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Background: Changes in knee loading have been reported after meniscectomy. Knee loading has previously been assessed
during jogging and treadmill running rather than overground running, which could give altered results.

Purpose/Hypothesis: The purpose of this study was to evaluate knee function during overground running and walking after
meniscectomy. It was hypothesized that the affected limb would demonstrate higher external knee adduction moment, lower
knee flexion moment (KFM), and lower knee rotation moment (KRM) compared with the contralateral limb and with healthy
individuals.

Study Design: Controlled laboratory study.

Methods: Kinematic and kinetic data were collected during running and walking in individuals after a meniscectomy and healthy
individuals. Total knee joint moments (TKJM) were calculated from the sagittal, frontal, and transverse knee moments. Isometric
quadriceps strength, perceived knee function, and kinesiophobia were also assessed. A mixed linear model compared differen-
ces between the affected leg, the contralateral leg, and the healthy leg.

Results: Data were collected on 20 healthy individuals and 30 individuals after a meniscectomy (mean 6 SD, 5.7 6 2.9 months
postsurgery), with 12, 16, and 2 individuals who had medial, lateral, and both medial and lateral meniscectomy, respectively. The
affected limb demonstrated lower TKJM (P \ .001), KFM (P = .004), and KRM (P \ .001) during late stance of walking compared
with the healthy group. Lower TKJM and KFM were observed during running in the affected limb compared with the contralateral
limb and healthy group. No significant differences were observed between contralateral and healthy limbs except for KRM during
late stance of walking. Lower quadriceps strength was observed in the affected (P\ .001) and contralateral limbs (P = .001) compared
with the healthy group. Individuals after a meniscectomy also reported greater kinesiophobia (P = .006) and lower perceived knee func-
tion (31.1%; P \ .001) compared with the healthy group.

Conclusion: After meniscectomy, individuals who sustained a traumatic meniscal injury showed lower TKJM in the affected limb
compared with the contralateral limb and healthy individuals. This decrease in TKJM can be attributed to altered knee-loading
strategies in the sagittal and transverse planes.

Clinical Relevance: Improving movement strategies, quadriceps strength, and kinesiophobia through rehabilitation approaches
will allow individuals to load their knee appropriately when returning to sport.

Registration: NCT03379415 (ClinicalTrials.gov identifier).

Keywords: meniscal injuries; running; walking; knee kinetics; total knee joint loading

Traumatic injuries to the meniscus are common in
sports.42 Despite clinically relevant improvements after
exercise and education,51 surgical interventions such as
meniscal repair and meniscectomies remain common.1

Meniscectomies are often used to remove the damaged
meniscus, particularly when the injury occurs in a location

with a low blood supply.1,42 These surgical interventions
are used to treat meniscal injuries with the aim of resolv-
ing the mechanical issue while at the same time preserving
as much of the meniscus as possible.1,42,53,62 However, par-
tial removal of the meniscus reduces its ability to transmit
loads and can lead to increased articular cartilage loading
and degeneration.4,10,20,37 Long-term consequences of this,
such as the development or progression of knee osteoar-
thritis (OA), are often reported in individuals who have
previously had a meniscal injury or meniscectomy.11,16,17,47
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External knee adduction moments (KAMs) are often
used to estimate medial knee joint loading3,12,43 and are
associated with the progression of knee OA.43,57 During
walking (1.3-1.4 m/s) and jogging (2.5 m/s), KAM increased
at 12 to 24 months postmeniscectomy compared with base-
line measures.24,25,55 Greater KAMs were also observed
during walking and jogging compared with those in
healthy individuals at 3 months after a meniscectomy.24

However, these studies focused on either surgery as
a result of degenerative meniscal injuries or did not differ-
entiate between degenerative or traumatic injuries, which
are considered different clinically.6,33 Data exploring knee
loading in young individuals who had a meniscectomy as
a result of a traumatic meniscal injury are needed.

As knee OA progresses, reduced external knee flexion
moment (KFM) during walking associated with pain and
quadriceps weakness occurs.3 After a meniscectomy, individ-
uals also tend to have a lower load at the knee, likely due to
altered movement patterns, during walking,24,55 jogging,25

treadmill running,61 and bilateral landing.19 In addition to
different etiology before surgery, running speed or mode of
running is likely to lead to altered knee kinematics and
kinetics.45,46,50 When compared with jogging (2.2-2.6 m/s),
faster running speeds (3.3-3.7 m/s) have resulted in increased
KFM and a shift to greater ankle moments.45,46 As individu-
als progress towards returning to sport, they will be required
to perform more demanding tasks, including running, and
are likely to exceed these speeds. Therefore, evaluating
knee loading during overground running after a meniscec-
tomy will improve the understanding of loading strategies
in these individuals and support rehabilitation strategies.

Individuals also often present with weaker quadriceps,
particularly during the first 12 months postsurgery.22,24,56

Therefore, reduced knee loading may be due to the quadri-
ceps weakness commonly observed after a meniscectomy.
Other factors such as pain and kinesiophobia can also con-
tribute to altered knee loading.13,27,38 Individuals who
have had a meniscectomy reported higher kinesiophobia
postsurgery to values that were comparable with those
reported after anterior cruciate ligament (ACL) recon-
struction.58 However, there is limited evidence exploring
kinesiophobia and knee loading after a meniscectomy.30

Often described as the screw-home mechanism, the
higher internal rotation moments that occur as the knee
extends during late stance are used to support knee joint
stability.2 In knees that have compromised stability, such
as ACL-deficient knees, internal rotation moments are
lower compared with in healthy control knees.21 The

meniscus also plays a role in knee joint stability,20,44 and
after a meniscectomy, stability is often reduced.44

Although knee rotation moments (KRMs) contribute the
least to the overall loading at the knee in individuals
with mild knee OA,3 less is known about KRM during
walking or running after a meniscectomy.

The total knee joint moment (TKJM) reflects the contri-
bution from all 3 moment components (frontal, sagittal,
and transverse) acting on the knee.3,39 Combining KAM
and KFM provides a better predictor of medial contact
force than KAM alone.35,40,59 This combination of KAM
and KFM has also been shown to be sensitive to treatments
in patients with OA.8 Previous studies have examined lon-
gitudinal changes in TKJM in those with medial knee OA3

and after ACL surgery.18 In these studies, TKJM did not
appear to change over time; however, the contribution of
KAM and KFM shifted with time. Reduced KAM and
increased KFM contribution were associated with reduced
progression of degeneration in the knee.18 These studies
did not compare TKJM with that in healthy controls;
therefore, comparing TKJM in knees that have altered
loading patterns such as those after a meniscectomy24,55

will give further insight into loading patterns.
Changes in knee loading after a meniscectomy have

been reported and are suggested to lead to increased risks
of developing knee OA.24,55 However, these studies have
either examined individuals who had a degenerative
meniscal injury before surgery or have not distinguished
between different etiologies (i.e. degenerative or traumatic
meniscal injury) before surgery limiting our understanding
of knee loading after surgery after a traumatic injury.
Studies in young adults after traumatic knee injury have
examined KFM only but not explored frontal, transverse,
and sagittal loading in the knee. In addition, previous
studies have not assessed knee loading during overground
running at speeds that individuals are likely to experience
after returning to sport. Therefore, examining frontal, sag-
ittal, and transverse knee loading will provide a better
understanding of strategies employed in the affected limb
compared with the contralateral limb in individuals after
a meniscectomy and a comparison with healthy individuals
could help inform future rehabilitation approaches.

In this study, we aimed to compare knee function in the
affected limb after a meniscectomy with that in the contralat-
eral limb and healthy individuals. Based on previous
research, we hypothesized that the affected limb would dem-
onstrate higher KAM, lower KFM, and lower KRM compared
with the contralateral limb and healthy individuals.
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METHODS

Individuals who had recently undergone a partial menis-
cectomy were recruited from local National Health Service
and private orthopaedic clinics 3 to 12 months after sur-
gery. Healthy individuals were recruited from advertise-
ments placed in fitness centers and sports clubs in the
Greater Manchester area. Participants were included if
they were aged between 18 and 40 years and competed/par-
ticipated in sport at least twice a week. For the meniscec-
tomy group, individuals were included in the study if they
sustained an isolated meniscal injury during a sporting
movement (eg, change of direction, landing, or running)
indicating a traumatic meniscal injury. Participants were
excluded if they had a concurrent injury with their meniscal
injury (ie, ACL injury); a history of lower extremity surger-
ies (except a meniscectomy); or previous lower limb trau-
matic injury other than the sustained meniscal injury,
inflammatory or infectious pathology in the lower limb, or
ligament laxity. Informed consent was obtained from each
participant before testing. This study was registered at
ClinicalTrials.gov (ID: NCT03379415), and the study proto-
col received institutional review board approval.

Study Outcomes

Participants completed the Tampa Scale for Kinesiophobia
(TSK)41 and the Knee injury and Osteoarthritis Outcome
Score (KOOS) to quantify kinesiophobia and knee function,
respectively.48 Overall KOOS and the 5 subscales (Pain,
Symptoms, Activities of Daily Living, Sport and Recrea-
tion, and Quality of Life) were assessed for each partici-
pant. A lower KOOS indicated higher pain and lower
function and quality of life. Activity level preinjury, presur-
gery, and postsurgery were obtained using a questionnaire
developed from the Tegner activity scale and the sports fit-
ness index.60

A 27-camera Qualisys motion capture system (200 Hz;
27 Qualisys Oqus) and 4 force plates (AMTI force plates,
1000 Hz; Advanced Mechanical Technology Inc) were
used to collect kinematic and kinetic data. Participants
completed 5 successful self-selected walking and running
trials on a 60-m running track. Standardized footwear
(Gel Windhawk; Asics) was worn by all participants during
data collection. The calibrated anatomical systems tech-
nique marker set technique9 was used to create the 6
degrees of freedom movement for each segment. Retrore-
flective markers were attached to anatomical landmarks
on the lower body and thorax. In addition to anatomical
landmarks, rigid clusters that had 4 nonorthogonal
markers each were attached to the thigh and shanks to
track motion. Before the collection of the walking and run-
ning trials, a static calibration trial was collected.

The 6 degrees of freedom model was created using Vis-
ual3D (Version 6; C-Motion Inc) software. A fourth-order
low-pass Butterworth filter with a matched 15-Hz cutoff
frequency was applied to the marker motion data and ana-
log force data.34 Hip joint centers were estimated using
a regression model based on markers placed on the

anterior and posterior iliac spine.7 Midpoints between the
malleoli and femoral epicondyles were calculated to iden-
tify ankle and knee joint centers. Knee joint kinematics
were calculated using
X-Y-Z Euler rotation sequence equivalent to the joint coor-
dinate system.23,32 Geometric and inertial segment proper-
ties were estimated for each participant.14,26 External knee
joint kinetic data were calculated using 3-dimensional
inverse dynamics, normalized to body weight multiplied
by height, and expressed as a percentage.

TKJMs were calculated throughout stance as the
square root of the sum of the squares of KFM, KAM, and
KRM.3 For walking, the peak during early stance was
defined as the maximum TKJM from 1% to 50% of stance.
Late-stance peak TKJM was defined as the maximum
value, 51% to 100%, of stance. During peak running,
TKJM was identified as the maximum value during stance.
To better understand the contribution to TKJM, sagittal,
frontal, and transverse knee kinematic and kinetic out-
comes were taken at the point of peak TKJM for both walk-
ing and running.

Quadriceps muscle strength was assessed using an iso-
kinetic dynamometer (Biodex System 3 PRO; Biodex Med-
ical Systems). Participants were seated with 85� of hip
flexion and 60� of knee flexion with straps placed across
the chest and thigh to limit extraneous movement. After 4
submaximum warm-up repetitions for familiarization, par-
ticipants completed 5 maximum efforts for 5 seconds with
20 seconds of rest between repetitions. Maximum isometric
torques were recorded and normalized to body mass.

Statistical Analysis

Linear mixed models were used to compare between limbs,
with participants included as random effects and limbs as
a fixed effect to account for independent (affected limbs vs
healthy limbs) and dependent (affected limb vs contralat-
eral limb) comparisons. Both limbs were included in the
analysis for healthy and meniscectomy groups. Post hoc
comparisons with 95% CIs were performed using Bonfer-
roni adjustments for multiple comparisons. Effect sizes
were determined using the Hedges g bias correction, with
values of 0.2, 0.5, and 0.8 determined as small, medium,
and large effects, respectively.29 Statistical analyses were
conducted in R (2022; R Core Team, Version 4.2.1) within
RStudio (RStudio, Version 2022.7.2.576) using the lme4
and lmerTest packages.5,36,49

RESULTS

Participant Characteristics

A total of 50 participants were recruited for the current
study. Data were collected on 20 healthy individuals and
30 patients who had undergone a meniscectomy (Figure
1). A sensitivity analysis was conducted with the desired
power of 80%. With the study sample, this study was
able to detect effect sizes of 0.83 and above when
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comparing the meniscectomy and healthy group, and 0.46
when comparing the meniscectomy knee and contralateral
knee. Of the individuals who had a meniscectomy, 53.3%
had a lateral meniscectomy, 40% had a medial meniscec-
tomy, and 6.7% had a meniscectomy on both the medial
and the lateral sides of the knee. Due to missing data in
the meniscectomy group, the total number of participants
included in the strength data analysis included 27 data
sets for the affected limb and 26 for the contralateral
limb. No data were missing for the healthy group.

There were some significant differences in the
characteristics between participant groups, with the

meniscectomy group 5 years older (P = .004) and 7.8 kg
heavier (P = .044) compared with the healthy group (Table
1). The meniscectomy group reported significantly higher
scores on the TSK compared with the healthy group (35.8
6 6.5 vs 30.9 6 5.0; P = .006). The meniscectomy group
reported significantly lower scores for the overall KOOS
and all KOOS subscales, with large effect sizes (P \ .001
for all; g = 1.30-2.67). The mean time to assessment post-
surgery for individuals in the meniscectomy group was
5.7 6 2.9 months. Maximum normalized isometric torque
was greater in the healthy group (3.27 6 1.19 N�m/kg) com-
pared with both the affected limb (2.20 6 0.72 N�m/kg; P \
.001; g = 1.45) and the contralateral limb (2.27 6 0.77 N�m/
kg; P = .001; g = 1.33). No significant differences in
strength were observed between the contralateral and
affected legs. Individuals who had a meniscectomy were
more active before their injury compared with the healthy
group; however, patients in the meniscectomy group were
less active compared with the healthy group after their
injury and surgery.

Walking

Walking speeds were comparable between the healthy (1.5
6 0.2 m/s) and meniscectomy (1.5 6 0.2 m/s; P = .145; g =
0.421) groups. During early stance, the affected limb had
lower TKJM compared with the healthy limb (P = .023;
g = 0.752), but there were no differences between the
affected limb and contralateral limb (P = .081; g = 0.377).
Knee flexion angles at initial contact were lower in the
affected limb compared with the contralateral limb (P =
.003; g = 0.510). Peak TKJM was lower during late stance

Figure 1. Flowchart of participants with meniscectomy dur-
ing the study. ACL, anterior cruciate ligament.

TABLE 1
Participant Characteristics According to Study Groupa

Characteristic Healthy Group (n = 20) Meniscectomy Group (n = 30) P ESb

Sex
Male 12 (60) 20 (66.6)
Female 8 (40) 10 (33.3)

Age, y 24.7 6 5.0 29.7 6 6.6 .004 0.81
Height, cm 175.1 6 8.6 175.6 6 9.6 .877 0.04
Mass, kg 74.5 6 11.8 82.3 6 13.9 .044 0.59
TSK 30.9 6 5.0 35.8 6 6.5 .006 0.82
KOOS 98.0 6 2.3 67.6 6 17.1 \.001 2.25

Pain 99.0 6 2.1 75.3 6 15.9 \.001 1.88
Symptoms 94.8 6 5.2 64.9 6 21.4 \.001 1.74
Activities of Daily Living 99.9 6 0.5 86.3 6 13.2 \.001 1.30
Sport and Recreation 97.8 6 5.7 62.2 6 23.1 \.001 1.91
Quality of Life 98.8 6 3.3 49.1 6 23.4 \.001 2.67

Activity level
Preinjury 6.8 6 1.7 8.0 6 1.3 \.001 0.80
Postinjury NA 3.6 6 3.0 .015c 1.23
Postsurgery NA 5.4 6 2.3 \.001c 0.66

aData are reported as n (%) or mean 6 SD. Boldface P values indicate statistically significant difference between groups (P \ .05). ES,
effect size; KOOS, Knee injury and Osteoarthritis Outcome Score; NA, not applicable; TSK, Tampa Scale for Kinesiophobia.

bHedges g bias correction.
cComparison with preinjury activity level of healthy group.
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in the affected limb compared with the healthy limb (P \
.001; g = 1.104) and contralateral limb (P = .004; g =
0.599). Peak knee flexion angle during late stance was
higher in the affected limb compared with the healthy
limb (P = .004; g = 0.918) and contralateral limb (P =
.009; g = 0.465). At peak TKJM during late stance, knee
extension moment (KEM; P = .004; g = 0.955) and KRM
(P \ .001; g = 1.09) were lower in the affected limb com-
pared with the healthy limb. No differences were observed
between the affected limb and contralateral limb for KEM
(P = .127; g = 0.362) and KRM (P = .401; g = 0.355) at peak
TKJM. No statistical differences were observed between
the healthy and contralateral limbs, except for KRM dur-
ing late stance. KRM was lower in the contralateral limb
compared with the healthy limb (P = .013; g = 0.755) at
peak TKJM during late stance (Table 2). Figure 2 shows
the ensemble mean TKJM during walking and running.
Appendix Figures A1 and A2 show the ensemble mean
knee joint angles and knee joint moments for walking (Fig-
ure A1) and running (Figure A2).

Running

Running speeds did not differ between healthy (3.7 6 0.6
m/s) and meniscectomy (3.6 6 0.7 m/s; P = .693; g =
0.113) groups. Peak TKJM was lower for the affected
limb compared with the healthy limb (P \ .001; g = 1.01)

and contralateral limb (P \ .001; g = 0.986). Knee flexion
angle at peak TKJM was lower in the affected limb com-
pared with the contralateral limb (P = .004; g = 0.632).
No differences in knee flexion angles at peak TKJM were
observed between the affected limb and healthy limb (P =
.471; g = 0.344). The affected limb had higher external
knee rotation angles at peak TKJM compared with the
healthy limb (P = .004; g = 0.845) and contralateral limb
(P = .044; g = 0.503). At peak TKJM, KFM was lower in
the affected limb compared with the healthy (P = .002; g
= 0.834) and contralateral limbs (P \ .001; g = 1.02). No
statistical differences were observed between the healthy
and contralateral limbs (Table 3).

DISCUSSION

In the current study, lower TKJM was observed in the
affected limb compared with the healthy group during
walking and running. However, differences in TKJM
between the affected limb and the contralateral limb
were only apparent during running and the late stance
phase of walking. Lower TKJM in the affected limb is
likely to be a result of altered knee loading strategies in
the sagittal and transverse planes. These differences could
be associated with a number of factors including greater
kinesiophobia and lower quadriceps strength; however,
further research is needed to confirm this.

TABLE 2
Knee Kinematic and Kinetic Outcomes During Walking in the Healthy and Meniscectomy Groupsa

Knee Joint Movement
Healthy
Group

Meniscectomy Group Mean Difference (95% CI)b

Affected
Leg

Contralateral
Leg

Affected Leg vs
Healthy Group

Affected Leg vs
Contralateral Leg

Healthy Group vs
Contralateral Leg

Knee joint kinematics, deg
KFA at initial contact 22.8 6 3.4 20.4 6 4.7 22.8 6 5.1 2.5 (20.4 to 5.36) 2.5 (0.7 to 4.2) 0.0 (22.9 to 2.9)
KFA at early TKJM 13.9 6 4.3 14.8 6 7.0 14.6 6 7.4 0.9 (23.2 to 5.1) 0.2 (22.3 to 2.8) 20.7 (24.8 to 3.4)
KAA at early TKJM 1.0 6 3.3 20.6 6 4.4 20.5 6 3.7 21.6 (24.0 to 0.8) 20.1 (21.9 to 1.7) 1.5 (21.0 to 3.9)
KRA at early TKJM 27.7 6 9.7 216.0 6 9.8 211.8 6 9.2 28.3 (214.5 to 22.2) 24.3 (29.0 to 0.5) 4.1 (22.1 to 10.2)
KFA at late TKJM 0.5 6 3.4 5.3 6 6.1 2.4 6 6.4 4.8 (1.3 to 8.3) 2.9 (0.6 to 5.2) 21.9 (25.4 to 1.6)
KAA at late TKJM 20.1 6 3.4 22.1 6 4.3 22.0 6 3.1 22.0 (24.5 to 0.4) 20.2 (21.6 to 1.3) 1.9 (20.5 to 4.3)
KRA at late TKJM 212.3 6 8.8 214.3 6 9.8 212.0 6 10.7 22.0 (28.2 to 4.2) 22.2 (27.2 to 2.7) 20.3 (26.4 to 5.9)

Knee joint kinetics, %c

Peak early stance TKJM 4.3 6 1.2 3.5 6 1.0 3.9 6 1.0 20.8 (21.5 to 20.1) 20.4 (20.8 to 0.0) 0.4 (20.3 to 1.1)
KFM at early TKJM 2.9 6 1.7 2.1 6 1.7 2.5 6 1.5 20.8 (21.9 to 0.3) 20.4 (21.1 to 0.3) 0.4 (20.6 to 1.5)
KAM at early TKJM 2.5 6 0.8 2.1 6 1.1 2.2 6 0.9 20.4 (21.0 to 0.2) 20.1 (20.7 to 0.4) 0.3 (20.3 to 0.9)
KERM at early TKJM 0.6 6 0.3 0.4 6 0.7 0.6 6 0.5 20.2 (20.5 to 0.1) 20.2 (20.4 to 0.1) 0.0 (20.3 to 0.3)
Peak late stance TKJM 4.0 6 1.0 3.0 6 0.8 3.4 6 0.7 21.0 (21.6 to 20.4) 20.5 (20.8 to 20.1) 0.5 (20.1 to 1.1)
KEM at late TKJM 23.0 6 1.1 22.1 6 0.9 22.4 6 1.1 0.9 (0.2 to 1.6) 0.4 (20.1 to 0.8) 20.6 (21.2 to 0.1)
KAM at late TKJM 2.1 6 1.0 1.5 6 1.0 1.6 6 1.1 20.5 (21.2 to 0.2) 0.0 (20.5 to 0.4) 0.5 (20.2 to 1.2)
KIRM at late TKJM 21.2 6 0.4 20.6 6 0.6 20.8 6 0.6 0.6 (0.3 to 0.9) 0.2 (20.1 to 0.6) 20.4 (20.7 to 20.1)
Knee adduction
angular impulse

0.9 6 0.3 0.7 6 0.3 0.8 6 0.3 20.2 (20.4 to 0.1) 0.0 (20.2 to 0.1) 0.1 (20.1 to 0.3)

aData are reported as mean 6 SD unless otherwise indicated. Boldface values indicate statistically significant difference between groups
compared (P \ .05). KAA, knee adduction angle; KAM, knee adduction moment; KEM, knee extension moment; KERM, knee external rota-
tion moment; KFA, knee flexion angle; KFM, knee flexion moment, KIRM, knee internal rotation moment; KRA, knee rotation angle; TKJM,
total knee joint moment.

bCI, Confidence Interval
cAll kinetic data were normalized to body weight 3 height and are reported as percentages.
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This is the first study to examine TKJM during walking
and running in individuals who had a meniscectomy as
a result of a traumatic meniscal injury compared with
the contralateral limb and healthy individuals. In those

with medial knee OA, TKJM remained constant over 5
years with the dominant component that contributed to
TKJM shifting from KFM to KAM.3 Greater KAM and
lower KFM were also observed in studies that have

TABLE 3
Knee Kinematic and Kinetic Outcomes During Running in the Healthy and Meniscectomy Groupsa

Knee Joint Movement
Healthy
Group

Meniscectomy Group Mean Difference (95% CI)b

Affected
Leg

Contralateral
Leg

Affected Leg vs
Healthy Group

Affected Leg vs
Contralateral Leg

Healthy Group vs
Contralateral Leg

Knee joint kinematics, deg
KFA at initial contact 6.0 6 4.3 8.4 6 4.2 8.5 6 5.4 2.3 (20.7 to 5.4) 20.1 (22.2 to 2.0) 22.4 (25.5 to 0.6)
KFA at peak TKJM 35.7 6 5.7 33.4 6 6.9 37.2 6 4.9 22.2 (26.1 to 1.6) 23.8 (26.6 to 21.0) 21.6 (25.4 to 2.3)
KAA at peak TKJM 21.5 6 5.2 23.4 6 6.3 24.2 6 5.1 21.8 (25.4 to 1.7) 0.9 (21.9 to 3.6) 2.7 (20.8 to 6.2)
KRA at peak TKJM 22.7 6 9.2 210.7 6 9.6 26.1 6 8.3 28.0 (213.9 to 22.1) 24.5 (29.0 to 20.1) 3.5 (22.4 to 9.3)

Knee joint kinetics, %c

Peak TKJM 13.3 6 3.0 10.4 6 2.8 13.0 6 2.5 22.9 (24.8 to 21.1) 22.6 (23.9 to 21.4) 0.3 (21.6 to 2.1)
KFM at peak TKJM 12.1 6 3.2 9.2 6 3.6 12.5 6 2.6 22.9 (25.0 to 20.9) 23.3 (24.9 to 21.6) 20.3 (22.4 to 1.7)
KAM at peak TKJM 2.6 6 3.2 2.4 6 2.6 1.9 6 2.4 20.2 (22.0 to 1.6) 0.6 (20.9 to 2.1) 0.8 (21.0 to 2.6)
KERM at peak TKJM 1.4 6 1.0 1.3 6 1.2 1.5 6 1.3 20.1 (20.8 to 0.6) 20.3 (21.0 to 0.5) 20.2 (20.9 to 0.5)
Knee adduction
angular impulse

0.4 6 0.4 0.3 6 0.2 0.2 6 0.3 20.1 (20.3 to 0.1) 0.0 (20.1 to 0.2) 0.1 (20.1 to 0.3)

aData are reported as mean 6 SD unless otherwise indicated. Boldface values indicate statistically significant difference between groups
compared (P \ .05). KAA, knee adduction angle; KAM, knee adduction moment; KERM, knee external rotation moment; KFA, knee flexion
angle; KFM, knee flexion moment; KRA, knee rotation angle; TKJM, total knee joint moment.

bCI, Confidence Interval
cAll kinetic data were normalized to body weight 3 height and are reported as percentages.

Figure 2. Ensemble mean total knee joint moments (TKJMs), normalized to body weight (BW) and height, during (A) walking and
(B) running for the healthy group (solid) and affected leg (dashed) and contralateral leg (dotted) for the meniscectomy group.
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examined walking postmeniscectomy after a degenerative
meniscal injury.24,55 In this study, when compared with
the contralateral knee and healthy knees, the meniscec-
tomy (affected) knee demonstrated lower TKJM, which
was due to lower KFM and KRM during running and walk-
ing, respectively. These findings could provide insight into
early rehabilitation approaches after surgery. However,
further research is needed to examine whether TKJM
changes over time and how the individual moment compo-
nents contribute to the TKJM.

Lower peak KFM has previously been reported in indi-
viduals after a meniscectomy during walking,24,55 jog-
ging,25 treadmill running,61 and bilateral landing.19 The
lower KFM (early stance) and KEM (late stance) observed
in this study suggests the affected limb was employing
a quadriceps avoidance strategy to reduce anterior knee load-
ing associated with contraction of the quadriceps.19,21 In
asymptomatic individuals with evidence of knee degenera-
tion, lower KEM and higher knee flexion angles during
late stance were also demonstrated, suggesting compensa-
tory changes before individuals were clinically diagnosed.15

During walking, the affected limb also demonstrated higher
knee flexion angle during late stance. Higher knee flexion
angles during late stance are suggested to be a result of
greater activity of the hamstrings and are often employed
in ACL-deficient knees as a strategy to offset quadriceps
activity during propulsion and improve knee stability.28

Greater hamstring activity has been previously reported in
those who had a meniscectomy compared with healthy con-
trols.54 This approach is often reported in individuals who
are ACL-deficient and individuals with medial knee OA in
a response to weaker quadriceps, poorer stability, and pain.3

The running speed of participants in this study (3.6 m/s)
was faster than that in previous studies exploring knee bio-
mechanics in jogging (2.5 m/s)25 and treadmill running
(3.3 m/s).61 During the midstance of running, where TKJMs
are greatest, KFM and knee flexion angles were found to be
lower in the affected limb compared with the contralateral
limb. Lower KFM despite a more extended knee could be
a result of other coping strategies to reduce the moment
arm such as greater forward lean or altered ankle motion.
These findings were similar to those reported in individuals
after a meniscectomy during jogging.25 Lower KFM observed
during dynamic tasks such as jogging, treadmill running, and
landing is suggested to be a strategy to offload the knee and is
attributed to the observed quadriceps muscle weak-
ness.19,25,61 Similar to previous reports, the affected limb dem-
onstrated quadriceps weakness when compared with the
healthy group during the first year postsurgery22,24,55 and
was therefore likely to contribute to the lower KFM observed
in the affected limb. Unlike previous reports,22,56 the contra-
lateral limb also demonstrated lower quadriceps strength
compared with the healthy group, possibly as a result of
decreased sport activity postsurgery. Despite weaker quadri-
ceps in the contralateral limb compared with healthy individ-
uals, no differences in TKJM and KFM were observed
between the contralateral and healthy groups. These findings
suggest that the strategy employed by the affected limb is not
solely a response to weaker quadriceps; thus, psychological
aspects may play a part.

Similar to previous studies,55,61 the meniscectomy
group reported lower perceived knee function compared
with the healthy group. In particular, for the KOOS Pain
subscale, the meniscectomy group reported 23.7 points
lower compared with the healthy group. These findings
were similar to Thorlund et al55 and although the menis-
cectomy patients in the current study were 5.7 months
postsurgery and had returned to sport, these patients still
perceived poorer knee-related function and higher knee-
related pain. In addition to perceived pain, individuals
after a meniscectomy demonstrated higher (5 point
change) kinesiophobia compared with the healthy
group. Higher kinesiophobia is also common after ACL
reconstruction58 and is often reported in individuals who
have developed patellofemoral pain13 and knee OA.38

Heightened kinesiophobia can delay recovery and return
to sport and influence movement strategies and muscle
activity.13,27,38 In female patients with patellofemoral pain,
altered knee biomechanics during stair descent were associ-
ated with kinesiophobia rather than quadriceps strength.13

Given that quadriceps strength was similar between the
affected and contralateral limbs, the lower KFM and subse-
quent TKJM observed in the affected leg compared with
the contralateral leg was likely influenced by higher kine-
siophobia, perceived pain, and poorer perceived knee
function. Addressing kinesiophobia and fear-avoidance
movements is likely to facilitate recovery after a meniscec-
tomy.21 However, further exploration of kinesiophobia on
recovery after a meniscectomy is needed.

During walking, the affected limb demonstrated lower
internal rotation moments during late stance compared
with the healthy group. These findings are similar to those
reported in ACL-deficient patients during walking and
have been termed the pivot-shift avoidance strategy.21

During late stance of walking when the knee is extended
or partially flexed, internal rotation moments are normally
produced to allow for a stable knee joint.2 However, when
stability is compromised, such as in ACL-deficient knees,
there is a tendency to avoid high internal rotation
moments.21 The meniscus also plays a role in stabilizing
the knee; in particular, the lateral meniscus acts as a sec-
ondary restraint for axial and rotatory loads.20,44 Partial
removal of the meniscus will compromise the ability of
the meniscus to stabilize the knee44 and could lead to
altered movement strategies. This is the first study to pro-
vide evidence to suggest a pivot-shift avoidance strategy in
individuals after a meniscectomy. Rehabilitation
approaches that address the strategies used to offload the
knee, possibly due to muscle weakness and greater kinesi-
ophobia, could improve recovery after a meniscectomy.

Previously, greater KAM values have been reported in
the affected meniscectomy limb compared with the contra-
lateral limb and healthy group during walking and jog-
ging.24,25,55 However, our findings do not reflect these
previous reports where KAM did not differ between limbs
or groups in this study. KAM has been used to indicate
loading on the medial aspect of the knee and has been asso-
ciated with degenerative changes in the medial compart-
ment of the knee in individuals with knee OA.12,43 As
knee OA progresses, KAM has been shown to increase
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and become the dominant contributor to TKJM.3 In this
study, we examined individuals between 3 and 12 months
after a meniscectomy; therefore, KAM changes may not be
apparent until after this period. Hall et al24,25 reported
increases in the affected limb at 2 years after surgery
when compared with 3 months postsurgery.

Limitations

Several limitations to this study should be acknowledged.
First, due to the retrospective design, it is unclear whether
the individuals evaluated in the meniscectomy group
showed similar muscle weaknesses and loading strategies
before their injury or whether this was a consequence of
surgery. However, our findings reflect those of previous
studies exploring frontal and sagittal knee load-
ing.24,25,55,61 Our sample size was restricted due to
resource constraints. The sensitivity analysis revealed
that with the study sample, this study was able to detect
effect sizes �0.83 when comparing the meniscectomy and
healthy groups and 0.46 when comparing the meniscec-
tomy knee and contralateral knee. Our findings explored
linear movements such as walking and running; however,
it is important to note that when individuals progress
towards returning to sport, they are likely to be required
to perform multidimensional movements such as changes
of direction and landing-based movements. These types of
movements place greater demand on the individuals and
their knees; therefore, future studies should explore
sport-specific movements to improve ecological validity
and generalizability.

Our sample consisted of individuals who underwent
either a medial or a lateral meniscectomy. Although this
has introduced heterogeneity into our data, our ancillary
analysis did not observe statistical differences between
medial and lateral meniscectomies during this first year
after surgery.52 Participants included in this study were
recruited between 3 and 12 months postsurgery with
a mean time of assessment of 5.7 6 2.9 months postsurgery.
Although participants were required to compete or partici-
pate in sport to be eligible for this study, they were likely
to be at different stages of recovery, which could increase
the variability of the results. Future studies should explore
knee loading throughout the rehabilitation postsurgery for
those who sustained traumatic meniscal injury. Rehabilita-
tion strategies and the length of structured rehabilitation
programs are important in reducing kinesiophobia and
improving strength and movement patterns before return
to sport.31,58 However, we did not collect information
regarding rehabilitation after surgery. Future research
should consider exploring rehabilitation approaches on
kinesiophobia and knee loading after a meniscectomy.

CONCLUSION

In the first year after a meniscectomy, individuals who sus-
tained a traumatic meniscal injury had lower TKJM in the
affected limb during walking and running. Lower TKJM is

likely to be a result of altered knee-loading strategies in
the sagittal and transverse planes. Factors such as lower
perceived knee function, higher perceived pain, greater
kinesiophobia, and lower quadriceps strength may explain
the differences in TKJM; however, further research is
needed to confirm this. Lower KFM and knee flexion
angles suggest individuals offload their knee in the first
year after a meniscectomy. Rehabilitation strategies are
needed to improve knee function in the affected knee after
a meniscectomy.

ACKNOWLEDGMENTS

The authors thank the Manchester Institute of Health and
Performance for their support and use of facilities for this
study.

REFERENCES

1. Abram SGF, Price AJ, Judge A, Beard DJ. Anterior cruciate ligament

(ACL) reconstruction and meniscal repair rates have both increased

in the past 20 years in England: hospital statistics from 1997 to

2017. Br J Sports Med. 2020;54(5):286-291.

2. Andriacchi TP, Dyrby CO. Interactions between kinematics and load-

ing during walking for the normal and ACL deficient knee. J Biomech.

2005;38(2):293-298.

3. Asay JL, Erhart-Hledik JC, Andriacchi TP. Changes in the total knee

joint moment in patients with medial compartment knee osteoarthritis

over 5 years. J Orthop Res. 2018;36(9):2373-2379.

4. Badlani JT, Borrero C, Golla S, Harner CD, Irrgang JJ. The effects of

meniscus injury on the development of knee osteoarthritis: data from

the osteoarthritis initiative. Am J Sports Med. 2013;41(6):1238-1244.
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Appendix Figure A1. Ensemble mean of sagittal, frontal, and transverse (A-C) knee joint angles in degrees and (D-F) knee joint
moments normalized to body weight (BW) and height during walking for each group: the healthy group (solid) and affected leg
(dashed) and contralateral leg (dotted) for the meniscectomy group.
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Appendix Figure A2. Ensemble mean of sagittal, frontal, and transverse (A-C) knee joint angles in degrees and (D-F) knee joint
moments normalized to body weight and height during running for each group: the healthy group (solid) and affected leg (dashed)
and contralateral leg (dotted) for the meniscectomy group.
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