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Abstract 

Aim: The main objective of this study was to compare electro mechanical delay (EMD) and 

rate of torque development (RTD) of the knee extensors 6 weeks after rehabilitation of 

anterior cruciate ligament reconstruction (ACLR) with or without neuromuscular electrical 

stimulation (NMES). Further the feasibility of the study was examined. 

Method: 10 participants were randomized into two groups, one neuromuscular electrical 

stimulation group (NMESG) and one training group (TG). The NMESG used a NMES-device 

as a complement to the ordinary rehabilitation protocol. Regular meetings with a 

physiotherapist were scheduled during the rehabilitation. Measurements of RTD and EMD 

during knee extension were made in an isokinetic dynamometer with electromyography 

recordings (EMG) from the knee extensors 6 weeks after surgery. 

Results: All participants completed the study. The NMESG went to see the physiotherapist 

6.7 ± 2.5 times and the TG 6.8 ± 1.8 times. The participants in the NMESG used the NMES-

apparatus 28 ± 1.7 times. Total number of training days for the NMESG was 25 ± 4 and for 

the TG 35 ± 1. RTD did not significantly differ between the groups. For the TG, RDT was 

901.1, 941.2 and 531.0 Nm/s, over the first 50, 100 and 200 ms, respectively. For NMESG: 

RTD was 824.3, 966.2 and 529.0 Nm/s, over the first 50, 100 and 200 ms, respectively. No 

significant difference between the groups or interaction between group and muscle was found 

in EMD. For both groups EMD was significantly larger for vastus medialis as compared to 

the vastus lateralis and rectus femoris.  

Conclusions: The study was feasible to perform, and despite fewer training days for the 

NMESG, no significant group differences were found in RTD or EMD. A larger study 

population is needed to evaluate the efficacy of the intervention. 

 

Keywords: neuromuscular electrical stimulation, electro mechanical delay, rate of torque 

development, anterior cruciate ligament, electromyography.  

 

 

 

 

 

 

 



 

 

 

Abstrakt 

Syfte: Huvudsyftet med denna studie var att jämföra elektromekaniska fördröjning (EMD) och 

vridmoment utveckling (RTD) för knäextensorerna 6 veckor efter rehabilitering av främre 

korsbandsrekonstruktion (ACLR) med eller utan neuromuskulär elektrisk stimulering 

(NMES). Vidare undersöktes genomförbarheten av studien. 

Metod: 10 deltagare randomiseras in i två grupper, en neuromuskulär elektrisk stimulerings 

grupp (NMESG) och en träningsgrupp (TG). NMESG använde en NMES - enhet som ett 

komplement till ordinarie rehabiliteringsprotokoll. Regelbundna möten med sjukgymnast var 

inplanerad under rehabiliteringen. Mätningar av RTD och EMD under knäets extension 

gjordes i en isokinetisk dynamometer med elektromyografi inspelningar (EMG) från 

knäextensorerna 6 veckor efter operationen. 

Resultat: Alla deltagare fullföljde studien. NMESG träffade sjukgymnasten 6,7 ± 2,5 gånger 

och TG 6,8 ± 1,8 gånger. Deltagarna i NMESG använde NMES - apparaten 28 ± 1,7 gånger. 

Totalt antal träningsdagar för NMESG var 25 ± 4 och för TG 35 ± 1. RTD skiljde sig inte 

signifikant mellan grupperna. För TG var RDT 901,1, 941,2 och 531,0 Nm/s, under de 

respektive första 50, 100 och 200 ms. För NMESG var RTD 824,3, 966,2 och 529,0 Nm/s, 

under de respektive första 50, 100 och 200 ms. Inga signifikanta skillnader mellan grupperna 

eller samspel mellan grupp och muskler hittades i EMD. För båda grupperna var EMD 

signifikant större för vastus medialis jämfört vastus lateralis och rectus femoris. 

Slutsats: Studien var möjligt att utföra, och trots färre träningsdagar för NMESG sågs inga 

signifikanta skillnader mellan grupperna i RTD eller EMD. Det behövs en större 

studiepopulation för att utvärdera effekten av interventionen. 

 

Nyckelord: neuromuscular electrical stimulation, electro mechanical delay, rate of torque 

development, anterior cruciate ligament, electromyography.  

 

 

 

 

 

 

 

 

 



 

 

 

List over short titles  
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1 Introduction  

Anterior cruciate ligament (ACL) tear is common in pivoting sports such as soccer and 

basketball were the players perform sudden directional changes when running. The injury rate 

of ACL tear in Sweden is not fully known but is estimated around 32-80 injuries per 100 000 

citizens a year. Around 3000 persons in Sweden undergo surgery each year and almost half of 

the injuries are related to soccer.(Svenska korsbandsregistret 2013) Several of the injured 

players can never return to the same competitive level as before. Knee instability and function 

of the knee diminishes after the injury and it is often very difficult to retrieve after an ACL 

rupture. Often, long-lasting rehabilitation or ACL reconstructional surgery (ACLR) is 

necessary.  

 

The main mechanical function of the ACL is to restrain forward translation of the tibia bone. 

It also prevents hyperextension of the knee, limits rotation of the tibia and restrains valgus and 

varus stress.(T. Liu-Ambrose, 2003) Since the ligament itself can only sustain 2000 N the 

muscles surrounding the knee are needed as additional protection.(Dyhre-Poulsen and 

Krogsgaard, 2000) In addition to muscular protection the ACL vulnerability is influenced by 

many other factors. There are both extrinsic (outside the body) and intrinsic (inside the body) 

risk factors that effects the ACL injury rate. Intrinsic risk factors such as joint laxity, femoral 

intercondylar notch size and shape, hormonal influences, and ligament size are considered not 

be changeable. Other intrinsic factors such as knee abduction torque, neuromuscular firing 

pattern seemed to be controllable.(Hewett, T.E., Lynch, T.R., Myer, G.D., Ford, K.R., Gwin, 

R.C and Heidt, R.S, 2010) Muscular strength combined with muscular control can help to 

protect the ACL from injuries (Angelozzi M., Madama, M., Corsica, C., Calvisi, V., Properzi, 

G., McCaw, S.T. and Cacchio, A., 2012; Myer, G.D., Schmitt, L.C., Brent, J.L., Ford, K.R., 

Barber Foss, K.D., Scherer, B.J., Heidt, R.S, Divine, J.G. and Hewett, T.E.,  2011). Besides 

the mechanical function the ACL has an important somatosensory role for the knee. The 

ligament contains mechanoreceptors that detect changes in tension, speed, acceleration, 

direction of movement, and the position of the knee joint. This seems to be a big part in the 

neuromuscular control and a key factor in functional instability after ACL-injuries.(T. Liu-

Ambrose, 2003) 

 

ACL ruptures are often combined with either lateral meniscus rupture, medial collateral 

ligament (MCL) rupture or a combination of both. In addition bone bruises can emerge in the 
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lateral compartment. The MCL is primary a medial stabilizer at 20 degrees knee flexion. 

Depending on the externally applied force on the knee the injury can end up verging different. 

The MCL injury is graded from 1-3, 1 giving only medial pain and no increased translation 

and 3 giving up to 10 mm or more increased medial translation.(Mangine, R.E., Minning, S.J., 

Eifert-Mangine, M., Colosimo, A.J.and Donlin, M., 2008) Big meniscus lesions are often 

operated on and are either repaired or removed. Tears in the periphery of the meniscus have 

better healing progress because of a better vascularity. Further longitudinal tears are the tears 

with best healing chance compared to the radial tears. When operated on peripheral 

longitudinal tears are either left in situ or sutured. Which of the option is preferable is still 

debated on.(Vermesan, D., Prejbeanu, R., Laitin, S., Georgianu, V., Haragus, H., Nitescu, S., 

Tatullo, M., Tattoli, M., Caprio, M. and Cagiano, R.,2014)  

 

1.1 Predictors of ACL injuries 

1.1.2 Knee injuries amongst athletes  

ACL rupture is a common injury in sports. There are two types of mechanism´s that can lead 

to injury, contact and non-contact injuries. The non-contact injury usually arises from a 

slightly bent knee combined with an external rotation of the tibia and a valgus force. Contact 

injuries  usually emerge from a valgus force created by an adversary.(Viskontas, D.G., 

Giuffre, B.M., Duggal, N., Graham, D., Parker, D. and Coolican, M.,2008) The non-contact 

are the most frequent and make out up to 70 percent of the ACL injuries (Hewett, T.E., Myer, 

G.D. and Ford, K.R., 2006). ACL injuries result in muscle weakness, joint effusion, altered 

movement, and reduced functional performance. Only in the United States 120 000 athletes 

are affected each year. According to this review only a handful of the athletes manage to 

return to the same level without surgery and more than half of the operated athletes will have 

more than a year of with rehabilitation. 25 percent will return for a second knee 

surgery.(Hewett, T.E., Di Stasi, S.L. and Myer, G.D., 2013)  

 

1.1.3 Gender differences  

Women athletes are 4 to 6 times more likely to obtain an ACL injury playing the same sport 

as male athletes (Hewett et al., 2006). The cause is probably multifactorial but studies have 

shown that strength and neuromuscular training as an intervention can lower the ACL injury 
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rate (Hewett, T.E., Lindenfeld, T.N., Riccobene, J.V. and Noyes, F.R., 1999). Women tend to 

have different neuromuscular strategies in the lower extremity compared to men. A decreased 

activation of the medial quadriceps femoris and the gluteus maximus muscle has been seen 

amongst women (Myer, G.D., Ford, K.R. and Hewett, T.E., 2005; Zazulak, B.T., Ponce, P.L., 

Straub, S.J., Medvecky, M.J., Avedisian, L. and Hewett, T.E., 2005).  A lack of dynamic 

neuromuscular control of the knee and excessive knee joint laxity has also been seen in 

female athletes (Rozzi, S.L., Lephart, S.M., Gear, W.S. and Fu, F.H., 1999). All these factors 

are important contributors to ACL injuries. A strategy to obtain as good neuromuscular 

control as possible should be a goal for all athletes competing in a sport with high demands on 

the knee joint. Research tends to show that it is of additional importance for female athletes.    

 

1.2 Predictors of successful recovery after ACL injury  

An ACL rupture change the dynamics in the knee and can cause giving way episodes which 

can lead to meniscal tears or degenerative meniscal changes (Church and Keating, 2005; 

Joseph, C., Pathak, S.S., Aravinda, M. and Rajan, D., 2008). Although an ACLR is optimal 

for many patients, conservative treatment can work out properly. The outcome of either 

treatment cannot be assessed earlier than 6 months to a year after rehabilitation has 

started.(Wittenberg, R.H., Oxfort, H.U. and Plafki, C., 1998) Church et al (Church and 

Keating, 2005) showed that ACLR carried out within a year after the injury reduces the risk 

of meniscal tears and degenerative changes. Although early ACLR reduces risk for 

intrarticular damage Mayr et al (Mayr, H.O., Weig, T.G. and Plitz, W., 2004) showed that 

reconstructions made within 4 weeks tend to lead to arthrofibrosis. Preoperative irritation i.e. 

swelling, limited range of motion etc. in the knee seemed as well to be associated with the 

arthrofibrosis which have been shown before (Shelbourne and Patel, 1995). In a recent study 

Frobell et. al (Frobell, R.B., Roos, H.P., Roos, E.M., Roemer, F.W., Ranstam, J. and 

Lohmander, L.S., 2013) saw no difference in results after having an early or late ACLR 

compared to those treated with rehabilitation only. A 5-year follow up was made regarding; 

knee injury and osteoarthritis outcome score (KOOS), Tegner activity scale, meniscal surgery 

and radiographic osteoarthritis. No significant difference in any of the outcomes was seen.  

   

When performing an ACLR different types of grafts can be used to replace the ruptured 

ligament. Allografts (from another person) are not as common as autografts (from the 

patient). Autografts such as Achilles tendon, iliotibial tract, fascia lata, are all possible to be 
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used as a new ACL but none of them are as common as the hamstrings, using the 

semitendinosus (ST) tendon, and the patellar tendon graft.(Rahimi, H.M.A., A. Nourozi 

Fashkhami, S. and Sohani, 2009.) 96 percent of the ACLR in Sweden are made with ST-graft 

and the remaining 4 percent uses the patellar tendon graft. Only a handful uses the other grafts 

(Forssblad M., 2013.). Both the ST and the patellar tendon graft have advantages and 

disadvantages. The patellar tendon graft tend to be more stable but generates more anterior 

knee pain compared to the ST-graft. On the other hand the ST-graft has shown to give less 

postoperative complications and is often preferred because of this.(Rahimi et al., 2009.) 

 

1.2.1 Quadriceps function after ACLR 

The quadriceps femoris muscle is crucial for dynamic joint stability and weakness in the 

muscle can diminish functional outcome in the lower extremity and even contribute to early 

commencement of osteoarthritis (Palmieri-Smith, R.M., Thomas, A.C. and Wojtys, E.M., 

2008). Studies have shown that there is a decrease in strength of the quadriceps femoris 

muscle after ACLR (Hasegawa, S., Kobayashi, M., Arai, R., Tamaki, A., Nakamura, T. and 

Moritani, T., 2011; Hewett, T.E., Zazulak, B.T., Myer, G.D. and Ford, K.R., 2005, 1999; 

Snyder-Mackler, L., Binder-Macleod, S.A. and Williams, P.R., 1993). Snyder-Mackler 

showed a decrease of 40 percent of the maximal voluntary contraction in the operated leg 

(Snyder-Mackler et al., 1993). Later studies have shown a decrease of 20 to 30 percent in 

strength during the first 3 months and that 10 to 20 percent can be lost for years compared to 

the non-affected leg (Hasegawa et al., 2011). The strength is most likely inhibited from 

atrophy and arthrogenic inhibition. To maximize the strength in the quadriceps these two 

factors should be the main focus.(Palmieri-Smith et al., 2008) The weakness of the quadriceps 

can also be a factor from the time before surgery. Quadriceps avoidance is found in persons 

with an ACL-injured knee to minimize anterior translation of the tibia bone (Swanik, C.B., 

Lephart, S.M., Giraldo, J.L., Demont, R.G. and Fu, F.H., 1999). After surgery the quadriceps 

avoidance disappears and muscle activity seems to regain its normal muscle activation 

(Swanik et al., 1999).  

 

1.2.2 Return to sport 

After ACLR it is of importance to make a progressive transition back to sport by starting 

sport-related activities as a phase of the rehabilitation (Kvist, 2004). One of the few criteria 
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that is established for the transition back to sport is to minimize the asymmetry between the 

legs often referred as limb asymmetry index (LSI) (Engelen-van Melick, N., van Cingel, 

R.E.H., Tijssen, M.P.W. and Nijhuis-van der Sanden, M.W.G., 2013; Hiemstra, L.A., 

Webber, S., MacDonald, P.B. and Kriellaars, D.J., 2007). The percentage of LSI is being 

discussed and varies from 80 % to 100 % although most studies tend to prefer an LSI of 90 % 

(Engelen-van Melick et al., 2013). Knezevic et. al (Knezevic, O.M., Mirkov, D.M., Kadija, 

M., Nedeljkovic, A. and Jaric, S., 2014) showed that there is bigger asymmetry between 

explosiveness than in maximum strength, therefore additional to strength training explosive 

strength training is needed for full muscular recovery. The timeframe for return to sport seems 

to be a secondary goal since there are other criteria that has to be considered (Kvist, 2004).  

Marcacci et al. (Marcacci, M., Zaffagnini, S., Iacono, F., Vascellari, A., Loreti, I., Kon, E. and 

Presti, M.L., 2003) recognized that out of 50 athletes competing at high level in various sports 

who underwent ACL reconstruction  most of them returned to sport after 4-6 months. The last 

part of the players returned latest after 8 months. In a larger study Ardern  L. et al. (Ardern, 

C.L., Webster, K.E., Taylor, N.F. and Feller, J.A., 2011) found that most of the athletes 

returned to pre-injury sport level after 12 months or more.  

 

1.3 Neuromuscular changes  

After an ACL injury both muscle timing and recruitment order changes. The muscle 

recruitment order at spinal and cortical level has a significant difference in response to an 

anterior tibia translation compared to non-injured person.(Wojtys and Huston, 1994) These 

changes have a direct effect on their physical activity level.(Wojtys and Huston, 1994) The 

injured leg has also a latency in the hamstrings reflex contraction compared to the non-injured 

leg or a non ACL-deficit person.(Beard, D.J., Kyberd, P.J., Fergusson, C.M. and Dodd, C.A., 

1993)   

 

1.3.1 Electromechanical delay 

Neuromuscular changes in the quadriceps have been shown years after ACLR (Madhavan and 

Shields, 2011). Arthrogenic inhibition prevents the active recruitment of quadriceps motor 

neurons (Palmieri-Smith et al., 2008). Such inhibition might diminish and delay the neural 

activation of the quadriceps to the extent that it affects the mechanics of the muscles. The 

time it takes for a muscle to produce a contraction from a neural stimulation is called the 
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electromechanical delay (EMD) (Lacourpaille, L., Hug, F. and Nordez, A., 2013). The EMD 

for different muscles can vary but usually lies between 30 and 100 ms (Cavanagh and Komi, 

1979). During joint load the muscles surrounding the knee needs to be activated in a 30 to 70 

ms window to properly protect the ACL (Wojtys and Huston, 1994). A correlation that 

reduced EMD of the knee extensors equals increased knee stability and vice versa can be 

considered a possibility. In patients with patellofemoral pain syndrome changes in EMD have 

been seen in the knee extensors (Chen, H.-Y., Chien, C.-C., Wu, S.-K., Liau, J.-J. and Jan, 

M.-H., 2012).  

 

1.3.2 Rate of torque development 

Rate of torque development (RTD) can be described as the rate of force developed at the 

onset of contraction in the muscle (Aagaard, P., Simonsen, E.B., Andersen, J.L., Magnusson, 

P. and Dyhre-Poulsen, P., 2002). Correlations have been found between both RTD and 

explosiveness and RTD and maximal force. This makes RTD an important factor for athletes 

with requirements of explosiveness and high demand on muscular force. An increase in RTD 

means that more force can be developed faster (Aagaard et al., 2002). To improve explosive 

strength and thereby RTD a combination of high-force low-velocity, low-force high-velocity 

and high-force high-velocity should be used (Aagaard et al., 2002; Angelozzi et al., 2012; 

Oliveira, F.B.D., Oliveira, A.S.C., Rizatto, G.F. and Denadai, B.S., 2013). After an ACLR an 

increased RTD in the muscles surrounding the knee could possibly protect patients more 

efficiently against heavier force produced from jumping and cutting angles when running. 

Maximum strength is achieved after 300 ms (Aagaard et al., 2002) but the time required for 

muscular strength in daily activities (Suetta, C., Aagaard, P., Rosted, A., Jakobsen, A.K., 

Duus, B., Kjaer, M. and Magnusson, S.P., 2004) and sports is around 0-200 ms (Aagaard et 

al., 2002). RTD could therefore be considered important to improve as much as possible after 

an ACLR for protecting the new graft.  

 

1.4 Neuromuscular electrical stimulation 

Neuromuscular electrical stimulation (NMES) activates muscles with electrical impulses. The 

use of different types of NMES devices has been wide spread throughout rehabilitation of 

different diagnosis. Studies (Hasegawa et al., 2011; Snyder-Mackler, L., Delitto, A., Stralka, 

S.W. and Bailey, S.L., 1994; Wigerstad-Lossing, I., Grimby, G., Jonsson, T., Morelli, B., 
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Peterson, L. and Renström, P., 1988) shows that training combined with NMES can improve 

muscular strength of the knee extensor after ACLR compared to training alone. Atrophy of 

the quadriceps femoris has also been minimized with the use of NMES (7,8). Dervisevic et. al 

(Dervisevic E, Bilban M, Valencic V., 2002) showed that a greater neuronal adaptation was 

developed in muscles after usage of NMES combined with training compared to training by 

itself. Peak torque as well as synchronization of the muscle units has been shown to improve 

more with NMES combined with training than training alone (Maffiuletti NA, Cometti G, 

Amiridis IG, et al., 2000; Pichon F, Chatard JC, Martin A, et al., 1995; Singer KP., 1986). 

Solomonow (1984) showed that NMES recruits larger motor units at lower voluntary 

contraction force. The recruitment is probably a result from the larger motor units being more 

superficial (Lexell, J., Sjöström, M., Nordlund, A.S. and Taylor, C.C., 1992) and that 

electrical-stimulation activates the nociceptors which triggers a reflex that activates the larger 

motor units (Garnett R, Stephens JA., 1981). The arthrogenic inhibition that prevents the 

activation of the quadriceps motoneurons could be directly activated by NMES since 

electrical stimulation has a direct effect on the motor axon (Palmieri-Smith et al., 2008). 

Neither the feasibility (adherence rate, safety etc.) nor the effectiveness of NMES on EMD 

and/or RTD has been evaluated after ACLR. These issues were addressed by the current 

study. 

 

1.5 Objective 

Following an ACLR there is a functional decrease in the Quadriceps femoris muscles. The 

main objective of this study was to examine possible differences in EMD and RTD of knee 

extensor muscles between ACLR patients who have undergone 6 weeks of rehabilitation with 

or without added NMES. To specify the objective the following research questions were 

formed:    

 Can a group difference be seen in electromechanical delay after 6 weeks of regular 

rehabilitation training with or without NMES after ACLR? 

 Can a group difference be seen in rate of torque development after 6 weeks of regular 

rehabilitation training with or without NMES after ACLR? 

 Is it possible for the ACLR patients to perform the training and evaluation without 

complications? 

 Is the study feasible? 

 



8 

 

2 Method 

The studies design is a randomized controlled intervention pilot study. Participants were 

recruited in the same clinic where they were randomly selected into one of two groups. All 

participants had suffered an acute ACL tear and were scheduled for ACLR. During the first 6 

postoperative weeks rehabilitation followed the same protocol under the same clinic for both 

groups. What separated the groups was that one of the groups used an NMES-device during 

isometric contractions. After 6 weeks both groups performed a test measuring RTD and 

EMD.  

 

2.1 Participants  

10 participants (4 males, 6 females) ranging in age from 18 to 40 years (24.8 ± 7.2 years) 

agreed to participate in this study. All patients had suffered an acute ACL tear and underwent 

an artroschopical assisted reconstructional surgery (8 semitendinosus autograft, 2 patellar 

bone-tendon-bone autograft). Two participants had an ACL-revision surgery. Participants 

were randomized into two groups, one neuromuscular electrical stimulation group (NMESG) 

(2 males, 3 females, height: 175 ± 8 cm, weight: 73 ± 7 kg, time from injury to surgery: 7 ± 1 

months) and one training group (TG) (2 males 3 females, height: 176 ± 4 cm, weight: 73 ± 7 

kg, time from injury to surgery: 18 ± 17 months). 

 

2.2 Recruitment 

The participants were recruited during preoperative information given at Capio Artro Clinic 

(CAC). Both oral and written information about the study was given before the participants 

gave their informed consent. To randomly divide the two groups 10 sealed letters (5 NMESG, 

5 TG) were made, each letter containing further information about one of the two groups.  

After giving their informed consent each participant blindly chose one sealed letter which 

randomly put them in one of the two groups and containing further specific information about 

the group. The NMESG were demonstrated how to use the NMES-apparatus both directly 

after opening and reading the information in the envelope and before returning home from the 

clinic after surgery. A direct number was given if any questions needed to be answered. 

Inclusion criteria were age 18-40 years, no earlier usage of electrical stimulation of the lower 

limb. Patients with posterior or lateral instability larger than grade one, as well as 
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osteoarthritis larger than grade one were excluded. Meniscus lesions big enough or operated 

on in a way which would change the postoperative rehabilitation were also excluded. One 

participant had stitches in the meniscus only in a small posterior area that didn´t intervene 

with the rehabilitation during the first 6 weeks. 

 

2.3 Ethic  

An informed consensus (attachment 1) was formed explaining the purpose of this study. All 

participants read and gave their consensus when entering the study. Participation was 

voluntary and did not affect the outcome of rehabilitation or surgery. All data was handled 

confidential and all participants could cancel their involvement of the study at any time. No 

explanation was needed in case of a drop-off. A thorough explanation of the usage of the 

NMES-device was made pre- and postoperative to minimize the risk of mal-usage.   

 

2.4 TG training protocol 

The training started one day postoperative with a home training program (attachment 2) made 

for patients after their ACL reconstructional surgery. The home training program has been 

developed from doctors and physiotherapists at the clinic with long experience from ACL 

rehabilitation. The first week the patient did not do any additional activities other than the 

training program. Ice bandage where given to all participants and they were told to have their 

leg elevated during rest to avoid further swelling. Crutches where used but full load of the 

operated leg was permitted. Week 2-6 all participants met a physiotherapist at the same clinic 

twice a week. Supplementary home training programs were also given individually from each 

physiotherapist the last five weeks. All training followed the same rehabilitation guidelines 

(attachment 3) after ACL reconstruction surgery. No electrical stimulation or open-chain 

exercises were permitted. The TG received a training log book that was to be filled in each 

time rehabilitation training was executed with or without the physiotherapist. 

 

2.5 NMESG training protocol 

The NMESG underwent the same type of postoperative training and regime as the TG. 

Further than the physical training the NMESG performed electrical stimulation with either a 

Theta 500 or Theta 600 Cefar Compex set on Inactivity atrophy program (Total time:25 min; 
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Warm up frequency: 6 Hz, enhancement time duration: 1.5 s, phase time: 2 min, descent time 

duration: 2 s; Contraction frequency: 35 Hz, enhancement time duration: 1.5 s, phase time: 6 

s, descent time duration: 0.75 s; Active rest frequency: 4 Hz, enhancement time duration: 0.5 

s, phase time: 7 s, descent time duration: 0.5 s; Recovery phase frequency: 3 Hz, enhancement 

time duration: 1.5 s, phase time: 3 min, descent time duration: 3 s). All participants in the 

NMESG received a NMES-apparatus to bring home. They were instructed to use the 

apparatus 5 times a week with or without their physiotherapist. Included with the NMES-

apparatus followed two cables, four 5*5 cm electrodes, two 5*9 cm electrodes and one 

charger. Stimulation of the quadriceps femoris was made by placing 5*5 cm electrodes over 

the distal part of vastus medialis (VM) and vastus lateralis (VL) and one 5*9 cm electrode 

over the central, bulky portion of rectus femoris (RF).   

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Stimulation of the quadriceps with the neuromuscular electric stimulation-

apparatus: Electrodes were placed over the rectus femoris, vastus medialis and the vastus 

lateralis. 

 

Instructions of the usage were not to extend the leg further than a 30 degree angle (0 = full 

extension). An isometric voluntary contraction (VC) was to be performed during the phase 

time. To perform an isometric contraction during the usage of the electrical stimulation the 

participants were to sit in front of a wall or anything similar that could stop the leg from 

extending during the muscular contraction. The NMESG received two log books which were 

to be filled in during their first 6 weeks postoperative. A log book were to be filled in each 

time rehabilitation training was executed with or without the physiotherapist. Additional to 
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the training log book a NMES log book was to be filled in each time an NMES-session was 

performed. 

 

2.6 Data collecting 

Six weeks (44 ± 6 days) postoperative the participants performed a test at GIH to collect data. 

The electromechanical delay was measured by an electromyography (EMG) device and the 

rate of torque development by a torque transducer (Isomed 2000). The torque signal was 

amplified (*1000), and sampled at 2000 Hz using an external amplifier (NL 824, Digitimer 

Ltd). To reduce skin impedance hair was removed with a razorblade and the skin was cleaned 

with alcohol. Bipolar surface electrodes were placed superficial over VM, VL and RF. A 

reference electrode was placed either on the head of fibula or the medial tibia condyle. The 

electrodes on the muscles were placed parallel with the presumed muscle fiber orientation.  

 

2.7 Test procedure  

When electrodes were attached the participants cycled for three minutes on a stationary bike 

with a light resistance chosen by themself. They were not to exceed 11 on a Borg rating of 

perceived exertion (RPE) scale placed in front of them. The isometric maximal voluntary 

contraction (MVC) was made in a sitting position with a 40° knee flexion (0° = full 

extension) and a 100° (0° = straight legs) hip flexion. Both angles were measured with a 

goniometer. The flexed knee angle made it less demanding on the ACL and is a safe way to 

produce force from the knee extensors without compromising the ACL graft (Escamilla, R.F., 

Fleisig, G.S., Zheng, N., Barrentine, S.W., Wilk, K.E. and Andrews, J.R., 1998; Henning, 

C.E., Lynch, M.A. and Glick, K.R., Jr, 1985). A sound created from an external device gave 

the go for the patient to start an isometric contraction. The contraction was held with maximal 

force for three seconds during verbal encouragement. The verbal encouragement was made by 

a blinded supervisor to make sure that none of the groups received additional encouragement. 

A total of three approved isometric contractions were made.  
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Figure 2. The isometric contraction was performed with a 40° knee flexion and a 100° hip 

flexion. Electrodes were placed over vastus medialis, vastus lateralis, rectus femoris and a 

neutral point. 

 

2.8 Data analysis 

All data from the test procedure was encrypted before being processed. CED Spike2 7.09 was 

used to measure RTD and EMD. The trial with the highest knee extensor torque was chosen 

for further analyses. RTD was measured as the difference in torque/difference time from the 

onset of the contraction to 50, 100 and 200 ms. Onset was defined as when the force increased 

3.5 Nm above baseline level. EMD was measured from the first visual activation of the 

muscle above baseline to the onset of contraction. Measurements were made visually by 

placing a horizontal cursor at the onset of EMG. The data window always had the same size 

and Y- and X-axis range on all subjects.  
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Figure 2. CED Spike2 7.09 was used to measure rate of torque development and 

electromechanical delay. The figure is showing the data collected from the electromyography 

of participant x. From the top torque from the knee extensors is seen followed by the activity 

in the rectus femoris, vastus lateralis and vastus medialis.  

 

2.9 Statistics 

Data analysis was made in STATISTICA 12.0 (StatSoft, USA). Shapiro Wilks W-test was 

used to test normality. Means and standard deviation were calculated in Microsoft Excel and 

are given as mean ± SD. Repeated measures two-way ANOVA was used to assess 

interactions between muscle and group regarding EMD. Group difference in RTD was tested 

for each interval using independent t-tests. A significant value was set as P ≤ 0.05 and a 

tendency was defined as 0.05 ≤ p < 0.1. Where a significant difference or a tendency was 

identified in the ANOVA a post hoc test was made with Tukey HSD-test. 

 

3 Results 

3.1 Feasibility  

All ten participants went through with the study. No complications from the training was 

reported. One participant of the NMESG did not fill in the training- or NMES-schedule. All 

participants went to the physiotherapist one week after surgery as instructed. Meetings with 

the physiotherapist varied after the first session. The NMESG went to see the physiotherapist 

6.7 ± 2.5 times and the TG 6.8 ± 1.8 times. The participants in the NMESG used the NMES-
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apparatus 28 ± 1.7 times. The variation of the usage was only seen in the first postoperative 

week. Total amount of training days for the NMESG were 25 ± 4 and for the TG 35 ± 1.  

 

3.2 Rate of torque development  

No significant difference between groups was found in RTD for either interval (50, 100 or 

200 ms). Descriptive statistics for NMESG and TG are presented in table 1.   

 

Table 1. Table showing between group comparisons of rate of torque development calculated 

over 50, 100 and 200 ms. No significant group difference were found. 

 

Measure 

 

TG (Nm/s) 

 

NMESG (Nm/s) 

Between group 

comparison 

RTD50 910.1 ± 453.7 824.3 ± 242.2 p = 0.72 

RTD100 941.2 ± 537.8 966.2 ± 464.4 p = 0.94 

RTD200 531.0 ± 252.3 529.0 ± 232.9 p = 0.99 

 

3.3 Electromechanical delay 

No significant difference between the groups or interaction between group and muscle. A 

significant difference was however found (F=7.789, p<0.005) between the muscles. 

 

A post-hoc Tukey HSD-test was performed to compare EMD between muscles for subjects of 

both groups. A significant difference was found between the vastus medialis and the other 

two muscles. EMD of the vastus medialis was significantly larger compared to both vastus 

lateralis (p = 0.0048) and rectus femoris (p = 0.0254), which implies that vastus medialis was 

activated prior to the other muscles. 

 

Table 2. Mean and standard deviation electromechanical delay of the different muscles.  

Muscle Vastus lateralis Vastus medialis Rectus femoris 

EMD Mean ± SD 

(ms) 

73.4 ± 13.4 84.5* ± 0.095 75.9 ± 12.2 

* signifies significantly higher value for vastus medialis than for vastus lateralis and rectus 

femoris. 
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4 Discussion 

The main findings of this study were that it was feasible to perform the NMES treatment but 

that this small study was not able to identify possible differences in rehabilitation success on 

EMD or RTD. 

 

The quadriceps femoris muscle has an important role for joint stability in the lower extremity. 

A decrease in strength and neuromuscular changes has been shown after ACLR. EMD and 

RTD can both be considered to play an important role to protect the graft after ACLR. The 

aim of the study was to compare the outcome of EMD and RTD after ACLR between two 

different type of rehabilitation programs during the first 6 postoperative weeks.  One group 

followed regular rehabilitation training (TG) and one group followed regular rehabilitation 

training combined with NMES over the quadriceps muscle 5 times/week (NMESG). EMG 

over the vastus medialis, vastus lateralis and rectus femoris was measured during isometric 

MVC 6 weeks after the ACLR. Although there was a tendency of a lower RTD50 for the 

NMESG no significant difference on EMD or RTD was found between the groups.  

 

4.1 Feasibility   

The study was feasible to perform. All participants went through with the study and only one 

participant did not return their NMES- and training schedule. Almost all of the participants 

followed the training protocol daily and met their physiotherapist as planned. The usage of the 

NMES only differed in the first week which could be because of a variance of the general 

postoperative condition. Even though instructions were given pre- and postoperative an 

insecurity over the appliance of the NMES-apparatus might also have been a factor of the 

variation of the NMES-usage. After the first week all participants met their physiotherapist 

and were able to acquire additional help with the usage. The participants were to adjust the 

NMES stimulation intensity as much as they tolerated. Many studies (Ediz , L., Ceylan, M.F., 

Turktas, U., Yanmis, I. and Hiz, O., 2012; Hasegawa et al., 2011; Snyder-Mackler et al., 

1994; Wigerstad-Lossing et al., 1988) used the same instructions which seems to be a good 

way to maximize the tolerability of the intensity of the NMES. Compliance throughout the 

study was good and the regular meetings with the physiotherapist was probably a partial 

explanation of this.  
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4.2 Rate of torque development 

The RTD did not differ significantly between the groups. Although a 10 percent lower RTD 

after 50 ms in the NMESG was found, there was no statistical significance. An increased 

RTD may imply a higher and faster activation of larger motoneurons since it has been shown 

to increase with heavy resistance training (Aagaard et al., 2002).  

Many athletes return to sport before the first year after ACLR (Marcacci et al., 2003). 

Angelozzi et al (Angelozzi et al., 2012) showing that there was a significant difference in 

RTD in the affected leg compared to the non-affected 6 months after ACLR. 12 months 

postoperative RTD was fully recovered.  Since RTD is important for sport activities that 

requires great acceleration (Marques, M.C., van den Tilaar, R., Vescovi, J.D. and Gonzalez-

Badillo, J.J., 2007) return to sport before one year after ACLR could mean a re-injury risk for 

the athlete. If the athlete needs to return to sport earlier than a year after ACLR it’s thinkable 

that it is of importance to improve RTD to minimize the re-injury risk. RTD can be improved 

by a combination of high-force low-velocity, low-force high-velocity and high-force high-

velocity training (Aagaard et al., 2002; Angelozzi et al., 2012; Oliveira et al., 2013). During 

rehabilitation it is then of importance to involve all three training types to improve RTD.  

RTD has also been proven to improve with isometric resistance training when tested on 

healthy active men (Oliveira et al., 2013). The NMESG in this study were instructed to 

complete 25 min training 5 times/week of isometric contractions. This means that the 

isometric contraction by themselves could give the NMESG an increased RTD. For a better 

understanding of the effect of NMES by itself as an intervention isometric contractions should 

have been made in both groups. It is also worth mentioning that the TG had 35 ± 1 total 

amount of training days and the NMESG only had 25 ± 4. This means that mean training days 

differed 10 times which could also affected the results.  

 

Even though NMES didn’t give any significant improvement on RTD theoretically it could be 

considered a possibility. It is suggested that NMES results in a reversal of Henneman’s size 

principle (Henneman, E., Somjen, G. and Carpenter, D.O., 1965) (recruitment of small, 

typically slow, motor units followed by increasing size to the larger, typically fast, motor 

units). The suggestion is based on that the axons of the larger motor units have a lower 

resistance to current, conduct action potentials at faster rates and that data demonstrate 

increased fatigue with NMES versus voluntary activation. One of the keys to improve RTD 

seems to be by activation and training of the larger motoneurons since high-force low-
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velocity, low-force high-velocity and high-force high-velocity training has been proven to 

help (Aagaard et al., 2002; Angelozzi et al., 2012; Oliveira et al., 2013). Gregory and Bickel 

(2005) opposes the reversal of the Henneman’s principle and means that the literature 

supports a randomized non selective recruitment of muscle fibers. They do however support 

the fact that NMES is beneficial for the recruitment of fast motor units. A larger group of 

participants is needed to evaluate how much this combination can help to improve RTD in the 

early phase after ACLR and if it is beneficial when returning to sport.  

 

4.3 Electromechanical delay   

There were no between group differences in EMD for any of the muscles. A significantly 

longer EMD was however found for VM as compared to VL and RF when looking at both 

groups together. Although recruitment and timing pattern has been seen in ACL-deficit 

persons (Wojtys and Huston, 1994) Georgoulis D et al. (Georgoulis, A.D., Ristanis, S., 

Papadonikolakis, A., Tsepis, E., Moebius, U., Moraiti, C. and Stergiou, N., 2005) implied that 

an ACLR with a patellar-tendon graft does not impair EMD on either VM or RF. 

Reconstructions of the ACL using semitendinosus or the gracilis tendon on the other hand 

seems to have negative effect on EMD of the knee flexors.  Ristanis et. al (, S., Tsepis, E., 

Giotis, D., Stergiou, N., Cerulli, G. and Georgoulis, A.D., 2009) found that both 

semitendinosus (ST) and biceps femoris (BF) had an impaired EMD after ACLR. Even 

though BF was not directly affected in the surgery EMD was effected. This might be a cause 

of the synergist work that BF has with ST as it is discussed by Ristanis et. al. Kaneko et. al 

(Kaneko, F., Onari, K., Kawaguchi, K., Tsukisaka, K. and Roy, S.H., 2002) saw an increased 

difference in EMD after ACLR with ST graft on the VL. Both Ristanis et. al. and Kaneko et. 

al discusses the changes in the elastic components of the muscles. Electromechanical delay is 

suggested to be mainly related with the time it takes to lengthen the elastic elements (Norman 

and Komi, 1979). Even though the ST-graft can regenerate (Eriksson, K., Hamberg, P., 

Jansson, E., Larsson, H., Shalabi, A., Wredmark, T., 2001) it seems as the regeneration of the 

tendon changes the structure (Ferretti, A., Conteduca, F., Morelli, F. and Masi, V., 2002). 

Ferretti et al. (2002) saw that after harvesting a ST-tendon a thicker part with bundles of 

collagen fibers and scattered rows of spindle-shaped cells were detectable. This thickened, 

scarred tendon could be what causes a change in the elastic component and thereby effects the 

EMD. Even though Kaneko et al. (2002) saw an increased EMD in VM after ACLR it seems 
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that it might be of more importance to improve EMD on the ST and possibly the BF rather 

than on the quadriceps muscle after harvesting the ST-tendon. 

 

An incidental finding was made in this study. EMD of VM was found to be faster than the 

activation of RF and VL. In patellofemoral pain persons a decrease in VM activation has been 

seen (Toumi, H., Best, T.M., Pinti, A., Lavet, C., Benhamou, C.L. and Lespessailles, E., 

2013). In the same study it was found that all patients with a weak VM in isometric 

contractions had the same weakness while squatting. No conclusion can be made from this 

finding. Additional study’s has to be made to investigate what caused the positive effect on 

EMD. 

 

4.4 Methodological considerations  

The low amount of participants and thereby lack of statistic power is the biggest limitation of 

the study. A complement of at least 10 participants, 5 in each group, should give more 

statistic power and a more reliable result. Delitto et al. (Delitto, A., Rose, S.J., McKowen, 

J.M., Lehman, R.C., Thomas, J.A. and Shively, R.A., 1988) showed a higher torque in both 

extension and flexion after using NMES over knee flexors and knee extensors. Hasegawa et 

al. (Hasegawa et al., 2011) showed that early implementation of NMES after ACLR can 

reduce muscle atrophy and weakness when using NMES compared with training alone. Both 

studies had a total of 20 participants each and by that had a greater statistic power than this 

study. Snyder-Mackler et al. (Snyder-Mackler et al., 1994) had a total  of 52 participants in a 

similar study to evaluate the effect of NMES after ACLR.  

 

Preoperative measurement of EMG was not made in this study. To compare the difference 

within each participant would have given a more reliable result. Since the test groups differed 

a lot in age and activity level before the surgery a comparison between the groups with only 

postoperative test gives a more incomplete picture. Hasegawa et. al (Hasegawa et al., 2011) 

made a similar study to determine the effects of NMES after ACLR on muscle atrophy and 

strength. Tests were made pre- and postoperative so that a comparison between these test 

could be made within each individual.      

 

Differences between the groups in training could also have an effect on the results. TG had a 

mean of almost 30 percent more training days compared to NMESG. Also as mentioned the 
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isometric training should have been executed in both groups to eliminate any possible effects 

on RTD or EMD from that specific exercise. 

 

Measurements of EMD were made visually which could have affected the results. However 

the data was encrypted before being processed. Most likely no systematic errors were able to 

be made because of this.  

 

Other limitations that can have affected the results is the time difference from injury for the 

TG (18 ± 17 months) compared to the NMESG (7 ± 1 month). The different choices of grafts 

may also have had an impact as well as the variation on different physiotherapists. Even 

though the same rehabilitation protocol was used different physiotherapists might focus more 

or less on some exercises. Different assessments can always be made from different 

physiotherapists and therefore the training can differ using the same rehabilitation protocol. 

 

4.5 Conclusion  

The study was feasible to perform but no significant between group differences for RTD or 

EMD was seen between 6 weeks of rehabilitation either with or without added NMES after 

ACLR. More participants for this study is needed to evaluate if NMES could have an effect 

on RTD or EMD on the knee extensors after ACLR. Further research is needed to evaluate if 

NMES can improve RTD or EMD as a goal for a faster return to sport after ACLR.   
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Attachment 1 

Informerat samtycke 
 

Korsbandsskador är en vanlig skada inom idrott och medför en lång rehabiliteringsperiod. 

Aktuell forskning visar på att tidig aktivering av muskulatur samt tidig rörelseträning ger en 

förbättrad rehabiliteringsperiod. Muskelaktiveringen av framsida lår är viktig för knästabilitet 

och är därför viktig att förbättra efter en korsbandsoperation.  

 

Elstimulering används ibland vid rehabilitering efter korsbandsoperationer. Effekten av 

elstimulering har inte studerats på muskelns aktiveringsmönster efter korsbandsoperationer. 

Att studera denna effekt kan vidare ge en förbättrad rehabilitering för korsbandsopererade 

patienter. 

 

Om Du väljer att delta kommer Du att behandlas på Capio Artro Clinic (CAC). 

Rehabiliteringen kommer att ske i två olika grupper. Varje deltagare kommer att randomiseras 

in till en elstimuleringsgrupp samt en träningsgrupp. Elstimuleringen tar 25 minuter utöver 

din vanliga rehabilitering och kommer att utföras av din sjukgymnast här på CAC. 

Träningsgruppen kommer att få utföra specifik rehab efter korsbandsoperation. 

 

Att delta i denna studie är helt frivilligt. Du kan när som helst avbryta Din medverkan utan att 

ange skäl och utan att detta i så fall påverkar Din övriga behandling. Svaren kommer att 

behandlas konfidentiellt och ingen enskild individ kommer att kunna identifieras då 

personuppgifter ej kommer att synas. 

 

Namn (bokstaverat):    Signatur:  
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