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Abstract

Objective: Even after undergoing surgical treatment, anterior cruciate ligament reconstructed
(ACLR) individuals continue to show restricted mobility across the short-, medium-, and long-
term recovery windows. The present systematic review with meta-analysis set out to examine
kinematics of knee joint in the anteroposterior plane across the various phases of gait in this
population relative to healthy controls, and to track how gait kinematics change over the

postoperative timeline.

Materials & Methods: Records were retrieved from five electronic databases including
PubMed, Web of Science, Scopus, Cochrane Central Register of Controlled Trials (CENTRAL)
and PEDro spanning their entire indexing history through May 2026. Studies comparing gait
biomechanics between ACLR patients and healthy individuals were retained and grouped by
time since surgery into short- (0 to less than 6 months), medium- (6 to'less than 12 months),
and long-term (over 12 months) categories. Biomechanical variables from the walking stance
phase were drawn from each eligible study, and in order to rate study quality, a modified Downs

and Black checklist was used.

Results: Sixteen studies, with an average methodological quality score of 69%, met the
inclusion criteria. Regardless of the time since surgery, patients with ACLR demonstrated a
smaller knee flexion at the loading phase than healthy controls (P = 0.004). Also, in the
medium- (P = 0.03) and long (P = 0.009) terms postoperative periods, the knee flexion angle

compared with the healthy individuals.remained lower .

Conclusion: Findings of the present.systematic review and meta-analysis indicated that
patients following ' ACLR exhibited reduced knee joint flexion at the loading phase of stance
than that healthy individuals. The persistence of reduced knee flexion during the medium- and
long-term follow-up, periods after ACLR suggests incomplete restoration of normal gait
patterns and the continuation of knee biomechanical abnormalities in ACLR patients. These
results highlight the necessity of developing phase-specific and targeted rehabilitation

programs to correct knee joint motion limitations following ACLR.

Keywords: ACL surgery; Joint Angle; Gait



Introduction

After an anterior cruciate ligament (ACL) tear, ACL reconstruction (ACLR) is frequently
performed as a surgical intervention aimed at restoring knee joint stability and helping patients
return to the activity level they had before the injury. Previous studies have shown that ACLR
surgery restores joint stability (1, 2). Several studies have evaluated the effect of ACLR on
knee joint kinematics during walking (3-5). These studies have indicated that, despite a general
tendency toward normalization of gait patterns after reconstruction surgery, modified
kinematics around the knee anteroposterior plane persist. It has been reported that abnormal
gait patterns may contribute to the long-term development of pathological knee complications
(6). Furthermore, evidence indicates that individuals after ACLR  experience<asymmetrical

knee loading during walking (7).

Altered gait kinematics, may indicate unresolved disorders after surgery, and may also act as
an effective mechanical factor in the development of post-traumatic arthritis (8). Thus far,
studies examining gait patterns after ACLR have reported contradictory results related to knee
joint kinematics (9-11). Part of these contradictory results. may be related to differences
between studies in patient-level variables (e.g., sex, time since surgery, graft type), the choice
of comparison group (healthy controls versus.the contralateral knee), how data were collected
and processed, the movement protocols used, differences in gait speed, and how results were
presented (e.g., whether data were normalized). Therefore, the need to combine and aggregate
comparable data on knee joint kinematics is evident. Identifying modifiable features in the gait
pattern of the reconstructed knee could help in developing targeted interventions to prevent the

progression of pathological complications following knee injury.

Several'systematic reviews with meta-analysis have already attempted to reconcile these mixed
findings. Drawing on data from 13 studies, Shi et al. reported comparable knee flexion during
gait between healthy and ACLR groups (12). Slater et al. later performed a meta-analysis
examining kinetics and kinematics of lower-extremity during gait in ACLR versus healthy
individuals, accounting for postoperative intervals ranging from 3 to 64 months (13). In this
meta-analysis, 27 studies were included, founds shoewed that ACLR patients demonstrated
reduced knee flexion angles than healthy counterparts specifically during the initial stance
phase (13). Overall, findings from meta-analyses indicate the persistence of alterations in gait
biomechanical patterns in the anteroposterior plane, even over long-time intervals following

ACLR. However, previous research have assessed the stance phase of gait primarily in an



aggregated and integrated manner. There is evidence suggesting that knee kinematic patterns
can differ across various sub-phases of the stance phase (14). Despite this, existing reviews

have not analyzed these sub-phases separately and distinctly.

Examining knee kinematics over the entire stance phase in an aggregated manner may obscure
subtle and phase-specific changes in joint motion. Different sub-phases of the stance -
including initial contact, loading response, and toe-off - are each associated with different joint
mechanics (14). Biomechanical alterations resulting from ACLR may be significant in one
stage of the stance phase but not visible in the average of the entire stance phase. Therefore, a
detailed examination of each stage of the stance phase enables the identification of subtle and
modifiable features in the gait pattern and can facilitate the development of targeted
interventions to correct gait patterns and reduce the probability. of re-injury or the progression
of osteoarthritis following ACLR. Nevertheless, the mentioned studies did not examine knee
kinematics during different stages of the gait stance phase. Therefore, the current systematic
review and meta-analysis was designed to evaluate antetoposterior-plane knee joint kinematics
across the different sub-phases of the gait stance phase in adults with ACLR relative to healthy

individuals.

Materials and Methods

This systematic.review and meta-analysis was performed in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (15). The
EndNote 20 software (Bld 14672, Clarivate, Philadelphia, PA, USA) were used in order to
screen potentially eligible articles. The present review included observational studies and did
not involve ‘randomized therapeutic interventions; therefore, the PECOS approach
(Participants, Exposure, Comparators, Outcomes, and Study Design) served as the basis for
defining the“criteria of inclusion and exclusion. Within this framework, the participants
comprised adult who had undergone ACLR. The exposure of interest was the postoperative
ACLR condition, while healthy group with no history of knee surgery was used as the
comparator group. The outcome measures included anterior—posterior knee joint kinematics
across the different phases of the gait stance phase. Cross-sectional studies and case-control
studies, as well as baseline data or a single time-point gait assessment and otherwise from

cohort studies when appropriate, were considered eligible (16, 17) (Table 1).



Table 1. Selection criteria for study eligibility according to the PECOS framework.

Category  Inclusion Exclusion

Participants Adults who had undergone anterior cruciate ligament Participants ~ with  systemic,

surgery (ACLR), following either an isolated ACL injury or Neurological, — or  degenerative
an ACL injury accompanied by meniscal and/or collateral conditions

ligament damage, regardless of graft type

Exposure  ACLR -

Comparator Comparison with a healthy control group (i.e., without ACLR Lack of a healthy individuals

intervention)

Outcome Knee joint kinematic during gait Studies investigating kinematic and
Kinetic parameters during tasks other
than gait-were excluded from the

review

Study Case-control, case series, cohort, and cross-sectional studies. ‘Case studies, systematic reviews

design

To capture the full body of relevant literature, five databases including PubMed, Web of
Science, Scopus, Cochrane Central Register of Controlled Trials (CENTRAL) and PEDro were
systematically searched through May 2026 In addition, grey literature was retrieved through
Google Scholar, ScienceDirect, ClinicalTrials.gov, and PROQUEST, in addition to by hand-
searching the reference lists.of the included articles. The initial search strategy was built for
PubMed and then adjusted to suit each remaining database. Search terms incorporated both
free-text keywords 'with Medical Subject Headings (MeSH), both derived from the PECOS
framework (Table 2). The titles and abstracts of the studies were assessed by two reviewers
(A.E. and F.R.) in order to identify studies that were potentially eligible, according to eligibility
criteria. Disagreements between the two reviewers were clarified through discussion with a
third reviewer (A.J.) until consensus was achieved. When the details in the title and abstract

was insufficient, the full text was screened.



Table 2: Search strategy

Participants AND Task AND Outcomes AND Body part
"Anterior cruciate Walk* Biomech* "Lower
ligament reconstruction™ limb*"
"Anterior cruciate Walking* Kinetic* "Lower
ligament™ extremit*"
"Anterior cruciate gait* Kinematic* Foot
ligament injur*"'
\
"ACL repair™ "Translation Speed Feet
movement" s
Force* 5 Ankle
1 *
Motion 4 Ankles
Rotation* Leg
Impuls Legs
\
\ Acceleration Knee
Dynamic Knee*
\
- Power Hip
Movement Hips
Load* Pelvis
Joint moment* Thigh*
\
> Ground reaction
*
\ force
Mechanic*
Torque*
Angle*




Methodological quality was rated independently by two reviewers (A.E. and A.J.) with a
adapted version of the Downs and Black assessment tool developed for non-randomized
controlled trials (18). Since the bulk of the studies included here were non-randomized
controlled trials or quasi-experimental in design, this 18-item modified checklist - rather than
the original - was applied. The Downs and Black checklist comprised 18 items covering five
methodological domains, including reporting quality (items 1-7 and 10 ), external validity
(items 11-12), internal validity related to bias (items 15-16, 18, and 20), internal validity
associated with confounding (items 21-22 and 25), and statistical power (item 27). Structured
this way, the checklist supports a thorough, systematic appraisal of quality across non-
randomized study designs. For each included study, the-overall methodological quality was
expressed as a percentage of the maximum score (19). Based on the overall methodological
quality assessment, studies were categorized as:high quality:when their scores were >75%,
moderate quality when scores ranged from 60%:to74%, and low quality when scores were
<60% (19). These ranges have been used in previous studies that employed the Downs and
Black assessment tool and are widely accepted in systematic reviews. The selection of these
thresholds allows for an integrated comparisonof quality across studies and has a direct
relationship with the level.of confidence in the study results. This means that high-quality
studies have the highest reliability and-the lowest risk of bias, while low-quality studies are at

increased risk of error and bias.

In the present review, only data related to the gait stance phase were extracted. Knee joint
flexion angle, examined throughout the initial contact, loading response, and toe-off phase of
the gait stance phase, was the kinematic variable of interest. Data from the included studies
were extracted by single auther (A.E.). The information gathered encompassed several key
parameters: the sample sizes of both the ACLR and healthy control cohorts, along with
participant demographics such as age and sex. Additionally, surgery-related variables -namely,
the time elapsed since surgery and the type of graft utilized- were recorded, as was the time
elapsed since the initial injury. Beyond these, the outcome measures under investigation and

the specific characteristics of the gait assessment protocol were also documented. To reduce
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any error in data extraction, the relevant Excel files were checked by the second author (A.J.).
For studies in which quantitative data were not directly reported in the text or tables, an initial
attempt was made to obtain the necessary information by contacting the corresponding author
of the article. The email address of the corresponding author of each article was checked, and
a formal message requesting raw data related to kinematic variables was sent. In the absence
of a response or in cases where the data were not available, a free web-based software
(https://plotdigitizer.com/webplotdigitizer-alternative) was served to extract data from graphs.
The extraction of data process was carried out independently by two_researchers, and each
graph was digitized at least twice. If there was a discrepancy between the extracted values, the
mean values was considered as the last value. This approach was adopted to reduce extraction
error and increase the accuracy of data entered into the meta-analysis. To perform subgroup
analyses based on time period since surgery, the included studies were.classified into three-
time categories: short- (0 to less than 6 months), medium- (6 to less than 12 months), and long-

term period (12 months and more).

Combined analyses of quantitative dataswere conducted using Cochrane Review Manager
software version 5.1 and displayed as forest plots.:Standardized mean differences (SMD) and
their 95% confidence intervals (CI) were used to quantify effect sizes, based on a random-
effects model (20-22). The SMD were classified based on their magnitude as trivial (0.0-0.2),
small (>0.2-0.5), moderate (>0.5-0.8), or large (>0.8) (20-22). The I* statistic was employed
to assess heterogeneity across studies. The degree of heterogeneity was interpreted as low for
I? values between 25% and 50%, moderate for values between 50% and 75%, and high when
I? exceeded 75% (23, 24). Following the meta-analysis, publication bias and potential small-
study effects were examined by visually examining funnel plots for asymmetry in the effect
size distribution (25). Funnel plot asymmetry was assessed by Egger's test, which assesses the
relationship between effect sizes and their corresponding standard errors (26). Where funnel-
plot asymmetry was present, the trim-and-fill procedure was applied to derive an adjusted

pooled effect size, which was then compared against the unadjusted estimate to approximate
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how many studies might be missing from the analysis (27). The significance level in the tests

was considered 0.05.

Results

The initial literature search identified 3,522 records. Following duplicate removal, 1,857
studies were retained. Title and abstract screening led to the full-text evaluation of 159 articles.

Ultimately, 16 studies met the inclusion criteria for this systematic review with meta-analysis

(Figure 1).
Records identified through
database searching
£ n=3.199
k= Scopus = 1284
& Web of Science = 809
= PEDro=123
= PubMled = 508
L Cochrane=32
Other=446
p| Excluded:
Duplicates
. - n=1342
£ Records screened
E n=1_857 Records excluded
7 No ACLR
Children
| Reviews, Abstracts
Non-English article
- n=1_698
Full-text articles assessed
for eligibility
n= 150 Full-text articles excluded with
reasons
n=143
No healthy control group
o n=44
| Non-level walking task
n=20
Full text not retrievable /
w insufficient data
Studies included in n=30
E qualitative and Inappropriate study design
% quantitative synthesis n=18
= (meta-analysis) Ineligible population (2.g., ACL-
=16 deficient, revision surgery)
n=18
Computational moedeling studies
only (e.g., finite element analvsis)
n=4

Figure 1. PRISMA flow chart
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Table 3 presents the characteristics of the included articles. Two articles were assigned to the
short-term category (14, 28), three studies into the medium-term category (29-31), and 11
studies into the long-term category (3, 10, 30, 32-39).
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Table 3. Overview of the 16 studies included in the quantitative synthesis.

Authors ACLR sample | Healthy control | Time Time since | Type of graft Outcomes Gait protocol Kinematic
size, gender | sample size, | since surgery and/or kinetic
(male/female), gender injury measurement
age (mean+ SD or | (male/female), tools
range) age (mean + SD

or range)

Asaeda et | 16,M,29.1+11.7 | 16,M,25.0+£6.8 | Not 12 months Quadrupled Tibial 5 trials, | 3D, force

al. (3) and 16 F, 25.6 + | and 16 F, 21.3 £+ | reported semitendinosus rotation, preferred gait | platforms
13.0 1.8 tendon peak  knee | speed, 10-m

flexion, knee | walkway
motion
excursion

Bulgheroni | 15, M, 25+3 5,M,28+3 Not 17.. £ 5. | BPB technique Lower limb | 5 trials, 20-m | 3D, force

etal. (32) reported months joint angle walkway platform

Davis- 196, 73M/ 123F, | 106 Healthy, | Not 29.6 £30.2 | six allograft; 48 | Maximum 5 trials, | 3D, force

Wilson et | 21 +4 32M / 74F, 21 £ | reported months semitendinosus knee flexion | preferred gait | platform

al. (33) 3 autograft; 3 | angle, knee | speed

quadriceps  tendon | flexion
autograft; 139 bone— | excursion
patellar—bone

autograft

Dewig et | 47, 13M/ 34F, | 47, 13M/ 34F, | Not 4 + 3 years 1 quadriceps tendon, | Peak flexion | 5 trials, 6 m | 3D, force

al. (34) 20.8+3.2 21.2+£23 reported 22 hamstring tendon, | angle of the | walking, platform

knee joint

preferred gait

14




1 allograft, 23 patellar

tendon

pace. ACLR:
131 + 0.18
m/s; control:

1.28 £0.15 m/s

Erhart- 17,29.6 £7.3; 17, 5SM / 12F, | 2.0 = 1.8 | 2.2+0.3 1 BPB autograft, 1 | Knee flexion’| 3 trials, | 3D, force
Hledik et 354+74 months years BPB allograft, 15 | angle preferred gait | platform
al. (35) Achilles allograft speed, 10-m
walkway
Ferber et | 10, 5M / 5F, 27.7 | 10,5M /5F 244 | 5.7 + 5.1 | Three BPB Knee _ joint | 12 trials, 5 m | 3D, force
al. (14) +9.1 +3.1 years months angle walkway, platform
preferred gait
pace
Gao et al. | 14,12M/2F,25.1 | 15, 12M / 3F, | Not Within 12 | 7 'hamstring tendon | Maximum 5 trials, | 3D, force
(40) +5.9 22.8+2.6 reported months autografts, 5 BPB | knee flexion | preferred gait | platform
allografts, and 2 | kinematics speed
achilles tendon
allografts
Georgoulis | 21, 19M/2F, 25+ | 10, 8M / 2F, | Not 30 £..16.9 | BPB autograft Knee joint | 6 trials, | 3D
et al. (41) 4 24.7+£3.7 reported weeks flexion, tibial | preferred pace

adduction—
abduction,
and tibial
rotation

angle

on a 10-meter

walking path
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Goetschius | A: early ACLR, | 20, 7M / 13F, | Not A:1.4+04 | A: 7 patellar tendon, | Sagittal- and | 10 strides, | 3D, treadmill
et al. (30) 18, 7TM /11F, 21.7 | 22.4+3.2 reported year; B: 3.3 | 10 hamstring tendon, | frontal-plane | treadmill force platform
+ 4.1; B: mid + 0.6 years; | and 1  cadaveric | knee and hip | standard
ACLR, 20, 4 M C: 8.6 £ 2.8 | allograft; B: 11 | kinematics speeds: 1.34
/16 F, 20.5 £ 2.2; years patellar tendon, 5 m/s,
C: late ACLR, 18, hamstring tendon, and
6M/12F 267+ 4 cadaveric allografts;
4.4 C: 10 patellar tendon,
5 hamstring tendon,
and" 3  cadaveric
allografts
Lewek et | Weak-ACLR: 10, | 10, 8M / 2F, | Not Weak- Allograft, double loop | Knee flexion | 6 trials, 30-foot | 3D, force
al. (28) 4M / 6F, 25.0 £ | 32.2+6.6 reported ACLR: semitendinosis- angle walk path, | platform
7.8; strong- 20.9+9.4 gracilis autograft preferred gait
ACLR: 8, 5M / weeks; speed
3F, Strong-
21.4+6.0 ACLR:
14.3£2.4
weeks
Milandri et | 15 M, 28.6 + 6.8 15M, 27.6 £7.2 | Not 4 and 6 | Hamstring autograft Hip and knee | 5 trials, | 3D, force
al. (36) reported years flexion preferred gait | platform
angles speed
Noehren et | 20, F, 25+ 6.2 20, F, 26+ 5.1 Not 5.2 £ 3.2 | 8hamstring, 7 patellar | Hip flexion | 5 trials, | 3D,
al. (10) reported years tendon, and 5 | angle and | treadmill at 1.5 | instrumented
autograft m/s treadmill
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knee flexion

angle

Pamukoff | High-BMI High-BMI: 26, | Not LowBMI Patellar tendon: 22; Knee joint | 5 trials, | 3D, force
etal. (37) ACLR: 26, 14M / | 14M / 12F, 22.6 | reported ACLR: hamstrings  tendon: | flexion angle | walkway, platform

12F, 23.8 £ 42; |+ 29; Low- 61.7+27.4; 15; Allograft: 15 preferred gait

Low-BMI ACLR: | BMI: 26, 14M / High-BMI pace

26, 14M / 12F, | 12F,22.0+3.0 ACLR:

21.5+£22 65.14£29.5.
Ripic et al. | 16, 7 FT-Q: 3 F /| 11, 5F/6M, 23.4 | Not FT-Q, Quadriceps  tendon | Maximum 3 trials, | 3D, force
(38) 4M, 28.6 + 7.3; 9 | +4.8 reported 23.5+10.7; | autograft knee  joint | preferred gait | platform

PT-Q: 1 F /8M, PT-Q, flexion angle | speed, 10-m

252+43 24.4+11.7 walkway
Saxbyetal. | 104, 66 M/38 F, | 60, 35M/25F, | Not 2.51 + 0.44 | Single-bundle Knee angles, | 3 trials, | 3D, force
39) 29.7+£6.5 275+54 reported years semitendinosus - | ranges of | preferred gait | platform

gracilis tendon | motion pace, 10 m
autograft walkway

Webster et | Patellar tendon: | 17, 16M/1F, | Patellar. Hamstring 17 patellar tendon and | Lower limb | 3 trials, | 3D, force
al. (31) 17, I6M /1F, 23.8 | 24.7£5 tendon: tendon: 9.3 | 17 hamstring tendons | sagittal- comfortable- platform

+ 5; hamstring 78.9 &+ 6; | months; plane speed

tendon: 17, 16M / hamstring | Patellar kinematics.

1F, 26.8 £ 8 tendon: tendon: 11

79.6 +7 months

17




BPB, bone—patellar tendon—bone; ACLR, anterior cruciate ligament reconstruction; BMI, body mass index; 3D, three-dimensional; 2D, two-

dimensional; M, male; F, female; SD, standard deviation.

According to the Downs and Black assessment tool, the studies incorporated into this review were found to*demonstrate a moderate level of
methodological quality, yielding an average score of 69% (18) (Table 4). Of the 16 studies, high<quality ratings were assigned to three (34, 38,
39), two as low quality (14, 30), and the remainder were classified as moderate quality. A priori power analyses were conducted in five studies to

determine the required sample size (33, 34, 37-39).
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Table 4. Assessment of methodological quality based on the the Downs and Black checklist.

Reporting External validity Internal validity (bias) Internal validity Power Score  Quality
(confounding) (%)

1 2 3 45 6 7 10 11 12 15 16 18 20 21 (22 25 27
Asaeda et al. (3) 1111 2 111 0 0 0 1 1 1 0 0 1 0 68 MQ
Bulgheroni et al. (32) 11111100 1 0 0 1 1 1 1 0 1 0 63 MQ
Davis-Wilsonetal. (33) 1 1 1 1 2 1 1 1 0 0 0 1 1 1 0 0 1 1 74 MQ
Dewig et al. (34) 11112111 0 0 0.1 1 4 0.1 1 1 79 HQ
Erhart-Hlediketal.(35) 1 1 1 1 2 1 1 1 0 0 0 1 1 1 0 0 1 0 68 MQ
Ferber et al. (14) 11111110 0 0 0 1 1 1 0 0 1 0 58 LQ
Gao et al. (40) 11111111 0 0 0 1 1 1 0 1 1 0 68 MQ
Georgoulisetal.(41) 1 1 1 1 1 1 1 1 0 0 0 1 1 1 0 0 1 0 63 MQ
Goetschius et al. (30) 11111110 0 0 0 1 1 1 0 1 0 58 LQ
Lewek et al, (28) 11111111 0 0 0 1 1 1 0 0 1 0 63 MQ
Milandri et al. (36) 1111 2 111 0 0 0 1 1 1 0 0 1 0 68 MQ
Noehren et al. (10) 1111 2 111 0 0 0 1 1 1 0 0 1 0 68 MQ
Pamukoff et al, (37) 1111 2 1 41 1 0 0 0 1 1 1 0 0 1 1 74 MQ
Ripic et al. (38) 11 11 2 1v1 1 1 0 0 1 1 1 1 1 1 1 89 HQ
Saxby et al. (39) 1111 214 11 1 0 0o 1 1 1 1 0 1 1 84 HQ
Webster et al. (31) 111 1.2 1 1 1 0 0 0 1 1 1 0 0 1 0 68 MQ

Average score (mean) 69 MQ

Low Quality (score < 60%); Moderate Quality (60% < score < 75%); High Quality (score > 75%); 1 = Yes; 0 = No.
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Six studies compared the knee joint flexion angle during initial contact of the gait stance phase
between patients with ACLR and healthy individuals (3, 14, 28, 31, 34, 41). No significant
differences were identified in either the overall analysis or the subgroup analyses (six studies:
SMD=-0.07, 95% confidence interval -0.29 to 0.16, P=0.55, 1*=0%) (Figure 2). No
heterogeneity was observed among studies (I*> = 0%). Egger's regression test revealed no

indication of publication bias (P = 0.54) (Figure 3).

ACLR group Control group Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
2.6.1 Short-term {0-<6 months)
Ferber etal 2002 11.34 368 10 8455 223 10 a.8% 0.88 [0.05,1.81]
Lewwek et al, 2002 Strong G 3499 a8 778 5249 10 A7% -0.36 [1.28, 0.58] e E—
Lewwel et al, 2002 Weak 584 312 10 7.8 5249 10 6.4% -0.41 F1.29, 0.48] e
Subtotal (95% CI) 28 30 17.9% 0.03 [-0.78, 0.85] e

Heterogeneity, Taur=0.31; Chi®= 4.79, df= 2 (P =0.09); F= 58%
Testfor averall effect Z=0.08 (P =093

2.6.2 Mid-term (= 6-12 months)

Georgoulis et al, 2003 1.23 6.23 21 23 33 10 8.8% -0.19 [-0.94, 0.57] T
‘Webster etal, 2005 HT 81 54 17 T840 17 111% 0.06 [-0.61, 0.73] T
‘Webster etal, 2005 PT 6.2 33 17 Te 41 17 10.8% -0.42[1.10, 0.26] 1
Subtotal (95% CI) 55 44 30.7% -0.18 [-0.58, 0.22] .

Heterageneity: Tau®=0.00; Chi®= 097, df= 2 (P =0.62), F= 0%
Test for overall effect: Z=0.87 (P =0.38)
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Heterogeneity: Tauw*=0.00; Chi*= 079, df=2 {(F=067), F=0%
Testfor overall effect Z=022(P=083)

Total (95% CI) 162 153 100.0% -0.07 [-0.29, 0.16]
Heterogeneity: Tau®=0.00; Chi®=7.01, df= 8 {(F =054}, F= 0% 52 51 0 'i é
Test for overall effect: Z=0.59 (P = 0.55) Favours ACLR Favours Control

Testfor subaroup diferences: Chi= 0349, df=2 (P= 082, F=0%

Figure 2. Forest plot showing the differences in knee joint flexion angle during the initial
contact sub-phase.of gait, between anterior cruciate ligament reconstructed and healthy
participants. For each outcome, pooled effect estimates and subgroup analyses stratified
according to time since surgery were computed and represented as standardized mean
differences (SMD) with 95% confidence intervals. Std: standardized; SD: standard deviation;
CI: confidence interval, Weak: weak quadriceps muscle; Strong: strong quadriceps muscle;

PT: patellar tendon graft; HT: hamstring tendon graft.
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Figure 3. Funnel plot showing the possible for publication bias in articles evaluating knee

flexion angle during initial contact sub-phase of gait.

Regardless of the postoperative interval, patients with ACLR exhibited reduced knee flexion
at the loading response sub-phase of the gait stance phase compared with healthy individuals
(16 studies: SMD=-0:43,.95% confidence interval -0.71 to -0.15, P=0.003, 1>=84%) (Figure 4)
(3, 10, 14, 28,30-41)..More specifically, knee flexion in the ACLR group was on average 1.56
degrees less than the control group (95% confidence interval -2.55 to -0.85). Heterogeneity
among articles‘'was high (1°=84%). No indication of publication bias was found by Egger's

regression test (P = 0.88).

In the medium-term period (three studies: SMD=-0.43, 95% confidence interval -0.82 to -0.04,
P=0.03, I?2 = 15%) and long-term period (11 studies: SMD=-0.47, 95% confidence interval -
0.82 to -0.12, P=0.009, 12=84%) after surgery, knee flexion was also lower in patients with
ACLR than in the healthy individuals.

21



ACLR group

Control group

Std. Mean Difference

Std. Mean Difference

Study or Subgroup Mean S0 Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
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Subtotal (95% Cl) 69 59 17.2% -0.43 [-0.82, -0.04] <>
Heterogeneity: Tau®= 0.02; Chi*= 352, df=3(F=032), F=19%

Testfor overall effect Z= 216 (P =0.03)
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Goetschius etal, 2018 B 1865 1602 20 16258 12.82 20 47% -0.04 [-0.66, 0.58] [
Goetschius etal, 2018 C 1544 1033 18 1629 12.82 20 4.6% -0.07 [-0.71, 0.87] I
Milandri et al, 2017 204 4 15 274 47 15  3.49% -1.86[-2.38,-0.73] EEEn—
Moehren et al, 2013 185 ] 20 201 5.1 20 46% -0.31 [0.893, 0.31] I
Famukoff et al 2022 HIGH 2375 8 26 2499  B.88 26 4.9% -0.15 [-0.69, 0.39] 7
Pamukoff et al 2022 LOW 2623 4498 26 25481 562 26 4.9% 013 [F0.41, 0.68] -1
Ripicetal, 2024 FT-Q 1374 535 ¥O2072 528 11 33% S128 23, -0.20] -
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Heterogeneity: Tau?= 0.40; Chi*= 91.92, df=14 (P = 0.00001}; F= 84%

Test for averall effect 7= 2.60 (P = 0.009)

Total (95% CI) 667 525 100.0% -0.43 [-0.71, -0.15] L 2

Heterogeneity: Tau®= 0.34; Chi= 103.87, df= 22 (F = 0.00001}, = 79%
Testfor overall effect: Z=3.01 (P = 0.003)

Test for subaroup differences: Chif=0.21, df= 2 (P =090}, F= 0%

2 1 0 1 2
Fawours ACLR  Favours Control

Figure 4. Forest plot showing the differences in knee joint flexion angle during the loading

response Sub-phase. of gait,. between “anterior cruciate ligament reconstructed and healthy

participants. For-each outcome measure, pooled effect estimates and time-stratified subgroup

analyses were _calculated and presented as standardized mean differences (SMD) with 95%

confidence intervals."SD: standard deviation; Std: standardized; CI: confidence interval; PT-

Q: partial-thickness quadriceps tendon graft harvest; FT-Q: full-thickness quadriceps tendon
graft harvest; A: short-term ACLR; B: mid-term ACLR; C: long-term ACLR; LOW: low body

mass index; HIGH: high body mass index; Strong: strong quadriceps muscle; Weak: weak

quadriceps muscle; PT: patellar tendon graft; .HT: hamstring tendon gratft.
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Figure 5. Funnel plot showing the possible for publication-bias in articles evaluating knee

flexion angle during loading response sub-phase of gait.

No statistically significant between-group difference in knee flexion during toe-off sub-phase
of the gait stance phase wasrevealed when comparing ACLR patients with healthy individuals,
according to both the total and subgroup analyses (three studies: SMD=0.04, 95% confidence
interval -0.33 to 0.42, P=0.82, I>=0%) (Figure 6) (3, 4, 41). No heterogeneity was found among
studies (I>=0%). ‘No“indication of publication bias was detected by Egger's regression test

(P=0.36).
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ACLR group Control group Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% Cl
2.6.1 Short-term {0-<6 months)
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Heterogeneity: Mot applicable

Testfor averall effect Z=1.57 (P=013)

2.6.2 Mid-term (= 6-12 months)

Geargaulis et al, 2003 3412 368 21 3378 287 10 24.8% 0.10 [0.66, 0.89] —
Subtotal (95% CI) 21 10  24.8% 0.10 [-0.66, 0.85] et
Heterogeneity: Mot applicable

Testfor overall effect: Z=0.25 (P =0.80)

2.6.3 Long-term (=12 months)
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Figure 6. Forest plot showing the difference in knee joint flexion angle during the toe-off phase
of gait, between anterior cruciate ligament reconstructed and healthy participants. For each
outcome measure, pooled effect estimates and time-stratified subgroup analyses were
calculated and presented as standardized mean differences (SMD) with 95% confidence

intervals; Std: standardized; SD: standard deviation; CLk confidence interval.
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Figure 7. Funnel plot showing the possible for publication bias in articles evaluating knee

flexion angle during toe-off sub-phase of gait.
Discussion

The present systematic review and meta-analysis set out to assess knee flexion in the patients
with ACLR against that of healthy individuals across distinct sub-phases of the gait stance
phase, with results further broken down by short-, mid-, and long-term postoperative intervals.
The central finding was that, no matter how much time had elapsed since surgery, ACLR
patients showed reduced knee flexion relative to healthy individuals only during the loading
response sub-phase — no meaningful between-group differences emerged at initial'contact or
toe-off. Subgroup analysis further showed that this reduced flexion persisted significantly
through both the medium- and long-term postoperative periods. Togetherythese results point
to meaningful, lasting alterations in anteroposterior-plane knee kinematics specifically during
loading response sub-phase in patients with ACLR, relative to healthy participants. A
secondary finding was that gait alterations of this kind -reduced knee flexion in particular- are
not limited to early recovery but continue well into the medium- and long-term follow-up

periods.

The reduced knee flexion observed here during loading response suggests an underlying shift
in knee biomechanics during gait in ‘this population, potentially reflecting insufficient
neuromuscular control at the joint (42). This finding aligns with earlier systematic reviews that
likewise reported lower knee joint flexion angles among patients with ACLR compared to
healthy participants (12, 43, 44). During gait, an external knee flexion moment acts to flex the
knee, while activation of the knee extensor muscles generates an opposing internal extension
moment. that counteracts the external load (5). The diminished flexion seen after ACLR may
therefore reflect altered recruitment patterns in the quadriceps and/or hamstrings (5). It is also
plausible that the nervous system responds adaptively to the injury by reducing knee joint
flexion angle as a way of lowering mechanical quadriceps demand. Arms et al., (45)
demonstrated that simulated isometric contraction of the quadriceps muscle was significantly
greater strain exceeding the normal resting level within the first 45° of knee flexion.
Accordingly, the smaller flexion angles seen here during stance could represent a protective
strategy that limits excessive anterior tibial translation in ACLR patients. Nevertheless, once
the knee positioned in greater extension, the hamstrings may lose some of their capacity to

restrain excessive forward tibial translation and rotation (46). Consequently,a knee positioned
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in greater extension, in other words, may leave the joint mechanically less stable, potentially
forcing the neuromuscular system to choose between prioritizing the rectus femoris or the
hamstrings to preserve joint stability. Nevertheless, this explanation remains speculative,

however, since muscle activation itself was not assessed in the present review.

No significant between-group difference emerged at either initial contact or toe-off. The fact
that a significant difference appeared exclusively during loading response suggests that ACLR-
related gait alterations concentrate in the period where impact absorptionsand eccentric
quadriceps control matter most. The results of the this meta-analysis further confirm the
hypothesis that ACLR is related with persistent changes in gait biomechanics, particularly
reduced knee flexion during the loading response sub-phase of stance. Moreover, these
biomechanical adaptations appear to remain relatively stable and persist throughout the long-
term postoperative period. Collectively, such surgery-related biomechanical changes could
heighten the risk of subsequent knee re-injury and contribute to post-traumatic knee
osteoarthritis in these individuals (47). The considerable heterogeneity observed in loading-
response knee flexion angle may be due to several .clinical and methodological factors.
Differences in the graft type used for ACLR (48), demographic characteristics of participants
including age (49) and sex (50), and time elapsed since surgery (51) are among the factors that
can influence gait biomechanical. patterns. Furthermore, differences in gait speed during
laboratory testing and heterogeneity in motion measurement systems, biomechanical models,
and data processing methods.can lead to increased heterogeneity among studies. These factors
indicate that high heterogeneity in knee.flexion angle during the loading response sub-phase is

to be expected and the findings of present meta-analysis should be interpreted with caution.

Devita and colleagues«(52) reported around 10° more knee flexion three weeks after surgery,
though this difference had disappeared by six months relative to healthy controls. Bush-Joseph
and colleagues (53) likewise detect no significant difference in knee flexion angle at mid-stance
eight months post-surgery. Ferber and colleagues (14) suggested that ACLR patients may still
be recovering at three months post-surgery but gradually regain a more upright stance phase
posture over time. However, the results of the this study showed that ACLR individuals have

less flexion compared to the healthy individuals.

Reduced knee flexion at the loading response sub-phase of the gait stance phase, particularly
at the mid-term and long-term postoperative periods, may be considered a modifiable gait

characteristic in individuals with ACLR. Identifying this modifiable characteristic could form
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the basis for targeted interventions aimed at slowing the development of post-traumatic knee
osteoarthritis while also lowering re-injury risk. Decreased knee flexion at the loading response
sub-phase may reflect protective strategies or inadequate neuromuscular control during weight-
bearing, which over time may lead to abnormal knee joint loading patterns. From a clinical
perspective, these findings indicate to patients that even after successful ACLR, subtle but
persistent changes in gait pattern may remain. For therapists, the present results emphasize the
importance of phase-specific assessment and retraining of gait, particularly at the loading
response phase, and the design of targeted exercises to improve dynamic knee. flexion in
rehabilitation programs. From a clinical perspective, the persistence of changes in knee flexion
at the loading response sub-phase in the medium- and long-term following ACLR indicates
that rehabilitation should go beyond merely restoring joint stability and returning strength, and
should focus on retraining movement patterns during weight-bearing; targeted exercises to
increase dynamic knee flexion (29, 54, 55). Furthermore, longitudinal studies with larger
sample sizes and more precise phase-specific presentation are needed to understand the causal
relationships between muscle weakness, movement patterning, and structural changes (e.g.,
early signs of osteoarthritis). Finally, it is also necessary to investigate the role of psychological
factors and daily activity level (e.g., daily step count) as mediating variables that may
exacerbate or modulate the gait pattern. It must be emphasized that all results presented in this
study should be considered cautiously due to the moderate quality of the included articles and
their predominantly cross-sectional design, and should not be regarded as definitive causal

evidence.

Several limitations wartant mention. Graft types and walking-speed protocols were reported
inconsistently across studies and were often not subjected to formal statistical evaluation. As a
result, the extent'to which clinical or methodological characteristics resulted in the observed
heterogeneity.across studies could not be determined. Furthermore, previous research has
demonstrated, sex-specific differences in biomechanical characteristics between male and
female participants. Asaeda and colleagues (3) reported gender-based differences in knee
kinetics and kinematics at the gait stance phase, both prior to surgery and following ACLR. In
the present meta-analysis, studies including both male and female participants were considered.
Webster and colleagues (56) investigated secondary movement planes during gait in
individuals with ACLR to examine the effect of graft type (hamstring tendon versus patellar
tendon). According to their findings, the reduction in knee varus among individuals who

received a hamstring tendon graft may be associated with graft harvesting. However, the
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influence of graft type was not accounted for in the present meta-analysis. In addition, time
since injury varied across the included articles, which may have influenced the observed
outcomes; nevertheless, this variable was not incorporated into the current analysis. Finally,

future research is encouraged to include multilingual systematic reviews.
Conclusion

The findings of present systematic review and meta-analysis indicated that patients with ACLR
exhibited lower knee joint flexion at the loading response phase of the stance phase of walking
than healthy individuals. A pattern that is likely due to changes in neuromuscular control and
eccentric activity of the quadriceps muscles. Because this reduced flexion persisted into the
medium- and long-term postoperative periods, it points to an incomplete return to normal gait

mechanics and a lasting knee biomechanical abnormality in this population.

Given that these altered flexion patterns could shift knee loading during the impact-absorption
phase and raise the long-term risk of post-traumatic osteoarthritis ‘or. re-injury, retraining
normal movement patterns during the later stages of rehabilitation carries particular clinical
weight. Exercise-based interventions should therefore target not just muscle-strength recovery

but also neuromuscular coordination and motor eontrol specifically at loading response

Overall, these findings support the case for phase-specific, targeted rehabilitation protocols to
address knee-motion limitations after ACLR, and point to a need for longitudinal studies with
larger samples that examine how kinematic changes, muscle activity, and structural outcomes
at the knee relate to.one another -work that could ultimately inform more effective preventive

and therapeutic Strategies for this patient population.
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9 ACLR (jllan e 33 ol ) Colos 5 )0 8,95 1 slal al> o (b 1) 9il5 Jate piSU8 aygly glas (o) o 0 adlllae i
o) 0,15 0925 (6 lobine glay a5 wisls lis Wog,S 15 g S Judow (FY YT LYY YA NY V) aiSl ol J S 09,8

sanlice Sldllas o K0dl gen (F JS8) P/ P=+/08 /18 b= + /YA sliabl alols 720 SMDs=—+/+V :adllas

(Y JS) P=+10F) ol olas el 6 pS g 5l ooy ga EGgEr (oum )5, cyge3] ([P=+ 1) o

ACLR group Control group Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI|
2.6.1 Short-term (0-<6 months)
Ferher etal 2002 11.34 368 10 855 2.23 10 5.8% 0.88 [-0.05, 1.81]
Lewek et al, 2002 Strong B 398 8 778 524 10 57% -0.36 [-1.28, 0.58] e E—
Lewek et al, 2002 Weak 584 312 10 778 5729 10 B4% -0.41 [-1.28,0.48] e
Subtotal (95% CI) 28 30 17.9% 0.03 [-0.78, 0.85] ~i—

Heterogeneity: Tau®*= 031, Chi*=479, df= 2 (P=0.09); F=58%
Test for overall effect Z=0.08 (P =0.93)

2.6.2 Mid-term (=6-12 months)

Georgoulis et al, 2003 1.23 6.33 M 23 33 10 8.8% -0.18 [-0.94, 0.57] I
Wehster etal, 2005 HT 81 54 17 Ta 41 17 111% 0.06 [-0.61, 0.73] T
Wehster etal, 2005 PT 6.2 33 17 T8 40 17 10.8% -0.42[-1.10, 0.26] 1
Subtotal (95% CI) 55 44 30.7% -0.18 [-0.58, 0.22] -

Heterogeneity: Tau®= 0.00; ChifF=097, df=2(P=062, F=0%
Testfor overall effect 2= 0.87 (P = 0.38)

2.6.3 Long-term (=12 months)

Asaeda etal, 2017 FeMale TS5 468 16 T4 34 16 10.4% 0.02 067, 072 R —

Azgeda etal, 2017 Male a1 32 16 44 31 16 10.4% 0.22[-0.48 0.91] e Ea—

Dewig et al, 2021 -44 0 34 47 -39 37 47 30.6% -014 084 027 — .

Subtotal (95% CI) 79 79 51.4% -0.03 [-0.35, 0.28] <
Heterageneity: Tau®=0.00;, Chi®=0.79, df= 2 {P=0.67), F=0%

Testfor overall effect Z= 022 (P =083)

Total (95% CI) 162 153 100.0% -0.07 [-0.29, 0.16] *

Heterogenaity; Tau®= 0.00; Chif=7.01, df= 8 (P = 0.543 F= 0% 52 51 3 15 é
Test for overall effect Z=0.59 (P = 0.558) Favours ACLR Favours Contral

Testfor subagroup differences: Chif= 038, df= 2 (P=082), F=0%
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bl alold CI 0o st Std oyl Bl SD (SKES ygusls
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ACLR group Control group Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
2.6.1 Short-term (0-<6 months)

Ferberetal 2002 1977 535 10 1613 214 10 36% 0.86 [-0.07,1.78]

Leweek et al, 2002 Strang 241 3493 8 2654 487 10 36% -0.52 [1.47,0.43] —_—
Lewelk et al, 2002 Weak 20949 6.2 10 26484 487 10 36% -0.85[-1.89,-0.02] e

Subtotal (95% CI) 28 30 10.8% -0.20 [-1.28, 0.87] ~ai—

Heterogeneity: Tau®= 0.68; Chi®=7.92 df=2 (F=002);, F=75%
Testforoverall effect Z=037 (P=071)

2.6.2 Mid-term (= 6-12 months)

Gaoetal, 2010 16.22 4 14 149 4.5 18 42% -0.63 F1.38,012] T
Georgoulis et al, 2003 1341 997 21 14452 481 10 42% -0.1210.88, 0.63] T
Wehster et al, 2005 HT 2 4.9 17 214 4.6 17 45% -0.09 [0.77, 0.58] T
WWehster et al, 2005 PT 17.2 36 17 215 5.6 17 43% -0.89 .60, -0.18] —
Subtotal (95% CI) 69 59  17.2% -0.43 [-0.82, -0.04] &>

Heterogeneity, Tau®= 0.02; Chif= 3.52, di= 3 (P = 0.32); F= 15%
Testfor overall effect Z= 2.16 (P = 0.03)

2.6.3 Long-term (=12 months)

Heterogeneity: Tau®= 0.40; Chi®= 9192 df=15 (P = 0.00001); F= 84%
Testfor averall effect £= 2.60 (P = 0.009)

Asaeda etal, 2017 Felale 0.3 5.2 16  21.8 5.8 16 4.4% -0.27 F0.97, 0.42] T
Asaeda etal, 2017 Male 0.7 5.8 16 1441 f.3 16 4.4% 0.26 [-0.44, 0.94] T
Bulgheroni etal, 1897 1454 484 15 1511 4.26 a0 34% -012F1.13,0.80] T
Davis-Wilsan et al, 2020 104 554 196 114 528 106 58% -0.18 [0.42, 0.04] 7
Dewig et al, 2021 12 032 47 128 032 47 4.8% -2T9F336,-2.27 ——
ErhartHledik etal2018 2yr 14.8 5.4 17185 6.1 17 44% -0.63 1,32, 0.08] |
Goetschius et al, 2018 A 151 17.83 18 16.29 1282 20 46% -0.08 F0.71, 0.56] T
Goetschius et al, 2018 B 15.65 16.02 20 16.28 1282 20 4T% -0.04 [-0.66, 0.58] — T
Goetschius etal, 2018 C 15.44 1033 18 16.28 1282 20 4E6% -0.07 F0.71,0.57] T
Milandri etal, 2017 0.4 4 15 274 47 18 3.49% -1.86 [2.39,-0.73] —_—
Moehren et al, 2013 18.5 g 20 z01 5.1 20 45% -0.31 F0.93, 0.31] T
FPamukoff et al 2022 HIGH 2375 81 26 2499 688 26 49% -0.15 10,69, 0.29] T
Pamukaff et al 2022 LOW 26.23 498 26 25481 462 26 4.49% 013 [F0.41, 0.68] -1
Ripic etal, 2024 FT-Q 13.74 535 7072 519 11 3.3% -1.258 F2.31,-0.20] -
Ripic etal, 2024 PT-Q 18.68 4628 9 2072 5329 " 3.8% -0.37 F1.26, 0.52] T
Saxhy et al, 2016 17 6.4 104 19 5 60 5.6% -0.34 [F0.66,-0.02] ]
Subtotal (95% CI) 570 436 T2.0% -0.47 [-0.82, -0.12] L

*

Total {95% Cl) 667 525 100.0%  -0.43[-0.71,-0.15]
Heterogeneity, Tau®= 0.34, Chi®*=103.87, df=22 (P = 0.00001); *= 79%
Testfar averall effect 2= 3.01 (P =0.003)

¥ UKo Testforsubaroup diffierences: Chi®=0.21, df=2 (P = 0.90), F= 0%

1 1 1 1
-2 ] 1 2
Favours ACLR Favours Control

w203 g0 oL s Sl g (alad ko B, (55Lajl SIS (llosy (e 385 o, OIS by alo e () 5l e (2805 gl cglis (S gl
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ACLR group
Study or Subgroup Mean SD Total

Control group
Mean

SD Total Weight

Std. Mean Difference

IV, Random, 95% CI

Std. Mean Difference
IV, Random, 95% CI

2.6.1 Short-term {0-<6 months)

Ferber etal 2002 2395 46 10
Subtotal {95% CI) 10

Heterogeneity: Mot applicable
Testfor overall effect Z=1.487 (P =012)

2.6.2 Mid-term (= 6-12 months)

Georgoulis etal, 2003 3412 368 2
Subtotal {95% Cl) 21

Heterogeneity: Mot applicable
Test for overall effect Z=0.25 (P = 0.80)

2.6.3 Long-term (=12 months)

Asaedaetal, 2017 FeMale 414 47 16
Azgeda etal, 2017 Male 35.6 5 16
Subtotal (95% CI) 32

21.26 1.92 10

10

3378 287 10
10

Heterogeneity: Tau®= 0.00; Chi®=0.00, df=1 (P=0596), F=0%

Testfor overall effect £=0.72 (P = 0.47)

Total (95% CI) 63

425 748 16
366 59 16
32
52

Heterogeneity: Tau®= 0.00; Chi®=3.00, df= 3(P=0.39), F=0%

Testfor overall effect £=0.22 (P = 0.82)

Testfor subgroup differences: Chi*= 298 df= 2 (F=02,F=332%

16.9%
16.9%

24.8%
24.8%

29.2%

291%
58.3%

100.0%

= .
= o

5, 0.85]
6, 0.85]

0.
0

'I_‘r—
[=X=)
(= l=7)

047 [-0.86, 0.53]

-0.19 [-0.89, 0.50]
20.18 [0.67, 0.31]

0.04 [-0.33, 0.42]

= —
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