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Background

Changes in cortical activation patterns after rupture of the anterior cruciate ligament
(ACL) have been described. However, evidence of these consequences in the early stages
following the incident and through longitudinal monitoring is scarce. Further insights
could prove valuable in informing evidence-based rehabilitation practices.

Purpose

To analyze the angular accuracy, neuromuscular, and cortical activity during a knee joint
position sense (JPS) test over the initial six months following ACL reconstruction.
Study design: Cohort Study

Methods

Twenty participants with ACL reconstruction performed a JPS test with both limbs. The
measurement time points were approximately 1.5, 3-4 and 6 months after surgery, while
20 healthy controls were examined on a single occasion. The active JPS test was
performed seated with a target angle of 50° for two blocks of continuous angular
reproduction (three minutes per block). The reproduced angles were recorded
simultaneously by an electrogoniometer. Neuromuscular activity of the quadriceps
muscles during extension to the target angle was measured with surface
electromyography. Spectral power for theta, alpha-2, beta-1 and beta-2 frequency bands
were determined from electroencephalographic recordings. Linear mixed models were
performed with group (ACL or controls), the measurement time point, and respective
limb as fixed effect and each grouping per subject combination as random effect with
random intercept.

Results

Significantly higher beta-2 power over the frontal region of interest was observed at the
first measurement time point in the non-involved limb of the ACL group in comparison
to the control group (p = 0.03). Despite individual variation, no other statistically
significant differences were identified for JPS error, neuromuscular, or other cortical
activity.
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Conclusion

Variation in cortical activity between the ACL and control group were present, which is
consistent with published results in later stages of rehabilitation. Both indicate the
importance of a neuromuscular and neurocognitive focus in the rehabilitation.

Level of Evidence
3

INTRODUCTION

An anterior cruciate ligament (ACL) rupture represents a
significant and long-lasting sports injury. Surgical recon-
struction is frequently selected as a means of restoring joint
stability.! Nonetheless, neither reconstruction nor rehabil-
itation can fully restore knee function.? It has been stated
that the ACL contains mechanoreceptors that are respon-
sible for detecting position, movement, and force within
the joint.3 These contribute to the proprioceptive informa-
tion that is provided for the central nervous system (CNS)
in order to maintain function.#> An evaluation of these
proprioceptive senses is the joint position sense (JPS) test,
which assesses the ability to reproduce actively or passively
a previously presented angle by a body segment.® System-
atic reviews and meta-analyses have demonstrated tenden-
cies of greater knee JPS errors after ACL rupture in the in-
jured limb compared to the non-injured side as well as to
healthy controls,”"10 however, the clinical significance of
these errors is still a matter of debate.ll In addition to
changes in proprioception, sensory dysfunction can result
in deficits in balance, coordination, and joint stability.1213
Neuromuscular activity, which encompasses both voluntary
and involuntary muscle activation for the purpose of per-
forming functional tasks and maintaining or restoring joint
stability, can be quantified through the use of surface elec-
tromyography (EMG).* In patients with anterior cruciate
ligament (ACL) injuries, there is evidence that neuromus-
cular activity is impaired.14 Thus, proprioceptive changes
might translate to errors in the coordination of movement,
potentially leading to an elevated secondary injury risk.11:
15

The loss of mechanoreceptors resulting from an ACL
rupture is likely to impact the adaptability of the CNS in
regulating joint function.!516 Consequently, studies have
examined brain activation following ACL rupture during a
knee JPS test. In their functional magnetic resonance imag-
ing (FMRI) study, Strong et al.17 reported no significant dif-
ferences in JPS error or brain response in the ACL group,
with an average follow-up of 23 months post-surgery, com-
pared to a healthy control group. However, greater JPS er-
rors were significantly associated with higher brain activity
in some brain regions (ipsilateral anterior cingulate, supra-
marginal gyrus and insula) in both groups.l” Baumeister
et al.18 examined brain activity via electroencephalography
(EEG) during a JPS test in ACL patients with an average fol-
low-up of 12.5 months after reconstruction. The authors
observed a higher JPS error in the ACL injured limb in com-
parison to the healthy controls, accompanied by a signifi-
cantly higher theta-power recorded by the electrodes over
the frontal cortical region of interest and a significantly

higher alpha-2 power in the electrodes over the parietal
cortical region of interest.!8 Additionally, they identified
significant differences in brain activity between the con-
tralateral limb and healthy controls. Moreover, a review ar-
ticle discusses that bilateral alterations in other tasks may
be attributable to the functional reorganization of motor
networks, which is not confined to somatosensory and me-
chanical deficiencies subsequent to unilateral injury.1>

The aforementioned studies have only investigated par-
ticipants with an ACL rupture and reconstruction cross-
sectionally after completion of the standard rehabilitation
programme. This leaves uncertainty regarding early adap-
tations and potential time points for specified interven-
tions during the rehabilitation phase.16:19 Therefore, the
purpose of this investigation was to analyze the angular ac-
curacy, neuromuscular, and cortical activity during a knee
joint position sense (JPS) test over the initial six months
following ACL reconstruction.

The hypothesis was that no significant proprioceptive
deficiencies measured by the angular error would be de-
tectable between the groups, measurement time points,
and limbs10 Although the performance outcome may re-
main unchanged, alterations in the underlying neuromus-
cular and cortical activity were assumed. It was hypothe-
sized that there would be differences in the neuromuscular
activity during the extension to the target angle.20 Further-
more, higher theta frequency was expected in the frontal
region of interest and lower alpha-2 power in the parietal
region of interest. Conversely, no differences in the beta
frequency were anticipated in the ACL group compared to
the healthy control group, regardless of the region of inter-
est.18

METHODS

PARTICIPANTS

In this prospective observational study, 20 participants
with reconstructed ACL were recruited in collaboration
with their corresponding orthopaedic surgeon between
March 2022 and September 2023. Additionally, 20 healthy
controls participated voluntarily. The participants were
matched according to sex, age, height, weight and leg dom-
inance. The subsequent analyses were conducted on a sin-
gle leg of the healthy control group. This was identified
as the leg corresponding to the involved limb of the ACL
participant, representing the matched involved leg. General
inclusion criteria were: age between 18 and 50 years, phys-
ically active (at least 2x 45 min per week?l) currently or
before the ACL rupture, and no former knee pathology.
The ACL patient group was required to have a clinically
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confirmed ACL rupture and have undergone reconstructive
surgery with a quadriceps tendon graft within eight weeks
of the incidence. No restriction regarding concomitant in-
juries was set. General exclusion criteria were: cardiac, neu-
rological or peripheral vascular diseases, acute infection,
alcohol abuse, current pain medication, other injuries of
the lower extremity or trunk, back pain, thrombosis, preg-
nancy, dementia, or other musculoskeletal disorders lim-
iting successful execution of the test protocol. An a priori
sample size calculation was not feasible, due to missing
data in a previous publication. Nonetheless, based on find-
ings of previous studies examining EEG after ACL rupture,
it was estimated that a sample size of 20 participants per
group would be required.!822 The study complied with the
criteria of the declaration of Helsinki and was ethically ap-
proved by the local legal authority Kantonale Ethikkommi-
sion fiir die Forschung (KEK Bern, CH, No. 2020-02200). All
participants gave their informed consent before participa-
tion. The study was pre-registered at the German Clinical
Trials Register (DRKS-ID: 00023002).

PROCEDURE

The ACL group was invited to participate in a series of mea-
surements at the Bern Movement Lab (Bern University of
Applied Sciences, Bern, Switzerland) at three defined time
points: 1.5 months, 3-4 months and 6 months following the
reconstructive surgery. The healthy control group was in-
vited to participate in a single measurement session. Fol-
lowing clarification of the inclusion criteria, anthropomet-
ric data, leg dominance, the side of the ACL rupture and
reconstruction and any concomitant injuries of the ACL
group were recorded. Additionally, the Tegner activity score
(TAS)%3 (before the injury in the ACL group) and the cur-
rent Knee Osteoarthritis Outcome Score (KOOS)%4 were ob-
tained at the first measurement. The ACL group reported if
they received preoperative rehabilitation and provided de-
tails of their current main rehabilitation program content
and the amount of rehabilitation they received at each
measurement time point.

Next, the participants were prepared for the JPS test in
the knee with recordings of the cortical activity using elec-
troencephalography (EEG; see EEG recording and process-
ing section), neuromuscular activity using electromyogra-
phy (EMG; see EMG recording and processing section) as
well as the angular error using an electrogoniometer (see
electrogoniometer recording and processing). The proce-
dure of the active-active JPS test as well as the recording
and processing of the neuromuscular activity and angular
deviation has been described in detail elsewhere.25 In
short, following preparation, the participants’ actual gen-
eral well-being and pain levels were assessed using a visual
analogue scale with 100 mm in length.26 Then, the partic-
ipants completed five minutes of level walking on a tread-
mill (Quasar® med, h/p/cosomos sports & medical GmbH,
Nussdorf-Traunstein, Germany) at a speed of 3 km*h™! as
a standardized warm-up with additional recording of the
neuromuscular activity during the final minute for later
submaximal normalization of the EMG signals.2” Subse-
quently, the resting EEG activity during the period of seated
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Figure 1. Study setup of the active knee joint position
sense test.

rest with the eyes open was recorded for three minutes and
later used for the normalization of the EEG signals.28 Fol-
lowing this, the active-active JPS test was performed. Par-
ticipants were seated with a hip angle of 100° flexion and
a gap of approx. 5 cm between the posterior aspect of the
knee and the chair surface, in an open kinetic chain (Figure
1).

During familiarization with the task, the participants ac-
tively flexed their knee into the starting position of 90°
knee flexion (0° = full extension) and extended it to the tar-
get angle of 50° knee flexion (movement range of 40°) as in-
dicated by the instruction of the examiner and visual feed-
back of the knee angle on a screen.25 While the vision of the
participants towards their leg was obstructed by a hanging
curtain throughout the five familiarization trials, they were
allowed to use the feedback displayed on a screen. During
the actual testing, the visual feedback was no longer avail-
able. The testing phase comprised two blocks of 3-minute-
long active continuous angular reproduction per leg at a
self-selected pace. Between the blocks, a 3-minute rest was
taken and the starting leg was randomised for each mea-
surement time point. The participants were instructed to
reproduce the target angle as accurately as possible, hold it
for three seconds and then return to the starting position
(90° flexion).25 During the execution of the JPS test, the an-
gular changes and neuromuscular and cortical electrical ac-
tivity were recorded.

ELECTROGONIOMETER RECORDING AND PROCESSING

The electrogoniometer (Potentiometer RP20, Megatron
Elektronik GmbH & Co0.KG, Munich, Germany) was at-
tached with the center of rotation placed at the knee joint
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space, in the midline between the lateral femoral and tibial
epicondyle of the participant’s leg. The goniometer arms
were affixed with Velcro strips in a superior/inferior orien-
tation, aligned proximally with the greater trochanter and
distally with the lateral malleolus. The electrogoniome-
ter data were captured at a rate of 4000 Hz and then un-
derwent analogue-to-digital conversion (NI PCI 6255 de-
vice from National Instruments®, Austin, USA; 1.25 MS/s,
16 bits). Subsequently, the signals were recorded ustilizing
LabVIEW®-based software Imago Record (Pfitec®, Endin-
gen, Germany). The electrogoniometer data were processed
using Imago Process Master (Pfitec®, Endingen, Germany).
The angle reproduced for each trial was determined as the
midpoint of the 3-second holding phase, in accordance with
the specified procedure. These angles were then exported
to a Microsoft® Excel spreadsheet (Windows 10, Microsoft
Corporation, Redmond, WA, USA). The angular error, de-
fined as the difference between the targeted and repro-
duced angles, was calculated for each trial. Moreover, the
constant angular error (CE) and absolute angular error (AE)
were computed.2® The CE quantifies the directional bias of
the error, with positive or negative arithmetical differences
considered in the calculation. Negative arithmetic differ-
ences indicate an underestimation of the reproduced angle
in comparison to the targeted angle, which is characterised
by lesser knee extension. Conversely, positive values signify
an overestimation, indicating greater knee extension. Ad-
ditionally, the variable error (VE) was calculated in order to
assess the consistency of the constant error.39

NEUROMUSCULAR RECORDING AND PROCESSING

For the surface EMG measurements, the electrodes were
positioned meticulously on the vastus medialis (VM), vas-
tus lateralis (VL), and rectus femoris (RF) of both limbs,
adhering to the guidelines provided by SENIAM.3! Prior
to electrode placement, the skin was prepared by shaving,
sandpaper abrasion, and alcohol cleaning in order to op-
timize muscle signal detection. Bipolar electrodes (Type
P-00-S, Blue Sensor®, Ambu, Ballerup, Denmark, inter-
electrode distance: 20 mm) were utilized to ensure that in-
terelectrode impedance remained below 2 kQ (Impedance
meter: D175, Digitimer®, Hertfordshire, UK). The data ac-
quisition methodology was consistent with that described
previously. The neuromuscular activity during the JPS test
was analyzed in the extension movement phases based on
angular recordings obtained from the electrogoniometer.
The extension phase spanned from the commencement of
the extension until reaching the anticipated target angle.
EMG data underwent processing using the Imago Process
Master (Pfitec®, Endingen, Germany). The raw signals were
subjected to full-wave rectification and band-pass filtering
within the range of 10-500 Hz (Butterworth, 2nd order).
The root mean squares (RMS) of the amplitudes were com-
puted for each muscle and movement phase and exported
to a Microsoft® Excel spreadsheet (Windows 10, Microsoft
Corporation, Redmond, WA, USA). The submaximal nor-
malization of neuromuscular activity involved utilising the
mean gait cycle activity of each muscle during level walk-
ing.27

ELECTROENCEPHALOGRAPHY RECORDING AND
PROCESSING

Cortical electrical activity was recorded continuously
throughout each block of JPS testing using a dry electroen-
cephalography-system (DSI-24, Wearable Sensing, San
Diego, CA, USA) and the corresponding software (DSI-
STREAMER-V.1.08.44), operating at a sampling rate of 300
Hz. The dry-EEG headset comprised 19 electrodes arranged
in accordance with the international 10:20 system across
the scalp and with two electrodes positioned at the ear
lobules. The electrodes were mounted and secured follow-
ing the instructions provided in the device manual to en-
sure optimal scalp contact.32 The impedances of each elec-
trode were carefully monitored to maintain levels below
5kQ. The recorded cortical activity signals were processed
in MATLAB (Version R2020a, Mathworks Inc., Natick, MA,
USA) utilising the EEGLAB toolbox (eeglab2022.1),33 fol-
lowing a standardized pipeline. Initially, the two blocks of
JPS test per leg were combined. To mitigate line noise, the
CleanLine software plugin3* was employed. Subsequently,
the cortical activity signals were band-pass filtered within
the range of 1 to 30 Hz. An “Artifact Subspace Reconstruc-
tion bad burst correction”3> was implemented to rectify
any erroneous data periods. Following manual identifica-
tion and rejection of undesirable episodes or channels, an
adaptive mixture independent component analysis (AM-
ICA)36 was conducted to discern and eliminate non-brain
signals originating from muscle activity, eye movements, or
electrocardiogram interference. The EEG data were then re-
referenced to a common average, with the reference chan-
nel Pz reinstated in the dataset. Power spectra for the fol-
lowing frequency bands — theta (4-7.5 Hz), alpha-1 (8-10
Hz), alpha-2 (10.5-12.5 Hz), beta-1 (13-18 Hz), and beta-2
(18.5-25 Hz) — were computed using Fast-Fourier-Transfor-
mation and extracted for each trial and participant. Regions
of interest (ROI) were formed for the frontal (F3, Fz, F4),
central (C3, Cz, C4), and parietal (P3, Pz, P4) brain areas,
as per current literature.18:28 The spectral power values per
ROI were normalised to the resting cortical activity baseline
for further statistical analysis.

STATISTICAL ANALYSIS

Statistical data analysis was carried out using R (R Core
Team, Version 4.3.2, 2023).37 Participants’ characteristics
were tested for significant group differences using a Mann-
Whitney U test and a one-way repeated measures ANOVA
to identify any significant differences in the general well-
being and pain levels before and after each measurement
time point performed. Post-hoc analysis was utilized for
multiple comparisons. The electrogoniometer, neuromus-
cular, and cortical activity data were examined to ensure
their plausibility. Individual values exceeding two standard
deviations from the overall mean were identified and traced
back to the original dataset. A comprehensive examination
of the data processing procedures pertaining to these out-
liers was conducted, and adjustments were made if devia-
tions from standard procedures were identified. Otherwise,
they were excluded from the dataset in accordance with the
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relevant criteria.2” The results section presents descriptive
statistics as mean, standard deviation (SD) and 95% con-
fidence intervals (95% CI). Inferential statistics were con-
ducted on the independent variable “Group”, which con-
sisted of the three factors: group (ACL patients or healthy
controls), measurement time point, and whether the task
was executed with the involved or non-involved leg. A lin-
ear mixed model was fitted to each dependent variable
(namely the absolute error of the electrogoniometric data,
normalized neuromuscular activity during extension to the
target angle and normalised cortical activity for the defined
frequency bands per ROI frontal theta, parietal alpha-2 and
beta-1 and beta-2 within the frontal, central, and parietal
ROI) with Group as the fixed effect and using different ran-
dom effect structures, that is random intercept and slope
per Group-subject combination, random intercept per
Group-subject combination and random intercept for both
Group and subject. Model comparison using the Akaike in-
formation criterion (AIC) indicated that the optimal model
was the one with “Group:subject” as a random intercept,
thereby allowing each Group-subject combination to have a
random intercept. From the fitted model, contrasts of inter-
est were computed, that is, the effects relative to the refer-
ence category (matched-involved leg of the healthy control
group), with standard errors and 95% CI’s including p-value
adjustment for multiple comparisons using the Tukey’s
Honest Significance Difference method. A residual analysis
was performed to ascertain the validity of the model as-
sumptions. The R Ime4 package38 was used for model fit-
ting and emmeans package3? was used for computing con-
trasts.

RESULTS

PARTICIPANTS

A total of 40 participants were enrolled in this study (20
participants after ACL rupture and reconstruction and 20
healthy matched controls). The initial measurement time
point (M1) was 1.5 = 0.2 months post-surgery, the second
(M2) was 3.5 + 0.3 months post-surgery and the third mea-
surement time point (M3) was 6.1 * 0.3 months post-
surgery. There were no dropouts. Table 1 provides an
overview of the participants’ characteristics. Half of the
ACL participants had a rupture in their dominant leg. Only
one participant reported no associated injuries. Four par-
ticipants received preoperative rehabilitation, and all par-
ticipants in the ACL group underwent standard rehabilita-
tion procedures following surgery over the course of the six
month measurement period. Details on associated injuries
and the rehabilitation content and frequency can be found
in the supplement. One ACL participant was unable to per-
form the JPS test at the first measurement time point due
to discomfort in the targeted range of motion in the in-
volved limb. Data of one non-involved limb of an ACL par-
ticipant at the first measurement time point and the second
block of the non-involved limb at the third measurement
time point were excluded from the analysis due to technical
issues. The pre- and post-measurement self-reported well-

being scores were comparable between the two groups (p =
0.39; Table 1). Significant differences were observed in pain
levels between the measurement time points (p = 0.004).
A post-hoc analysis revealed that the ACL group exhibited
significantly elevated pain levels following the first mea-
surement time point when compared to both pre- and post-
measurements in the control group (p =0.017 and p = 0.006,
respectively). The remaining mean pain levels were higher
among the ACL group than the control group, though they
did not reach a statistically significant difference (0.22 < p
<.

ANGULAR ERROR

The mean number of repetitions performed by the partici-
pants was 48 repetitions (overall range of repetitions: 8-99;
Con-matched-involved limb: 25-84; ACL-M1-involved limb
range: 39-99; ACL-MI1-non-involved limb range: 40-77;
ACL-M2-involved limb range: 35-75; ACL-M2-non-in-
volved limb range: 22-75; ACL-M3-involved limb range:
27-90; ACL-M3-non-involved limb range: 8-88). The high-
est mean absolute errors were observed in the control group
with (9.1 + 5.9°), while the lowest was noted in the non-in-
volved leg of the ACL group at M3 (6.3 * 4.2°). Conversely,
the mean constant error was found to be lowest in the con-
trol group (4.9 = 9.7°) and highest in the involved limb of
the ACL group at M3 (7.5 £ 6.1°). The mean variable error
did not exceed 1°. A comprehensive presentation of the de-
scriptive statistics for the constant, variable and absolute
error are presented in Table 2.

The linear mixed model revealed no statistically signifi-
cant difference in the absolute error in the fixed effects es-
timates (0.06 < p < 0.77, AIC = 33943.0; RZ = 0.56) (Table 3).
The residual analysis provided no evidence against model
assumptions.

NEUROMUSCULAR ACTIVITY

Descriptive statistics of the normalised neuromuscular ac-
tivity during the extension to the target angle are displayed
in Table 4. Residual analysis revealed no evidence to con-
tradict the model assumptions. Vastus medialis presented
no statistical difference in the fixed effect estimates (0.80 <
p < 0.98; AIC = 52333.5; R2 = 0.84). No statistically signif-
icant difference in the fixed effect estimates was found for
the vastus lateralis (0.64 < p < 1; AIC = 48910.8; R2 = 0.85).
The rectus femoris demonstrated no statistically significant
difference in the fixed effect estimates (0.31 < p < 0.99, AIC
=49927.3; R% = 0.78) (Table 4).

CORTICAL ELECTRICAL ACTIVITY

Descriptive statistics of the normalized cortical activity
over the entire JPS test per frontal, central and parietal re-
gion of interest, as well as frequency bands, are displayed
in Table 5. Residual analysis demonstrated no evidence
against model assumptions. No significant differences were
observed in the fixed effects estimates for frontal theta
(0.16 < p < 0.99; AIC = 3613.4; R2 = 0.34) and frontal beta-1
(0.06 < p < 0.47; AIC = 3550.5; RZ = 0.35) (Table 5). A signif-
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Table 1. Participant characteristics displayed in mean * standard deviation.

Characteristic ACL (n=20) Control (n =20) p-value
Age, years 269+6 284+7.6 0.597
Height,cm 172+8.3 173+8.3 0.903
Weight, kg 71.8+12.1 69+11.2 0.516
Female sex, % 40 40 -
(Preinjury) Tegner score (10 points max) 53+1 46+0.9 0.047
KOOS total score (168 points max) 86.8+24.4 167+14 <0.001
M1- PRE 9.05+125 7.9+13.6 -
M1- POST 115+ 14 53+94 -
M2 - PRE 13.0+15.1
VAS well-being (mm) NA -
M2 -POST 10.5+11.4
M3 - PRE 7.1+9
NA -
M3-POST 5819
M1- PRE 15.2+17.3 3.6+6.7 -
M1- POST 204 +17 23+51 -
M2 - PRE 13.5+16.5
VAS pain (mm) NA -
M2 - POST 142+17.7
M3 - PRE 11.3+14.8
NA -
M3 - PRE 12.5+18.9

ACL = anterior cruciate ligament group; n = number; KOOS = Knee injury and Osteoarthritis Outcome Score; max = maximum; VAS = visual analogue scale

Table 2. Constant, variable and absolute error of the JPS test per measurement time point and leg.

Constant error Variable error Absolute error

M+SD M+SD M+SD
Con - involved 4.9+9.7 1+0.1 9.1+5.9
ACL - M1 - involved 6.6£5.2 1+0.1 7.2+4.3
ACL - M1 - non-involved 7.5%£5.6 1+0.1 7.9+4.9
ACL - M2 - involved 6.2+4.7 1+0.1 6.6+4.1
ACL - M2 - non-involved 5.2+6.2 1+0.1 6.5£4.9
ACL - M3 - involved 7.5+6.1 1+0.1 8.1+5.3
ACL - M3 - non-involved 5.6+5.0 1+0.1 6.3+4.2

M = mean; SD = standard deviation; Con = control group; ACL = anterior cruciate ligament group; M1-M3 = measurement time point 1-3

Table 3. Linear mixed model output for the absolute error with Group as fixed effect and Group:subject as

random effect with random intercept.

Absolute Error Model output
Beta SE Lower 95% CI Upper 95% Cl p-value

Con - involved Reference

ACL - M1 - involved -2.10 1.20 -5.65 1.45 0.31
ACL - M1 - non-involved -1.20 1.19 -4.73 2.32 0.77
ACL - M2 - involved -2.94 1.18 -6.42 0.54 0.06
ACL - M2 - non-involved -2.85 1.18 -6.34 0.63 0.07
ACL - M3 - involved -1.39 121 -4.97 2.18 0.68
ACL - M3 - non-involved -2.95 1.21 -6.53 0.63 0.07

SE = standard error; CI = confidence interval; Con = control group; ACL = anterior cruciate ligament group; M1-M3 = measurement time point 1-3
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Table 4. Normalized neuromuscular activity during extension to the target angle. Descpritive statistic and linear
mixed model output with Group as fixed effect and Group:subject as random effect with random intercept.

NCE;T:LS&%/ETS Model output

Vastus medialis M+SD Beta SE | Lower 95% ClI Upper 95% CI p-value
Con - involved 48.9+30.3 Reference
ACL - M1 - involved 50.9+26.6 3.27 9.30 -24.1 30.7 0.98
ACL - M1 - non-involved 43.7+28.6 -3.69 9.30 -31.1 237 0.98
ACL - M2 - involved 56.2+31.1 8.65 9.18 -18.4 35.7 0.80
ACL - M2 - non-involved 48.4+29.6 3.35 9.18 -23.7 30.4 0.98
ACL - M3 - involved 48.5£29.3 3.68 9.30 -23.7 311 0.98
ACL - M3 - non-involved 53.8+33.7 6.20 9.31 -21.2 33.6 0.92

Vastus lateralis
Con - involved 46.3£26.0 Reference
ACL - M1 - involved 48.4+23.3 0.74 8.03 -22.9 244 0.99
ACL - M1 - non-involved 37.7+23.3 -9.57 7.92 -32.9 138 0.64
ACL - M2 - involved 56.3+28.3 8.73 7.83 -14.3 318 0.70
ACL - M2 - non-involved 47.0+26.7 0.18 7.83 -22.9 233 1
ACL - M3 - involved 52.0+22.8 3.01 7.92 -20.3 264 0.98
ACL - M3 - non-involved 46.3+24.5 -1.16 7.93 -24.55 222 0.99

Rectus femoris
Con - involved 62.3+32.0 Reference
ACL - M1 - involved 68.3+22.1 4.67 6.79 -15.35 24.67 091
ACL - M1 - non-involved 59.5+21.3 -3.68 6.76 -23.62 16.27 0.95
ACL - M2 - involved 76.4+25.7 11.65 6.68 -8.04 31.33 0.31
ACL - M2 - non-involved 70.3+18.0 5.22 6.68 -14.47 24.90 0.88
ACL - M3 - involved 63.3+22.6 -1.14 6.76 -21.08 18.81 0.99
ACL - M3 - non-involved 66.8+23.6 526 6.77 -14.70 25.22 0.88

RMS = root mean square; subMVC = submaximal voluntary construction; M = mean; SD = standard deviation; SE = standard error; CI = confidence interval; Con = control group; ACL

= anterior cruciate ligament group; M1-M3 = measurement time point 1-3

icantly different fixed effect estimate was found for frontal
beta-2 when comparing the ACL-M1-non-involved leg to
the control group (p = 0.03). The remaining comparison of
frontal beta-2 did not yield a statistically significant differ-
ence (0.32 < p < 0.75, AIC = 3468.2; R2 = 0.27) (Table 5).

No statistically significant differences were detected in
the fixed effects estimates for central beta-1 (0.06 < p <
0.47; AIC = 3550.5; R2 = 0.35) and central beta-2 (0.81 < p <
1, AIC = 3595.9; R% = 0.46) (Table 5).

Furthermore, no statistically significant differences were
evident in the fixed effects estimates for parietal alpha-2
(0.15 < p < 0.99; AIC = 3623.3; R2 = 0.49), parietal beta-1
(0.50< p < 0.95, AIC = 3391.1; R2 = 0.50) and parietal beta-2
(0.62 < p < 0.99, AIC = 3365.3; RZ = 0.54) (Table 5).

DISCUSSION

This is the first study to examine the angular accuracy, neu-
romuscular, and cortical activity during a JPS test longitu-
dinally over the first six months following ACL reconstruc-
tion. No significant differences were observed between the
measurement time points or limb in comparisons to the

healthy control group, with the exception of the beta-2 fre-
quency band in the frontal region of interest for the non-
involved leg of the ACL group, which demonstrated a dif-
ference at the first measurement time point in comparison
to the control group.

ANGULAR ERROR

The mean constant error was observed to be the smallest
in the control group, although this was accompanied by
a high standard deviation and no statistically significant
differences when compared to the ACL group. It could be
suggested that the mean precision presented by the con-
stant error is marginally better in the control group when
compared to the ACL group. Nevertheless, the mean ab-
solute errors were found to be higher in the healthy control
group than in the ACL group for each measurement time
point and limb, with no significant difference observed. The
non-significant difference confirms the authors’ hypothe-
ses. Furthermore, a systematic review focusing on the ac-
tive JPS test among ACL reconstructed participants in the
early phase following surgery demonstrated nonhomoge-
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Table 5. Normalized cortical activity during joint position sense test. Descpritive statistic and linear mixed
model output with Group as fixed effect and Group:subject as random effect with random intercept.

T‘Voo r::,::;:iég? Model output
Frontal Theta M+ SD Beta | SE | Lower95%Cl Upper 95% Cl p-value
Con - involved 93.5£31.5 Reference
ACL - M1 - involved 104.2+30.9 10.74 6.82 -9.7 31.2 041
ACL - M1 - non-involved 107.5+25.7 14.34 6.86 -6.2 34.9 0.16
ACL - M2 - involved 105.6+27.4 12.38 7.02 -8.7 334 0.31
ACL - M2 - non-involved 103.2+31.4 10.24 6.76 -10.0 30.5 0.45
ACL - M3 - involved 93.3+32.0 -1.67 6.91 -22.4 19.0 0.99
ACL - M3 - non-involved 96.3+28.3 2.50 7.00 -18.5 04 0.98
Parietal Alpha-2
Con - involved 80.9+29.3 Reference
ACL - M1 - involved 80.9+37.5 0.60 9.20 -27.0 28.2 0.99
ACL - M1 - non-involved 78.4£36.2 -1.17 9.22 -28.8 26.4 0.99
ACL - M2 - involved 86.1+28.5 4.72 9.34 -23.3 327 0.96
ACL - M2 - non-involved 86.3+27.8 6.19 9.09 -21.0 334 091
ACL - M3 - involved 92.2+31.5 10.61 9.22 -17.0 38.2 0.68
ACL - M3 - non-involved 91.9+29.3 10.87 9.33 -17.1 38.8 0.67
Frontal Beta-1
Con - involved 93.1+26.3 Reference
ACL - M1 - involved 105.9+28.3 12.47 6.65 -7.5 234 0.25
ACL - M1 - non-involved 110.1+25.1 16.57 6.65 -34 36.5 0.06
ACL - M2 - involved 109.8+26.7 15.86 6.75 -4.4 36.1 0.09
ACL - M2 - non-involved 104.9+23.7 11.47 6.56 -8.2 311 0.32
ACL - M3 - involved 103.7+£32.1 9.77 6.59 -9.9 29.5 0.47
ACL - M3 - non-involved 106.8+28.7 13.28 6.75 -6.9 335 021
Frontal Beta-2
Con - involved 91.0+28.3 Reference
ACL - M1 - involved 102.9+33.0 11.38 7.66 -11.6 344 0.47
ACL - M1 - non-involved 112.6+30.6 20.92 7.70 -2.2 440 0.03
ACL - M2 - involved 100.4+29.9 8.03 774 -15.2 331 0.75
ACL - M2 - non-involved 104.2+33.3 13.04 7.52 -9.5 35.6 0.32
ACL - M3 - involved 101.4+34.8 9.25 7.54 -134 319 0.63
ACL - M3 - non-involved 99.2+36.9 8.49 7.78 -14.8 318 0.72
Central Beta-1
Con - involved 95.9+24.4 Reference
ACL - M1 - involved 100.4+£24.3 5.10 6.22 -135 238 0.86
ACL - M1 - non-involved 97.9+23.5 2.93 6.26 -15.8 217 0.97
ACL - M2 - involved 93.4+20.1 -2.11 6.31 -21.0 16.8 0.98
ACL - M2 - non-involved 95.0+25.5 -0.57 6.14 -19.0 17.8 0.99
ACL - M3 - involved 103.8+27.9 6.57 6.17 -11.9 251 0.73
ACL - M3 - non-involved 98.5+23.3 2.49 6.30 -16.4 214 0.98
Central Beta-2
Con - involved 95.6+28.5 Reference
ACL - M1 - involved 95.9+29.9 -0.33 7.85 -23.9 232 1
ACL - M1 - non-involved 96.9+£33.7 1.32 7.90 -22.3 25.0 0.99
ACL - M2 - involved 89.4+29.2 -7.39 7.93 -31.2 16.4 0.81
ACL - M2 - non-involved 92.5+31.8 -3.92 774 -27.1 20.0 0.96
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T;o r:::,::;:igg? Model output
ACL - M3 - involved 91.6£29.2 -5.60 7.83 -29.1 17.9 0.90
ACL - M3 - non-involved 90.6%26.5 -5.07 7.95 -28.9 18.7 0.93
Parietal Beta-1
Con - involved 92.2+18.1 Reference
ACL - M1 - involved 99.8+23.2 7.21 5.39 -8.9 234 0.56
ACL - M1 - non-involved 98.8+21.3 6.19 5.39 -9.9 223 0.68
ACL - M2 - involved 99.4+19.6 6.69 5.48 -9.7 231 0.64
ACL - M2 - non-involved 95.6+19.2 3.02 5.33 -12.9 19.0 0.95
ACL - M3 - involved 99.2+20.9 6.55 5.40 -9.6 227 0.64
ACL - M3 - non-involved 100.4+20.1 7.82 547 -8.5 24.2 0.50
Parietal Beta-2
Con - involved 88.2+21.1 Reference
ACL - M1 - involved 91.7+18.9 3.02 5.38 -13.1 19.1 0.95
ACL - M1 - non-involved 95.4+22.4 6.71 5.38 -9.4 228 0.62
ACL - M2 - involved 90.4+19.4 1.58 547 -14.8 18.0 0.99
ACL - M2 - non-involved 91.6x17.7 3.05 5.32 -11.7 20.5 0.94
ACL - M3 - involved 93.1+22.0 4.38 5.38 -14.9 17.7 0.86
ACL - M3 - non-involved 92.8+17.2 4.15 5.46 -12.2 20.5 0.88

EEG = electroencephalography; M = mean; SD = standard deviation; SE = standard error; CI = confidence interval; Con = control group; ACL = anterior cruciate ligament group;

M1-M3 = measurement time point 1-3

neous results.10 Contrary, in the literature, JPS errors have
most often been reported to be higher among the ACL pa-
tient groups compared to the contralateral side or a healthy
control group,”? however, no clear consensus exists.40

The psychometric properties of the present study setup
were investigated within a healthy control group, and a
minimal detectable change of 6.8° was identified.25 There-
fore, presented differences found within the current study
are likely to be the result of systematic error and demon-
strate no clear influence of the measurement time point
or limb in the ACL group. Moreover, it has been proposed
that differences should exceed 5° to be considered clinically
meaningful.8%11 The absolute errors presented exceed the
minimal clinically important difference, yet no significant
differences were observed between the ACL group and the
healthy control group.

NEUROMUSCULAR ACITVITY

No significant differences were found between the healthy
control group and the ACL group at each time point and
for each limb. In the literature, only a few studies inves-
tigating the neuromuscular activity in the early postoper-
ative period following ACL reconstruction exist. A general
reduction in voluntary quadriceps activation has been re-
ported in the literature, 142041 a5 well as alterations in the
neural pathways responsible for this activation.4? Studies
have discussed whether the quadriceps deficits can be at-
tributed to arthrogenic muscle inhibition.1443 In the pre-
sent study, it can be hypothesized that the open-chain and
non-weight-bearing JPS task may not have elicited differ-
ences in the neuromuscular activity due to the absence of
sensory feedback and task functionality.

CORTICAL ELECTRICAL ACTIVITY

A higher mean frontal theta power was observed in both
limbs of the ACL group in the first two measurement time
points, although this did not reach statistical significance
when compared to a healthy control group. Baumeister et
al.1® reported significantly higher theta power over the
frontal cortical areas in both limbs of participants on aver-
age one year after ACL reconstruction compared to healthy
controls.!® Elevated frontal theta power might represent a
higher need for attention during the JPS test execution.*%
45

No significantly different alpha-2 power was detected in
recordings from the electrodes over the parietal region at
both limbs of the ACL group in comparison to the healthy
control group. The mean alpha-2 power over the parietal
region demonstrated a slight increase over the measure-
ment time points in the ACL group. Higher alpha-2 power
over parietal cortical brain regions indicates less task-spe-
cific demands.“6 It can be hypothesized that the slight in-
crease in alpha-2 power may be influenced by a learning ef-
fect with the repeated measures, reflecting a reduction in
the need for cortical activation during the task.46 However,
this hypothesis was not supported by the findings of the
present study. The study by Baumeister et al.18 presented
a significantly lower alpha-2 power from the parietal elec-
trodes during JPS testing with the involved limb of the ACL
group in comparison to healthy controls.!8 Reduced activity
within the alpha-2 frequency band in sensorimotor areas
has been found to be associated with an increase in move-
ment-related information and sensory processes.4’

International Journal of Sports Physical Therapy



Monitoring Cortical and Neuromuscular Activity: Six-month Insights into Knee Joint Position Sense Follow...

The literature suggests that frontal theta and parietal
alpha-2 activities play an important role in the executive
functions of working memory.648 The findings of the pre-
sent study did not reveal any alterations in these executive
functions within the ACL group while maintaining perfor-
mance in the JPS test. It is worth considering, whether
the study protocol, which included an open-chain JPS test,
creates a sufficiently challenging environment for typically
physically active, young participants. Moreover, the pri-
mary focus of attention during the execution of a JPS test is
internally. It is possible that the ACL group has undergone
a process of training whereby they have focused predomi-
nantly on their knees and limbs over the past six months
of rehabilitation. which could result in a different basis in
comparison to a healthy control group. It would be of in-
terest to examine whether similar results would be found if
the JPS test was conducted with external visual cues or un-
der dual-task conditions. Herewith, it may be beneficial to
investigate attention control in addition to working mem-
ory.4? Furthermore, recent clinical commentaries have rec-
ommended adapting ACL rehabilitation to allow for motor
re-learning and support neuroplasticity, during which an
external focus during the execution of movements is em-
phasized.50:51

Beta oscillations are thought to be involved in top-down
processing and sensorimotor integration and are linking
different brain regions, including the pre-motor and so-
matosensory cortex, the supplementary motor areas and
the cerebellum.4452 The literature indicates that fluctua-
tions in beta oscillations can be divided into movement-
based reductions, with a decrease in beta power slightly
prior to and during movement, and post-movement beta re-
bound, which is characterized by an elevation of beta power
following movement.52 It should be noted that the refer-
enced study did not distinguish between beta-1 and beta-2.
Apart from frontal beta-2 in one comparison, no other sig-
nificant results were found in the present study.>! A de-
tailed analysis regarding the movement phase would pro-
vide valuable insights into the differences in movement
planning, execution and the integration of sensory infor-
mation. Moreover, examining cortical activity in repetitions
with higher angular error could prove beneficial. One fMRI
study reported a significantly positive correlation between
angular error and brain activity.l” Further investigation
could clarify how proprioceptive error detection and inte-
gration contribute to the execution of precise movements
and the association with cortical activities. This could be
used to evaluate the high re-injury rates among patients
with ACL reconstruction.

It is possible that the statistically significant differences,
which were not observed during the initial six month period
following ACL reconstruction, may become apparent at a
later stage.l4 This is supported by a systematic review, re-
porting neurocognitive changes and alterations to the cen-
tral nervous system that persist after athletes return to
sport.53 It is further recommended that a neurocognitive
test battery be implemented in the return to sport testing
process to enhance the detection of neurocognitive reliance
in patients returning to sport following ACL reconstruc-

tion.>4 Nevertheless, it remains ambiguous whether differ-
ences in cortical activities and functional connectivity pre-
cede ACL injury as a cause or emerge as a consequence
thereof.55:56

METHODOLOGICAL CONSIDERATIONS AND LIMITATIONS

The characteristics of the participants were not signifi-
cantly different between the groups, with the exception of
the (preinjury) Tegner score and the current KOOS total
score. Both groups exhibited a mean Tegner score of greater
than 4, indicating that they were a physically active cohort
in total. Nevertheless, the preinjury Tegner score of the ACL
group was slightly higher than that of the healthy control
group. The influence of physical activity on proprioceptive
capacity is a topic that has been discussed in the litera-
ture.57-58 It is possible that a less active ACL patient group
would yield more distinct results.!” Moreover, the presence
of joint effusion and potential pain, particularly at the first
measurement time point for the ACL group, may have ex-
erted additional influence on the outcomes. This is, how-
ever, unavoidable in measurements taken during the early
phase following injury and reconstruction. Nonetheless, it
is possible that the observed effects within the ACL group
may have been influenced by the rehabilitation process,
which was not controlled. A sub-analysis of patients with
a higher frequency of rehabilitative appointments in com-
parison to a lower frequency might provide further insights
into the potential effect on the neuromuscular or cortical
activity. Nevertheless, the number of patients included in
the present study was insufficient for the performance of
meaningful sub-analyses. The influence of limb dominance
on JPS quality has been the subject of previous research.2>
57,58 A recent fMRI study has proposed the existence of a
right hemisphere lateralization of proprioceptive process-
ing test in healthy persons during a JPS.59 Although the
present study included only one participant per group de-
fined as left-footed and ACL patients with equally paired
ACL injuries in their non-dominant limb, future research
should evaluate the potential influence of limb dominance.

The self-selected pace during testing resulted in differ-
ent repetitions per execution of the JPS test. The use of a
metronome would have ensured greater standardisation of
the procedure, although it is possible that this would have
resulted in alterations to individual movement preferences.
Nonetheless, the range of repetitions was comparable be-
tween the two groups and measurement time points, par-
ticularly in order to minimize the impact of potential pain
or discomfort during the first measurement time points in
the involved limb of the ACL group. Moreover, the rather
long duration of angular reproduction may have resulted
in a decline in motivation or focus. Yet, the variable error
was minimal and the numerous repetitions ensured an ac-
curate assessment of angular reproduction performance.9
As previously stated, the clinical relevance of the JPS test is
a topic of ongoing debate.®11 The limitation of the test to
a single joint does not accurately reflect the planning and
execution of movement in functional tasks, which often in-
volve multiple joints and movement directions.®® Accord-
ingly, a test simulating weight-bearing movement or ob-
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stacle clearance test has been proposed.61.62 However, the
feasibility of these tests within a study population in the
early stages after surgery, with the measurement of brain
activity using EEG, remains unknown and would be sub-
ject to further investigation. Moreover, the JPS test enables
the explicit measurement of the participant’s ability to per-
ceive the position of the knee joint. A comprehensive un-
derstanding of the changes observed during the execution
of this test may provide valuable insights into the various
affected parts of the sensorimotor system. This could of-
fer a differentiated view of the observed alterations dur-
ing functional tasks and assist in determining the original
causes of the changes.

It should be noted that this study is not without lim-
itations. The rehabilitation process of the ACL group was
not subject to control, but was documented. While the pri-
mary rehabilitation content was largely consistent across
the participants, there were also notable differences in
terms of frequencies. Furthermore, the degree of indepen-
dent training varied considerably between participants, de-
pending on their motivation. This may have had an impact
on the results and a more structured and balanced rehabil-
itation scheme may facilitate more effective clinical impli-
cations. Nevertheless, the recruited patients represent pa-
tients in their regular therapy setting, which lends to a high
external validity to the study and corresponds well with
procedures in everyday practice. The target angle consisted
of solely 50° knee flexion. Despite this angle representing
the range of typical daily activities and having been used
in previous studies,®3¢4 a variation of movement directions
and angles would provide more comprehensive insight.25

CONCLUSION

No statistically significant differences in acuity, neuromus-
cular, or cortical activity were observed during the first six
months after ACL reconstruction, except for the beta-2 fre-
quency band in the frontal region of interest for the non-
involved leg in comparison to the control group at the first
measurement time point. Differences might become evi-
dent in later phases following ACL reconstruction and neu-
rocognitive testing should be incorporated into the return
to sport evaluation process. In an active study population,
the JPS test may not align with the requirements of func-
tionality or difficulty, particularly in terms of eliciting ob-
servable changes in neuromuscular activity. An extension
with visual cues or under dual-task conditions may yield a
distinct evaluation.

CONFLICT OF INTEREST

The authors report no conflicts of interest.
ACKNOWLEDGEMENTS

We express our gratitude to all participants for their time
and dedication to this study.

We would like to thank Philipp Henle for his support in in-
forming and recruiting the ACL volunteers.

Submitted: July 18, 2024 CST, Accepted: September 23, 2024
CST
© The Author(s)

This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International License
(CCBY-NC-4.0). View this license’s legal deed at https://creativecommons.org/licenses/by-nc/4.0 and legal code at https://cre-
ativecommons.org/licenses/by-nc/4.0/legalcode for more information.

International Journal of Sports Physical Therapy



Monitoring Cortical and Neuromuscular Activity: Six-month Insights into Knee Joint Position Sense Follow...

REFERENCES

1. Thomas AC, Villwock M, Wojtys EM, Palmieri-
Smith RM. Lower extremity muscle strength after
anterior cruciate ligament injury and reconstruction.
J Athl Train. 2013;48:610-620. doi:10.4085/
1062-6050-48.3.23

2. Wiggins AJ, Grandhi RK, Schneider DK, Stanfield D,
Webster KE, Myer GD. Risk of secondary injury in
younger athletes after anterior cruciate ligament
reconstruction: A systematic review and meta-
analysis. Am J Sports Med. 2016;44(7):1861-1876.
doi:10.1177/0363546515621554

3. Johansson H, Sjolander P, Sojka P. A sensory role
for the cruciate ligaments. Clin Orthop Rel Res.
1991;268:161-178.

4. Riemann BL, Lephart SM. The sensorimotor
system, part I: the physiologic basis of functional
joint stability. J Athl Train. 2002;37(1):71-79. http://
www.ncbi.nlm.nih.gov/pubmed/16558670

5. Riemann BL, Lephart SM. The Sensorimotor
System, part II: The role of proprioception in motor
control and functional joint stability. J Athl Train.

2002;37(1):80-84. http://www.ncbi.nlm.nih.gov/
pubmed/16558671

6. Hillier S, Immink M, Thewlis D. Assessing
proprioception: A systematic review of possibilities.
Neurorehabil Neural Repair. 2015;29(10):933-949.
doi:10.1177/1545968315573055

7. Strong A, Arumugam A, Tengman E, Roijezon U,
Hager CK. Properties of knee joint position sense
tests for anterior cruciate ligament injury: A
systematic review and meta-analysis. Orthop ] Sports
Med. 2021;9(6). d0i:10.1177/23259671211007878

8. Kim HJ, Lee JH, Lee DH. Proprioception in patients
with anterior cruciate ligament tears: A meta-
analysis comparing injured and uninjured limbs. Am |
Sports Med. 2017;45(12):2916-2922. doi:10.1177/
0363546516682231

9. Relph N, Herrington L, Tyson S. The effects of ACL
injury on knee proprioception: a meta-analysis.
Physiotherapy. 2014;100:187-195. doi:10.1016/
j.physio.2013.11.002

10. Busch A, Blasimann A, Mayer F, Baur H.
Alterations in sensorimotor function after ACL
reconstruction during active joint position sense
testing. A systematic review. PLoS One. 2021;16(6
June):1-14. doi:10.1371/journal.pone.0253503

11. Gokeler A, Benjaminse A, Hewett TE, Lephart SM,
Engebretsen L, Ageberg E, et al. Proprioceptive
deficits after ACL injury: Are they clinically relevant?
Br ] Sports Med. 2012;46(3):180-192. doi:10.1136/
bjsm.2010.082578

12. Cooper R, Taylor N, Feller JA. A systematic review
of the effects of proprioceptive and balance exercise
on people with an injured or reconstructed ACL. Res
Sports Med. 2005;13(2):163-178. doi:10.1080/
15438620590956197

13. Fridén T, Roberts D, Ageberg E, Waldén M,
Zatterstrom R. Review of knee proprioception and the
relation to extremity function after an anterior
cruciate ligament rupture. J orhop Sports Phys Ther.
2001;31(10):567-576. doi:10.2519/
jospt.2001.31.10.567

14. Tayfur B, Charuphongsa C, Morrissey D, Miller
SC. Neuromuscular Function of the Knee Joint
Following Knee Injuries: Does It Ever Get Back to
Normal? A Systematic Review with Meta-Analyses.
Sports Medicine. 2021;51(2):321-338. doi:10.1007/
$40279-020-01386-6

15. Needle AR, Lepley AS, Grooms DR. Central
nervous system adaptation after ligamentous injury:
a summary of theories, evidence, and clinical
interpretation. Sports Med. 2017;47(7):1271-1288.
doi:10.1007/s40279-016-0666-y

16. Neto T, Sayer T, Theisen D, Mierau A. Functional
brain plasticity associated with ACL injury: A scoping
review of current evidence. Neural Plast.
2019;2019:2019. doi:10.1155/2019/3480512

17. Strong A, Grip H, Boraxbekk CJ, Selling J, Hager
CK. Brain response to a knee proprioception task
among persons with anterior cruciate ligament
reconstruction and controls. Front Hum Neurosci.
2022:16. doi:10.3389/fnhum.2022.841874

18. Baumeister J, Reinecke K, Weiss M. Changed
cortical activity after anterior cruciate ligament
reconstruction in a joint position paradigm: An EEG
study. Scand ] Med Sci Sports. 2008;18(4):473-484.
doi:10.1111/j.1600-0838.2007.00702.x

19. Criss CR, Melton MS, Ulloa SA, Simon JE, Clark
BC, France CR, et al. Rupture, reconstruction, and
rehabilitation: A multi-disciplinary review of
mechanisms for central nervous system adaptations
following anterior cruciate ligament injury. Knee.
2021;30:78-89. d0i:10.1016/j.knee.2021.03.009

International Journal of Sports Physical Therapy


https://doi.org/10.4085/1062-6050-48.3.23
https://doi.org/10.4085/1062-6050-48.3.23
https://doi.org/10.1177/0363546515621554
http://www.ncbi.nlm.nih.gov/pubmed/16558670
http://www.ncbi.nlm.nih.gov/pubmed/16558670
http://www.ncbi.nlm.nih.gov/pubmed/16558671
http://www.ncbi.nlm.nih.gov/pubmed/16558671
https://doi.org/10.1177/1545968315573055
https://doi.org/10.1177/23259671211007878
https://doi.org/10.1177/0363546516682231
https://doi.org/10.1177/0363546516682231
https://doi.org/10.1016/j.physio.2013.11.002
https://doi.org/10.1016/j.physio.2013.11.002
https://doi.org/10.1371/journal.pone.0253503
https://doi.org/10.1136/bjsm.2010.082578
https://doi.org/10.1136/bjsm.2010.082578
https://doi.org/10.1080/15438620590956197
https://doi.org/10.1080/15438620590956197
https://doi.org/10.2519/jospt.2001.31.10.567
https://doi.org/10.2519/jospt.2001.31.10.567
https://doi.org/10.1007/s40279-020-01386-6
https://doi.org/10.1007/s40279-020-01386-6
https://doi.org/10.1007/s40279-016-0666-y
https://doi.org/10.1155/2019/3480512
https://doi.org/10.3389/fnhum.2022.841874
https://doi.org/10.1111/j.1600-0838.2007.00702.x
https://doi.org/10.1016/j.knee.2021.03.009

Monitoring Cortical and Neuromuscular Activity: Six-month Insights into Knee Joint Position Sense Follow...

20. Blasimann A, Busch A, Henle P, Bruhn S, Vissers
D, Baur H. Neuromuscular control during stair
descent and artificial tibial translation after acute
ACL rupture. Orthop J Sports Med. 2022;10(10).
doi:10.1177/23259671221123299

21. Booth FW, Lees SJ. Physically active subjects
should be the control group. Med Sci Sports Exerc.
2006;38(3):405-406. doi:10.1249/
01.mss.0000205117.11882.65

22. Baumeister J, Reinecke K, Schubert M, Weifs M.
Altered electrocortical brain activity after ACL
reconstruction during force control. J Orthop Res.
2011;29(9):1383-1389. doi:10.1002/jor.21380

23. Tegner Y, Lysholm J. Rating systems in the
evaluation of knee ligament injuries. Clin Orthop
Relat Res. Published online 1985:43-49. doi:10.1097/
00003086-198509000-00007

24. Roos EM, Lohmander LS. The Knee injury and
Osteoarthritis Outcome Score (KOOS): from joint
injury to osteoarthritis. Health Qual Life Outcomes.
2003;1(1):64. d0i:10.1186/1477-7525-1-64

25. Busch A, Bangerter C, Mayer F, Baur H. Reliability
of the active knee joint position sense test and
influence of limb dominance and sex. Sci Rep.
2023;13(1). doi:10.1038/541598-022-26932-2

26. Scott ], Huskisson EC. Graphic representation of
pain. Pain. 1976;2(2):175-184. doi:10.1016/
0304-3959(76)90113-5

27. Busch A, Blasimann A, Henle P, Baur H.
Neuromuscular activity during stair descent in ACL
reconstructed patients: A pilot study. Knee.
2019;26(2):310-316. doi:10.1016/j.knee.2018.12.011

28. Gebel A, Busch A, Stelzel C, Hortobagyi T,
Granacher U. Effects of physical and mental fatigue
on postural sway and cortical activity in healthy
young adults. Front Hum Neurosci. 2022;16.
doi:10.3389/fnhum.2022.871930

29. Arvin M, Hoozemans MJM, Burger BJ,
Verschueren SMP, van Dieen JH, Pijnappels M.
Reproducibility of a knee and hip proprioception test
in healthy older adults. Aging Clin Exp Res.
2015;27(2):171-177. doi:10.1007/s40520-014-0255-6

30. Schmidt R, Lee T. Motor Control and Learning. 3rd
ed. Human Kinetics; 1999.

31. Hermens H, Freriks B, Disselhorst-Klug C, Rau G.
Development of recommendations for SEMG sensor
and sensor placement procedures. J Electromyogr
Kinesiol. 2000;10:361-374. doi:10.1016/
S1050-6411(00)00027-4

32. Wearable Sensing. DSI-24 EEG Headset User
Manual.; 2017.

33. Delorme A, Makeig S. EEGLAB: An open source
toolbox for analysis of single-trial EEG dynamics
including independent component analysis. J
Neurosci Methods. 2004;134(1):9-21. doi:10.1016/
j.jneumeth.2003.10.009

34. Mullen T. CleanLine EEGLAB Plugin.
Neuroimiging Informatics Toolsand Resources
Clearinghouse (NITRC).

35. Kothe C, Miyakoshi M, Delorme A. clean_rawdata.
Published online January 19, 2019.

36. Palmer J. AMICA - Adaptive Mixture ICA.

37. R Core Team. R: a language and environment for
statistical computing. 2023. http://www.r-project.org

38. Bates D, Maechler M, B B. Fitting linear mixed-
effects models using Ime4. J Stat Softw.
2015;67(1):1-48. doi:10.18637/jss.v067.i01

39. Lenth R. Estimated Marginal Means, Aka Least-
Squares Mean.; 2023.

40. Nakamae A, Adachi N, Ishikawa M, Nakasa T,
Ochi M. No evidence of impaired proprioceptive
function in subjects with anterior cruciate ligament
reconstruction: a systematic review. | ISAKOS.
2017;2(4):191-199. doi:10.1136/jisakos-2016-000087

41. Busch A, Henle P, Boesch L, Blasimann Schwarz
A, Baur H, Blasimann A, et al. Neuromuscular control
in patients with acute ACL injury during stair ascent
- a pilot study. Orthop Traumatol.
2018;35(2):158-165. doi:10.1016/j.orthtr.2019.04.002

42. Lepley AS, Gribble PA, Thomas AC, Tevald MA,
Sohn DH, Pietrosimone BG. Quadriceps neural
alterations in anterior cruciate ligament
reconstructed patients: A 6-month longitudinal
investigation. Scand ] Med Sci Sports.
2015;25(6):828-839. d0i:10.1111/sms.12435

43. Hopkins JT, Ingersoll CD. Arthrogenic muscle
inhibition: A limiting factor in joint rehabilitation. J
Sport Rehabil. 2000;9(2):135-159. doi:10.1123/
js1.9.2.135

44. Cheron G, Petit G, Cheron ], Leroy A, Cebolla A,
Cevallos C, et al. Brain oscillations in sport: Toward
EEG biomarkers of performance. Front Psychol.
2016;7(FEB). doi:10.3389/fpsyg.2016.00246

45. Cavanagh JF, Frank M]J. Frontal theta as a
mechanism for cognitive control. Trends Cogn Sci.
2014;18(8):414-421. d0i:10.1016/j.tics.2014.04.012

International Journal of Sports Physical Therapy


https://doi.org/10.1177/23259671221123299
https://doi.org/10.1249/01.mss.0000205117.11882.65
https://doi.org/10.1249/01.mss.0000205117.11882.65
https://doi.org/10.1002/jor.21380
https://doi.org/10.1097/00003086-198509000-00007
https://doi.org/10.1097/00003086-198509000-00007
https://doi.org/10.1186/1477-7525-1-64
https://doi.org/10.1038/s41598-022-26932-2
https://doi.org/10.1016/0304-3959(76)90113-5
https://doi.org/10.1016/0304-3959(76)90113-5
https://doi.org/10.1016/j.knee.2018.12.011
https://doi.org/10.3389/fnhum.2022.871930
https://doi.org/10.1007/s40520-014-0255-6
https://doi.org/10.1016/S1050-6411(00)00027-4
https://doi.org/10.1016/S1050-6411(00)00027-4
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1016/j.jneumeth.2003.10.009
http://www.r-project.org/
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1136/jisakos-2016-000087
https://doi.org/10.1016/j.orthtr.2019.04.002
https://doi.org/10.1111/sms.12435
https://doi.org/10.1123/jsr.9.2.135
https://doi.org/10.1123/jsr.9.2.135
https://doi.org/10.3389/fpsyg.2016.00246
https://doi.org/10.1016/j.tics.2014.04.012

Monitoring Cortical and Neuromuscular Activity: Six-month Insights into Knee Joint Position Sense Follow...

46. Sauseng P, Klimesch W, Schabus M, Doppelmayr
M. Fronto-parietal EEG coherence in theta and upper
alpha reflect central executive functions of working
memory. Int | Psychophysiology. 2005;57:97-103.
doi:10.1016/j.ijpsycho.2005.03.018

47. Babiloni C, Del Percio C, Arendt-Nielsen L,
Soricelli A, Romani GL, Rossini PM, et al. Cortical
EEG alpha rhythms reflect task-specific
somatosensory and motor interactions in humans.
Clin Neurophys. 2014;125(10):1936-1945.
doi:10.1016/j.clinph.2014.04.021

48. Sauseng P, Griesmayr B, Freunberger R, Klimesch
W. Control mechanisms in working memory: A
possible function of EEG theta oscillations. Neurosci
Biobehav Rev. 2010;34(7):1015-1022. doi:10.1016/
j.neubiorev.2009.12.006

49. Pak R, McLaughlin AC, Engle R. The relevance of
attention control, not working memory, in human
factors. Human Factors: The Journal of the Human
Factors and Ergonomics Society.
2024;66(5):1321-1332. doi:10.1177/
00187208231159727

50. Faltus J, Criss CR, Grooms DR. Shifting Focus: A
Clinician’s Guide to Understanding Neuroplasticity
for Anterior Cruciate Ligament Rehabilitation. Curr
Sports Med Rep. 2020;19(2):76-83. doi:10.1249/
JSR.0000000000000688

51. Gokeler A, Neuhaus D, Benjaminse A, Grooms DR,
Baumeister J. Principles of motor learning to support
neuroplasticity after ACL injury: Implications for
optimizing performance and reducing risk of second
ACL injury. Sports Med. 2019;49(6):853-865.
doi:10.1007/s40279-019-01058-0

52. Barone J, Rossiter HE. Understanding the role of
sensorimotor beta oscillations. Front Syst Neurosci.
2021:15. d0i:10.3389/fnsys.2021.655886

53. Piskin D, Benjaminse A, Dimitrakis P, Gokeler A.
Neurocognitive and neurophysiological functions
related to ACL injury: A framework for
neurocognitive approaches in rehabilitation and
return-to-sports Tests. Sports Health.
2022;14(4):549-555. doi:10.1177/19417381211029265

54. Grooms DR, Chaput M, Simon JE, Criss CR, Myer
GD, Diekfuss JA. Combining neurocognitive and
functional tests to improve return-to-sport decisions
following ACL reconstruction. J Orthop Sports Phys
Ther. 2023;53(8):415-419. d0i:10.2519/
jospt.2023.11489

55. Diekfuss JA, Grooms DR, Yuan W, Dudley |, Barber
KD, Thomas S, et al. Does brain functional
connectivity contribute to musculoskeletal injury? A
preliminary prosperctive analysis of a neural
biomarker of ACL injury risk. J Sci Med Sport.
2019;22(2):169-174. doi:10.1016/j.jsams.2018.07.004

56. Diekfuss JA, Grooms DR, Nissen KS, Schneider
DK, Foss KDB, Thomas S, et al. Alterations in knee
sensorimotor brain functional connectivity
contributes to ACL injury in male high-school
football players: a prospective neuroimaging analysis.
Braz ] Phys Ther. 2020;24(5):415-423. d0i:10.1016/
j-bjpt.2019.07.004

57. Azevedo ], Rodrigues S, Seixas A. The influence of
sports practice, dominance and gender on the knee
joint position sense. Knee. 2021;28:117-123.
doi:10.1016/j.knee.2020.11.013

58. Cug M, Wikstrom EA, Golshaei B, Kirazci S. The
effects of sex, limb dominance, and soccer
participation on knee proprioception and dynamic
postural control. ] Sport Rehabil. 2016;25(1):31-39.
doi:10.1123/jsr.2014-0250

59. Strong A, Grip H, Arumugam A, Boraxbekk CJ,
Selling J, Hager CK. Right hemisphere brain
lateralization for knee proprioception among right-
limb dominant individuals. Front Hum Neurosci.
2023:17. d0i:10.3389/fnhum.2023.969101

60. Han J, Waddington G, Adams R, Anson J, Liu Y.
Assessing proprioception: A critical review of
methods. J Sport Health Sci. 2016;5(1):80-90.
do0i:10.1016/j.jshs.2014.10.004

61. Grinberg A, Strong A, Hager CK. Does a knee joint
position sense test make functional sense?
Comparison to an obstacle clearance test following
anterior cruciate ligament injury. Phys Ther Sport.
2022;55:256-263. d0i:10.1016/j.ptsp.2022.05.004

62. Mir SM, Hadian MR, Talebian S, Nasseri N.
Functional assessment of knee joint position sense
following anterior cruciate ligament reconstruction.
Br J Sports Med. 2008;42(4):300-303. doi:10.1136/

bjsm.2007.044875

63. Strong A, Srinivasan D, Hager CK. Development
of supine and standing knee joint position sense
tests. Phys Ther in Sport. 2021;49:112-121.
doi:10.1016/j.ptsp.2021.02.010

64. Tian F, Zhao Y, Li ], Wang W, Wu D, Li Q, et al.
Test-retest reliability of a new device versus a long-
arm goniometer to evaluate knee proprioception. J
Sport Rehabil. 2021;31(3):368-373. doi:10.1123/

jsr.2021-0146

International Journal of Sports Physical Therapy


https://doi.org/10.1016/j.ijpsycho.2005.03.018
https://doi.org/10.1016/j.clinph.2014.04.021
https://doi.org/10.1016/j.neubiorev.2009.12.006
https://doi.org/10.1016/j.neubiorev.2009.12.006
https://doi.org/10.1177/00187208231159727
https://doi.org/10.1177/00187208231159727
https://doi.org/10.1249/JSR.0000000000000688
https://doi.org/10.1249/JSR.0000000000000688
https://doi.org/10.1007/s40279-019-01058-0
https://doi.org/10.3389/fnsys.2021.655886
https://doi.org/10.1177/19417381211029265
https://doi.org/10.2519/jospt.2023.11489
https://doi.org/10.2519/jospt.2023.11489
https://doi.org/10.1016/j.jsams.2018.07.004
https://doi.org/10.1016/j.bjpt.2019.07.004
https://doi.org/10.1016/j.bjpt.2019.07.004
https://doi.org/10.1016/j.knee.2020.11.013
https://doi.org/10.1123/jsr.2014-0250
https://doi.org/10.3389/fnhum.2023.969101
https://doi.org/10.1016/j.jshs.2014.10.004
https://doi.org/10.1016/j.ptsp.2022.05.004
https://doi.org/10.1136/bjsm.2007.044875
https://doi.org/10.1136/bjsm.2007.044875
https://doi.org/10.1016/j.ptsp.2021.02.010
https://doi.org/10.1123/jsr.2021-0146
https://doi.org/10.1123/jsr.2021-0146

	Monitoring Cortical and Neuromuscular Activity: Six-month Insights into Knee Joint Position Sense Following ACL Reconstruction
	Background
	Purpose
	Methods
	Results
	Conclusion
	Level of Evidence
	INTRODUCTION
	METHODS
	Participants
	Procedure
	Electrogoniometer recording and processing
	Neuromuscular recording and processing
	Electroencephalography recording and processing
	Statistical analysis

	RESULTS
	Participants
	Angular error
	Neuromuscular activity
	Cortical electrical activity

	DISCUSSION
	Angular error
	Neuromuscular acitvity
	Cortical electrical activity
	Methodological considerations and limitations

	CONCLUSION
	Conflict of Interest
	ACKNOWLEDGEMENTS

	References


