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Abstract 
The study aimed at investigating the effects of neuromuscular 
electrical stimulation superimposed on functional exercises 
(NMES+) early after anterior cruciate ligament reconstruction 
(ACLr) with hamstring graft, on muscle strength, knee function, 
and morphology of thigh muscles and harvested tendons. Thirty-
four participants were randomly allocated to either NMES+ 
group, who received standard rehabilitation with additional 
NMES of knee flexor and extensor muscles, superimposed on 
functional movements, or to a control group, who received no ad-
ditional training (NAT) to traditional rehabilitation. Participants 
were assessed 15 (T1), 30 (T2), 60 (T3), 90 (T4) and at a mean of 
380 days (T5) after ACLr. Knee strength of flexors and extensors 
was measured at T3, T4 and T5. Lower limb loading asymmetry 
was measured during a sit-to-stand-to-sit movement at T1, T2, 
T3, T4 and T5, and a countermovement-jump at T4 and T5. An 
MRI was performed at T5 to assess morphology of thigh muscles 
and regeneration of the harvested tendons. NMES+ showed 
higher muscle strength for the hamstrings (T4, T5) and the quad-
riceps (T3, T4, T5), higher loading symmetry during stand-to-sit 
(T2, T3, T4, T5), sit-to-stand (T3, T4) and countermovement-
jump (T5) than NAT. No differences were found between-groups 
for morphology of muscles and tendons, nor in regeneration of 
harvested tendons. NMES+ early after ACLr with hamstring graft 
improves muscle strength and knee function in the short- and 
long-term after surgery, regardless of tendon regeneration. 
 
Key words: Resistance training, semitendinosus, electrical stim-
ulation, knee, rehabilitation. 

 
 
Introduction 
 
Individuals who underwent ACL reconstruction using se-
mitendinosus and gracilis (STGR) tendon graft show both 
short- and long-term impairments in hamstring strength 
following surgery (Beynnon et al., 2002; Heijne and Wer-
ner 2010; Nomura et al., 2015; Konrath et al., 2016; 
Abourezk et al., 2017; Labanca et al., 2020). The quadri-
ceps muscle is also affected by weakness, but the highest 
impairments have been reported in muscle strength of the 
knee flexors (Eriksson et al., 2003; Vertullo et al. 2017; 
Sinding et al., 2020). It is widely documented that weak-
ness of knee flexor muscles in the operated limb is related 
to some morphological and functional muscle-tendon 
changes occurring in the semitendinosus and gracilis mus-
cles (Makihara et al., 2006; Åhlén et al. 2012; Snow et al. 

2012; Suijkerbuijk et al. 2015; Nomura et al., 2015; Kon-
rath et al., 2016). A significant decrease in volume and 
length of muscle bellies has been observed, together with a 
lack of regeneration of the tendons harvested for surgery, 
which occurs only in a small percentage of patients (Åhlén 
et al. 2012; Snow et al. 2012; Suijkerbuijk et al. 2015; Kon-
rath et al., 2016). In addition, in the few patients showing 
regeneration of the tendon, a disomogenous structure of the 
tendon was observed when compared with the non-oper-
ated limb, which featured a larger cross-sectional area, ar-
eas of hypervascularity, disorganized architecture, and ir-
regular organization of the collagen fibres (Gill et al., 
2004). 

It is not clear which factors account for the regener-
ation or the lack of regeneration of the tendon. However, it 
is well known that tendon structure is strongly influenced 
by the mechanical loading that is generated by muscle belly 
activation. It has been shown that strength training is ben-
eficial for the regeneration of the harvested tendons (En-
wemeka, 1992), and that collagen synthesis and protein 
synthesis have the same time course of changes, thus show-
ing that muscle and tendon adaptations are coordinated in 
response to exercise (Miller et al., 2005). At the same time, 
it has also been shown that tendon structure is negatively 
affected by the lack of muscle belly activity, as for example 
during immobilization, which leads to a lower tendon stiff-
ness (Couppé et al., 2012). Thus, an early exercise inter-
vention for the muscles involved in ACL reconstruction 
should be beneficial in terms of muscle belly function in 
the short term, and whole muscle-tendon unit in the long 
term. However, it is extremely difficult to target the mus-
cles involved in surgery through resistance training inter-
ventions due to post-surgical neural inhibition, which re-
sults in patients being unable to voluntarily control muscle 
activation (Hopkins and Ingersoll, 2000). When a muscle 
is not activated during training, inter-muscular agonistic 
compensation may occur, as shown by a hypertrophy of the 
biceps femoris and semimembranosus muscles in patients 
with harvested STGR tendons, which are overloaded to 
compensate for the lack of activity of semitendinosus 
(Konrath et al., 2016). It should also be considered that 
training is effective when an adequate intensity is selected, 
but it is not safe to perform high intensity strength training 
early after surgery. 

Neuromuscular electrical stimulation has been used  
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in rehabilitation following ACL reconstruction either as 
single treatment or in combination with voluntary exercise 
as it allows a selective strengthening of the muscles that are 
affected by neural inhibition (Snyder-Mackler et al., 1994; 
Delitto et al., 1998; Fitzgerald et al., 2003; Lepley et al., 
2015). However, full recovery of muscle strength was not 
achieved in most cases and patients showed deficits for 
years after surgery. Only recently, Labanca et al. (2018) 
have demonstrated the effectiveness of a novel approach, 
based on superimposing neuromuscular electrical stimula-
tion to voluntary dynamic movements, which allows high-
intensity resistance training on the quadriceps muscle dur-
ing the early phase following surgery without overloading 
the knee joint. The authors, for the first time, have shown 
that using this approach during the first two months follow-
ing ACL surgery with bone-patellar-bone graft resulted in 
a fully symmetrical recovery of quadriceps muscle strength 
at six months. This approach has the potential to be adapted 
for strengthening the hamstrings following ACL recon-
struction with STGR tendon graft. Moreover, as the tendon 
structure is strongly influenced by the mechanical loading 
that is generated by muscle belly activation, there are good 
reasons to believe that this approach may also contribute to 
tendon regeneration. 

Therefore, the objective of this randomized con-
trolled study was to investigate the effects of an early in-
tervention based on neuromuscular electrical stimulation 
superimposed on functional movements, in addition to 
standard rehabilitation, on knee flexor muscle strength, 
functional performance, and thigh muscle-tendon unit mor-
phology following ACL reconstruction using STGR ten-
don graft. It was hypothesised that this novel training inter-
vention would have been effective in improving muscle 
strength, knee function, and thigh muscle-tendon unit mor-
phology, in comparison to a standard rehabilitation with no 
additional training intervention. 

 
Methods 
 
Participants and intervention training protocol 
Sixty-four ACL reconstructed subjects who received a 
hamstring tendon graft and underwent post-surgical reha-
bilitation at the same rehabilitation centre were assessed for 
eligibility. 

Inclusion criteria were as follows: 
 Aged between 18 and 50 years; 
 ACL reconstruction using semitendinosus and gra-

cilis tendon graft; 
 Physical activity level: Tegner Activity Scale level 

from 5 to 9 (Tegner and Lysholm, 1985); 
 Range of motion (ROM) 15 days after surgery: 0°-

90°. 
Exclusion criteria were as follows: 

 Pathologies or conditions in which electrical stimu-
lation was contraindicated (e.g. pacemaker, preg-
nancy, epilepsy); 

 Neurological disorders; 
 History of muscle and tendon injuries in lower 

limbs; 
 Knee pain and swelling affecting exercise perfor-

mance two weeks after surgery; 

 Lack of adherence to the prescribed rehabilitation. 
 
Forty-six patients met the inclusion/exclusion crite-

ria and were recruited for this study. A flow-chart illustrat-
ing patient enrolment is represented in Figure 1. Twelve 
patients dropped out of the study; thus, the analysis was 
carried out on 34 participants, 20 males and 14 females. 
 

 

 

 
 

Figure 1. Participants’ enrolment flow-chart.  
 

Participants were assigned by means of randomiza-
tion for age, gender and Tegner level to one of the two co-
horts: the neuromuscular electrical stimulation superim-
posed on movement group (NMES+) and the no additional 
training group (NAT), which served as a control group. 
The NMES+ group was composed of 17 participants, 10 
males and 7 females (age: 34.6 ± 8.7 years; stature: 1.70 ± 
0.06 m; body mass: 66 ± 9 kg; Tegner level: 7.1 ± 0.9), and 
similarly, the NAT cohort was composed of 17 partici-
pants, 10 males and 7 females (age: 34.3 ± 9.9 years; stat-
ure: 1.74 ± 0.01 m; body mass: 74 ± 11 kg; Tegner level: 
7.1 ± 0.9). 

The same standardized postoperative rehabilitation 
protocol was administrated under supervision by the same 
team of physical therapists 5 days a week, as previously 
described (Rocchi et al. 2020). Patients in the NMES+ 
group received an additional training protocol based on a 
number of sit-to-stand-to-sit (STSTS), squat (SQ) and step-
up-step-down (STEP) tasks with the superimposition of 
neuromuscular electrical stimulation. Training lasted from 
Day 15 to Day 60 and consisted of 5 sessions per week. 
The neuromuscular electrical stimulation was given via a 
wireless portable battery-powered stimulator (Chattanooga 
Wireless Professional), which produced a rectangular bi-
phasic pulse in response to a voluntary contraction of the 
muscle. Self-adhesive electrodes (Compex Dura-Stick 
plus; 5x5 cm) were placed on the operated limb over the 
motor points of the semitendinosus, vastus lateralis, vastus 
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medialis and rectus femoris muscles. Motor points were 
identified in accordance with the electrical stimulator 
user’s guide. Two frequencies of stimulation were used, 35 
and 50 Hz, which were alternately applied at each session 
in accordance with a previous study (Labanca et al. 2018). 
The intensity of stimulation was increased by the trainer 
during each exercise repetition throughout the session, in 
accordance with patient tolerance, to maximise motor unit 
recruitment (Maffiuletti, 2010; Borzuola et al. 2020). In ad-
dition, the intensity was selectively increased for each mus-
cle to guarantee a homogeneous distribution of the exercise 
load. Patients were encouraged to voluntarily activate their 
muscles throughout the duration of movement. The maxi-
mum intensity given by the stimulator was 120 mA. 

Quadriceps muscle was stimulated during the 
STSTS task. Participants were asked to sit and maintain a 
90° knee flexion angle. The stimulation lasted 8 seconds 
and was initiated by the quadriceps muscle contraction, as 
set in the electrical stimulator. Patients were asked to con-
tract their quadriceps and, after the onset of the stimulation, 
to perform a sit-to-stand movement (concentric phase) fol-
lowed by a stand-to-sit movement (eccentric phase) in 8 
seconds, and then sitting to rest for 8 seconds, creating a 
duty cycle of 16 seconds. 

The semitendinosus muscle was stimulated during 
the SQ task for the first two weeks of training, and then it 
was stimulated during the STEP task from the third to the 
eighth week. During the SQ, participants were asked to 
stand up, which was the starting position, and then to squat 
down to approximately an 80° knee flexion angle (concen-
tric phase) and finally to return in the upright position (ec-
centric phase). The stimulation lasted 8 seconds. Patients 
were asked to perform the SQ in 8 seconds, and then to sit, 
resting for 8 seconds, thus creating a duty cycle of 16 sec-
onds. 

During the STEP task participants were asked to 
stand up with the foot of the operated limb, which was po-
sitioned on a 20 cm step. The foot of the operated limb was 
maintained in contact with the step for the duration of 
movement. Participants were asked to step up with the op-
erated limb reaching full knee extension (starting position), 
then to step down (concentric phase), reaching the floor 
with the foot of the non-operated limb, and finally to step 
up again (eccentric phase). The stimulation lasted 8 sec-
onds. Patients were asked to perform the STEP in 8 sec-
onds, and then return to the starting position to rest for 8 
seconds, creating a duty cycle of 16 seconds. A bar adjust-
able in height was positioned in front of participants for 
hand support during the STEP movement. Participants 
could modify the starting and ending knee angles during 
training if they felt pain or excessive discomfort to the op-
erated knee joint. The duration of the concentric and the 
eccentric phases of all tasks varied over the intervention, 
along with the number of sets and repetitions throughout 
the programme. A detailed description of the NMES+ 
training protocol is reported in Table 1. 

Before each NMES+ session, patients were asked to 
warm up on an exercise bicycle at low resistance for 10 
minutes. During the first week of training (from the 15th to 
the 20th day), if patients were not able to perform cycling 
movements, a passive and an active knee joint mobilization  

was supervised by a physical therapist. 
 
Table 1. NMES+ training description over the six weeks of the 
intervention.  

 Week 1 Week 2 Week 3 Week 4 Week 5 Week 6

Task ST 
Task Quad 

SQ 
- 

SQ 
STSTS

STEP 
STSTS 

STEP 
STSTS 

STEP 
STSTS

STEP 
STSTS

Sets x Reps
3 x 6 

- 
3 x 8 
2 x 8 

3 x 8 
2 x 8 

3 x 10 
2 x 10 

3 x 12 
2 x 12 

3 x 12 
3 x 12 

Con / Ecc 
4 / 4 

- 
4 / 4 
4 / 4 

4 / 4 
2 / 6 

2 / 6 
2 / 6 

2 / 6 
2 / 6 

2 / 6 
2 / 6 

Task ST = task used to train the semitendinosus muscle: SQ = squat; STEP 
= step-up-step-down. Task Quad = task used to train the quadriceps mus-
cle: STSTS = sit-to-stand-to-sit. Sets x Reps = number of sets and repeti-
tions for each task. Con /Ecc = duration (s) of the concentric and eccentric 
phases of each task. 

 
Patients in the NAT group received the standard re-

habilitation programme as previously described with no 
additional training. 

The therapists who performed the additional NMES 
rehabilitation were aware that patients were involved in a 
research study. The authors who performed the assess-
ments, the MRI and data analysis were blinded on patients’ 
allocation. 

The study was approved by the Ethics Committee 
of the University of Rome La Sapienza (prot. n. 293/19), 
was carried out in accordance with the Declaration of Hel-
sinki and all participants signed an informed consent form. 
 
Sample size and statistical power 
Sample size was a priori calculated with a significance 
level of α = 0.05 and a power of 95% based on data of a 
preliminary pilot investigation on 6 patients who were ran-
domly assigned to one of the 2 groups (NMES+ and NAT). 
Effect size was calculated based on the mean limb sym-
metry index (LSI) of peak forces recorded during maximal 
voluntary isometric contraction of knee flexor muscles 60 
days after surgery at 90°, which was 74.8% for the first 
group, and 64.4% for the second. A minimum of 17 pa-
tients for each group was required for the study. Additional 
patients were recruited to allow for dropouts. 
 
Assessments and data analysis 
Assessments were performed 15 days (T1), 30 days (T2), 
60 days (T3), 90 days (T4) and in the long term after sur-
gery (T5). For the long-term assessment, patients were only 
assessed if they had returned to their pre-injury activity 
level for at least two months. Mean time of the T5 assess-
ment was 380 days. A timeline representation of the assess-
ments is reported in Figure 2. 
 
Morphological examination of thigh muscles and ten-
dons 
Morphological examination via MRI of thigh muscles and 
tendons was performed at T5. Axial Dixon sequences were 
acquired using a 1.5 T MRI scanner (Ingenia; Philips, Am-
sterdam, The Netherlands) from the level of the iliac crest 
to the tibial tuberosity spanning both legs while the subject 
lay supine in the scanner. The images were acquired in 2 
stations with 230 slices per station and a 10% overlap be-
tween stations. Slice thickness was 2.4 mm with a 0.5 mm 
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Figure 2. On the right, coronal MRI of right (R) and left (L) limbs with highlighted semitendinosus muscle in 
one of the participants with ACL reconstruction of the right limb. On the left, transverse MRI with highlighted 
distal semitendinosus insertion. No regeneration was observed for the harvested tendon. 
 

intersection gap, repetition time (TR) was 4.1milliseconds, 
echo time 1 (TE 1) was 5.9 milliseconds, and echo time 
1.92 (TE 2) was 3.9 milliseconds. Both TEs were collected 
when water and fat were in phase and out of phase. The 
voxel size was 1.1 - 1.1 - 2.4 mm, and the field of view 
(FOV) was 450 - 288 - 279 mm. The Fast Field Echo (FFE) 
images provided excellent visibility of the muscle for man-
ual segmentation. Axial proton density (PD) 2-dimensional 
turbo spin-echo sequences were also acquired from the 
level of the mid-thigh to below the tibial tuberosity span-
ning both legs. The images were acquired in 1 station of 80 
slices with a slice thickness of 3.2 mm and a 0.5 mm inter-
section gap; TR was 3954 milliseconds and TE was 30 mil-
liseconds. The voxel size was 0.8 - 0.8 mm, and the FOV 
was 380 - 220 - 296 mm. The PD images provided excel-
lent visibility of the tendons for manual segmentation. 

Image analysis was performed by two experienced 
musculoskeletal radiologists using the software OsiriX 
(version 11.0, Pixmeo Sarl, Geneva, Switzerland). Ten-
dons of the donor muscles were first inspected to assess the 
regeneration and morphology. Tendon regeneration was 
confirmed if the tendon was visible below the musculo-ten-
dinous junction as in previous literature (Konrath et al. 
2016). If the tendon had regenerated, then it was assessed 
for morphology. The major diameter of the tendon in the 
mediolateral direction for each axial slice was recorded to 
express tendon width. The distal musculo-tendinous junc-
tion and the tibial insertions were identified and marked to 
calculate the tendon length as previously described (Ilahi 
et al. 2018). Figure 2 shows a typical example of MRI in 
one of the participants, who showed no regeneration in the 
harvested tendons. 

Volume of the vastus medialis (VM), vastus lat-
eralis (VL), vastus intermedium (VI), rectus femoris (RF), 

sartorius (SA), gracilis (GR), semitendinosus (ST), semi-
membranosus (SM) and biceps femoris (BF) muscle bellies 
were calculated. The margins of every single muscle were 
manually traced in each axial slice. The margins of the ax-
ial slices were used to represent a 3D model of each mus-
cle. Briefly, for each muscle, cross-sectional areas were fit-
ted with a cubic spline and plotted against femur length. 
Muscle volumes were calculated as the area under the 
curve using the measured and splined data points as in pre-
vious studies (Morse et al., 2007; Kulas et al., 2018). For 
the ST and GR donor muscles, the length of muscle belly 
was calculated whether regeneration occurred or not. The 
length of the muscle belly was calculated from a line drawn 
to connect the centroid of each slice for each muscle. Ten-
don length and width, muscles belly volume and length 
were calculated for both limbs and were used for further 
analysis. 
 
Muscle strength assessment 
Muscle strength was assessed by means of maximal iso-
metric voluntary contractions (MVIC) and isokinetic tests. 
MVIC of the knee extensor muscles at a knee angle of 30° 
and 90° and MVIC of the knee flexor muscles at a knee 
angle of 90° were carried out in both limbs at T3, T4 and 
T5. At T5, knee flexor muscles were assessed also at a knee 
angle of 60°, which was not performed in earlier assess-
ments to avoid muscle injuries. During the assessment, par-
ticipants were seated on a leg-extension machine (Tech-
nogym, Forli-Cesena, Italy) for the knee extension MVIC 
and on a leg-curl machine (Technogym, Forli-Cesena, It-
aly) for the knee flexion MVIC. Patients were fastened us-
ing three crossing belts on both machines. Muscle force 
was recorded using a load cell connected to a computerized 
system unit (MuscleLab, Bosco-System Technologies, 
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Rieti, Italy). The maximal voluntary isometric contraction 
task consisted of a progressive increase to a maximum 
force exerted by the leg muscles. Participants were able to 
follow their performance on a computer screen and were 
verbally encouraged to achieve their maximum and to 
maintain that maximum for at least 2 seconds before relax-
ing. Maximal voluntary isometric contraction was calcu-
lated as the largest 1-second average reached within any 
single force recording. 

Peak forces exerted by each limb were recorded. 
Side-to-side symmetry was quantified for peak forces us-
ing the limb symmetry index, which was calculated as the 
ratio between the involved and uninvolved limb expressed 
as a percentage. Absolute force was calculated by normal-
izing peak forces recorded during all maximal voluntary 
isometric contractions to the body weight of each partici-
pant. The side-to-side symmetry and absolute force values 
were used for further analysis. 
 
Functional performance assessment 
Functional performance was assessed at T1, T2, T3, T4 and 
T5 by means of a STSTS movement and a countermove-
ment jump (CMJ) which were performed on two adjacent 
force platforms. 

The STSTS was performed at T1, T2, T3, T4 and 
T5. The sit-to-stand-to-sit task consisted of rising from a 
seat as fast as possible and sitting down as fast as possible. 
The height of the seat was adjusted at each assessment to 
obtain a 90° angle at the knee joint. Participants were asked 
to keep their trunk in a vertical position, their arms held 
across the chest, and their feet shoulder-width apart. Par-
ticipants were verbally instructed to stand up as fast as pos-
sible and maintain the upright position for 5 seconds and 
then to sit down as fast as possible. The CMJ was per-
formed at T4 and T5. Participants were asked to stand in 
an upright position and maintain their hands on their hips 
during performance of the CMJ to minimize the influence 
of the upper limbs. They were asked to quickly squat with 
knees flexed to approximately 90° and then jump immedi-
ately as high as possible without pausing. 

Ground reaction forces of STSTS and CMJ were 
measured by means of two, six-component force platforms 
(KISTLER, model 9281 B; Winterthur, Switzerland; 100-
Hz sampling frequency), which were positioned one below 
each foot. Vertical components of the ground reaction 
force were filtered offline using a digital, low-pass, second-
order, Butterworth filter with a cutoff frequency set at 15 
Hz. Signals from the two force platforms were summed. 
The STSTS peak forces of the sit-to-stand phase and the 
stand-to-sit phase were analyzed in accordance with previ-
ous studies (Laudani et al., 2014; Baumgart et al., 2015; 
Labanca et al., 2016). For the CMJ, the signal was then 
processed according to previous studies (Davies and Ren-
nie, 1968; Laudani et al., 2013). Briefly, the vertical veloc-
ity of the centre of mass (CoM) was calculated from the 
time integration of the instantaneous acceleration. The ec-
centric and concentric phases (EccP and ConP) of the push-
off phase of the jump were identified from vertical velocity 
of the jump. EccP was identified from the downward 
movement (negative velocity) of CoM, while ConP from 
the upward movement of CoM (positive velocity). Peak 

force recorded during both eccentric and concentric phases 
was used for further analysis. Absolute peak forces of 
STSTS, EccP and ConP were used to quantify the side-to-
side symmetry using the limb symmetry index (Laudani et 
al., 2014; Labanca et al., 2018). 
 
Statistical analysis 
Descriptive statistics were used to summarize demographic 
data and the Shapiro-Wilk test was used to test the distri-
bution of all variables. A two-way analysis of variance 
(ANOVA) for repeated measures was conducted to inves-
tigate the effect of rehabilitation and time on all the as-
sessed variables. A one-way ANOVA was used to analyse 
the differences between the two groups for MVIC of knee 
flexor muscles at 60° and MRI parameters at T5. A Mann-
Whitney test was used to investigate the differences be-
tween the two groups for tendon regeneration. An analysis 
of covariance (ANCOVA) was conducted to assess the ef-
fects of NMES+ and standard rehabilitation on all varia-
bles, accounting for the gender of the participants. An 
ANCOVA was also conducted to assess the effects of 
NMES+ and standard rehabilitation on the assessments 
performed at T5, after accounting for tendon regeneration. 
Finally, to investigate the predictive variables of the tendon 
regeneration, a binary logistic regression analysis was per-
formed an all data using tendon regeneration as a depend-
ent variable. Student’s t-test was used to locate all the sig-
nificant differences. A significance level of p < 0.05 was 
adopted. The analyses were performed using SPSS version 
20.0 (SPSS, Inc, Chicago, IL). 
 
Results 
 
Regeneration and morphology of harvested tendons 
and muscles 
Regeneration of the semitendinosus tendon was observed 
in 6 participants of the NMES+ group and 8 of the NAT 
group. Regeneration of the gracilis tendon was observed in 
7 participants of the NMES+ group and 3 participants of 
the NAT group. Regenerated tendons of the semitendi-
nosus muscle showed no significant differences between 
the two groups in width (NMES+ = 4.7 ± 2.3mm; NAT = 
3.8 ± 1.8mm) and length (NMES+ = 158.3 ± 30.6 mm; 
NAT = 155.0 ± 33.4 mm), but the regenerated tendon was 
significantly longer than the contralateral limb in both 
groups (NMES+ 158.3 ± 30.6 mm vs. 121.7 ± 27.9 mm; p 
< 0.01); NAT (155.0 ± 33.4 mm vs. 106.3 ± 10.6 mm; p < 
0.01). The regenerated tendon was not significantly differ-
ent from the contralateral limb in width (NMES+: operated 
4.7 ± 2.3mm, contralateral 4.0 ± 1.3 mm; NAT: operated 
3.8 ± 1.8 mm, contralateral 4.6 ± 0.7 mm). 

Regenerated tendons of the gracilis muscle in both 
groups showed no between-limb differences in width 
(NMES+: operated 3.9 ± 1.7 mm, contralateral 3.8 ± 0.7 
mm; NAT: operated 3.1 ± 2.0 mm, contralateral 3.0 ± 0.0 
mm) and length (NMES+: operated 111.4 ± 37.2 mm, con-
tralateral 98.6 ± 10.7 mm; NAT: operated 66.7 ± 20.8 mm, 
contralateral 80.0 ± 26.5 mm), and no between-group dif-
ferences. 

None of the variables assessed in this study were a 
predictor of tendon regeneration, as shown by the                  
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regression analysis model which failed to predict tendon 
regeneration (β = 0.251; p = 0.61). 

For participants showing a regeneration of the se-
mitendinosus tendon, no significant differences were ob-
served between the two groups for muscle belly volume 
(NMES+ = 120.7 ± 82.5 mm3; NAT = 111.4 ± 53.2 mm3) 
and length (NMES+ = 244.2 ± 46.7 mm; NAT = 233 ± 29.3 
mm). In the NAT group there was a significant difference 
in the operated compared with the non-operated limb for 
muscle belly length (233 ± 29.3 mm vs. 294.9 ± 29.3 mm; 
p < 0.01) and volume (111.4 ± 53.2 mm3 ± 182.1 ± 75.6; p 
< 0.01). 

For patients showing no regeneration of the tendon, 
no between-groups differences were observed, but the har-
vested semitendinosus when compared to the contralateral 
limb had a lower volume in NMES+ group (82.2 ± 49.2 
mm3 vs. 138.1 ± 62.6 mm3; p < 0.01) and NAT group (53.0 
± 19.2 mm3 vs. 94.8 ± 45.3 mm3; p < 0.01), and a lower 
length in NMES+ group (206.1 ± 42.0 vs. 277.0 ± 44.1; p 
< 0.01) and NAT group (216.4 ± 36.5 vs. 265.0 ± 68.9; p < 
0.01). 

Participants showing a regeneration of the gracilis 
tendon in the NMES+ group had in the operated compared 
to the non-operated limb a lower volume (66.7 ± 27.7 mm3 
vs. 84.9 ± 23.3 mm3; p < 0.05) and a lower length (281.3 ± 
25.8 mm vs. 314.7 ± 22.9 mm; p < 0.05) of gracilis muscle 
belly. While participants who did not show a regeneration 
had in the operated compared to the non-operated limb a 
lower length (243.2 ± 52.9 mm vs. 296.8 ± 17.4 mm; p < 
0.05) of gracilis muscle belly. 

Participants who did not show a regeneration of gra-
cilis tendon in the NAT group had in the operated com-
pared to the non-operated limb a lower volume (57.6 ± 31.6 
mm3 vs. 91.7 ± 50.3 mm3; p < 0.05) and a lower length 
(239.3 ± 34.6 mm vs. 298.4 ± 51.2 mm; p < 0.05) in gracilis 
muscle belly. 
 
Morphology of the other thigh muscles 
No differences between the two groups were observed for 
muscle belly volume of all muscles, but the ANCOVA 
showed that gender had an effect, with females having 
lower muscle belly volume in both limbs. Mean values and 
standard deviations of the volumes of all muscle bellies an-
alyzed in male and female patients of each group, with sig-
nificant differences after the post-hoc analysis are repre-
sented in Figure 3 (knee flexor muscles) and Figure 4 
(other muscles). 
 
Muscle strength 
Significant differences were identified between the two 
groups for muscle strength normalized by body weight of 
the operated limbs. Mean values with standard deviations 
and significant differences following the post-hoc analysis 
are reported in Table 2. Participants in the NMES+ group 
demonstrated a higher muscle strength at T3 during the 
MVIC of knee extensor muscles at 30°, at T4 for all the 
measurements, and at T5 for the MVIC of knee extensor 
muscles at 30° and knee flexor muscles at 90°. There were 
also significant differences between male and female par-
ticipants. 

 
 

 
 

Figure 3. Muscle volumes of semitendinosus (ST), gracilis (GR), long head of biceps femoris (BF-L), short head of biceps femoris 
(BF-S) and semimembranosus (SM) in the operated (OP) and non-operated (NOP) limb, in male and female participants of 
each group. Significant differences from female participants: * p < 0.05, ** p < 0.01, *** p < 0.001.   
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Figure 4. Muscle volumes of sartorius (SA), vastus medialis (VM), vastus lateralis (VL), rectus femoris (RF) and vastus inter-
medius (VI) in the operated (OP) and non-operated (NOP) limb, in male and female participants of each group. Significant 
differences from female participants: * p < 0.05, ** p < 0.01, *** p < 0.001 
 
Table 2. Mean values and standard deviations of peak forces normalized by body weight of the operated limb recorded during 
the MVICs of knee extensor muscles at 30° (Ext 30°) and 90° (Ext 90°), and knee flexor muscles at 60° (Flex60°) and 90° (Flex 
90°), at T3, T4 and T5. Values are reported for males and females of each group, and for each whole group (NMES+ and NAT).  

   MVIC - Operated Limb / body weight 
   T3 T4 T5 

   
Ext 
30° 

Ext 
90° 

Flex 
90° 

Ext 
30° 

Ext 
90° 

Flex 
90° 

Ext 
30° 

Ext 
90° 

Flex 
90° 

NMES+ 

Males 
mean 0.73ᵃ 0.65ᵃ 0.44ᵃ 0.85 0.78 0.53ᵃ 1.03ᵃ 0.95ᵃ 0.62 
st. dev. 0.17 0.19 0.13 0.31 0.34 0.15 0.25 0.26 0.17 

Females 
mean 0.47ᵃ 0.37ᵃ 0.28ᵃ 0.57 0.58 0.33ᵃ 0.61ᵃ 0.73ᵃ 0.47 
st. dev. 0.18 0.08 0.09 0.18 0.09 0.09 0.35 0.11 0.10 

Group 
mean 0.62* 0.53 0.37 0.74* 0.70* 0.45* 0.85* 0.85 0.56 
st. dev. 0.21 0.21 0.14 0.29 0.29 0.16 0.36 0.23 0.16 

NAT 

Males 
mean 0.56ᵃ 0.57ᵃ 0.33 0.64ᵃ 0.61ᵃ 0.38ᵃ 0.76ᵃ 0.79ᵃ 0.56 
st. dev. 0.24 0.19 0.16 0.27 0.26 0.14 0.24 0.22 0.13 

Females 
mean 0.34ᵃ 0.33ᵃ 0.22 0.37ᵃ 0.33ᵃ 0.23ᵃ 0.43ᵃ 0.59ᵃ 0.38 
st. dev. 0.10 0.11 0.11 0.14 0.16 0.04 0.09 0.14 0.08 

Group 
mean 0.47* 0.47 0.28 0.51* 0.48* 0.31* 0.52* 0.72 0.49 
st. dev. 0.22 0.20 0.15 0.25 0.25 0.13 0.38 0.22 0.14 

* significant difference between the two groups (NMES+ and NAT), a significant difference between males and females. 

 
The ANOVA also showed an effect of time on 

MVICs results. In the NMES+ group there was a signifi-
cant increase of LSI of muscle strength of knee extensors 
and flexors at 90° between T3 and T4, and for all the meas-
urements between T4 and T5 (Figure 4). Muscle strength 
of the operated limb significantly increased between T3 
and T4, and T4 and T5 for knee extensor muscles at 90°. A 
significant increase for flexor muscles at 90° was found be-
tween T4 and T5. In the NAT group significant increases 
of the LSI of all measurements were found only between 
T4 and T5. Strength of the operated limb significantly in-
creased for extensors and flexors at 90° between T4 and 
T5. 

Figure 5 shows mean values with standard devia-
tions of the limb symmetry index of MVICs at T3, T4 and 
T5. When compared with NAT group, participants in the 
NMES+ group showed a significantly higher symmetry 
during MVIC of knee extensor muscles at 30° at T3, and 
of knee flexor muscles at T4. At T5 they showed higher 
symmetry in all the assessments when compared with NAT 
participants. 
 
Functional performance 
The mean values and standard deviations of the LSI of peak 
forces recorded during the sit-to-stand, stand-to-sit, the ec-
centric phase of the CMJ, and the concentric phase of the 
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CMJ, along with the significant differences between the 
two groups after the post-hoc analysis are presented within 
Table 3. The ANOVA showed an effect of time on all data. 
In the NMES+ group there was a significant increase in the  
LSI of the sit-to-stand and the stand-to-sit between T1 and 
T2, and T2 and T3. For the NAT group, a significant            

increase in the LSI of the sit-to-stand was found between 
T2 and T3, and T4 and T5. For LSI of the stand-to-sit, a 
significant increase was found only between T4 and T5. 
LSI of both phases of the CMJ significantly increased be-
tween T4 and T5 in the NMES+ group, while no significant 
increases were found in the NAT group. 

 
 

 

 
 

Figure 5. Mean values and standard deviations of the limb symmetry index of MVIC of knee extensor muscles at 30° (Ext 
30°) and 90° (Ext 90°), and knee flexor muscles at 90° (Flex 90°) and 60° (Flex 60°), at T3, T4 and T5. * p < 0.05, ** p < 0.01.

 
Table 3. Limb symmetry index of peak forces recorded during the sit-to-stand, the stand-to-sit, the eccentric phase of the CMJ, 
and the concentric phase of the CMJ.  

  LIMB SYMMETRY INDEX

  Sit To Stand Stand To Sit CMJ ecc CMJ con

  T1 T2 T3 T4 T5 T1 T2 T3 T4 T5 T4 T5 T4 T5

NMES+ 
mean 58.6 71.9 89.8* 90.0* 96.9 51.1 83.0* 89.2* 89.7* 94.0* 85.2 96.7* 86.9 95.3*

st. dev. 15.4 9.6 14.3 12.1 11.4 14.4 12.9 13.0 13.4 9.7 10.4 9.6 14.4 6.4 

NAT 
mean 55.9 66.0 80.9* 80.1* 91.7 56.4 67.0* 77.7* 77.2* 86.9* 79.3 86.0* 82.3 88.7*

st. dev. 13.1 13.9 12.8 15.0 9.3 13.4 21.0 14.0 18.0 7.7 11.8 8.8 9.0 9.5 
* significant difference between NMES+ group and NAT group. 

 
Discussion 
 
The main result of this study was that a novel training in-
tervention based on neuromuscular electrical stimulation 
superimposed on functional movements during the early 
phase following ACL reconstruction with STGR tendon 
graft, as an additional treatment to standard rehabilitation, 
was more effective in improving muscle strength and knee 
function, both in the short and in the long term after sur-
gery, than a standard rehabilitation with no additional train-
ing intervention. Interestingly, these adaptations occurred 
regardless of tendon regeneration of the donor muscles. 

Increasing the intensity of strength training with tra-
ditional physical therapy exercises is difficult in the first 
two months after surgery as it is impossible to overload the 
knee joint with heavy loads, which are essential to increase 
muscle strength. The superimposition of NMES allowed an 
increase of the intensity of muscle activation at each repe-
tition of easy functional tasks (squat, sit-to-stand, stepping) 
which can be performed in the early phase after surgery by 
all the patients but do not normally require high intensity 
muscle activations. In addition, both the hamstring mus-
cles, which were harvested for ACL graft, and the quadri-
ceps muscle are affected by atrophy and inhibition        

(Hopkins and Ingersoll, 2000). Thus, without electrical 
stimulation it would have been impossible to reach high 
levels of muscle activation. In addition, the lack of activa-
tion of the target muscles leads to inter-agonistic muscle 
compensations, and to an overload of the passive joint 
structures, which may be mechanically damaged (Arokoski 
et al. 2008). 

The benefits of NMES+ training were apparent fol-
lowing the first assessment, which was performed 15 days 
after the beginning of training (i.e., 30 days after surgery). 
Participants of the NMES+ group showed a higher sym-
metry in lower limb loading was found in NMES+ com-
pared to NAT during the stand-to-sit movement, which is 
comparable to the results of Labanca et al. (2018). 

 This result was confirmed during the second as-
sessment, which was carried out at the end of the NMES+ 
training intervention (i.e., 60 days after surgery), and at this 
time point NMES+ participants also showed a higher sym-
metry than the NAT group during the sit-to-stand move-
ment. In addition, 60 days after surgery it was possible to 
safely assess muscle strength for the first time. Participants 
in the NMES+ group showed higher absolute muscle 
strength and higher symmetry of the knee extensor muscles 
in the operated limb at 30° than in the NAT group. To the 
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best of the authors’ knowledge, there are no strength train-
ing interventions based on high intensity muscle contrac-
tions starting as early as fifteen days after surgery, except 
Labanca et al. (2018) who have recently carried out a sim-
ilar early strength training intervention following ACL re-
construction with patellar tendon graft. However, it is dif-
ficult to compare the results of the two studies because of 
the differences in impairment of quadriceps muscle func-
tion that relate to the type of graft. In both studies, the early 
recovery of quadriceps muscle strength was accompanied 
by an improvement in knee function. The early reversal of 
muscle inhibition during the early phases following sur-
gery is essential for two main reasons: first, molecular and 
neural alterations lead to muscle atrophy following ACL 
injury injury (Konishi et al., 2002; Jackman and Kandarian, 
2004), and the longer a muscle remains in an atrophy con-
dition the longer it takes for atrophy reversal; second, the 
early atrophy reversal allows training at higher intensities 
during the intermediate and advanced phases of rehabilita-
tion. Moreover, an increase in strength leads to a decrease 
in abnormal forces on passive joint structures (Arokoski et 
al., 2008), which in turn reduces joint swelling. Less swell-
ing of the knee joint means, avoiding further inhibitory re-
flexes on the quadriceps muscle (Rice and McNair, 2010). 

Interestingly, one month after the end of NMES+ 
treatment (i.e., 90 days after surgery), participants in the 
NMES+ group maintained higher thigh circumference, 
lower knee circumference, higher knee joint range of mo-
tion of the operated knee and a higher symmetry in lower 
limb loading during the sit-to-stand and stand-to-sit tests 
than participants of the NAT group. This trend is confirmed 
by the long-term assessment, i.e., at about one year after 
surgery, whereby the muscle strength of the operated limb 
for both knee extensor and flexor muscles remained higher 
in the NMES+ group compared to the NAT group. This 
observation is supported by the results of previous studies 
showing that an early gain in strength and function is pre-
dictive of long-term outcomes (Labanca et al., 2016; Ha-
nada et al., 2019). It is likely that the earlier recovery of 
muscle strength and symmetrical lower limb loading al-
lowed for the sustention of higher training loads during the 
subsequent phases of rehabilitation, thus leading to im-
proved outcomes from the end of the NMES+ training on-
wards. From a clinical perspective, returning to sport activ-
ities with a higher and more symmetrical between-limbs 
muscle strength leads to a decrease in the risk of reinjury 
(Grindem et al., 2016) and of longer-term knee osteoarthri-
tis (Patterson et al., 2020). 

The higher increase in strength of the quadriceps 
muscle in the NMES+ group than in the NAT group might 
also explain the higher improvements in other functional 
outcomes such as the sit-to-stand and the concentric phase 
of the CMJ. It is interesting to note that participants in the 
NMES+ group also showed higher symmetry than NAT 
participants during the stand-to-sit test and during the ec-
centric phase of the CMJ. These latter tests require high 
levels of strength and power in the knee flexor muscles. 
Previous research reported the important role of knee 
flexor activation in jumping performance, particularly in 
the first phase of the countermovement (Nagano et al., 
2005; Perraton et al., 2019). 

No significant differences were found in the mor-
phology of muscle bellies and tendons between the two 
groups and between participants with or without regenera-
tion of the tendon. This is in contrast with previous studies 
reporting a larger cross-sectional area of the ST and GR 
regenerated tendons following ACL reconstruction (Gill et 
al., 2004; Snow et al.; 2012; Konrath et al., 2016). It may 
be argued that two months of neuromuscular electrical 
stimulations may not have been long enough to induce fur-
ther morphological adaptations of muscles and tendons 
with respect to standard rehabilitation. The greater im-
provements in muscle strength and knee function in the 
NMES+ group than in the NAT group may therefore be 
ascribed mainly to neural adaptations of the trained mus-
cles (Hortobágyi and Maffiuletti, 2011). The early NMES+ 
intervention might have acted against neural alterations 
that feature ACL rupture and surgery, such as arthrogenic 
muscle inhibition and atrophy of fast twitch motor units 
(Konishi et al., 2002). In addition, it cannot be excluded 
that the higher knee flexor strength in NMES+ participants 
might be due to an increase in strength of the SM and BF 
muscles, which are very close to the ST, and thus were in-
voluntarily stimulated during training, i.e., the high inten-
sity of stimulation and the size of the electrodes applied 
over the ST muscle might have also stimulated the adjacent 
SM and BF muscles. In contrast with a previous investiga-
tion (Konrath et al., 2016) reporting a compensatory in-
crease in volume of the BF muscles in the operated limb of 
patients with harvested ST to counterbalance the loss of the 
ST muscle, in our study there were no between-limb dif-
ferences in the volume of knee flexor muscles. However, 
Konrath et al. (2016) carried out the MRI for assessing 
muscle volume 2 years after surgery, whereas in this inves-
tigation it was performed at a mean of 12.5 months after 
surgery. Perhaps a longer-term assessment might have 
shown similar results. 

Finally, there were no differences between the two 
groups in the number of patients showing tendon regener-
ation and none of the assessed parameters in this study 
were predictive of the regeneration of the tendon. The lit-
erature suggests that regeneration of the tendon may be 
linked to anatomical and surgical factors or to the outcome 
of the organization of precursor tendon cells in the post-
surgical hematoma (Eriksson et al., 2003). To date, these 
latter factors appear to be the only variables affecting ten-
don regeneration. Future research should further clarify 
these points with studies assessing the effects of training 
interventions in larger cohorts of participants. 

One last point needs to be discussed for this study. 
Only two groups of patients were included in the present 
study, i.e. the NMES+ group and a control group. We did 
not add a third group of patients performing only the addi-
tional functional exercises without superimposing NMES 
since in our previous research (Labanca et al. 2018) we 
found that adding only functional exercises without NMES 
to traditional rehabilitation does not have any effect on 
muscle strength in either the short or long-term following 
ACL surgery. In addition, a trend to an increase in knee 
joint pain was observed in patients performing only the       
additional exercises in comparison with those performing 
the additional exercises with the superimposition of the 
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NMES. In addition, in a more recent study (Borzuola et al. 
2020), it was found that only superimposing NMES to vol-
untary muscle contractions leads to an increase of moto-
neuron excitability with respect to NMES only, without 
voluntary muscle contractions, or voluntary muscle con-
tractions only, without NMES. Thus, it seems that in pa-
tients showing neural alteration and muscle inhibition, like 
in ALC reconstructed patients, the most effective way for 
an early recovery of muscle strength is functional exercise 
with superimposed NMES. 

From a practical point of view, some methodologi-
cal issues related to the intensity of stimulation during 
training should be discussed. It has been suggested that the 
intensity of stimulation should be increased as much as 
possible in accordance with the individual tolerance to 
maximize motor unit recruitment (Maffiuletti 2010). In this 
study, during quadriceps training three components of the 
same muscle were stimulated (VL, VM, and RF). The in-
crease in the level of intensity is done according to the tol-
erance of the participants, meaning that the intensity is in-
creased according to the tolerability of the “sense of effort” 
that the current creates in the muscle. During the training 
sessions the intensity of stimulation had to be adjusted for 
each of the three muscles as the same level of intensity 
gave different “sensations” in each muscle. In order to ob-
tain the same “sense of effort” among the three muscles, 
the intensity of stimulation in the VM needed to be higher 
than in the VL and RF. In turn, the RF needed a lower level 
of intensity when compared with VL. One possible expla-
nation is that VM shows a higher degree of atrophy, and 
inhibition, thus requiring a higher intensity to have the 
same “sense of effort” when compared with the other two 
muscles. Second, RF is continuously activated by non-
functional strengthening exercises, such as straight leg 
raises, which are largely “used and abused” in the early 
phases after surgery. This kind of exercise is effective for 
muscles acting on the hip joint but has little effect on mus-
cles acting directly and only on the knee joint as VM. In 
this light, the NMES+ exercise proposed in this study was 
highly effective for VM training, as shown by the results 
of the strength assessment 60 days after surgery, where the 
NMES+ group had higher levels of quadriceps strength at 
30° in which VM has a higher role than the VL and RF. In 
addition, no differences were found between the two 
groups in the strength assessment at 90° where RF and VL 
plays the major role. To the best of the authors’ knowledge, 
there are no studies within the literature reporting similar 
results in the early phase after surgery with other kinds of 
training interventions. 

The main limitation of this study is that the gracilis 
muscle was not stimulated even if harvested for surgical 
graft. This choice was related to the fact that in a prelimi-
nary pilot investigation for this study, gracilis identifica-
tion and stimulation was extremely difficult and resulted in 
high discomfort, making it impossible to appropriately in-
crease the intensity of stimulation. A second limitation of 
the study is that the follow-up of participants ended at a 
mean of 12.5 months after surgery. In future studies follow 
up time should be extended. A third limitation of this study 
is that the sample size reached the minimum necessary to 
obtain a significant effect size based on an a priori               

calculation. Thus, results need to be confirmed by further 
studies involving a higher number of participants. In addi-
tion, the therapists who administered the NMES training 
were aware that patients were part of a research study. 
However, data collection and analysis were blinded since 
the authors performing the assessment and analysis were 
blinded on patients’ allocation. Finally, it is well known 
that a unilateral ACL injury/surgery affects also contrala-
teral limb strength and function (Wellsandt et al., 2017; 
Benjaminse et al., 2018). In this study, the additional 
NMES+ training was administered only in the operated 
limb, since this was a very early intervention aiming at an 
early reversal of hamstring muscle atrophy and inhibition 
in the operated limb. Longer term training interventions 
should also consider training both limbs. 

 
Conclusion 
 
In conclusion, the quality of rehabilitation can be greatly 
improved by adding a two-month structured resistance-
training intervention, based on neuromuscular electrical 
stimulation superimposed on functional movements, in the 
early phase following ACL reconstruction with hamstring 
graft, as shown by the improvements in knee function and 
muscle strength in both the short and long term after sur-
gery, regardless of tendon regeneration. Even if in the pre-
sent study no significant NMES+ effects were observed, 
further studies are required to investigate whether extend-
ing this additional intervention beyond two months has an 
effect on tendon regeneration too. 
 
Acknowledgements  
This study was financially supported by a research grant from DJO 
Global. The experiments comply with the current laws of the country in 
which they were performed. The authors have no conflict of interest to 
declare. The datasets generated during and/or analyzed during the current 
study are not publicly available, but are available from the corresponding 
author who was an organizer of the study. 
 

References  
 
Abourezk, M.N., Ithurburn, M.P., McNally, M.P., Thoma, L.M., Briggs, 

M.S., Hewett, T.E., Spindler, K.P., Kaeding, C.C. and Schmitt, 
L.C. (2017) Hamstring strength asymmetry at 3 years after ante-
rior cruciate ligament reconstruction alters knee mechanics dur-
ing gait and jogging. American Journal of Sports Medicine 45(1), 
97-105. https://doi.org/10.1177/0363546516664705 

Arokoski, J.P.A., Jurvelin, J.S., Väätäinen, U. and Helminen, H.J. (2008) 
Normal and pathological adaptations of articular cartilage to 
joint loading. Scandinavian Journal of Medicine & Science in 
Sports 10(4), 186-198.  
https://doi.org/10.1034/j.1600-0838.2000.010004186.x 

Baumgart, C., Schubert, M., Hoppe, M.W., Gokeler, A., and Freiwald, J. 
(2015) Do ground reaction forces during unilateral and bilateral 
movements exhibit compensation strategies following ACL re-
construction? Knee Surgery, Sports Traumatology, Arthroscopy 
25(5), 1385-1394. https://doi.org/10.1007/s00167-015-3623-7 

Benjaminse, A., Holden, S., and Myer, G.D. (2018) ACL rupture is a sin-
gle leg injury but a double leg problem, too much focus on ‘sym-
metry’ alone and that’s not enough! British Journal of Sports 
Medicine 53, 993-995. https://doi.org/10.1136/bjsports-2017-
098974 

Beynnon, B.D., Johnson, R.J., Fleming, B.C., Kannus, P., Kaplan, M., 
Samani, J., and Renström, P. (2002) Anterior cruciate ligament 
replacement, comparison of bone-patellar tendon-bone grafts 
with two-strand hamstring grafts. Journal of Bone & Joint Sur-
gery 84, 1503-1513.  
https://doi.org/10.2106/00004623-200209000-00001 



Labanca et al. 

 
 

 

101

Borzuola, R., Labanca, L., Macaluso, A., and Laudani, L. (2020) Modu-
lation of spinal excitability following neuromuscular electrical 
stimulation superimposed to voluntary contraction. European 
Journal of Applied Physiology 120(9), 2105-2113.  
https://doi.org/10.1007/s00421-020-04430-5 

Couppé, C., Suetta, C., Kongsgaard, M., Justesen, L., Hvid, L.G., Aa-
gaard, P., and Magnusson, S.P. (2012) The effects of immobili-
zation on the mechanical properties of the patellar tendon in 
younger and older men. Clinical Biomechanics 27(9), 949-954. 
https://doi.org/10.1016/j.clinbiomech.2012.06.003 

Davies, C.T.M., and Rennie, R. (1968) Human power output. Nature 217, 
770-771. https://doi.org/10.1038/219770a0 

Delitto, A., Rose, S.J., McKowen, J.M., Lehman, R.C., Thomas, J.A., and 
Shively, R.A. (1998) Electrical stimulation versus voluntary ex-
ercise in strengthening thigh musculature after anterior cruciate 
ligament surgery. Physical Therapy 68(5), 660-663.  
https://doi.org/10.1093/ptj/68.5.660 

Enwemeka, C.S. (1992) Functional loading augments the initial tensile 
strength and energy absorption capacity of regenerating rabbit 
achilles tendons. American Journal of Physical Medicine & Re-
habilitation 71, 31-38.  
https://doi.org/10.1097/00002060-199202000-00008 

Eriksson, K., Anderberg, P., Hamberg, P., Olerud, P., and Wredmark, T. 
(2003) There are differences in early morbidity after ACL recon-
struction when comparing patellar tendon and semitendinosus 
tendon graft A prospective randomized study of 107 patients. 
Scandinavian Journal of Medicine & Science in Sports 11, 170-
177. https://doi.org/10.1046/j.1524-4725.2001.110307.x 

Fitzgerald, G.K., Piva, S.R., and Irrgang, J.J. (2003) A modified neuro-
muscular electrical stimulation protocol for quadriceps strength 
training following anterior cruciate ligament reconstruction. 
Journal of Orthopedic & Sports Physical Therapy 33(9), 492-
501. https://doi.org/10.2519/jospt.2003.33.9.492 

Gill, S.S., Turner, M.A., Battaglia, T.C., Leis, H.T., Balian, G., and Mil-
ler, M.D. (2004) Semitendinosus regrowth, biochemical, ultra-
structural, and physiological characterization of the regenerate 
tendon. American Journal of Sports Medicine 32, 1173-1181. 
https://doi.org/10.1177/0363546503262159 

Grindem, H., Snyder-Mackler, L., Moksnes, H., Engebretsen, L., Risberg, 
M.A. (2016) Simple decision rules can reduce reinjury risk by 
84% after ACL reconstruction, the Delaware-Oslo ACL cohort 
study. British Journal of Sports Medicine 50, 804-808. 
https://doi.org/10.1136/bjsports-2016-096031 

Hanada, M., Yoshikura, T., and Matsuyama, Y. (2019) Muscle recovery 
at 1 year after the anterior cruciate ligament reconstruction sur-
gery is associated with preoperative and early postoperative mus-
cular strength of the knee extension. European Journal of Ortho-
paedic Surgery and Traumatology 29(8), 1759-1764. 
https://doi.org/10.1007/s00590-019-02479-3 

Heijne, A., and Werner, S. (2010) A 2-year follow-up of rehabilitation 
after ACL reconstruction using patellar tendon or hamstring ten-
don grafts, a prospective randomised outcome study. Knee Sur-
gery, Sports Traumatology, Arthroscopy 18, 805-813. 
https://doi.org/10.1007/s00167-009-0961-3 

Hopkins, J.T., and Ingersoll, C.D. (2000) Arthrogenic muscle inhibition:  
a limiting factor in joint rehabilitation. Journal of Sports Reha-
bilitation 9(2), 135-159. https://doi.org/10.1123/jsr.9.2.135 

Hortobágyi, T., and Maffiuletti, N.A. (2011) Neural adaptations to elec-
trical stimulation strength training. European Journal of Applied 
Physiology 111(10), 2439-2449. https://doi.org/10.1007/s00421-
011-2012-2 

Ilahi, OA, Staewen RS, Stautberg EF, Qadeer AA (2018) Estimating 
lengths of semitendinosus and gracilis tendons by magnetic res-
onance imaging. The Journal of Arthroscopic and Related Sur-
gery 34(8), 2457-2462.  
https://doi.org/10.1016/j.arthro.2018.03.031 

Jackman, R.W., and Kandarian, S.C. (2004) The molecular basis of skel-
etal muscle atrophy. American Journal of Physiology 287(4), 
834-843. https://doi.org/10.1152/ajpcell.00579.2003 

Konishi, Y., Fukubayashi, T., and Takeshita, D. (2002) Mechanism of 
quadriceps femoris muscle weakness in patients with anterior 
cruciate ligament reconstruction. Scandinavian Journal of Med-
icine & Science in Sports 12(6), 371-375.  
https://doi.org/10.1034/j.1600-0838.2002.01293.x 

Konrath, J.M., Vertullo, C.J., Kennedy, B.A., Bush, H.S., Barrett, R.S., 
and Lloyd, D.G. (2016) Morphologic characteristics and strength 
of the hamstring muscles remain altered at 2 years after use of a 

hamstring tendon graft in anterior cruciate ligament reconstruc-
tion. American Journal of Sports Medicine 44, 2589-2598. 
https://doi.org/10.1177/0363546516651441 

Kulas, A.S., Schmitz, R.J., Shultz, S.J., Waxman, J.P., Wang, H.M., 
Kraft, R.A., and Partington, H.S. (2018) Bilateral quadriceps and 
hamstrings muscle volume asymmetries in healthy individuals. 
Journal of Orthopaedic Research 36(3), 963-970.  
https://doi.org/10.1002/jor.23664 

Labanca, L., Laudani, L., Menotti, F., Rocchi, J., Mariani, P.P., Giombini, 
A., and Macaluso, A. (2016) Asymmetrical lower extremity 
loading early after anterior cruciate ligament reconstruction is a 
significant predictor of asymmetrical loading at the time of return 
to sport. American Journal of Physical Medicine & Rehabilita-
tion 95(4), 248-255.  
https://doi.org/10.1097/PHM.0000000000000369 

Labanca, L., Rocchi, J.E., Laudani, L., Guitaldi, R., Virgulti, A., Mariani, 
P.P., and Macaluso, A. (2018) Neuromuscular electrical            
stimulation superimposed on movement early after ACL surgery. 
Medicine & Science in Sports & Exercise 50(3), 407-416. 
https://doi.org/10.1249/MSS.0000000000001462 

Labanca, L., Laudani, L., Mariani, P.P., and Macaluso, A. (2020) Quad-
riceps muscle compensatory activations are delayed following 
ACL reconstruction using hamstrings tendon graft. The Knee 
27(2), 300-307. https://doi.org/10.1016/j.knee.2019.09.011 

Laudani, L., Giombini, A., Mariani, P.P., Pigozzi, F., and Macaluso, A. 
(2014) Application of the sit-to-stand movement for the early as-
sessment of functional deficits in patients who underwent ante-
rior cruciate ligament reconstruction. American Journal of Phys-
ical Medicine & Rehabilitation 93, 189-199.  
https://doi.org/10.1097/PHM.0b013e3182a54178 

Laudani, L., Vannozzi, G., Sawacha, Z., Della Croce, U., Cereatti, A., and 
Macaluso, A. (2013) Association between physical activity lev-
els and physiological factors underlying mobility in young, mid-
dle-aged and older individuals living in a city district. Plos One 
8(9), e74227. https://doi.org/10.1371/journal.pone.0074227 

Lepley, L.K., Wojtys, E.M., and Palmieri-Smith, R.M. (2015) Combina-
tion of eccentric exercise and neuromuscular electrical stimula-
tion to improve biomechanical limb symmetry after anterior cru-
ciate ligament reconstruction. Clinical Biomechanics 30(7), 738-
747. https://doi.org/10.1016/j.clinbiomech.2015.04.011 

Maffiuletti, N.A. (2010) Physiological and methodological considerations 
for the use of neuromuscular electrical stimulation. European 
Journal of Applied Physiology 10(2), 223-234.  
https://doi.org/10.1007/s00421-010-1502-y 

Makihara, Y., Nishino, A., Fukubayashi, T., and Kanamori, A. (2006) De-
crease of knee flexion torque in patients with ACL reconstruc-
tion, combined analysis of the architecture and function of the 
knee flexor muscles. Knee Surgery, Sports Traumatology, Ar-
throscopy 14(4), 310-317. https://doi.org/10.1007/s00167-005-
0701-2 

Miller, B.F., Olesen, J.L., Hansen, M., Døssing, S., Crameri, R.M., Well-
ing, R.J., Langberg, H., Flyvbjerg, A., Kjaer, M., Babraj, J.A., 
Smith, K., and Rennie, M.J. (2005) Coordinated collagen and 
muscle protein synthesis in human patella tendon and quadriceps 
muscle after exercise. Journal of Physiology 567(3), 1021-1033. 
https://doi.org/10.1113/jphysiol.2005.093690  

Morse, C.I., Degens, H., and Jones, D.A. (2007) The validity of estimat-
ing quadriceps volume from single MRI cross-sections in young 
men. European Journal of Applied Physiology 100, 267- 274. 
https://doi.org/10.1007/s00421-007-0429-4 

Nagano, A., Komura, T., Fukashiro, S., and Himeno, R. (2005) Force, 
work and power output of lower limb muscles during human 
maximal-effort countermovement jumping. Journal of Electro-
myography and Kinesiology 15, 367-376.  
https://doi.org/10.1016/j.jelekin.2004.12.006 

Nomura, Y., Kuramochi, R., and Fukubayashi, T. (2015) Evaluation of 
hamstring muscle strength and morphology after anterior cruci-
ate ligament reconstruction. Scandinavian Journal of Medicine 
& Science in Sports 25(3), 301-307.  
https://doi.org/10.1111/sms.12205 

Patterson, B., Culvenor, A.G., Barton, C.J., Guermazi, A., Stefanik, J., 
Morris, H.G., Whitehead, T.S., and Crossley, K.M. 7 (2020) 
Poor functional performance 1 year after ACL reconstruction in-
creases the risk of early osteoarthritis progression. British Jour-
nal of Sports Medicine 54, 546-555.  
https://doi.org/10.1136/bjsports-2019-101503 

Perraton, L.G., Clark, R.A., Crossley, K.M., Pua, Y.H., Whitehead, T.,  



Strength training following ACL reconstruction 
 

 

 

102 

Morris, H.G., Culvenor, A.G., and Bryant, A.L. (2019) Greater 
knee flexion excursion/moment in hopping is associated with 
better knee function following anterior cruciate ligament recon-
struction. Knee Surgery, Sports Traumatology, Arthroscopy 
27(2), 596-603. https://doi.org/10.1007/s00167-018-5197-7 

Rice, D.A., and McNair, P.J. (2010) Quadriceps arthrogenic muscle inhi-
bition:  neural mechanisms and treatment perspectives. Seminars 
in Arthritis and Rheumatisms 40(3), 250-266.  
https://doi.org/10.1016/j.semarthrit.2009.10.001 

Rocchi, J.E., Labanca, L., Laudani, L., Minganti, C., Mariani, P.P., and 
Macaluso, A. (2020) Timing of muscle activation is altered dur-
ing single-leg landing tasks after anterior cruciate ligament re-
construction at the time of return to sport. Clinical Journal of 
Sports Medicine 30, 186-193.  

Sinding, K.S., Nielsen, T.G., Hvid, L.G., Lind, M., and Dalgas, U. (2020) 
Effects of autograft types on muscle strength and functional ca-
pacity in patients having anterior cruciate ligament reconstruc-
tion.  A randomized controlled trial. Sports Medicine 50(7), 
1393-1403. https://doi.org/10.1007/s40279-020-01276-x 

Snow, B.J., Wilcox, J.J., Burks, R.T., and Greis, P.E. (2012) Evaluation 
of muscle size and fatty infiltration with MRI nine to eleven 
years following hamstring harvest for ACL reconstruction. Jour-
nal of Bone & Joint Surgery. American Volume 94(14), 1274-
1282. https://doi.org/10.2106/JBJS.K.00692 

Suijkerbuijk, M.A.M., Reijman, M., Lodewijks, S.J.M., Punt, J., and 
Meuffels, D.E. (2015) Hamstring Tendon Regeneration After 
Harvesting. A Systematic Review. American Journal of Sports 
Medicine 43(10), 2591-2598.  
https://doi.org/10.1177/0363546514562169 

Snyder-Mackler, L., Delitto, A., Stralka, S.W., and Bailey, S.L. (1994) 
Use of electrical stimulation to enhance recovery of quadriceps 
femoris muscle force production in patients following anterior 
cruciate ligament reconstruction. Physical Therapy 74(10), 901-
907. https://doi.org/10.1093/ptj/74.10.901 

Tegner, Y., and Lysholm, J. (1985) Rating systems in the evaluation of 
knee ligament injuries. Clinical Orthopaedics & Related Re-
search (198), 43-49.  
https://doi.org/10.1097/00003086-198509000-00007 

Vertullo, C.J., Konrath, J.M., Kennedy, B., Bush, H., Barrett, R.S., and 
Lloyd, D.G. (2017) Hamstring morphology and strength remain 
altered 2 years following a hamstring graft in ACL reconstruc-
tion. Orthopaedic Journal of Sports Medicine 5(5_suppl5), 
2325967117S0018. https://doi.org/10.1177/2325967117S00181 

Wellsandt, E., Failla, M.J., and Snyder-Mackler, L. (2017) Limb sym-
metry indexes can overestimate knee function after anterior cru-
ciate ligament injury. J Orthopaedics & Sports Physical Therapy 
47(5), 334-338. https://doi.org/10.2519/jospt.2017.7285 

Åhlén, M., Lidén, M., Bovaller, Å., Sernert, N., and Kartus, J. (2012) Bi-
lateral magnetic resonance imaging and functional assessment of 
the semitendinosus and gracilis tendons a minimum of 6 years 
after ipsilateral harvest for anterior cruciate ligament reconstruc-
tion. American Journal of Sports Medicine 40(8), 1735-1741. 
https://doi.org/10.1177/0363546512449611 

 
 

Key points 
 
 For the first time, we have studied the effects of an innova-

tive training intervention on muscle strength, morphology 
and knee function in a group of patients showing deficits 
due to degeneration of the semitendinosus muscle, which 
occurs following ACL reconstruction. 

 Adding a two-month structured resistance-training interven-
tion, based on neuromuscular electrical stimulation super-
imposed on functional movements, in the early phase fol-
lowing ACL reconstruction with hamstring graft, improves 
muscle strength and knee function both in the short and the 
long term.  

 Patients undergoing the NMES- based strength training in-
tervention show improvements in muscle strength and func-
tion regardless of tendon regeneration.  
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