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Abstract

Background: Neuromuscular deficits may persist following anterior cruciate ligament
reconstruction (ACLR), even after returning to sport. In this exploratory case series, we
investigated the effects of non-invasive spinal cord transcutaneous stimulation (scTS),
applied during warm-up for approximately 25 min to prime the nervous system, on
neuromuscular performance of the ACLR limb during a simulated half-squat power train-
ing session. Methods: Four young, non-professional athletes with time since ACLR
between 9.0 and 14.5 months, who were already returned to sport, participated in this study.
Force, velocity, power, and electromyography of representative thigh muscles generated
by the ACLR and intact limbs during unilateral half-squats on a Smith machine, were
assessed over two separate experimental sessions (scTS or sham stimulation priming).
Results: Three of the four participants showed power deficit in the ACLR limb during the
concentric phase. scTS priming promoted higher power output generated by the ACLR
limb in these three participants. Oscillatory-like force pattern during the downward phase
was more prominent in the ACLR limb for one subject, and scTS priming attenuated it.
Conclusions: These findings support future controlled trials to assess the efficacy of scTS
priming as an aid to enhance rehabilitation and physical training after ACLR.
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Licensee MDPL Basel, Switzerland. Anterior cruciate ligament (ACL) injuries are among the most common and debil-
This article is an open access article itating musculoskeletal injuries in athletes [1], with relevant consequences for both the
distributed under the terms and athlete’s and team’s productivity [2]. The incidence of this type of injury is 68.6 per

conditions of the Creative Commons 100,000 person-years [3], with more than half of cases occurring in non-contact scenarios [4].
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ACL rupture often requires reconstructive surgery [5] followed by a long recovery period
that includes rehabilitation [1], which typically spans 9 to 12 months before a complete
return to competition [6]. This period is divided into phases, each generally guided by
objective criteria [6], such as symmetry in force and/or power generation between the
injured and contralateral sides, as well as the hamstrings-to-quadriceps torque ratio of the
injured leg [7-9]. Despite long and structured rehabilitation programs, only a subset of ACL-
reconstructed athletes returns to their pre-injury level or to competitive-level sport [10].
Additionally, the rate of re-injury remains high, with almost one out of five (~18%) top-level
male football players sustaining a second ACL injury after return-to-play [11], suggesting
that the indexes currently used to guide return-to-play decision making are not sufficient.

Quadriceps femoris strength deficit is a consequence of ACL injury that can persist
despite the lengthy rehabilitation implemented following surgery. For example, up to 40%
of patients showed interlimb differences in quadriceps strength at 6 months after ACL
reconstruction (ACLR), with moderate differences in isometric and concentric strength,
and significant differences in eccentric strength [12]. Important strength deficits in the
ACLR limb can also be found more than one year after ACLR [13,14]. Such marked and
long-lasting weakness of the quadriceps femoris is not only due to the transient disuse
of the ACLR limb. In fact, ACL injury and subsequent reconstructive surgery can lead
to deleterious neural adaptations affecting cortical, spinal, and sensory structures, which
are generally termed arthrogenic muscle inhibition (AMI) [15]. AM], in turn, can limit
the athlete’s functional performance and the potential of exercise-based rehabilitation to
promote positive physiological adaptations [16].

In recent years, non-invasive neuromodulation strategies that are not incorporated into
conventional rehabilitation programs, such as non-invasive brain stimulation, have been
increasingly investigated after ACLR for their potential to modulate neural excitability;
however, the related findings across studies remain inconsistent [15,17]. For example, a
two-week transcranial magnetic stimulation protocol started two days after ACLR im-
proved corticospinal pathway excitability and range of motion during knee extension [18].
Similarly, transcranial direct current stimulation applied during a 6-week exercise-based re-
habilitation program that started two weeks post-ACLR, reduced maladaptive quadriceps
cortical plasticity compared to sham stimulation [16]. On the other hand, a single-session
study conducted 4-6 months post-ACLR did not find any effect of transcranial direct cur-
rent stimulation on corticospinal excitability and isokinetic performance of the quadriceps
femoris [19].

Spinal cord transcutaneous stimulation (scTS) is another non-invasive neuromod-
ulation technique originally developed to enhance motor recovery in individuals with
spinal cord injuries [20]. In this population, scTS generally increases the excitability of
the spinal circuitry controlling the lower limbs, so that peripheral sensory information
and residual supraspinal inputs can reemerge as functional sources of control for motor
patterns generation.

Exploratory studies in able-bodied, healthy individuals investigated the effects of
scTS on motor control and neuromuscular performance, reporting positive effects on
countermovement jumps repeated over time [21], as well as on learning and retention of
backward locomotion [22] and ballistic plantar flexions [23]. In contrast, negative or no
effects were observed on standing postural control [24,25]. More recently, we implemented
scTS to prime the nervous system prior to different lower limb motor tasks in young,
physically active male individuals. We found that scTS priming improved neuromuscular
performance during fatiguing high-intensity efforts [26], whereas no effects were observed
on low-level torque steadiness [27] or single-leg stance balance control [28]. Overall, these
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studies suggest that scTS may increase the excitability of the spinal circuitry, bringing the
related neuronal networks closer to their activation threshold [23,29-31].

To the best of our knowledge, no studies on the effects of scTS on neuromuscular per-
formance after ACLR are available to date. The main aim of this within-subject-controlled
case series was to explore the effects of scTS priming on neuromuscular performance of the
ACLR limb during a simulated half-squat power session in young individuals who had
already returned to sport. We also compared the neuromuscular performance of the ACLR
limb versus the intact limb to support the rationale of this study, which was based on the
assumption that critical neuromuscular deficits may persist in the ACLR limb even after
lengthy rehabilitation and return to competitive sport practice (return to sport), thereby in-
creasing the risk of re-injury. However, we did not perform neurophysiological assessments
to determine the causes and mechanisms of such potential deficits. We hypothesized that
the ACLR limb would demonstrate neuromuscular deficits during the concentric and/or
eccentric phase of a simulated half-squat power training session compared to the contralat-
eral, intact limb. Furthermore, we hypothesized that scTS priming would improve the
neuromuscular performance of the ACLR limb during the simulated power training session
as compared to the application of sham spinal stimulation priming. Positive findings from
this study could set the stage for well-powered, randomized controlled trials to assess
the potential efficacy of scTS priming for enhancing neuromuscular recovery following
ACL injury.

2. Materials and Methods
2.1. Research Participants

Four young non-professional athletes, whose characteristics are reported in Table 1,
were recruited at the School of Sport Sciences (University of Udine, Udine, Italy) to par-
ticipate in this study. All subjects underwent surgical ACLR after injury, completed a
rehabilitation program, and subsequently returned to regular sport practice prior to partici-
pating in the study. At enrolment, time since ACLR ranged between 9.0 and 14.5 months,
and participants reported practicing team sports (soccer, rugby), trail running, and/or
related conditioning activities for 3.3 & 1.0 days/week. Individuals had no history of other
relevant orthopedic or neurological injuries. The experimental protocol was conducted in
accordance with the Declaration of Helsinki and was approved by the Institutional Review
Board of the University of Udine (IRB# 197/2023) on 4 October 2023. Before the start of the
study, subjects were carefully informed about its purpose and risks, and written informed
consent was obtained from all of them.

Table 1. Characteristics of research subjects and study protocol. ID: subject identification; F: fe-
male; M: male; ACLR: anterior cruciate ligament reconstruction; G: gracilis; ST semitendinosus;
BPTB: bone—patellar tendon-bone; BW: body weight; Sham: sham stimulation; scTS: spinal cord
transcutaneous stimulation.

Participants’ Characteristics Study Protocol

Age Mass Stature Sport Time Since ACLR Overload Stimulation Order
D (v S (g (cm) Practiced (Mos) Graft Source (% BW)  Session2  Session3
1 20 F 64 161.5 Soccer 145 ( Aﬁtggizft) 63% Sham scTS
2 2  F 56 1600 Trail running 10.0 ( Agtggerft) 71% scTS Sham
3 2 M 80 175.0 Rugby 14.0 ( Aligga o 88% Sham scTS

Resistance G+ST o

4 23 M 86 1735 P 9.0 (Autoenaft) 81% scTS Sham
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2.2. Experimental Protocol

The experimental protocol of this study consisted of three laboratory visits, each
lasting approximately 1 h 30 min. In the first session, after a brief familiarization with the
laboratory equipment and scTS procedures, the subjects underwent an anthropometric
assessment. The overload to be used on the Smith machine during the subsequent sessions
was then defined. Finally, the subjects practiced the unilateral half-squat power training
that would be evaluated during the subsequent two sessions. The second and third
experimental sessions were devoted to the assessment of kinetic and electromyographic
(EMG) parameters during the unilateral half-squat power training session preceded by
the scTS or sham stimulation (sham) priming. The testing order for the scTS or sham
priming was randomized (random number generator, MATLAB v. 2025b, the Mathworks,
Natick, MA, USA) (Table 1). To limit the potential influence of diurnal variability, each
participant completed all sessions under constant environmental conditions (20 °C, 60%
humidity), and at a similar time of day, within a tolerance of 1 h [32]. The interval between
consecutive sessions ranged from 6 to 7 days. Participants were instructed to wear the
same gymnastic shoes across all sessions. They were also asked to refrain from strenuous
physical exercise and alcohol consumption and to maintain their habitual sleeping behavior
during the 2 days preceding each experimental session. In addition, participants were
instructed to abstain from caffeine and energy drink consumption for at least 3 h prior to
each experimental session [33].

2.3. Anthropometric Characteristics

A manual scale (Seca 709, Hamburg, Germany) was used to measure body mass with
the participant wearing light underwear and no shoes. A wall-mounted height board was
used to measure the stature of participants.

2.4. Unilateral Half-Squat

As previously reported [26], participants performed the explosive unilateral half-
squats with overload on a Smith machine (Multipower, Technogym, Cesena, Italy). The
guided barbell of this device facilitated balance control during the explosive extensions as
well as during the downward phase, which was requested to be controlled and performed
at a self-selected velocity. A rigid tactile feedback indicated when 100 degrees of knee
flexion was reached during the downward phase of the half-squat. From this position,
participants were instructed to perform an explosive lower limb extension. The exercising
limb alternated at each repetition. Thus, upon completion of each unilateral lower limb
extension, the foot of the uninvolved leg, which was actively flexed, was placed near the
supporting foot for the bilateral stance phase lasting approximately 1 to 2 s. To ensure con-
sistent foot placement across half-squat repetitions and experimental sessions, tape markers
were applied onto the force platform. The position of the tactile feedback was also defined
with respect to the Smith machine and maintained constant between experimental sessions.
These strategies were implemented to maximize the reproducibility and consistency of the
exercise considered for analysis.

2.5. Selection of the Overload

During the first experimental session, participants began the procedures related to the
Smith machine overload selection after approximately 10 min of standardized warm-up,
including pedaling on a cycloergometer, joint mobilization, and half-squats (6 bilateral
repetitions and 6 unilateral repetitions with 20 kg as overload) [34]. As previously re-
ported by our group [26], participants performed one set of three unilateral half-squat
repetitions per leg for each overload that was tested. A linear position transducer (Vitruve,
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SPEEDALIFTS S.L., Madrid, Spain) was used to assess the mean propulsive upward veloc-
ity of the Smith machine barbell. The initial overload of 25 kg was increased by 5 kg for
each subsequent set until the mean propulsive velocity of the weaker leg was lower than
0.45 m/s. The corresponding overload was selected and used for the subsequent simulated
power training sessions. A 3 min rest period was implemented between sets.

2.6. scTS Cathode Site

As described in detail elsewhere [26-28,35], during the first experimental session,
the optimal scTS cathode placement site was identified by means of recruitment curve
assessment. Briefly, the participant lay relaxed in supine position on a standard examination
table while a constant-current stimulator (DS7A, Digitimer, Hertfordshire, UK; maximum
output 400 V) was controlled via a trigger box (GeMS TRIGGER BOX, EMS, Bologna, Italy)
using a dedicated software (Direct USB for TRIGGER BOX, Version 1.00, EMS, Bologna,
Italy). Single-pulse stimulation (1 ms monophasic square-wave) was delivered via self-
adhesive electrodes every 4 s. Two 100 x 50 mm electrodes (20021, Axion GmbH, Leonberg,
Germany) were placed symmetrically over the iliac crests as anodes, and a circular electrode
(diameter: 25 mm; E-CM25, TensCare, Surrey, UK) was applied at the thoracic (T)11-12
or T12-lumbar(L)1 intervertebral space as a cathode. The order of cathode placement
at these two sites was randomized, with a 4 min rest interval between stimulations at
each site. Stimulation intensity started at 5 mA and was increased in 5 mA increments
up to 100 mA, with five pulses delivered at each intensity level. All participants reached
and tolerated the maximum intensity of 100 mA without discomfort. The cathode site
eliciting preferential recruitment of the vastus lateralis (VL) muscle, as determined by (i) the
lower stimulation intensity at motor threshold and (i) the greater peak-to-peak amplitude
of evoked potentials to spinal stimulation [27] was selected for experimental sessions 2
and 3. In order to maximize the reproducibility of cathode electrode placement across
experimental sessions, the electrode location was marked on the skin with a permanent ink
pen, and pictures of the electrode were also taken.

2.7. Priming Protocol with scTS or Sham Stimulation

The exercise-based intervention previously proposed by our group [26-28] was im-
plemented as a priming protocol with the application of scTS or sham stimulation during
experimental sessions 2 and 3. The priming protocol consisted of 10 min of quiet standing
and a subsequent 15 min of warm-up activities, including stepping in place, joint mobi-
lization, unilateral balance control, and unilateral quarter squats interleaved by periods
of quiet standing. Participants were instructed to perform the warm-up at a self-selected
intensity that would not lead to fatigue.

The stimulation setup was the same as that described above (see Selection of scTS cathode
site) [26-28], and the circular electrode was placed on the skin at the T11-12 intervertebral
space for S1 and S3, or at T12-L1 for S2 and S4. The electrodes were secured around the
participant’s trunk using an elastic bandage. Participants were informed that two different
types of stimulation would be applied during the priming protocol in this study; however,
they were blinded to the specific purpose of these two different stimulations. As previously
described [26-28], scTS during priming was characterized by 28 Hz and a monophasic
waveform with a pulse width of 1000 ps. Stimulation intensity increased gradually to
achieve the highest value that was comfortable and allowed the participant to perform
the proposed motor tasks without limitations. In this study, the intensity applied during
the scTS priming protocol ranged between 16 mA (S2) and 22 mA (54). All four subjects
tolerated the scTS priming well, and no visible contractions of the lower limb muscles were
observed during stimulation.

https:/ /doi.org/10.3390/app16146913
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During sham priming, the stimulation pulse width was 200 ps, and the intensity
was gradually increased for approximately one minute to the same value used for scTS
priming. This was followed by a 10 s ramp-down period and a subsequent stimulator
turn-off. Thus, no stimulation was delivered for the remaining ~24 min of the sham priming
protocol [36,37]. The stimulation setup appeared active for the entire duration of the sham
priming session, during which the operator periodically asked participants whether the
stimulation was comfortable or not, as it was done during the scTS priming protocol.
Although credibility and expectancy of the sham stimulation protocol were not formally
assessed, participant S3 self-reported the perception of stimulation in the intact limb, along
with improved control and readiness of the ACLR limb during sham priming. Furthermore,
when participants were individually debriefed after completion of the study to review
their results, all of them expressed surprise upon learning that no stimulation had been
applied during one of the two power training sessions. The fact that individuals generally
habituate to the cutaneous sensation of active scTS within about a minute [36] contributes
to the credibility of the sham stimulation protocol implemented in this study.

2.8. Simulated Power Training Session

The unilateral half-squat power training session examined in this study consisted
of four sets of 6 repetitions per leg. Three minutes of rest were provided in between
sets. At the beginning of each set, the participant positioned the barbell across their
shoulders and maintained stable standing for 10 s. After this phase, they were instructed
to move the barbell upward ‘as fast as possible” at each repetition. An operator, who
was blinded to the stimulation priming condition, checked the execution of each half-
squat repetition and provided strong verbal encouragement to the participant. Audio
and visual feedback related to barbell upward velocity were also provided to motivate
participants to exert maximal effort. Force plate and surface EMG signals were collected
during the power training sessions considered for analysis (experimental sessions 2 and
3). During experimental session 2, Subject 4 requested to skip the fourth set because of the
perception of impaired control of the ACLR limb, along with local fatigue. Thus, only for
this participant, three sets were considered for analysis during both experimental sessions.

3. Data Acquisition

Kinetic and EMG signals were recorded by a dedicated acquisition system (Smart DX
I, BTS Bioengineering, Milan, Italy) and the related software (Smart Motion Capture System
Version: 1.10.0469, BTS Bioengineering, Milan, Italy) using a sampling rate of 1000 Hz.
Ground reaction forces were collected by a force plate (Kistler, Type 9287CA, Winterthur,
Switzerland). The EMG was recorded by a wireless EMG system (BTS FREEEMG1000,
BTS Bioengineering Milan, Italy; Input impedance: 100 M(); Common Mode Rejection
Ratio: >110 dB @50-60 Hz; Sensitivity: 1 uV) with pre-gelled surface electrodes (BlueSensor
N-00-5/25, Ambu, Bayan Lepas, Malaysia) positioned with an inter-electrode distance
equal to 2 cm.

Prior to electrode placement, the skin was prepared to minimize impedance by shaving
the area and rubbing the skin with an abrasive paste. The EMG was collected bilaterally
from the vastus lateralis (VL), at two-thirds on the line from the anterior spina iliaca
superior to the lateral side of the patella; rectus femoris (RF), midway between the anterior
spina iliaca superior and the superior part of the patella; and biceps femoris (long head, BF),
midway between the ischial tuberosity and the lateral epicondyle of the tibia [38]. To ensure
consistent EMG electrode placement across experimental sessions, electrode locations were
marked on the skin with a permanent ink marker, thereby maximizing the reproducibility
of the recording setup.

https:/ /doi.org/10.3390/app16146913
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4. Data Analysis

All experimental data were processed and analyzed by the same experienced inves-
tigator using LabChart Reader (ADInstruments, Inc., Dunedin, New Zealand). Vertical
ground reaction force signals were low-pass filtered at 25 Hz, and EMG signals were
band-pass-filtered at 10-499 Hz. All investigated variables were assessed separately for the
ACLR or intact lower limb, and were compared to assess: (i) the difference between ACLR
and intact lower limb, and (ii) the effect of scTS versus sham priming in the ACLR limb.

4.1. Kinetic Data Analysis

Kinetic data were analyzed as previously reported by our group [26]. The baseline
vertical ground reaction force attributable to the participant’s body mass and the additional
Smith machine load, representing the constant system mass, was removed from the force
signal recorded during the active portion of each power training set to obtain the net vertical
ground reaction force [39]. The system mass velocity was then calculated across each entire
set by integrating the net vertical ground reaction force-time curve using the trapezoidal
method [40]. A dedicated time constant decay function (t = 1 s) was implemented to
avoid small errors due to integration drift [41,42]. Instantaneous power was obtained
by multiplying the instantaneous values of velocity and the net vertical ground reaction
force [40]. These procedures allowed us to define the eccentric and concentric phase of
each unilateral half-squat repetition by identifying: (i) the start of the eccentric phase as
the time point at which the velocity becomes negative or crosses from positive to negative;
(if) the onset of the concentric phase, corresponding to the end of the eccentric phase, when
the velocity crosses zero while changing from negative to positive; and (ii7) the end of the
concentric phase as the time point corresponding to the net vertical ground reaction force
decreasing to zero [40,43].

Mean force, velocity, and power generated during the concentric phase of each half-
squat repetition were considered to assess neuromuscular performance. Furthermore,
during the eccentric phase of each repetition, a marker of oscillatory-like pattern of the
ground reaction force signal (i.e., force standard deviation frequency, SDf_F) and the mean
velocity were assessed as kinetic markers of neuromuscular control. In particular, SDf_F
defined the standard deviation of the mean power frequency distribution of the ground
reaction force signal, within the selected frequency range (0-500 Hz).

4.2. Electromyography Amplitude Data Analysis

Root-mean-square (RMS) analysis was used to quantify the EMG amplitude of VL,
RFE, and BF during the concentric and eccentric portions of each unilateral half-squat
repetition. For normalization, the RMS values were expressed as a percentage of the
EMG amplitude recorded during a submaximal voluntary isometric contraction (sub-
MVC) [44,45]. This alternative approach to MVC normalization is suggested when MVC
cannot be reliably performed due to the risk of injury, pain, or discomfort. A limit of the
sub-MVC normalization is that different synergic muscles may be recruited to different
levels during the submaximal reference task, making between-muscle comparisons difficult
to interpret. However, normalizing by sub-MVC can still reduce inter-individual variability
in factors affecting EMG amplitude, leading to an improved interpretation of the EMG
outcome compared to no normalization.

Experimental procedures related to sub-MVC normalization of EMG amplitude were
carefully controlled and replicated between experimental sessions. Briefly, the overload
selected for the power training sessions was placed onto the Smith machine. With the
barbell placed across their shoulders, participants were then asked to flex the lower limbs
and achieve a knee angle of 100 deg. Feet position and knee angle were standardized
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between experimental sessions by the tape markers applied onto the force platform and the
tactile feedback, respectively. At this stage, the participant actively flexed the uninvolved
lower limb and maintained the unilateral half-squatted position for approximately 4 s.
The highest EMG amplitude detected with a 1 s running window was then used for
normalization. A total of four sub-MVCs (two with the ACLR and two with the intact limb)
were performed at the beginning of Session 2 and 3, after a dedicated 5 min warm-up, with
2 min of rest in between the sub-MVC attempts.

4.3. Muscle Recruitment Data Analysis

For each investigated muscle, the raw EMG recordings were full-wave rectified and
subsequently integrated over each concentric and eccentric phase selected for analysis. The
resulting integrated EMG signal (EMG) was then normalized to the peak value reached
at the completion of the corresponding phase and expressed as a percentage of that value
(Figure S1). Normalized iEMG values extracted at 20%, 40%, 60%, and 80% of each phase
were then used to characterize intermuscular coordination through the dispersion index
(DI) [46]. The lower DI values indicate smaller differences in EMG recruitment among the
considered muscles, which can be interpreted as a marker of increased co-activation. The
area under the DI curve was finally considered for analysis (Figure S1).

5. Statistical Analysis

Results are reported as mean and standard deviation of repeated measures within each
subject. An autoregressive integrated moving average model with an exogenous variable
(ARIMAX) was implemented to assess whether repeated measures collected within each
participant were significantly different between the tested conditions. In particular, the
effect of (i) lower limb (ACLR vs. Intact) or (ii) stimulation (scTS vs. sham priming) as
exogenous variables was tested on the kinetic and EMG parameters assessed in this study.
The model assumption of residual independence was checked with the Ljung-Box test and
by visual inspection of residuals plotted across repetitions. A p-value lower than 0.05 was
considered statistically significant. Cohen’s d effect size (ES) was also calculated for these
comparisons. Values of ES lower than 0.20 were defined as negligible, between 0.20 and
0.49 as small, between 0.50 and 0.79 as medium, and equal to or greater than 0.80 as large.
Statistical analysis was performed using JASP 0.19 (University of Amsterdam, Amsterdam,
the Netherlands).

6. Results

Figure 1A illustrates representative force, velocity, and power profiles recorded
throughout one set of unilateral half-squats performed on the Smith machine by par-
ticipant 54 using 70 kg as overload. An expanded view of a single repetition is presented
in Figure 1B,C, where the same kinetic variables are shown together with EMG activity of
lower limb muscles for the ACLR and intact limb, respectively.

Three of the four participants (S1, 52, S3) showed medium-to-large deficit of power
generated during the concentric phase by the ACLR limb compared to the intact limb
(Figure 2), which ranged between —24% (p < 0.001, ES = 1.51; S2) and —6% (p = 0.026,
ES = 0.51; S3). Such power deficit for the ACLR limb was accompanied by lower force
output, with differences ranging between —15% (p < 0.001, ES = 1.12; S2) and —4%
(p =0.015, ES = 0.59; S3). Concentric velocity was also lower for the ACLR limb in these
three subjects, with differences ranging between 16% (p < 0.001, ES = 1.45; S1) and 9%
(p < 0.001, ES = 0.90; S2) (Figure 2). Inter-limb differences in the EMG activity of representa-
tive thigh muscles were observed across participants. It is worth mentioning a common
trend for the ACLR side of S1 and S3, which consisted of EMG amplitudes that were higher
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in RF and lower in BF when compared to the intact limb (Figure 2). Also, the ACLR side of
54, which did not present concentric power deficit, demonstrated higher EMG amplitude
of RF (31%, p < 0.001, ES = 0.84) and BF (23%, p < 0.01, ES = 0.94), as well as lower EMG DI
(—=25%, p < 0.01, ES = 0.58) compared to the intact side.
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Figure 1. (A) Force, velocity, and power profiles recorded during a representative set of unilateral
half-squats performed at the Smith machine with an overload of 70 kg. The eccentric (Ecc, horizontal
black bars) and concentric (Conc, horizontal white bars) phases are depicted for each repetition
performed by the anterior cruciate ligament reconstructed (ACLR) or intact (Intact) lower limb. Traces
of force (F), velocity (v), power (P), and EMG activity of the vastus lateralis (VL), rectus femoris (RF),
and biceps femoris (BF) for a representative repetition of the ACLR or intact limb are reported in
Panel (B,C), respectively. The gray arrows point out the different oscillatory-like patterns of the force
trace between the two lower limbs during the eccentric phase of the unilateral half-squat. The gray
shaded area indicates the time window subsequent to the end of the concentric phase during which
the barbell rebounds, which is not considered for analysis.

Notably, scTS priming increased the concentric power output of the ACLR limb
(Figure 3) in the three participants (S1, S2, S3) who demonstrated a power deficit versus
the intact limb during the sham priming (i.e., control) session (Figure 2). Such scTS
priming-induced increments in power output ranged between +28% (p < 0.001, ES = 1.43;
S3) and +49% (p < 0.001, ES = 2.27; S2), and were accompanied by similar, significant
trends of increased force and velocity (Figure 3). Overall, eight of the 12 ACLR limb
muscles considered for analysis showed higher EMG amplitude in the scTS priming session
compared to the sham priming. However, such a trend was also found in participant
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54, who did not show concentric power deficit in the ACLR leg and did not increase
power output with scTS priming. On the other hand, lower EMG DI (—22%, p < 0.05) was
associated with the increased power output promoted by scTS priming in S1 and S2.
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Figure 2. Mean power (P), force (F), velocity (v), EMG amplitude of the vastus lateralis (VL), rectus

femoris (RF) and biceps femoris (BF), and the EMG dispersion index (DI) assessed during the

concentric phase of the power training session in the anterior cruciate ligament reconstructed (ACLR)

or intact (Intact) lower limb for the four subjects of this study (S1 to S4). EMG amplitude is quantified

by root mean square and expressed as a percentage of the highest EMG amplitude detected within a

1 s running window during a 4 s submaximal voluntary isometric contraction (sub-MVC). Results are

described as mean and standard deviation for the ACLR lower limb (black) and for the Intact lower

limb (gray). For each outcome, the percent difference in the ACLR limb relative to the intact limb is

reported in italic above the related histograms. Statistical comparisons between ACLR and intact
lower limb were performed using an ARIMAX model: * p < 0.05; ** p < 0.01; *** p < 0.001.
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Figure 3. Mean power (P), force (F), velocity (v), EMG amplitude of the vastus lateralis (VL), rectus
femoris (RF) and biceps femoris (BF), and the EMG dispersion index (DI) assessed during the concentric
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phase of the power training session in the anterior cruciate ligament reconstructed (ACLR) limb
following the scTS (solid black) or sham (stripes) priming protocol. S1 to 54 indicate the four subjects
of the study. EMG amplitude is quantified by root mean square and expressed as a percentage of the
highest EMG amplitude detected within a 1 s running window during a 4 s submaximal voluntary
isometric contraction (sub-MVC). Results are described as mean and standard deviation. For each
outcome, the percent difference between power training sessions preceded by scTS or sham priming
is reported in italic above the related histograms. Statistical comparisons between power training
sessions preceded by scTS or sham priming were performed using the ARIMAX model: * p < 0.05;
**p <0.01; *** p <0.001.

During the eccentric (i.e., downward) phase of the half-squat examined in the control
(i.e., sham priming) session (Figure 4), one participant (54) showed 17% larger SDf_F values
in the ACLR limb compared to the intact lower limb (p < 0.001, ES = 0.72). Such a difference
in SDf_F can be related to the exemplary difference in force oscillation profiles shown
between ACLR and intact limbs (Figure 1B and 1C, respectively). Inter-limb differences
in the activation of representative thigh muscles were observed across participants. In
the ACLR limb, higher RF EMG amplitude and lower BF EMG amplitude compared to
the intact side were found in three subjects (51, S2, and S3) and two subjects (51 and S2),
respectively. Additionally, the EMG DI was lower in the ACLR limb for three of the four
participants (Figure 4), with magnitudes ranging between —40% (p < 0.001, ES = 1.18;
54) and —23% (p < 0.001, ES = 1.45; S1). A similar trend was also observed in S2 (—12%,
p =0.058, ES = 0.44).
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Figure 4. Kinetic and EMG outcomes assessed during the controlled, eccentric phase of the unilateral
half-squat power training session in the anterior cruciate ligament reconstructed (ACLR, black) or
the intact (Intact, gray) lower limb for the four subjects of the study (S1 to S4). SDf_F: force standard
deviation frequency; v: mean downward velocity. EMG amplitude of the vastus laterals (VL), rectus
femoris (RF), and biceps femoris (BF), as well as the EMG dispersion index (DI), are also reported.
EMG amplitude is quantified by root mean square and expressed as a percentage of the highest
EMG amplitude detected within a 1 s running window during a 4 s submaximal voluntary isometric
contraction (sub-MVC). Results are described as mean and standard deviation. For each outcome, the
percent difference in the ACLR limb relative to the intact limb is reported in italic above the related
histograms. Statistical comparisons between ACLR and intact lower limb were performed using an
ARIMAX model: ** p < 0.01; *** p < 0.001.
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It is worth noting that scTS priming decreased SDf_F in the ACLR limb by 28% in
51 (p < 0.001, ES = 0.97) and by 20% in 54 (p < 0.001, ES = 0.87) when compared to the
sham priming (Figure 5), with a similar trend observed in S3 (—13%, p = 0.067, ES = 0.47).
Furthermore, scTS priming promoted higher downward velocity in three participants, with
magnitudes ranging between +17% (p < 0.001, ES = 0.96; S52) and 39% (p < 0.001, ES = 1.66;
54) when compared to sham priming. Such changes in kinetic outcomes between scTS and
sham priming sessions were accompanied by some differences in EMG activity of the thigh
muscles considered for analysis, without a consistent trend among participants (Figure 5).
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Figure 5. Kinetic and EMG outcomes assessed during the controlled, eccentric phase of the uni-
lateral half-squat power training session in the anterior cruciate ligament reconstructed (ACLR)
limb following the scTS (solid black) or sham (stripes) priming protocol. S1 to S4 indicate the four
subjects of the study. SDf_F: force standard deviation frequency; v: mean downward velocity. EMG
amplitude of the vastus laterals (VL), rectus femoris (RF), and biceps femoris (BF), as well as the
EMG dispersion index (DI), are also reported. EMG amplitude is quantified by root mean square
and expressed as a percentage of the highest EMG amplitude detected within a 1 s running window
during a 4 s submaximal voluntary isometric contraction (sub-MVC). Results are described as mean
and standard deviation. For each outcome, the percent difference between power training sessions
preceded by scTS or sham priming is reported in italic above the related histograms. Statistical
comparisons between power training sessions preceded by scTS or sham priming were performed
using an ARIMAX model: *** p < 0.001.

7. Discussion

Three of the four participants included in this case series showed substantial neu-
romuscular deficits in the ACLR limb compared to the intact limb during the concentric
phase of a simulated unilateral half-squat power training session, in spite of the completion
of rehabilitation and return to sport. Notably, the same three individuals increased the
power output generated by the ACLR limb when scTS priming was implemented prior
to the power training session, with differences ranging between 28% and 49% compared
to sham priming. We also considered for analysis the downward phase of the half-squat,
finding that a marker of vertical ground reaction force oscillation (SDf_F) was larger in
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the ACLR limb compared to the intact lower limb for the participant who did not show
concentric power deficit. Two subjects also showed a decrease in SDf_F for the ACLR limb
when scTS priming was implemented.

8. ACLR Results in Long-Term Deficit of Neuromuscular Performance

Following ACLR, deficits in neuromuscular function and structure are commonly
observed, such as the reduction in quadriceps muscle cross-sectional area, tissue quality,
strength, central activation ratio, and rate of torque development [47-51]. These deficits can
persist for several months and even years after the completion of rehabilitation and return
to sport [52]. For example, deficits in knee extension peak torque, ranging from 3% to 29%,
were found in ACLR team sport athletes compared to a control group more than six months
after surgery [52,53]. Residual negative impacts in physical performance have also been
reported between 5.6 and 7.6 months following ACLR, ranging from an 11% deficit in single-
leg countermovement jump power to a 24% deficit in knee-extension peak torque [54,55].
A similar impairment was also detected two years post-surgical reconstruction of the ACL,
with a 13% deficit in peak knee joint power generated during a countermovement jump by
the ACLR limb compared to the contralateral side [56].

These findings are consistent with the significant, medium-to-large ACLR limb deficit
of power generated by three of the four participants of this study during a simulated
unilateral half-squat power training session, which was accompanied by lower velocity and
force exertion (Figure 2). For S1 and S2, such an interlimb difference in power output was
also larger than 10%, which is generally considered a clinically significant threshold [8,9].
Such impaired lower limb neuromuscular performance, which was detected between 10
and 14.5 months after ACLR in athletes who were already returned to competitive sport
practice (Table 1), brings about negative consequences for the athletic performance and risk
of re-injury [57,58]. Current evidence suggests that the marked and long-lasting impaired
neuromuscular performance following ACL injury may not be due only to the transient
disuse of the affected limb. For example, a recent study focused on muscle transcriptomic
analysis found that early responses to ACLR were substantially different than those elicited
by unilateral lower limb suspension, with reduced extracellular matrix remodeling and
induction of denervation-responsive genes observed only after ACLR [59]. Moreover, a
number of studies point out that ACLR can result in AMI, negatively affecting spinal,
sensory, and cortical functions for over a year [15]. Observed inhibitory mechanisms in-
clude altered muscle resting motor threshold, spinal excitability, firing of articular sensory
receptors, and cortical activity [15,60,61]. In the present study, we observed inter-limb
differences in the EMG amplitude of some thigh muscles (Figure 2). In particular, the ACLR
side showed EMG amplitudes that were higher in RF and lower in BF (i.e., biarticular,
antagonist muscles) for two subjects (S1 and S3), whereas the VL behavior appeared to
be individual-specific. Such findings should be interpreted in the context of the motor
task and muscles examined. We assessed lower limb neuromuscular performance by uni-
lateral half-squats because single-leg dynamic tasks appear to be more representative of
limb strength due to their higher relative force demands [62] and because this exercise
modality is commonly adopted to improve aspects of athletic performance, maximizing
the transfer of training adaptations to performance [63]. On the other hand, the multiar-
ticular nature of the half-squat makes it not particularly suitable to investigate isolated
neurophysiological mechanisms.

9. scTS Priming Can Enhance ACLR Limb Power Output

In the present study, scTS priming was implemented for approximately 25 min during
the warm-up, prior to the simulated power training session, significantly and largely in-
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creased (range: 28% to 49%) power output of the ACLR limb in the three participants who
showed a deficit of neuromuscular performance with respect to the contralateral (i.e., intact)
limb (Figure 3). This outcome, which was accompanied by higher force and velocity out-
puts (Figure 3), is consistent with previous findings by our group and others, who showed
positive effects of scTS priming on neuromuscular performance in physically active indi-
viduals during a simulated power training session [26], during repeated countermovement
jumps as well as maximal voluntary isometric contractions [21,27]. The increase in force
and power observed for the ACLR limb of three participants in the proposed experimental
setup may have important implications for athletic performance, return-to-sport readiness,
and reduced risk of reinjury. Increased muscle strength and power support the success
of returning to sport [64], as these qualities contribute to the performance of a variety of
motor tasks and athletic capabilities in many sports [65,66]. In particular, the strength of
knee extensors and knee flexors that are also involved in hip extension affects both the half-
squat kinetic outcomes of this study and the rehabilitation progression after ACLR [67-69],
reducing the risk of reinjury at a rate of 3% for every percent point of increment in strength
symmetry [58].

scTS is a non-invasive neuromodulation technique that conceivably recruits large, pro-
prioceptive afferent fibers, resulting in the modulation of excitability of the spinal circuitry
controlling muscle activation [70-74]. This is of interest because spinal excitability, among
other neural features, may be impacted by inhibitory mechanisms following ACLR [15].
We speculate that scTS priming may have increased the excitability of the spinal neuronal
elements (i.e., interneurons and motor neurons) involved in the control of the tested motor
task, bringing them closer to the activation threshold [23,26,29,31,73]. The difference in
EMG activity of the ACLR limb between scTS and sham priming (Figure 3) overall supports
this view, as eight of the 12 thigh muscles considered for analysis generated higher EMG
amplitude when scTS priming preceded the simulated power training session. In particu-
lar, three of the four subjects showed higher BF activation after scTS priming (34 to 39%,
p < 0.001; Figure 3). This finding, together with the reduced variability of muscle recruit-
ment among the three tested thigh muscles (i.e., increased co-activation), indicated by the
lower EMG DI in two subjects (—22%, p < 0.05), might suggest an increased involvement
and co-activation of the hamstring muscles, which is considered a protective strategy as the
hamstring may act as an ACL agonist counteracting high anterior tibial shear forces [75].
However, dedicated mechanistic studies should be implemented to clarify this interpreta-
tion. Previously, lower EMG DI was also found while comparing unilateral versus bilateral
explosive extensions on a sledge ergometer, which helped explain the higher relative power
generated during unilateral efforts [46].

The enhancement of ACLR limb power output promoted by scTS priming in this
study appears of interest also because of the long time since surgical reconstruction and
the fact that the subjects were already returned to competitive sport practice. Previous
studies implementing experimental neuromodulation strategies showed potential benefits
of transcranial magnetic stimulation or transcranial direct current stimulation in enhancing
corticospinal pathway excitability and improving knee extension range of motion when
applied in the acute phase [16,18]. Conversely, transcranial direct current stimulation did
not demonstrate significant effects on corticospinal excitability or isokinetic quadriceps
performance when applied 4 to 6 months post-ACLR [19]. Hence, assessing the efficacy of
scTS priming in the earlier phase of rehabilitation post-ACLR may also be of interest for
future studies.
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10. Half-Squat Downward Phase and Potential Insight into Long-Term
Neural Deficits Post ACLR

While long and structured rehabilitative programs are more often implemented after
ACLR, the risk of sustaining a subsequent ACL injury is regarded as high, especially for
young athletes [76]. This relatively high risk of reinjury persists despite the use of objective
criteria considered for returning to sport, which are primarily focused on isometric, concen-
tric, and isokinetic contractions [77], as well as hop tests [78]. In this study, we explored
the analysis of the downward phase of the unilateral half-squat because the information
available on the effects of ACLR on eccentric motor control is rather scant, and because the
nervous system adopts distinct control strategies for concentric or eccentric actions [79]. In
particular, during eccentric motor control and without any neurological dysfunction, larger
brain areas are activated, and mechanical outputs such as force steadiness are impaired as
compared to concentric muscle actions [79].

Here, we assessed a marker of oscillatory-like pattern of the ground reaction force
signal (SDf_F) during the downward phase of the half-squat, which was requested
to be controlled and performed at a self-selected velocity. We found that SDf F was
larger in the ACLR limb with respect to the intact limb in one of the four subjects
(Figures 1B,C and 4). Within this framework, physiological tremor oscillations can be
seen as noise oscillations in the neural drive, transmitted to the force output, which in-
terferes with precise voluntary force production [80]. Among the differences found in
EMBG activity, it is worth mentioning that all four participants showed lower EMG DI in
the ACLR limb compared to the intact limb (Figure 4). As mentioned above, lower EMG
DI can be interpreted as a marker of reduced variability of muscle recruitment, which
is a higher level of co-activation throughout the downward phase. This may reflect a
long-term, compensatory neural strategy aimed at enhancing joint stabilization, which is
often compromised following ACL reconstruction [81]. Finally, the effect of scTS priming
was also assessed during the downward phase of the half-squat, finding that it reduced
SDf_F in the ACLR limb for three subjects (Figure 5). SDf_F was included as an exploratory
outcome to quantify the variability of the spectral characteristics of force fluctuations across
the selected time windows, with higher values reflecting less stable frequency content
of force oscillations. However, given the current lack of SDf_F validation against estab-
lished biomarkers of neuromuscular control, its physiological interpretation should be
approached with caution. Additionally, dedicated technology such as high-density EMG
could be of particular interest to investigate the physiological mechanisms underlying
SDf_F, particularly in terms of descending neural drive variability and cumulative motor
unit activity [82].

11. Limitations of the Study and Future Directions

The preliminary observations reported in this case series suggest that scTS prim-
ing may warrant further investigation to counteract the long-lasting consequences of
ACLR on neuromuscular performance. The study limitations briefly described below
should be considered while defining potential experimental protocols in future, larger
randomized trials.

Here, we did not directly assess the relationship between kinetic and EMG variables of
the study and return-to-sport outcomes. This important aspect may be investigated during
dedicated prospective studies that include a long-term follow-up. Also, the mechanisms re-
lated to the positive effects of scTS priming on neuromuscular performance are unclear. An
important future direction would be to assess neurophysiological markers related to AMI
together with neuromuscular performance: this would clarify whether scTS specifically
targets the long-term, deleterious neural adaptations brought about by ACL injury and
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surgical reconstruction. More broadly, this topic is of interest also for non-injured individu-
als. We have shown a significant and large group effect of scTS priming on neuromuscular
performance in young, healthy, and physically active participants [26]; however, there was
some intersubject variability that could not be explained by the assessed motor control
variables. This approach, for example, could clarify whether the absence of scTS priming
effect on power output in S4 (Figure 3) was primarily due to the absence of neuromuscular
deficit in the ACLR limb (Figure 2) or to individual-specific responses to scTS.

The findings of this study should also be interpreted with caution due to the hetero-
geneity of the subjects. For example, different types of ACL reconstruction were imple-
mented, including BPTB and G + ST autografts, which may influence neuromuscular recov-
ery trajectories and asymmetry patterns [83,84]. Sex is another factor that may influence the
rehabilitation outcomes and neuromuscular recovery following ACL reconstruction [83,85].
Finally, the fact that this study lacks formal testing of credibility and expectancy of the
sham stimulation should also be considered, as well as the lack of blinding of the operator
performing data analysis.

12. Conclusions

In this small exploratory case series, we observed neuromuscular deficits in the ACLR
limb of individuals who completed rehabilitation and had already returned to competitive
sport practice. Such deficits were found during concentric and/or eccentric phases of
a simulated half-squat power training session with respect to the intact limb. We also
observed that scTS priming was associated with improved neuromuscular performance
of the ACLR limb in the three participants who presented with a deficit in power and
force generation as compared to the contralateral (intact) limb. These preliminary findings
support the feasibility and rationale for a sufficiently powered, randomized, blinded, sham-
controlled trial that would include validated neuromuscular outcomes to assess the effects
of scTS priming as an aid to enhance post-ACLR rehabilitation and physical training prior
to returning to sport.
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/ /www.mdpi.com/article/10.3390 /app16146913/s1. The description of muscle recruitment data
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