergone an anterior cruciate ligament repair (ACLR) procedure and
early-onset OA of the knee. These maladaptations present during the early stages of
recovery following ACLR and often persist up to five to seven years, and likely beyond,
after surgery.

Purpose

The purpose of this scoping review was to investigate the literature on therapeutic
interventions after ACLR whose purpose is to normalize gait biomechanics.

Study Design

Scoping Review.

Methods

PubMed, SPORTDiscus, CINAHL, Embase, and Scopus databases were searched using
predefined terms such as Anterior Cruciate Ligament, Gait, Locomotion. Two authors
independently reviewed abstracts and full texts. Inclusion criteria included: 1) articles
published between 1990 and 2023, 2) written in English, 3) conducted using human
participants, 4) full text available, 5) included participants who were between the ages of
18-35 years and had undergone an ACLR procedure within five years of the relevant
intervention, and 6) included outcomes measures focused on walking/gait metrics after
receiving a therapeutic intervention. Exclusion criteria were Case studies, case series, and
studies using non-living subjects, such as animal studies or human cadaver studies.

Results

Of the 2873 potential studies 14 studies including 404 participants met all criteria. Six
studies included targeted strengthening as an adjunct to a normal ACLR rehabilitation
protocol, two included partial bodyweight training via treadmill, three included assistive
devices for gait or real time feedback via assistive devices, two included vibration therapy,
and one included a harmonic oscillator intervention. The high variability of interventions
on a limited number of participants makes it difficult to generalize their applicability in
the clinical setting on a large scale. Especially as few studies have evaluated the effects of
interventions specifically on gait metrics.
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Conclusion

There is a noted lack of standardization of prospective interventions to normalize gait
after ACLR that also includes a long-term follow-up. These interventions are important
to potentially help preserve long-term knee health in individuals with ACLR. There is a
present need for rigorous therapeutic intervention that addresses common gait
maladaptations after ACLR to potentially help preserve the long-term knee health in

individuals with ACLR.

Level of Evidence
2

INTRODUCTION

Approximately 200,000 anterior cruciate ligament (ACL) in-
juries occur annually in the United States to patients com-
monly in their mid-teens to early 20s. The primary treat-
ment for these individuals is ACL reconstruction (ACLR).1-3
It is well-documented that individuals after ACLR are at
increased risk to develop long term knee problems, such
as early-onset osteoarthritis (OA) of the knee, with the re-
ported prevalence ranging from 40% to 85% of patients
10-15 years after surgical intervention.4-8 Early-onset knee
OA in those following ACLR is associated with significant
pain, decreased quality of life (QoL), financial strain, and a
significant burden on the healthcare system.%10 The inci-
dence of knee OA in persons following ACLR is much higher
than the general population, where knee OA prevalence
rates are reported from 20-24%,11:12 and typically much
later in life. Thus, understanding the extent that early-on-
set OA of the knee is attributable to modifiable mechanisms
after ACLR represents a significant clinical problem and in-
tervention target for researchers and clinicians.

There is a growing body of knowledge linking common
gait maladaptations seen in patients who have undergone
an ACLR procedure and early-onset OA of the knee.l3-16
Gait maladaptations, such as decreased knee range of mo-
tion (ROM), increased sagittal plane knee flexion angle at
initial contact, decreased knee extension moment, and de-
creased vertical ground reaction force (VGRF) early in
stance present following ACLR!517 and often persist at
least fivew to seven years after surgery and likely beyond.18
In the frontal plane, an increased knee adduction moment
resulting in varus positioning is a common finding in this
population.!319-22This has led to emerging theories that
the etiology of early onset of osteoarthritis may relate to
an altered loading environment at the knee created by gait
maladaptations.23-26 Because individuals after ACLR are
active, even slight alterations to the loads that are experi-
enced by the articular surfaces of the distal femur and prox-
imal tibia and the remaining meniscus, when compounded
over the course of millions of steps, may have detrimental
long-term effects on knee joint health. Thus, therapeutic
interventions that directly address gait maladaptations are
of critical importance in the clinical setting after ACLR.

The purpose of this scoping review was to investigate the
literature on therapeutic interventions after ACLR whose
purpose is to normalize gait biomechanics. By identifying
interventions and normalization of gait outcomes, we hope
to encourage further study that leads to future implemen-

tation of effective interventions to mitigate the risk of
early-onset OA of the knee, improving the long-term knee
health of ACLR patients.

METHODS

IDENTIFYING THE RESEARCH QUESTION

Due to the large number of gait studies on therapeutic in-
terventions post ACLR the search aimed to be as broad as
possible using an a priori review protocol shared between
co-authors (KS, SB, MI). The research question was: what
therapeutic interventions are present in the literature that
affect walking gait post ACLR?

ELIGIBILITY CRITERIA FOR STUDIES

To be included in the analysis each study must have: 1)
been published between 1990 and 2023, 2) written in Eng-
lish, 3) conducted using human participants, 4) full text
available, 5) included participants who were between the
ages of 18-35 years that had undergone an ACLR procedure
within five years of the relevant intervention, and 6) in-
cluded outcomes measures focused on walking/gait metrics
after receiving a therapeutic intervention. Exclusion crite-
ria included, case studies, case series, wrong comparator
(i.e., using gait as a training intervention but not assessing
gait outcomes) and wrong setting such animal studies or
human cadaver studies.

INFORMATION SOURCES AND SEARCH PROCEDURES

Search terms were identified to address the purpose of the
study and used to develop search strategies for six data-
bases including PubMed, SPORTDiscus, CINAHL, Scopus,
CENTRAL, Embase, (see Appendix). Main search terms cen-
tered around anterior cruciate ligament reconstruction,
gait, and outcomes. Data extraction was completed in 2023
to yield a comprehensive search of existing literature re-
lated to the topic. The search (MB) and evaluation of search
results were performed according to Joanna Briggs Institute

(JBI) Reviewers Manual for Developing a scoping Review.27;
28

STUDY SELECTION

The identified studies from the database searches were
compiled into a single EndNote library and uploaded to an
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online systematic review program, Covidence (Melbourne,
Australia). Once uploaded, duplicate studies were removed.
Two independent reviewers (KS and MI) screened titles, ab-
stracts, full texts using Covidence (Melbourne, Australia)
based on inclusion and exclusion criteria. If a conflict was
identified between the two initial reviewers, a third re-
viewer (SB) cast the final vote.

CHARTING THE DATA

Upon compilation of the list of included articles, the eval-
uation of the interventions and findings to evaluate perti-
nent dichotomies began. It was found that many used simi-
lar intervention lengths; single session, less than 12 weeks,
and greater than 12 weeks. This offered a feasible means
of compiling the data in chart form for a succinct report of
findings.

CRITICAL APPRAISAL

In this scoping review, the aim was to report on the breadth
of the available published evidence regarding therapeutic
interventions that affect gait after ACLR. As critical ap-
praisals are not required by scoping reviews, an in-depth
critical appraisal was not performed.2 This approach has
been accepted and supported by the database of scoping re-
views on health-related topics,27-30 especially in those re-
views where scarce findings do not facilitate systematic re-
view or meta-analysis.27-28

SYNTHESIS OF THE RESULTS

The final stage of the scoping review process as described
by Arksey and O’Malley?? is a thematic analysis to enable
the investigation of the included studies in depth to pro-
duce a thorough summary. In this thematic analysis, inter-
ventions fell into three categories: durations consisting of a
single session, less than 12 weeks, or greater than 12 weeks.
There was a wide array of therapeutic interventions utilized
and subsequent gait evaluation metrics. This added to the
complexity of the topic and highlights the critical need for
further therapeutic interventions to address gait maladap-
tations post ACLR that are well studied and readily avail-
able in clinical settings.

RESULTS

Utilizing common search terms and subsequent MeSH
terms found in the Appendix, a total of 2873 articles were
assessed for suitability for inclusion in this scoping review
(Figure 1).

A total of 14 studies including 404 total participants
(Table 1) met the eligibility requirements, with the earliest
publication being from 2004 and the most recent from
2021.

Of the 14 publications, thee included a single laboratory
visit31-34 while 11 were prospective intervention stud-
ies35-44 (Tables 1 and 2). Of these analyzed studies, six
included targeted strengthening in addition to a normal
ACLR rehabilitation protocol, two included partial body-

weight gait training via a specialized treadmill, three in-
cluded assistive devices used during gait or real time feed-
back via assistive devices, two included vibration therapy,
and one included a harmonic oscillator intervention (Table
2). Among the prospective studies, the length of the inter-
ventions ranged from four weeks to six months, and the
frequency of the interventions ranged from one training
session per week to five days a week (Table 1). Follow-up
periods were generally short for all studies (<six months),
however there were three studies that provided two-year
follow-up data.35-36:38 Four of the 11 prospective interven-
tion studies resulted in a positive change in knee range
of motion and/or knee joint kinetics.37-394244 Of interest,
only one of the four studies used walking as the training
modality,3? while the other studies focused on neuromus-
cular training,*0 knee extensor eccentric training3’ or core
stabilization> (Table 2). We observed a variety of outcome
measures utilized in these studies (Table 2). They ranged
from “low tech” clinical tests (TUG, 10-m walk) to more
high-tech instrumented tests (3D motion capture, EMG).

DISCUSSION

The purpose of this review was to perform a scoping review
to investigate various therapeutic interventions after ACLR
to specifically normalize gait biomechanics. Fourteen stud-
ies that satisfied the inclusion and exclusion criteria were
included. Those investigations used a range of interven-
tions. The mechanics of walking, given its central role in
performing activities of daily living, likely plays a key role
in an individual’s long term knee health and the reported
altered loading cycles that occur each step for those with
ACLR have been hypothesized to contribute to EQA.46:47
While this provides a motivation to identify modifiable risk
factors to reduce risk of EOA, there are a limited number of
evidence-based therapeutic interventions that specifically
address known gait maladaptations after ACLR.

Alterations in gait can change the loading environment,
with potential ramifications on the articular surface of fe-
mur and tibia, as well as the meniscus. This has led to a hy-
pothesis that gait maladaptations alter the loading of knee
cartilage after ACLR creating conditions for both overload-
ing!348-51 and/or underloading!%46:4749 of the cartilage
within the knee. Andriacchi et al. described the onset of OA
occurring as a combination of two proposed theories. One
theory proposes that individuals who adopt a high func-
tional loading response on the knee joint develop rapid pro-
gression of OA. A second theory suggests that individu-
als who adapt to a low functional loading develop a slower
progression of OA due to under loading.#8 Another crucial
component to this theory is that cartilage thickness is at-
tributed to both joint loading and the number of loading
cycles.13:52 This can be interpreted as a potential finite bal-
ance between sufficient loading cycles to encourage carti-
lage hypertrophy and too much loading and/or alterations
in how the cartilage is loaded resulting in premature break-
down.4? This emphasizes the importance of normalizing
gait as efficiently as possible as walking is the dominant
cyclic activity of daily living.513,19:20,49
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No Full Text Available (n = 11)
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Studies included in review (n = 14)

Figure 1. PRISMA Flow Diagram for scoping review process.

While multiple studies were identified that were able to
demonstrate normalization of key features of gait at vary-
ing levels of evidence, they used a variety of interventions
on a very limited number of subjects making it difficult
to generalize their applicability in the clinical setting on a
large scale. This identifies a need for a scalable interven-
tion to mitigate gait maladaptations after ACLR that is fea-
sible to apply in the clinical setting. While clinicians have
shown a recognition that gait interventions after ACLR are
important3 the findings of this scoping review suggest that
relatively few studies exist attempting to normalize and/or
assess gait after ACLR. Reducing gait maladaptations such
as decreased knee range of motion (ROM), decreased knee
flexion angle at initial contact in the sagittal plane and a
decreased knee extension moment, and increased vertical
ground reaction force (VGRF) during loading?1,52:54-58 af-
ter ACLR are modifiable factors that may affect the onset of
early-onset knee OA in individuals with ACLR.

While the modifiable nature of post ACLR interventions
provides promise, recent work shows that while many clin-
icians ascribe value to gait training during rehabilitation,
only 35% of respondents reported objectively measuring
gait during rehabilitation.53 Furthermore, given the find-
ings of this review, there are very few well studied thera-
peutic interventions that mitigate gait maladaptations after
ACLR. Given the subtle nature of gait maladaptations, the
use of sensitive means of quantifying pre-post changes to
gait are important.5%60 The recent advent of valid and reli-
able means to quantify aspects of gait using 2D based cam-
era technology,%1:62 markerless multiple camera views to
reconstruct 3-dimensional video capture outside the lab,61:
63 or wearable technology®4-%6 is providing clinicians and
scientists means to perform these quantitative assessments
in clinical settings.

Many of the included studies demonstrated significant
variation in the type and focus of the therapeutic inter-
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Table 1. Intervention Study Characteristics

Single Session Interventions

Author Study Design Participants Length of

Intervention
Blackburn RCT 50 ACLR participants avg. 20 yrs. old Single testing
etal. 202131 26.7 months after surgery session

Hu et al. 201632

Single-arm Prospective Study

10 ACLR participants avg. 33 yrs. old
immediately after surgery

Single testing
session

Hunt et al. 201033

Pre-post Single Session

12 ACLR participants avg. 21 yrs. old

Single testing

Intervention 1 month after surgery session
Interventions of Less Than or Equal to 12 Weeks
Luc-Harkey Crossover Design Study 30 ACLR participants avg. 20 yrs. old One month
etal. 4 years after surgery
201834
Capin, et al. RCT 39 female ACL participants Five weeks
201935 avg. 19 yrs. old
5.5 months after surgery
Capinetal. RCT 40 ACL participants avg. 23 yrs. old 5.5 months Five weeks
201836 after surgery
Couryetal. Prospective non-randomized 5 male ACL participants avg. 32 yrs. old Twelve weeks
200637 study 9 months after surgery
Capinetal. RCT 40 ACLR participants avg. 23 yrs.old Five weeks
201738 5.5 months after surgery
Decker et al. RCT 16 ACLR participants avg. 28 yrs. old Six weeks
200437 6 weeks after surgery
Moran et al. RCT 23 ACLR participants avg. 21 yrs. old 4 weeks.
201940 1 week after surgery
Luo et al.2016%1 RCT 40 ACLR participants avg. 43 yrs. old 24 weeks
Immediately after surgery
Hartigan et al. RCT 19 ACLR participants avg. 29 yrs. old 3 weeks prior to
200942 Pre-surgery ACLR
Eastlack et al. Prospective non-randomized 6 ACLR participants avg. age 41yrs. old 6 weeks
200543 study 6 weeks after surgery
Interventions of Greater Than 12 Weeks
Lietal. 201944 RCT 74 ACLR participants avg. 27 yrs. old 6 months

2 nd day after surgery

Randomized controlled trial =RCT, Anterior Collateral Ligament Reconstruction = ACLR, avg.=average, yrs.=years

ventions used to address altered gait, including focus on
proprioception, eccentric strengthening, core stability,
biofeedback, partial body-weight training, and joint mobi-
lizations. To add to the difficulty of applying these inter-
ventions clinically, the studies highlighted were observed
to include low standardization of timing, volumes, inter-
vention types, and gait metrics as outcome measures. For
this scoping review the authors appraised investigations
that were single session studies (n=3) and prospective in-
terventions (n=11). The single session investigations tested
the effectiveness of acute interventions such as local mus-
cle and whole-body vibration,3! robotic intervention,32
biofeedback while walking® and anterior tibiofemoral
glides.33 Each of these acute interventions led to improve-
ments in the specific kinetic or kinematic gait outcomes
with one study showing that gait modifications were still
present one month post-intervention.32 It is not clear to
the extent that these unique interventions would result in
long term or sustained effects on knee joint kinetic and
kinematics due to their single visit, cross sectional design.
Some of the prospective interventions assessed showed

promise at normalizing gait metrics, however the long-term
efficacy of these treatments is unknown. Two investiga-
tions that reported positive findings showed promising
long-term results at six months post ACLR.42:45 The short-
term nature of the interventions (nine of the ten interven-
tions lasted 12 weeks or less with limited follow-up) do not
allow the assessment of implications on gait along a longer
time horizon, especially pertaining to long term functional
gait, as the outcome metrics were also highly variable. Of
note, three investigations did assess outcomes at one- and
two-year post-op. These studies failed to show meaning-
ful improvement in these outcomes related to alterations
in function of the reconstructed knee.35:36:38 These authors
suggested that longer interventions may be required. Fur-
ther studies standardizing interventions and evaluating the
gait metric outcomes are needed before adopted into clin-
ical practice, especially as many of these interventions are
not commonly being utilized in clinical practice.53
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Table 2. Intervention Studies with Gait Metrics as Outcomes.

Single Session Interventions
Author Intervention Gait Metric Notable Outcomes
Blackburn Participants randomized to local 3D motion capture and kinetics WABYV acutely increased peak KEM and
etal. muscle vibration (LMV) at the to assess peak vertical ground LMYV decreased loading rates compared
202131 quadriceps vs whole body vibration reaction forces (VGRF) and its to controls.
(WBV) assessed pre-post loading rate, peak internal knee
extension and abduction
moments (KEM), and peak knee
flexion and varus angles.
Huetal. Participants completed regular 10 min walk test and timed-up- Times for both the 10MWT and TUG test
201632 walking and robotic assisted therapy and-go test. Surface decreased significantly. VM sEMG
for a single session of 20 minutes. Electromyography (sEMG) of activity increased. A follow-up study
Outcomes assessed pre-post. the vastus medialis (VM) during confirmed these findings to be persistent
the gait cycle. at one-month post-intervention
Hunt et Participants experienced anterior 3D motion capture gait analysis Maximum knee extension increased
al. 201033 tibiofemoral glides performed for 10 via Eagle Cameras, Motional acutely during stance phase of gait
minutes. Outcomes assessed pre, Analysis Corp). acutely but did not last at follow up. No
post, and 10 minutes following the other gait metric showed a significant
intervention. difference post intervention.
Interventions of Less Than or Equal to 12 Weeks
Luc- Participants completed 4 separate 3D motion capture gait analysis Peak vGRF of the ACLR limb increased
Harkey walking trials while receiving real- and force plate metrics during significantly during high loading and
etal. time biofeedback of vertical ground gait cycle. decreased during low loading compared
201834 reaction force (VGRF) projected on a to control indicating a cueing an increase
screen at a self-selected walking in vVGRF may be beneficial for increasing
speed for 20 minutes. Outcomes knee extension moment, and knee
assessed during the session. excursion in ACLR patients.
Capin, et Participants randomized into a Limb symmetry during walking Neither SAPP nor SAPP + PERT training
al. 20193° 10-session strength, agility, via 3D motion capture, force improved walking mechanics in women
plyometric, and secondary plates, and EMG. at up to 2 years post-op.
prevention (SAPP) training or SAPP
training plus perturbation training.
Outcomes assessed pre-post-1yr 2yr
follow up.
Capinet Participants randomized to a Limb symmetry during walking Neither SAPP nor SAPP + PERT training
al. 10-session strength, agility, via 3D motion capture, force improved walking mechanics in men at up
201836 plyometric, and secondary plates, and EMG. to 2 years post ACLR.
prevention (SAPP) training or a SAPP
training plus perturbation training.
Outcomes assessed pre-post-1yr 2yr
follow up.
Coury et Participants performed 3 sets of 10 Goniometry to assess knee Knee extension and flexion ROM
al. 200637 maximal eccentric quadricep flexion/extension range of increased significantly during gait at 9
contractions twice a week for 12 motion (ROM) and valgus/ months post ACLR.
weeks. Outcomes assessed pre-post. varus positioning during gait.
Capinet Participants randomized to a 10 Limb symmetry during walking Neither SAPP nor SAPP + Perturbation
al.201738 session strength, agility, plyometric, using 3D motion capture, force training improved interlimb symmetries
and secondary prevention (SAPP) plates, and EMG. inmen at up to 2 years post ACLR.
training or SAPP training plus
perturbation training. Outcomes
assessed pre-post-1yr 2yr follow up.
Decker et Participants (avg. 28 yrs. old) 3D motion capture and force Gait retraining with FHDO showed
al. 200439 randomized to a 6-week walking vs plates to quantity hip position improvements in lower-extremity
walking with a prescribed stride and knee position at heel strike, positions, hip and knee extensor angular
frequency (PSF) protocol. Outcomes knee midstance range of impulse, and work parameters at both 6-
assessed pre-post motion and kinetic measures of and 12-weeks post ACLR. PSF showed no
hip extensor impulse and knee statistical improvements.
extensor impulse
Moran et Participants (avg. 21 yrs. old) Comfortable gait speed and No gait metrics improved significantly.
al. 201940 randomized into a neuromuscular single leg stance symmetry.
electrical stimulation functional
electrical stimulation during gait for
10 minutes 3 times per week for 4
weeks.
Luo et al. Participants randomized into partial 10-meter walk time 10-meter walk time increased
201641 weightbearing treadmill training significantly in the PWTT + TPT,
(PWBTT) or PWBTT plus traditional compared to TPT only.
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Single Session Interventions
Author Intervention Gait Metric Notable Outcomes
physical therapy (TPT). Outcomes
assessed at 12 and 24 weeks after
surgery.
Hartigan Participants randomized into Lower Extremity Kinematics Individuals who performed perturbations
etal. strength or perturbation training + via 3D motion analysis system + strengthening were more symmetrical
200942 for 10 sessions prior to ACLR than those who did strengthening only 6
outcomes assessed pre intervention months post ACLR.
and 6 months post-surgery
Eastlack Participants walked using lower EMG of the biceps femoris and Magnitude of EMG activity was
etal. body positive pressure once weekly vastus medialis oblique. maintained at all experienced lower body
200543 for 6 weeks after surgery. Outcomes Ground reaction forces and pressure ranges.
assessed after walking intervention. knee angles during gait. Pain was significantly reduced, knee
range of motion was larger under body
weight support conditions at weeks 3 and
4 but by weeks 5 and 6 all conditions
were similar
Interventions of Greater Than 12 Weeks
Lietal. Participants were randomized to 3D motion analysis and force Cadence, stride length, gait speed, and
201944 typical care or typical care + adjunct plates to assess cadence, stride knee range of motion increased over the
core stabilization and strengthening length, stride width, and gait course of the intervention. Joint peak
(1 hour per day for 6 months) speed, knee range of motion, reaction forces increased at the ankle,
program to established but and peak reaction forces. knee, and hip at 6 months post ACLR.
unidentified ACL Rehabilitation
protocol. Outcomes assessed pre-
post.

Anterior Collateral Ligament Reconstruction = ACLR, avg.=average, yrs.=years

LIMITATIONS

A limitation that may be present within this study is the use
of MeSH terms that may not have aligned with translations
of terms from studies written in other languages. A second
limitation could be the operational definition of therapeu-
tic interventions. For this study therapeutic intervention as
a physical intervention performed by a clinician on a pa-
tient with ACLR was defined. This may have omitted other
prospective interventions that, while unlikely, may have a
positive effect on gait metrics such as psychological inter-
ventions or durable medical equipment such as bracing in-
terventions.

CONCLUSION

The results of this scoping review show that few studies
have tested interventions to target gait normalization after
ACLR. Further, the lack of standardization of the interven-
tions in the 14 studies, as well as variability in rehabilita-

tion duration and follow-up assessments of the interven-
tions give rise to an important clinical problem to address.
A need is present for well-vetted and widely studied thera-
peutic interventions that address common gait maladapta-
tions after ACLR to address long-term knee health in indi-
viduals with ACLR.
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