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Solution to the epidemic of secondary ACL 
Injuries.  Scientific research and the athlete's 
values are provided and integrated with the 
best available evidence to estimate the 
effects of Topical Gear's T:25 Knee, on injury 
risk reduction and associated economic 
impact.



C o n t e n t s  

2014 - The Athlete's Perspective                                           04                        

  06                        2015 - Laboratory-Based Research                                    

2016 - Sports Medicine Award                                               07                        

  34                        2017 - Field-Based Research                                              

  43                         2018 - Functional Movement Gap                                       

                                 
53

2019 - ACL Injury Risk Reduction                                         47                         

Translation to Kaiser Permanente                                       



2014



TestimonialsTestimonials
Watch laterWatch later ShareShare

In 2014, the "ACL Tube" (pictured on the opposite page) was 
developed from the body of science suggesting that the high risk 
of ACL injuries in young athletes was due to a reduced ability of 
controlling knee stability allowing the knee to track medially 
(valgus) during dynamic activities.  The leaders in the orthopaedic 
field identified deficient medial quadriceps and hamstrings 
muscles as a modifiable factor that accounted for increased knee 
injury risk; and Topical Gear developed an intervention product to 
address this issue.  The design of a wearable neuromuscular 
device that directed focused pressure over these muscles was 
hypothesized to cause a sensory response influencing dynamic 
knee alignment and ultimately knee injury risk. 
 
Testing this hypothesis began in 2014 when Retired Col. John 
Feagin Jr., M.D. recommended that research with the ACL Tube 
should start in the field.  In the video above, several young female 
athletes describe their proprioceptive experience.  
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2015

In 2015, the effects of the ACL Tube was tested in the Human 
Dynamics Laboratory at the University of Denver after a scientific 
demonstration was performed with the women's soccer trainers 
and coaching staff.  In the video above, a simple pre-post design 
was performed to visually determine the immediate effect of 
focused pressure on the medial quadriceps and hamstrings 
muscles in three soccer athletes.   Immediately upon completion 
of this testing procedure, a research study with biomechanical 
measures and injury tracking procedures was implemented by the 
University's scientists.
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Decker M, Shaw M, Madden C, Campbell J, Simons C, Davidson B. A 
Wearable Neuromuscular Device Reduces ACL Injury Risk in Female 
Soccer Athletes. The Orthopaedic Journal of Sports Medicine. 2016, 4(7 
Suppl). 

In 2016, the results of the laboratory-based study was presented 
at the American Academy of Orthopaedic Surgeons conference in 
Colorado Springs, CO.  An improved, lightweight version of the 
ACL Tube was developed and was awarded the best new Sports 
Medicine Technology. 
 
This study showed that the ACL Tube produces a neuromuscular 
effect that improves dynamic balance and reduces knee injury 
risk.



A Wearable Neuromuscular Device Reduces ACL Injury Risk in Female Soccer Athletes 

Michael John Decker, PhD1, Matthew Shaw2, Casey Madden3, Julie Campbell3, Bradley Davidson4  
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Denver, Denver, CO, USA, 2Strength and Conditioning Department, University of Denver, Denver, 

CO, USA, 3Sports Medicine Department, University of Denver, Denver, CO, USA, 4Hunman Dynamics 
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Objectives: Female soccer athletes have a three-fold greater risk of sustaining an ACL injury compared 

with their male counterparts yet only 1 in 5 teams engage in ACL risk reduction programs due to 

several participation barriers. The purpose of this study was to determine the effects of a wearable 

neuromuscular (WNM) device on postural control, performance and ACL injury risk in female soccer 

athletes.Methods: Seventy-nine elite youth and collegiate female soccer athletes (age range: 12-25 y) 

trained with a WNM device that applied bi-lateral, topical pressure to the medial quadriceps and 

hamstrings muscles (Topical Gear, Austin, TX). The athletes performed 7-9 weeks of pre-season 

training with the WNM device consisting of strength and conditioning exercises and on-field team 

practices (46-64 total hours of exposure). Postural control was measured in 15 athletes with and 

without the WNM device before and after the training program; and performance was measured in 25 

athletes without the WNM device before and after the training program. Postural control was 

determined from a single-leg landing on a force plate from a horizontal distance normalized to leg 

length. The athletes were instructed to gain their balance as fast as possible upon landing and remain 

balanced for 5 seconds. The peak ground reaction forces (GRF) and the medial-lateral, anterior-

posterior and net center of pressure (COP) velocities and displacement ranges were calculated during 

2 seconds of single-leg stance. Performance measures including speed, power and endurance were 

measured from the 40 yard dash, vertical jump for height and the Beep test, respectively. A two-way 

repeated measures ANOVA and post-hoc comparisons were used to compare the postural variables; 

and t-tests were used to compare the performance tests (p=.05). ACL injury rates, the absolute risk 

reduction (ARR) and the number needed to treat (NNT) to prevent one ACL injury were calculated 

between the WNM intervention group and 11 control groups identified from 10 studies in the literature 

that followed female soccer athletes for an entire soccer season. The treatment effect of the WNM 

device was determined to be statistically significant at the .05 level if the 95% confidence interval for 

the ARR of an ACL injury did not include zero. Results: Training with the WNM device demonstrated 

18% lower peak medial GRFs (p=.005), 12% lower medial-lateral COP velocities (p=.032) and 18% 

longer landing phase durations (p=.001). Landing and balance performance with, compared to without, 

the WNM device demonstrated 2% lower peak vertical GRF (p=.047), 6% lower net COP velocities 

(p=.044) and 10% lower medial-lateral COP displacements (p=.018). Speed, power and endurance 

significantly improved 7, 22 and 14% after training with the WNM device (all p<.05). No athletes in the 

current study sustained an ACL injury during training or over the course of the season. The ARR was 

on average lowered 1.5% and statistically improved in 9 of the 11 control group comparisons (p<.05) 

and corresponded to a RRR of 100%. From the NNT analysis, it was determined that 92 female soccer 

athletes would need to be trained with the WNM device to prevent one ACL injury over the course of 

one competitive season. Conclusion: Training with a WNM device improved postural control without 

limiting performance and reduced ACL injury risk in female soccer athletes. Wearable neuromuscular 

products may provide a solution to the current participation barriers of ACL injury risk reduction 

programs.   
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Abstract 

Background: Female soccer athletes are at a 3 times greater risk of sustaining a non-contact 

anterior cruciate ligament (ACL) injury compared with male soccer athletes.  

Hypothesis/Purpose: The purpose of this study was to determine if a proprioceptive training 

program with a wearable neuromuscular device (WNMd) improved single-limb dynamic 

stability and reduced ACL injury risk in female soccer athletes.  

Study Design: Prospective, cohort study  

Methods: A total of 104 female athletes (age range: 12-25 years) participated in this study. 

Single-leg hop and balance (SLHB) tests for the dominant leg was assessed with a force plate. 

The proprioceptive training program was performed for 7-9 weeks during the pre-season. 

Center of pressure (CoP) variables were contrasted and the ACL injury incidence, absolute risk 

reduction (ARR) and the number needed to treat (NNT) to prevent one ACL injury were 

calculated between proprioceptive training and standard training programs. 

Results: Training with the WNMd demonstrated 12% lower medial-lateral COP velocities 

(p=.032). The WNMd facilitated 6% lower net COP velocities (p=.044) and 10% lower medial-

lateral COP displacements (p=.018). No athletes in the current study sustained an ACL injury 

during training or over the course of the season. The ARR was on average lowered 2.36% and 

statistically improved in 10 of the 12 control group comparisons (p<.05) and required 84 female 

soccer athletes to be trained with the WNM device to prevent one ACL injury over the course of 

one competitive season. 

Conclusion: Proprioceptive training with a WNMd improved dynamic stability, particularly 

medial-lateral stability, and reduced ACL injury risk in female soccer athletes. 



Clinical Relevance: Augmenting training programs with a WNMd may provide a plausible 

means of reducing training duration while retaining proprioceptive exposure and program 

effectiveness for ACL injury risk reduction in female athletes. 

Key Terms: Dynamic balance, ACL injury risk reduction, number needed to treat, wearable 

neuromuscular device 

  



Introduction 

The sport of soccer has one of the highest incidences of ACL injury31 and female soccer athletes 

are three times more likely to injure their ACL than their male counterparts.1,18  Subtle 

differences in neuromuscular function and balance control may account for this gender 

disparity.16  Altered neuromuscular control of several anatomical regions including the trunk,43 

core,44 hip27 and ankle6 have been found to influence frontal plane knee stability and activation 

of the quadriceps and hamstrings muscles.7,22,41  These movement alterations and activation 

deficits may be causal factors for poor balance control.  Balance and neuromuscular control, 

therefore, play a crucial role in knee joint stability, protection and prevention of injuries. 

Only a small portion of soccer coaches are employing ACL injury risk reduction programs.18 The 

low adoption rate is influenced by the added time requirements, increased cumulative joint 

loading exposures and concerns of a program’s effectiveness at promoting movement quality.28 

Neuromuscular warm-up programs reduce ACL injury risk13 and provide a practical means to 

overcome these participation barriers.  Despite an effective and efficient program design, 

several months of training compliance and additional supervision requirements challenges their 

widespread adoption. 

A key design component of an ACL injury risk reduction program may be the inclusion of 

proprioceptive exercises for balance and neuromuscular control.  Several wearable devices such 

as knee braces, neoprene sleeves and compression garments have been shown to enhance 

proprioception.5,24  Augmenting training programs with wearable devices may provide a 

plausible means of reducing training duration while retaining proprioceptive exposure and 

program effectiveness.  The problem, however, is that every wearable device generates a 



proprioceptive flow of sensory information to the central nervous system (CNS) that amidst one 

or more neuromuscular deficits may or may not be processed to formulate a motor response.8 

Wearable devices with focused proprioceptive stimulation localized to the quadriceps and 

hamstrings muscles may be required to enhance the ability of the CNS to detect, interpret and 

utilize sensory information to improve balance and neuromuscular control.  

In this study, we used the performance of a single-leg hop and balance (SLHB) test as the 

outcome measure to determine the influence of proprioceptive training with a novel, wearable 

neuromuscular device (WNMd). The SLHB test challenges the ability to stabilize the total body 

center of mass (CoM) with respect to the base of support after completing a forward hop on a 

single-leg. The successful transition from a dynamic to a static state is considered a 

perturbation to the CoM making the SLHB test a measure of dynamic balance.21,42 Sensory 

inputs are necessary to detect various levels of stability whereas motor contributions function 

to counteract perturbations.   

A series of three experiments were performed to determine if a proprioceptive training 

program improves single-limb dynamic stability and decreases ACL injury risk in female soccer 

athletes. Improved neuromuscular control from proprioceptive training was hypothesized to 

enhance an individual’s ability to detect and track CoM displacement and velocity during single-

leg stance and reduce body sway and the force requirements to stabilize the system.  Improved 

dynamic stability, determined from the corrective actions that are made to the center of 

pressure (CoP) to maintain balance39 would reduce ACL injury risk. 

Methods 



A total of 104 female athletes (age: 12-25 years) provided consent to participate in this study.  

This study consisted of a series of three studies.  Figure 3 graphically demonstrates the 

experimental set-up for Experiment 1 and Experiment 2.   

Experiment 1 

Fifteen female collegiate soccer athletes participated in a 7 week, pre-season ACL injury risk 

reduction training program and biomechanical testing.  The training program consisted of 

stretching, strengthening and balance exercises and agility drills similar to the Prevent Injury 

and Enhance Performance (PEP) program23 while wearing a WNMd.  The WNMd was a 

neoprene thigh sleeve with two embedded buttresses that applied focused topical pressure 

over the vastus medialis and medial hamstring muscles (Figure 1; ACL TubeTM, Topical Gear, 

Austin TX). 

Biomechanical testing consisted of a SLHB test performed with the dominant leg while the 

hands remained in contact with the lateral region of the pelvis (Figure 2). Leg dominance was 

determined as the leg that could kick a soccer ball the greatest distance.  The participants 

hopped from a horizontal distance equal to leg length (greater trochanter height) onto a force 

plate (Bertec Corporation, Columbus, OH). The trial was accepted if upon initial contact the 

participant was within ±.05 m of a marked target area on the force plate and was able to 

maintain single-leg balance for 5 seconds after landing.  Three successful trials were captured 

for each condition and test session. 

The SLHB test was performed during two test sessions at the beginning and end of a pre-season 

training program.  During each test session, the athletes performed the SLHB test while wearing 

the WNMd without the buttresses (thigh sleeves only) and then the test was repeated with the 



buttresses.  This order was necessary to discern the effects of the embedded technology on 

balance performance.    

The CoP data from the first two seconds of the static phase were analyzed from the SLHB test. 

The medial-lateral CoP velocity (ML CoPv), anterior-posterior CoP velocity (AP CoPv) and net 

CoPv; and the CoP area using the convex hull method were calculated with a custom software 

program (MATLAB).  A two-way (WNMd (without WNMd, with WNMd), test session (baseline 

test, training test)) repeated measures ANOVAs with Bonferroni post-hoc tests contrasted the 

CoP variables for the soccer athletes to determine the influence of the WNMd and training on 

dynamic balance.   

Experiment 2 

Twenty five female collegiate lacrosse athletes participated in a 7 week pre-season ACL injury 

risk reduction training program identical to the participants in Experiment 1 and biomechanical 

testing. The biomechanical testing consisted of the SLHB test performed at the beginning of 

pre-season training and at the beginning of the regular lacrosse season.  Thirteen of the 

proprioceptively trained female soccer athletes from Experiment 1 performed an additional 

SLHB test at the beginning of the regular soccer season.  The data from these athletes along 

with their data from the first test session at the beginning of pre-season training (WNMd, no 

buttresses) were used to contrast the influence two training programs (standard training (stT); 

proprioceptive training (prT)) on dynamic balance. 

A two-way (test session (baseline test, retention test), training program (prT, stT) mixed factor 

repeated measures ANOVAs with Bonferroni post-hoc tests contrasted the CoP variables 



between test sessions and training programs on dynamic balance.  Due to sample size 

difference and the increased chance for Type I error, only the statistical interaction term was 

used to evaluate training program differences on dynamic balance.  The apriori alpha level was 

set at p=.05. 

Experiment 3 

Injury tracking was performed for the 15 female soccer athletes from the prT group in 

Experiment 1 and an additional 64 female soccer athletes (age range: 12-25 y) from 4 elite 

soccer teams (one collegiate teams (n=16), two U-14 teams (n=32) and one U-15 team (n=16)) 

that participated in the same pre-season proprioceptive training program for one competitive 

season. Injuries and the number of athletic exposures were tracked with injury report forms 

and coaching logs.10 For purposes of this paper only non-contact ACL injury incidences are 

reported. 

The number of non-contact ACL injuries documented from each of the five teams during one 

competitive season was pooled and compared with the ACL incidences of their teams previous 

season documented by the five coaches.  Additional control group comparisons were made 

with the ACL injury incidences of female soccer athletes identified from the scientific literature. 

The keywords 'knee', 'anterior cruciate ligament', 'ACL', 'neuromuscular', 'training', 'female' and 

'prevention' were searched to find prospective ACL injury tracking studies published from 1995 

to 2014 in PubMed.  The inclusion criteria for selecting a control group from the literature 

consisted of the following:  female soccer athletes 12 to 25 years of age; non-contact ACL injury 

incidences reported for one competitive season, sample size clearly reported; neuromuscular 

training program was not utilized.   



Absolute risk reduction (ARR) of an ACL injury during one competitive season was determined 

as the difference between the proportion of ACL injuries in the prT group and the identified 

control groups.4 An ARR value of zero indicated that proprioceptive training did not have an 

effect.  The ARR was deemed statistically significant at the .05 level if the 95% confidence 

interval did not include zero.2  The effectiveness of proprioceptive training was determined by 

the number needed to treat (NNT) to prevent one ACL injury. The NNT is the reciprocal of the 

absolute risk difference (1/ARR) and positive values indicate NNT benefit.2,4  

Results  

Experiment 1 

Dynamic balance performance with, compared to without the WNMd demonstrated 6% lower 

net COP velocities (f1,14=4.888, p=.044) and 10% lower medial-lateral COP displacements 

(f1,14=7.104, p=.018). Training with the WNMd demonstrated 12% lower medial-lateral COP 

velocities (f1,14=5.679,p=.032).  

Experiment 2 

Proprioceptive training was found to be superior to standard training at improving ML CoPv and 

CoP area.  The prT group demonstrated 14.7% and 8.0% reductions in ML CoPv and CoP area, 

whereas the stT group demonstrated a 3.2% increase and a 1.4% decrease, respectively 

(interaction term: ML CoPv, f1,36=4.630, p=.047; CoP area, f1,36=4.226, p=.038).  

Experiment 3 

Mean absolute risk reduction (ARR ± 95% CI) and the number needed to treat (NNT) to prevent 

one non-contact ACL injury when comparing a proprioceptive training (prT) group and control 

groups identified in the scientific literature are located in Table 1.  Inspection of Table 1 reveals 



that proprioceptive training with the WNMd yielded zero ACL injuries for the 79 female soccer 

athletes prospectively tracked throughout one competitive season.  Coaching logs from the 5 

team’s previous competitive season revealed 9 non-contact, ACL injuries from 88 female soccer 

athletes. Eleven additional control groups were identified from 10 studies published within the 

scientific literature.11,12,14,19,20,23,32,34,37,40 A total of 130 non-contact ACL injuries from a group of 

9822 female soccer athletes were identified.   

Proprioceptive training with a WNMd reduced ACL injury risk in 10 of the 12 control group 

comparisons (p<.05).  The average mean differences from these 10 control groups revealed prT 

reduced ARR by 2.36% (95% CI: .93%, 1.43%) and would require on average 84 female athletes 

(range: 10 to 189) to be proprioceptively trained with the WNMd to prevent one ACL injury 

over the course of one competitive season. 

Discussion 

A series of experiments in the current study demonstrated that a 7-week proprioceptive 

training program with a WNMd improved single-limb dynamic stability.  These results are in 

agreement with other studies that have shown improvements in the neuromuscular control of 

single-limb stability with neuromuscular training.29,33,45 Improvements in dynamic stability were 

retained 6 months after the pre-season training program.  A standard training group with an 

identical exercise regimen did not improve any of the dynamic stability variables.  Authors from 

a similar study29 also failed to demonstrate improvements in medial-lateral stability after 6 

weeks of training.  Training with a WNMd employed in the current study may provide an 

advantage over standard training programs at improving medial-lateral stability. 



Medial-lateral postural control during a single-leg landing may be a critical outcome variable of 

an ACL injury risk reduction program.  This variable provides a measure of the neuromuscular 

control of lateral trunk sway.  When the trunk moves laterally during single-leg stance, the 

ground reaction force (GRF) vector located at the CoP also moves laterally to maintain postural 

stability. This lateral shift increases the moment arm relative to the knee joint center and 

underlies medial knee collapse and high ACL stress observed in female athletes.14,15,17  In the 

current study, proprioceptive training with a WNMd reduced medial-lateral CoP displacements 

and velocity signifying improved neuromuscular control of lateral trunk sway.  Given the 

retention of medial-lateral control at the beginning of the regular season these results may 

signify a positive biomechanical outcome of a proprioceptive training program.     

Zazulak et al.43 demonstrated that reduced neuromuscular trunk control and lateral trunk 

displacement predicted ACL injury risk in female athletes with high sensitivity and specificity.  

The 79 female soccer athletes that engaged in proprioceptive training with the WNMd did not 

injure their ACL over the course of one competitive season.  When contrasting this injury 

incidence with the 12 control groups identified in Table 1, proprioceptive training with the 

WNMd statistically reduced ACL injury risk in all but two control group comparisons.   For these 

significant comparisons, the ARR was on average 2.36% and required 84 female athletes to be 

trained to reduce one non-contact ACL injury.  In a review of 8 neuromuscular training 

programs, Noyes & Westin28 estimated the NNT values to range from 70 and 98 female athletes 

and supports the results of the current study.  It is plausible, that improved dynamic stability 

noted in the current study, particularly medial-lateral stability, contributed to the success of 

reducing non-contact ACL injury incidence rates in female athletes.       



Residual movement alterations and activation deficits may lead to weakness of the medial 

quadriceps and hamstrings muscles, frontal plane knee joint instability and poor balance 

control in female athletes with a previous ACL injury and reconstruction.36  Postural control 

while balancing on a single-leg is limited in ACL reconstructed individuals compared with 

healthy individuals.3,46  Further, ACL reconstructed individuals with postural control deficits in 

single-leg stance on their involved limb are twice as likely to sustain a second ACL injury 

compared to individuals without postural control deficits.30  Proprioceptive training with a 

WNMd may be useful for patient populations with residual neuromuscular deficits and is 

recommended for future research. 

Limitations 

It is plausible that circumferential compression from the WNMd rather than buttresses could 

have provided the meaningful information to the CNS and account for the improvement is 

dynamic stability.  This possibility seems unlikely given the significant improvements in lower 

net COP velocities found with, compared to without, the embedded buttresses within the 

WNMd.  Focused topical pressure from the buttresses, rather than the non-specific inward 

squeezing force exerted by the thigh sleeve was more likely to account for the postural stability 

improvements and ACL injury risk reduction. 

Many authors prescribe the chain of aberrant lower extremity movement compensations to 

excessively high quadriceps to hamstrings activity in females.25  It is presumed that the focused 

proprioceptive stimulation of the medial quadriceps and hamstring muscles with the WNMd 

lead to a re-weighting of sensory information to improve dynamic stability.  These muscles 

functionally and structurally influence the hip and ankle joints and may have also improved 



lower extremity alignment during the SLHB test.  Although lower extremity alignment was not 

measured, a smaller medial-lateral CoP displacement was noted with the WNMd indicating that 

the CoP was more centrally located under the foot.  This location may have changed the locus 

and orientation of the resultant GRF and influenced the body’s system of successively 

connected motor segments affecting kinematics, kinetics and neuromuscular activity.  

Alternative explanations for improved dynamic stability exist.  The hip abductors and external 

rotators, for example, also provide an important functional role in lower extremity alignment 

and postural stability; and the strengthening of these muscles via training may have also 

contributed to the improvements in postural stability.  Lower extremity alignment and the 

contribution from the hip and knee muscles have been collected and the work is ongoing.    

Conclusions 

Inherent to the sport of soccer is the risk of injury to the ACL. The gender disparity in ACL injury 

incidences serves as a strong motivation to search for new, simple, and effective interventions 

to improve the widespread adoption of ACL injury risk reduction programs.  Compliance may 

remain the primary limiting factor to the overall success of current and future programs. The 

improved dynamic stability of training with the WNMd documented in the current study and 

the practical insight that compliance is significantly linked to reduced lower limb injury risk35,38 

may collectively provide a road map to future research investigating wearable technology.   
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Figure 1. The wearable neuromuscular device (WNMd) was a neoprene thigh sleeve with two 

embedded buttresses that applied focused topical pressure over the vastus medialis and medial 

hamstring muscles. 

  



Figure 2. The single leg hop and balance (SLHB) test during initial contact (left) and at the 

beginning of the balance phase. The test was performed with the dominant leg while the hands 

remained in contact with the lateral region of the pelvis. 

 

  
  



Figure 3. In Experiment 1 (solid line boxes), the single leg hop and balance (SLHB) test was 

performed at the beginning and end of a pre-season, proprioceptive training program with a 

wearable neuromuscular device (WNMd).  During each test session, the SLHB test was 

performed with and without the buttresses embedded into the WNMd.  In Experiment 2 (solid 

line, gray boxes), a standard training group performed the SLHB test at the beginning of a pre-

season training program and at the beginning of the regular season. The proprioceptive training 

group from Experiment 1 performed an additional SLHB test at the beginning of the regular 

season.   

 

 

 
  



Table 1. Mean absolute risk reduction (ARR ± 95% CI) and the number needed to treat (NNT) to 

prevent one non-contact ACL injury when comparing a proprioceptive training (prT) group and 

control groups identified in the scientific literature.  Mean values were calculated from the 

statistically significant contrasts.  

 

 

 

Control Group Age Range Sport Control prT ARR +95% CI -95% CI NNT *p<.05

Soderman et al (2000) 15-25 Soccer 1.28 0.00 1.28 2.50 -1.21 78 NS

Pfeifer et al (2006) High School Soccer 0.41 0.00 0.41 0.80 -0.39 244 NS

Heidt et al (2000) 14-18 Soccer 3.10 0.00 3.10 2.12 0.99 32 *

Gilchrist et al (2008) Collegiate Soccer 2.11 0.00 2.11 0.97 1.15 47 *

Mandelbaum et al (2005b) 14-18 Soccer 1.83 0.00 1.83 0.60 1.23 55 *

Mandelbaum et al (2005) 14-18 Soccer 1.68 0.00 1.68 0.58 1.10 60 *

Hewett et al (1999) 14-18 Soccer/BBall 1.08 0.00 1.08 0.94 0.14 93 *

Kiani et al (2010) 13-19 Soccer 0.69 0.00 0.69 0.60 0.09 146 *

Walden et al (2012) 12-17 Soccer 0.67 0.00 0.67 0.35 0.32 149 *

Steffen et al (2008) 13-17 Soccer 0.53 0.00 0.53 0.46 0.07 189 *

LaBella et al (2011) High School Soccer/BBall 1.72 0.00 1.72 1.37 0.36 58 *

Current Study 15-25 Soccer 10.23 0.00 10.23 6.33 3.90 10 *

2.36 0.00 2.36 1.43 0.93 84

Injury Incidence Risk Reduction





2017

In 2017, the neuromuscular training program implemented with 
the DU women's soccer team was translated to the female 
athletes of the Colorado Rapids Youth Soccer Club.  This two-
year study performed biomechanical testing before and after a 7-
week training program and measured in-game performance using 
wearable sensors.  The design of this field-based study follow.  
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I. Background: Scientific studies have shown female soccer athletes to be 3 
times more likely to injure their anterior cruciate ligament (ACL) than their male 
counterparts and the majority of these injuries are from a non-contact 
mechanism (Michaelidis et al., 2013).  During a deceleration maneuver, for 
example, the knee moves inwards causing a knee alignment configuration 
(knee valgus) that increases the stress on the ACL ligament.   
 
There are several contributing risk factors associated with an ACL injury but 
the most modifiable factor is the neuromuscular control of knee stability to 
prevent knee valgus during dynamic activities.  Neuromuscular training (NMT) 
programs that target hip muscle strength and power have been shown to 
modify and improve an athlete’s movement quality during dynamic tasks (Myer 
et al., 2008; Hewett et al., 1996).  These movement quality improvements are 
believed to be the mechanism underlying reduced knee injury risk during the 
competitive season (Mandelbaum et al., 2005).  
 
Although the efficacy of NMT programs are influenced by compliance and 
several design components of the NMT program (Sugimoto et al., 2016), the 
incidence of ACL tears and subsequent surgical reconstruction per 100,000 
young female athletes have steadily increased over the past 20 years (Dodwell 
et al., 2014; Sanders et al., 2016) with a peak incidence in the age range of 14 
to 18 years (Sanders et al., 2016). Hence, despite the success of numerous 
NMT programs at reducing knee injury risk, it remains unclear why knee injury 
rates are continuing to increase for young female athletes.  
 
It is plausible to suggest that the improvements noted in laboratory-based 
movement tasks do not directly translate to field-based movements. For this 
reason, researchers have attempted to identify movement-related risk factors 
for ACL injuries using video analysis of injured (Hewett et al., 2009) and non-
injured (Sasaki et al., 2015) players during match play.  However, optical 
based systems have severe methodological and line-of-sight limitations which 
prevent continuous, concurrent monitoring of multiple athletes.  Body-worn, 
wireless, miniature inertial sensors offer a portable alternative solution to 
optical systems for field-based measurements of movement performance.  
Inertial sensors have been extensively used in sport and clinical contexts 
where the use of optical systems is not feasible.  These sensors are low-
profile, flexible, waterproof and able to store data for long durations hence 
allow field-based measurements to be made for an entire soccer match. 
 
The purpose of this study is to determine the effects of NMT on field-based 
movement performance and knee injury risk reduction in young female soccer 
athletes. Our aim is to apply and advance the injury risk reduction framework 
and state-of-the-art biomechanical technologies developed from the University 
of Denver’s Pioneer Performance and Mechanical and Materials Engineering 
Department to reduce the epidemic of knee injuries in youth female athletes.   

 



University of Denver 
Protocol Narrative 

Template Version 06-2016 

Page 2 of 8 
 

II. Collaborative Research and Performance Sites: The consent procedures and 
testing will be completed at the home soccer fields of the Colorado Storm Soccer 
Club-South Region: Gates South (GS): 15051 S. Fremont Dr, Centennial, CO 80112; 
Gates North (GN): 15290 E. Arapahoe Rd, Centennial, CO 80016; or Dove Valley: 
7800 S. Potomac St, Englewood, CO 80112. 

 
III. Human Subjects Involvement 

 
a. Study Population: Up to 800 female soccer athletes (37 teams) from the Colorado 

Storm Soccer Club between 11 and 19 years of age will be invited to participate in 
this study.  Female soccer athletes are preferentially targeted for this research due 
to their 3-fold increased risk of ACL injury (Michaelidis et al., 2013). Inclusion 
criteria for participation are as follows: 1) currently competing in the Colorado 
Storm Soccer Club-South Region; 2) performing on an Elite Club National Level 
(ECNL) team or a competitive level team; 3) between 11 and 19 years old; 4) 
female; and 5) not currently modifying training or competition due to a previous 
injury. 

   
b. Recruitment Plan:  Recruitment of the athletes will be facilitated through the head 

athletic trainer, Julie Nickoley (Graves), MA, ATC, for the Colorado Storm Soccer 
Club.  She will electronically distribute information about the study to all coaches 
and team managers involved with the ECNL and competitive teams in the 
proposed age range via email (see “Email to Storm Coaches”). The email will 
include a flyer that is copied and pasted in the body of the email instructing the 
interested coaches to express “an intent to join” the study through an email to the 
principal investigator (MD).   
 

c. Informed Consent Process: After interested coaches make contact with the 
principal investigator, an email will be sent to the coach asking him/her to forward 
this email to the team’s parents and athletes (see “Email to Storm Parents and 
Athletes”). The body of the email will include a description of the study, a 
participant screening questionnaire and instructions to the parents/guardians to fill 
out and sign the consent form that is attached as a PDF document to the email if 
their child is less than 18 years old.  This signed consent form will be handed to 
the researcher on the first day of testing which will not require the parent to be 
present. The child will not be enrolled if they are under 18 years old until they 
provide a signed consent form from their parent/guardian unless their 
parent/guarding accompanies the child on the first day of testing and completes 
the consent form at the practice field. If the participant is 17 years old at the time of 
testing and will turn 18 before the end of the regular season, the participant will be 
provided with a new informed consent form to sign within one week after turning 
18. If the participant chooses not to continue in the study then all of the collected 
data from the participant will be destroyed.  
 
On the first day of testing, assent and/or consent will be obtained in a private area 
on the practice field near the location where the biomechanical testing will be 
performed. The researcher obtaining assent and/or consent will discuss the goal of 
the study and ask the athlete inclusion criteria questions (See ‘Introductory Script’). 
Upon meeting these criteria, the testing procedures will be discussed and any 
questions that the child and/or parent/guardian may have will be addressed. 
Participants who are 18 or 19 years old will not be required to obtain parental 
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permission to participate. The participant and her parent/guardian will be given as 
much time as necessary before choosing to participate in the study. 

 

d. Procedures:  Participation in the study will take approximately 11.8 hours.  Each 
team of ~24 to 29 athletes will be randomly assigned to one of four treatment 
groups.  Groups 1 and 2 will be provided with a six-week, pre-season NMT 
program to reduce knee injury risk; whereas Groups 3 and 4 will serve as controls.  
A performance test, biomechanical testing and an age-appropriate orthopaedic 
survey will be completed at the beginning of the first week and at the end of the 
sixth week of the season.  Biomechanical testing during match play will also be 
investigated for each treatment group. Athletic injuries and exposures will be 
monitored and recorded during scheduled training, practices and matches. 
 
All performance and biomechanical testing will be completed on-site at the home 
soccer fields of the Colorado Storm Soccer Club-South Region: Gates South (GS): 
15051 S. Fremont Dr, Centennial, CO 80112; Gates North (GN): 15290 E. 
Arapahoe Rd, Centennial, CO 80016; or Dove Valley: 7800 S. Potomac St, 
Englewood, CO 80112. To expedite the data collection process on the first day of 
testing, each participant will be asked to provide their parent’s email address (or 
their own if 18 years or older) so the researcher may send a link to an age 
appropriate, orthopaedic survey designed in a web-based software program 
(Survey Monkey; see ‘Storm Soccer Survey’) for the participant to complete at 
home with or without parental assistance.   
 
Neuromuscular Training (NMT) Program (540 minutes): The NMT program will be 
provided to Groups 1 and 2, and instructed by a member of the DU strength and 
conditioning department (Pioneer Performance) or an exercise specialist trained 
by a member of Pioneer Performance. The participants will perform the NMT 
program with the instructor at the team’s practice site up to 30 minutes a day, 
three times a week for six weeks.  Each training day will begin with a 
neuromuscular warm-up. The NMT program is divided into three, two-week blocks 
of progressively increasing levels of exercise complexity and intensity. In general, 
the NMT program is focused on improving the strength and activation behavior of 
the trunk, hip and thigh muscles; increasing balance and movement sensation; 
and enhancing the athlete’s movement ability to rapidly respond to sudden, un-
expected situations (see ‘NMT Program’). Training will be performed with (Group 
1) and without (Group 2) a wearable neuromuscular device (WND: ACL TubeTM, 
Topical Gear LLC, Austin, TX). The WND is an elastic, form-fitting sleeve that is 
worn on both thighs during training and/or conditioning.  These sleeves are 
anatomically designed to apply topical pressure on specific muscles located on the 
front and back of each thigh to augment sensory (proprioceptive) pathways and 
knee stability during dynamic activities.  Group 3 will wear the WND three times a 
week for six weeks but will not be provided a formal training program. The WND 
will be worn during the first 30 minutes of practice. Group 4 will not receive the 
training program or WND. An athlete that is on an enrolled team but chooses not 
to participate in the research study will perform an independent warm-up 
progression directed by the athlete’s team coach.   
  
Performance Testing (10 minutes):  Speed will be evaluated by the time required 
to sprint 20 yards (20 yard dash).  The participant will be allowed to perform the 
test twice and have the lowest time recorded.  A 20 yard dash was chosen over 
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the more common 40 yard dash to minimize the potential of a musculoskeletal 
injury during testing. The WND will not be worn during performance testing. 
 
Biomechanical Testing (20 minutes):  A total of 15 trials 
from three dynamic movement tasks will be collected 
during each testing period (30 trials total).  Up to 10 
miniature, wireless inertial measurement units (IMUs; 
BiostampRCTM, MC10, Boston, MA (see figure below)) 
will be placed on the participant’s cleats, lower legs, 
front and back of the upper legs, and upper and lower 
torso.  The sensors will be secured with double-sided adhesive.  The IMUs are thin 
(~0.3cm), flexible, water-proof and house four sensors: three-dimensional 
accelerometer (linear accelerations, ±16G, 250 Hz), gyroscope (angular velocities, 
±2000 deg/s, 250 Hz), magnetometer (heading, 250 Hz) and bio-potential sensor 
(EMG, ±200 mV, 1000 Hz).  Each IMU has on-board memory that can store 
greater than 4 hours of collected data. The participant’s performance and position 
of the sensors during the biomechanical testing will be optically captured with a 
pair of iPads to promote front and side visualizations of the trunk, hip, knee and 
ankle motions. In addition, several static measurements will be performed: height, 
weight, foot length and width, horizontal and vertical position of the ankle, lower 
leg length, upper leg length, hip width, and trunk length.  The WND will not be 
worn during biomechanical testing. 
 
The three dynamic movement tasks will consist of the single-leg hop and balance, 
single-leg vertical jump and a jump-landing.  A single single-leg hop and balance 
(SLHB) task will be performed by jumping with a single-leg from a horizontal 
distance normalized to their leg length, land on a marked location with the same 
leg, become balanced as fast as possible and remain balanced for 5 seconds.  
Three trials will be performed with each leg.  Trials where the participant miss the 
landing target, demonstrate a loss of balance or touch down with their non–weight-
bearing leg will be re-collected. 
 
A single-leg vertical jump (SLVJ) task will be performed by jumping for maximal 
vertical height with a single-leg, land with the same leg, become balanced as fast 
as possible and then repeat this process for two more trials.  A total of three 
consecutive trials will be performed with each leg.  Trials where the participant 
touches down with their non–weight-bearing leg will be recorded but a loss of 
balance that requires one or more steps away from the starting position will be 
recollected. 
 
A jump landing (JL) task will be performed by jumping with both legs from a box 
that is 30 cm high placed at a distance of half the body height away from a landing 
area marked by a line on the ground. Participants will be instructed to jump 
forward so that both limbs leave the box simultaneously, land with both legs just 
past the marked target and to jump for maximal vertical height immediately after 
landing. Up to 3 practice trials will be allowed to be performed to ensure that they 
are comfortable with the task and perform it correctly. A total of three trials will be 
recorded.  Trials will be re-collected if the participant jumps up or down vertically 
from the box or if they do not jump for maximal height upon landing.  
 
Biomechanical Testing during Match Play (120 minutes): Up to five sensors will be 
worn on 10 participants during 3 regularly scheduled games for each participating 

 



University of Denver 
Protocol Narrative 

Template Version 06-2016 

Page 5 of 8 
 

team.  The sensors will be placed on the skin with double sided adhesive on the 
upper and lower legs; and on the upper or lower back prior to the team’s pre-game 
warm-up.  The sensors will record the participant’s movements throughout the 
duration of the soccer match.  Immediately after the game, the participants will 
return the sensors to the researchers.  The recorded data on the sensors will be 
down loaded to a computer and then the sensor’s memory will be erased. Ten 
different participants from the same team will be collected during a second game 
whereas the same or different participants will be collected during a third game.   
 
Orthopaedic Survey (20 minutes): Each participant will complete a web-based 
survey consisting of questions regarding leg dominance, knee confidence, knee 
pain, injury prevention importance, knee injury history and the Movement Ability 
Measure (MAM) questionnaire. The MAM will be used as a measure of the 
effectiveness of the NMT intervention through an athlete’s self-report of perceived 
movement capability that ranges from low (level 1) to high (level 6) (Allen, 2007). 
The MAM assesses the “movement gap” in the athlete’s perceptions of current and 
preferred movement capabilities in six dimensions: flexibility, strength, accuracy, 
speed, adaptability, and endurance. The MAM has 18 items, with 3 assessing 
each of the 6 dimensions. Raw score ranges from 18-100 with higher scores 
indicating better perceived movement ability (Allen, 2007).  
 
Injury Surveillance: The head athletic trainer from the Colorado Storm Soccer Club 
maintains injury records for every athlete, summarized in an Injury Report Form 
(see ‘Injury Report Form’).  Similar to other sports research groups (Fuller et al., 
2006) this form includes the athlete’s name, age and team information; the location 
and body part injured; the mechanism of the injury and the dates of the injury and 
return from injury. At the end of the season, the head athletic trainer will provide 
the researchers (Drs. Decker, Meyers, Shelburne) with a copy of the injury report 
forms from the participating athletes that initialed the box next to the statement: 
“The researchers may receive a copy of my Injury Report Forms from the Storm 
Soccer Club” located on the written informed assent/consent forms.  Prior to the 
delivery of this data to the DU researchers, a data transfer agreement will be 
agreed upon and signed by the University of Denver and the Colorado Storm 
Soccer Club (see ‘Data Transfer Agreement’). 
 
An injury will be registered if it occurred during training or competition and the 
participant was either unable to participate on the day after the injury or required 
medical attention. Multiple injuries by a single event are deemed to be one injury 
with a multiple diagnosis.  A participant will be defined as “injured” until they are 
medically cleared to return to competition. The type of injury will be defined as 
acute (injury with a sudden onset associated with a known trauma that occurred in 
a sudden manner), overuse (injury with a gradual onset without a known trauma or 
re-injury (injury of the same type and in the same location it was previously 
sustained within 2 months (early), 2-12 months (late) or >12 months (delayed).  
The day on which a participant is injured is Day 0. The severity of an injury will be 
classified as minimal (absence from sport for 0-3 days), mild (absence from sport 
for 4-7 days), moderate (absence from sport for 8-28 days) and severe (absence 
from sport >28 days).  
 
Athletic Exposure Tracking:  The total number of scheduled days and hours of 
training, practicing and matches as well as their respective calendar dates will be 
recorded by the head athletic trainer of the Colorado Storm Soccer Club for each 
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team and athlete enrolled into the study.  These data will be provided to the DU 
researchers from the Colorado Storm Soccer Club at the end of the season and 
included in the Data Transfer Agreement. 
 

e. Materials and Devices: The performance testing will be measured with a 
stopwatch and provide durations for the 20 yard dash.  The biomechanical testing 
will use the IMU sensors to measure body motions of the trunk, pelvis, hips, and 
knees. The acceleration of the total body center of mass will be used to 
approximate the forces that cause body motions (kinetics); and dynamic balance 
will be determined by the velocity and displacement of the center of mass from the 
IMU sensor placed on the trunk.  The movement errors during the JL task will be 
evaluated from the video recordings according to Padua et al. (Padua et al., 2015). 
Reportable injuries, type of injury (acute, overuse, re-injury), severity of injury 
(minimal, moderate, severe), athletic exposure and injury rates will be tabulated 
from the injury report and athletic exposure forms.  Injury rates, injury risk and the 
odds of sustaining an injury, particularly a knee injury, will be calculated from the 
tabulated data.  Multivariate analyses will be performed to determine the variables 
that best explain the movement performance characteristics of injured and non-
injured athletes. 

 
IV. Risk Assessment:  The researchers have taken steps to minimize the risks of this 

study.  Even so, the participant may still experience some risks related to participation.  
Knee injury risk for the participants in this study is projected to be equal to the inherent 
risk of a knee injury for youth, female soccer athletes.  The incidence of an ACL injury 
for female soccer players throughout a season has been found to range from 0.4 to 
3.1% (Pfeifer et al., 2006; Heidt et al., 2000; Gilchrist et al., 2008; Mandelbaum et al., 
2005; Hewett et al., 1999; Kiani et al., 2010; Walden et al., 2012; Steffen et al., 2013; 
LaBella et al., 2011). We are predicting that 1% of the participants will have a previous 
ACL injury and surgical reconstruction (Walden et al., 2012).  The risk of a second 
ACL injury has been found to range from 6% to as high as 30% (DiStasi et al. 2013).  
Non-ACL severe knee injuries are estimated to occur in 1.5% of the participants and a 
new acute knee injury in 2.1% (Walden et al., 2012).  Hence in a group of 800 female 
soccer athletes, it is estimated that there will be 33 new knee injuries of which 4 are 
due to an ACL tear.  Training is projected to reduce the number of ACL injuries by 
50% and reduce the severity of the other 29 predicted knee injuries (Walden et al., 
2012).   
  
Should injury occur during testing or training, minor injuries will be addressed by the 
application of basic first aid consisting of cleaning and dressing minor cuts and 
abrasions; and applying ice to minor bruises, muscle strains or ligament sprains. 
Parents/guardians of the participants, who sustain an injury greater than a minor 
injury, but less than a serious injury, will be contacted by phone to escort the 
participant to the emergency room if necessary. In an emergency the researchers will 
dial 911. If an injury occurs during match play, a certified athletic trainer covering the 
match will evaluate the participant and apply the appropriate standard of athletic care. 
Athletic trainers are present at all Colorado Storm Soccer Club matches.   
 
The ACL TubeTM has been available for public retail for over 5 years and no scientific 
or anecdotal evidence has been found to suggest that this product contributes or 
causes an injury during sports.  Hence, the risk associated with the product during 
training or soccer competition is minimal.  The study may include risks that are 
unknown at this time. The University of Denver has not provided for any payment to 
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the participant or for the participant’s treatment if they are injured as a result of taking 
part in this study. Any expense incurred as a result of injury during this study will be 
the responsibility of the participant’s family. 
 

V. Potential Benefits:  The results of this study will have no direct benefit to the 
participant. However, the results of this study will enable us to examine injury rates, 
injury mechanisms and the efficacy of training.  The results will also assist in the 
design of future training protocols, injury risk screening procedures and new 
interventions (ie., equipment, exercise regiments, etc) to reduce injury risk and 
improve an athlete’s quality of life. 

 

VI. Confidentiality: Confidentiality and privacy will be maintained at all times.  Data 
generated by this investigation (movement and performance variables, surveys, injury 
report forms, athletic exposures) will be kept within a secured server or a filing cabinet 
in the Human Dynamics Laboratory at the University of Denver. All data files will be 
labeled with a unique participant number, and may only be accessed by authorized 
personnel on the research team.  The researchers will retain the data for 10 years.  
The data will be made available to other researchers for other studies following the 
completion of this research study and will not contain information that could identify 
the participant. The results from the research study may be shared at a meeting and 
published in articles but the individual identity of the participants will be kept private. 
To help protect the participant’s privacy and ensure that the data remains anonymous, 
the information gathered from each participant within this study will not be shared with 
the coaching staff or the Storm Soccer Club management. However, the overall 
results (ie., group means) from the completion of this study will be provided upon 
request. 
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In 2018, data emerged from the field-based study showing that  
training with the T:25 Knee improved movement quality and 
several performance metrics including speed and power.  These 
data and additional information regarding the female athlete's 
perception of improved control led spawned the notion that the 
T:25 Knee "Reducing the Gap in Functional Movement."  The 
unveiling of this concept was delivered in a presentation at the 
ACL Study Group conference in Queenstown, New Zealand. 
 



Compression Garment Improves Female Athlete Knee Control and Sports Movement Safety Perceptions  

Boschert D, Nyland J, Matsuno J, Pletz S.   

Dynamic knee valgus is related to the high non-contact knee injury risk of female athletes.   Little 

research exists regarding knee device use on frontal plane knee motion and perceived athletic 

movement function.  This prospective cohort study where each subject served as their own control 

through randomized device use order (no device, standard knee sleeve (SKS), distal thigh compression 

garment (DTCG)) measured medial knee motion and knee safety perceptions of healthy female college 

athletes during a right side single leg forward hop down and 3 second stabilization (SLFHS) for each 

condition.  The study hypothesis was that subjects would display decreased medial knee motion and 

greater perceived knee safety for the DTCG condition.    

Eighteen athletes (19.3 ± 1 yrs, 169.7 ± 8 cm tall, and 75.6 ± 12 kg bodyweight) participated in this study. 

Following a 10 minute warm-up on a stationary bicycle and volitional stretching, subjects were 

instructed in SLFHS from a 30.5 cm tall step.  Following 3 practice trials, retro-reflective markers were 

applied 13 cm distal to the anterior superior iliac spine (anterior hip joint center), over the center of the 

patella, and at the anterior leg 13 cm proximal to the medial malleolus.  A digital camera (120 Hz) and 

two-dimensional kinematic analysis software were used to capture right knee frontal plane motion 

during 3 SLFHS trials.  Following each condition, subjects completed a 10-cm visual analog scale survey 

of perceived knee control, sports movement capability and overall condition satisfaction.  One-way 

ANOVA were used to compare mean medial knee motion and perceived knee safety variables for each 

condition.  A Chi-square test was used to compare the proportion of subjects that displayed the lowest 

medial knee motion for each condition.  Spearman’s Rho correlations were used to delineate 

relationship strength between medial knee motion and perceived knee safety variables for each 

condition (P < 0.05).  

Medial knee motion was lowest during DTCG use (8.7 ± 6.0°) compared to the SKS (10.8 ± 7.0°) or no 

device (11.1 ± 6.9°) but condition differences were not statistically significant (P = 0.51).  Knee safety 

variables also did not differ by condition, with the exception of no device scoring lower (43.7 ± 28 mm) 

than SKS (67.0 ± 23 mm) and DTCG (53.6 ± 19 mm) conditions for overall satisfaction (P = 0.01).  The 

DTCG condition had more subjects with their lowest medial knee motion (11/18, 61%) compared to SKS 

(4/18, 22%) and no device (3/18, 17%) conditions (Chi-square = 9.5, P = 0.01).  The DTCG condition was 

the only condition that displayed significant relationships between subject perceptions of medial knee 

motion and knee control (r = 0.58, P = 0.01), sports movement capability (r = 0.69, P = 0.001) and overall 

condition satisfaction (r = 0.50, P = 0.03).  

Compared to SKS and no device conditions, the DTCG condition provided better frontal plane knee 

control and stronger subject perceptions of knee control, sports movement capability, and overall 

condition satisfaction in relation to medial knee motion.  Findings suggest that DTCG use may help 

prevent valgus-related knee injuries among female athletes.  
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PURPOSE: The purpose of this study was to assess movement ability from the female athlete’s 
perspective before and after a novel field-based training program.  METHODS: Twenty-five, elite female 

soccer athletes (13.3 ± 0.6 y; 161.9 ± 5.3 cm; 50.9 ± 4.9 kg) participated in a 7-week, training program 

performed with a wearable neuromuscular device.  Movement ability was measured with a computer-

adaptive test version of the Movement Ability Measure (MAM-CAT) at the start (pre) and end (post) of 

the training program. The MAM-CAT has 18 items, three for each of the six movement dimension of 

strength, flexibility, speed, accuracy, endurance and adaptability.  Each item contains six statements 

representing six increasing movement ability levels addressing how they currently move and how they 

would prefer to move during activities of daily life and sports participation.  The MAM-CAT software 

computes standardized current and preferred movement ability scores on a scale from 0 (cannot move) 

to 6 (moves competitively).  Changes in summed current movement ability and current-preferred 

differentials (movement gap) were compared pre and post training with paired t-tests (p=.05).  A self-

assessment transition item of pre versus post movement ability with five Likert response options (“much 
better”, “slightly better”, “about the same”, “slightly worse”, and “much worse”) was used to determine 
the minimal important difference (MID) by the mean change method between “slightly better” and 
“about the same” subgroups. RESULTS: Twenty-one athletes completed pre and post MAM-CAT testing.  

At the end of the training program, 62% of the athletes reported “slightly better” movement ability and 

33% reported “about the same.”  The MID for narrowing the movement gap was calculated to be 1.1. 

Group mean current movement ability scores increased 7% (pre, 29.2 ± 4.2; post, 31.8 ± 2.8; t=2.926, 

p=.008). The current-preferred differentials decreased on average by 25% (pre, -6.0 ± 3.6; post, -4.5 ± 

3.0; t=2.267, p=.035) and exceeded the MID metric.  CONCLUSIONS: The novel field-based training 

program enhanced movement ability from the female athlete’s point of view.  Future studies are 

recommended to use the MAM-CAT as a tool to modify individual or group training programs by 

emphasizing the movement dimension with the largest current-preferred gap. 
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PURPOSE: The purpose of this study was to assess the effects of a novel training program on the field-

based performance testing of speed, power and movement quality.  METHODS: Twenty-five, elite 

female soccer athletes (13.3 ± 0.6 y; 161.9 ± 5.3 cm; 50.9 ± 4.9 kg) participated in a 7-week, training 

program performed with a wearable neuromuscular device (WND). The training program was directed 

by an exercise specialist and consisted of a three-tier progression of exercise complexity and intensity to 

enhance the athlete’s movement ability.  All athletic exposures with and without the WND were 

recorded and analyzed descriptively.  Field-based measurements of speed, power and movement quality 

were performed at the start (pre) and the end (post) of the training program.  Speed was measured with 

a stop watch during a 20 yard sprint.  Power was calculated from the flight times of three, single leg 

maximum vertical jumps captured with a wireless inertial measurement unit attached with double sided 

adhesive over the sacrum.  Movement quality was determined by video analysis of three drop jump 

landings using the original and modified Landing Error Scoring System (LESS).  A one-way repeated 

measures ANOVA contrasted pre and post sprint times and the average number of landing errors scored 

by the standardized methods of the LESS and the modified LESS.  A two-way (time, leg) repeated 

measures ANOVA was used to measure the change in average and peak single leg jump heights (p=.005). 

RESULTS: Twenty-two athletes completed pre and post testing.  Each athlete had an average of 11.3 ± 

2.9 hours of weekly athletic exposure of which 6.9 ± 1.7 hours were with the WND. Over the course of 

training, speed increased 4% (pre, 3.36 ± .06 s; post, 3.22 ± .04 s; F(1,21)=10.171, p=.004), average and 

peak power increased 40% (pre, .125 ± .003 m; post, .175 ± .006 m; F(1,21)=59.618, p<.001) and 37% 

(pre, .140 ± .004 m; post, .192 ± .007 m; F(1,21)=48.482, p<.001) and movement quality increased by 

20% (LESS: pre, 6.7 ± .4 errors; post, 5.3 ± .5 errors; F(1,21)=15.032, p=.001; modified LESS: pre, 7.3 ± .4 

errors; post, 5.8 ± .5 errors; F(1,21)=22.353, p<.001). CONCLUSIONS: The novel training program 

enhanced the field-based measurements of speed, power and movement quality in elite female soccer 

athletes.  

 



2019

Can a wearable neuromuscular device replace neuromuscular training 
programs? Higinbotham, Wexler R, Blake D, Hollenbeck J, Simons C, 
Decker M. 2019. 

Decker M, Simons C, McCarty E, Frank R, Wolcott M. Narrowing the 
Functional Movement Gap in Female Soccer Athletes. (submitted to the 
American Academy of Orthopaedic Surgeons) 

In 2019, the research began to support the notion that the T:25 
Knee could serve as a neuromuscular training program by simply 
wearing the device during practice and scrimmages.  These data 
were presented at Pediatric Research in Sports Medicine 
conference held in Atlanta, GA.  The culmination of data to this 
point tend to indicate that the T:25 Knee augments sensory 
information that the central nervous systems uses to optimize 
movement quality. Hence, the the T:25 Knee is a neuromuscular 
training device that "Reduces the Gap in Functional Movement."     



CAN A WEARABLE NEUROMUSCUAR DEVICE REPLACE 

NEUROMUSCULAR TRAINING PROGRAMS? 

 

Higinbotham S1, Wexler R1, Blake D1, Hollenbeck J1, Simons C1,2, Decker M1,2 
1Rocky Mountain Consortium for Sports Research, Edwards, CO 
2Human Dynamics Laboratory, University of Denver, Denver, CO 

 

Background: Scientific studies have shown female soccer athletes to be 3 times 

more likely to injure their anterior cruciate ligament (ACL) than their male 

counterparts and the majority of these injuries are from a non-contact mechanism. 

The biomechanical factors of this phenomenon have been extensively studied in a 

laboratory-based setting, but there has been little progress in reducing the incidence 

of ACL injury in young female athletes. It is plausible, therefore, to suggest that the 

biomechanical improvements noted in a laboratory-based setting do not directly 

translate to a field-based setting. Preventive neuromuscular training programs are 

typically field-based and have been shown to be an effective intervention for 

reducing ACL injury risk by improving dynamic, frontal-plane knee stability. 

However, these programs are time consuming and prone to compliance and 

implementation issues. For these reasons, researchers have attempted to identify the 

minimum viable training program or wearable device that can be studied in the field 

using video cameras to determine their influence on movement-related risk factors 

for ACL injury. 

  

Purpose: The aim of this study was to evaluate the effectiveness of a wearable 

neuromuscular device (WND) with or without the addition of a field-based, 

preventive neuromuscular training program on jump-landing risk assessment in 

young female soccer athletes.  

 

Methods: Thirty-nine female soccer players (161.0 +/- 6.6 cm; 49.4 kg +/- 5.9; 13.3 

+/- 0.5 y) from two different teams in a local soccer club volunteered to participate 

in this study. Team 1 (n = 25) performed a 6-week, field-based NMT program while 

wearing a WND. The NMT was instructed by a trained exercise specialist. The NMT 

program was divided into three, two-week blocks of progressively increasing levels 

of exercise complexity and intensity focused on improving the strength and 

activation behavior of the trunk, hip and thigh muscles. Field-based movement 

testing was performed in the first week before training began (pre-test) and in the 

seventh week upon completion of the NMT program (post-test). During testing video 

cameras recorded a jump-landing task in the frontal and sagittal planes.  The Landing 

Error Scoring System (LESS) and a novel version of the LESS (LESS-RMC) was 

used to asses movement quality related to ACL injury risk. Team 2 (n=14) wore the 



WND for an equal amount of athletic exposures over 7 weeks but did not perform 

the NMT program. Four different raters were recruited to visually score all jump 

landing trials using the two different rating protocols during the pre-test and post-

test. For each visual assessment (LESS & LESS-RMC) a repeated measures 

ANOVA was conducted to explore within group (test) and between group (team) 

differences. 

  

Results: Repeated measure ANOVA results for the LESS score scale indicated a 

significant within factor difference in pretest and post test scores F(7.398, 27.533) = 

8.598, P < 0.05. Pretest scores for team 1 (6.18 +/- 1.68) and team 2 (6.95 +/- 0.94) 

both saw a significant reduction in ACL risk scores to 5.44 +/- 1.70 and 6.31 +/- 

1.75, respectively. ANOVA results for the LESS-RMC scale also indicated a 

significant within factor difference in pretest and posttests F(6.756, 35.624) = 6.069, 

p < 0.05. Pretest scores for Team 1 (6.02 +/- 1.99) and Team 2 (6.49 +/- 1.33) both 

saw a significant reduction in ACL risk scores to 5.10 +/- 1.77 and 6.09 +/- 1.50, 

respectively. ANOVA results revealed no significant differences between team 

scores for the LESS (F(0.031,27.533) = 0.036, p > 0.05) or LESS-RMC 

(F(1.053,35.624) = .946, p > 0.05) scales. 

  

Conclusion: The results reveal that the NMT program utilized in this study had no 

statistically significant additive effect on the visual risk assessment scores for Team 

1 compared to Team 2, who had no NMT intervention and only wore the WND. 

Collectively, these results suggest that simply wearing a WND during 6 weeks of 

practice may be a less evasive and cheaper alternative to a NMT program. 



NARROWING THE FUNCTIONAL MOVEMENT GAP IN YOUTH FEMALE ATHLETES 
Michael Decker1, Craig Simons, Eric Cleveland McCarty2, Michelle Wolcott2, Rachel M Frank3 
1University of Denver, 2CU Sports Medicine, 3University of Colorado School of Medicine 
INTRODUCTION: 
Biomechanical deficit profiles associated with knee injury risk in female athletes refers to a gap in movement ability that 
amplifies knee loading during sports performance. This gap in functional movement is reduced with neuromuscular 
training and drives the prophylactic effects of these programs.  However, improved movement ability after training does 
not indicate whether the athlete has reached their goals, is satisfied with current abilities, or would like to see more 
progress. Assessing gaps in athlete-perceived current and preferred movement ability following training may help in the 
evaluation of training outcomes from the athlete's perspective.  The purpose of this study was to assess knee kinematics 
and current and preferred movement ability from the female athlete’s point of view before and after participation in a 
preventive neuromuscular training program. 
METHODS: Twenty-one, elite female soccer athletes (age, 13.3 ± 0.6 y) participated in a 7-week, training program with a 
wearable neuromuscular device (WND).  Sagittal and frontal plane knee kinematics were measured with inertial 
measurement units during a single-leg hop and balance test, performed bi-laterally. Movement ability was measured with 
a computer-adaptive test version of the Movement Ability Measure (MAM-CAT). The MAM-CAT has 18 items, three for 
each of the six movement dimension of strength, flexibility, speed, accuracy, endurance and adaptability. Each item 
contains six statements representing six increasing movement ability levels addressing how respondents currently move 
and how they would prefer to move during activities of daily life and sports participation. The MAM-CAT software 
computes logit scores based on a multi-dimensional item response theory model and transforms current and preferred 
movement ability scores to equal 0 for "cannot move" through 6 for "moves competitively." Changes in summed current 
movement ability and current-preferred differentials (movement gap) were compared pre and post training with paired t-
tests (p=.05). Maximum knee valgus and flexion; and knee valgus and flexion positions at ground contact were contrasted 
with a 2-way (pre, post; dominant leg, non-dominant leg) repeated measures ANOVA. A self-assessment transition item of 
pre versus post movement ability with five Likert response options (“much better”, “slightly better”, “about the same”, 
“slightly worse”, and “much worse”) was used to determine the minimal important difference (MID) by the mean change 
method between “slightly better” and “about the same” subgroups. 
RESULTS: Each athlete had an average of 11.3 ± 2.9 hours of weekly athletic exposure of which 6.9 ± 1.7 hours were 
performed in the WND. At the end of the training program, 62% of the athletes reported “slightly better” movement ability 
and 33% reported “about the same.” The MID for narrowing the movement gap was calculated to be 1.1. Group mean 
current movement ability scores increased 7% (p=.008) and the current-preferred differentials decreased on average by 
25% (p=.035) and exceeded the MID metric.  Group mean (±SD) sagittal and frontal plane kinematics collapsed across 
both legs are graphically presented. Maximum knee valgus and knee valgus position at ground contact decreased on 
average by 6.5 ± 3.9° and 4.1 ± 5.5° (both, p<.001).   Maximum knee flexion and knee flexion position at ground contact 
were on average increased by 14.5 ± 8.1° and 7.9 ± 9.3° (both, p<.001).    
DISCUSSION AND CONCLUSION: The novel preventive neuromuscular training program narrowed the functional 
movement gap in a primary biomechanical variable associated with knee injury risk and induced movement quality 
improvements that were perceived from the female athlete’s point of view.  The motor control of dynamic knee alignment 
may be a prominent feature that young female athletes self-evaluate their current-preferred movement differential. 



 





Kaiser Permanente

Jeffery Dugas, M.D. of the American Sports Medicine Institute has  
suggested that the T:25 Knee may be an effective tool for 
reducing return-to-play (RTP) ACL re-injury rates (see opposite 
page). He notes that a second ACL injury occurs in 20% of 
athletes but inspection of the scientific literature suggests rates to 
be as high as 30%. The most recent science suggests that the 
high rates or re-injury may be due to poor movement quality that 
alters the loading of the knee joint and delaying full recovery for 
two years.  Given that the majority of ACL revision and 
contralateral surgeries occur within the first two years after the 
primary ACL reconstruction, we sought to simulate the effect of 
providing the T:25 Knee to a large group of ACL reconstructed 
patients from the Kaiser Permanente ACLR registry and then 
estimate the economic impact of this simulation.



Cost Estimates of Revision 
and Contralateral ACL 
Reconstructions
Current cost estimation of an ACL 
reconstruction is $12,000 (range: $5000-
17,000) with an average lifetime cost of 
undergoing an ACL reconstruction of 
$38,121 [1]. Built in to these lifetime 
costs are secondary surgeries including 
meniscal repair, debridement, a second 
ACL reconstruction or revision, total knee 
replacement, etc. Putting these numbers 
into perspective from a study 
investigating 17,436 ACL reconstructions 
from Kaiser Permanente [2] a total 
lifetime cost of this group of ACL 
reconstructed patients is estimated to 
reach $664.7 million. 

Return-to-play (RTP) after ACL reconstruction is a current focus in the 
orthopaedic literature due to the high rates of ACL revision and 
contralateral surgeries. A range of second ACL surgery rates from 5% 
(low) to 30% (high) at the base cost of $12,000, would account for 
$10.5 to $62.8 million of the lifetime costs for the 17,436 Kaiser 
Permanente patients.  However, bracing costs in the short to 
intermediate term adds another $400 per patient bumping these costs 
to $10.8 and $64.9 million, respectively. 

[1] Mather C, Koenig L, Kocher M, et al. Societal and economic impact of 
anterior cruciate tears. J Bone Jt Surg. 2013;95:1751-9. 
 
[2] Maletis G, Inacia M, Funahashi T. Risk factors associated with revision 
and contralateral anterior cruciate ligament reconstruction in the Kaiser 
Permanente ACLR registry. 2015;43(3):641-7. 



Risk Reduction and Cost 
Savings of a Second ACL 
Surgery 
The effects of the T:25 Knee on ACL revision and 
contralateral injury rates and the associated cost 
savings were estimated  from the 17,436 ACL 
reconstructed patients noted on the previous 
page.  Providing this population with the T:25 
Knee ($100 a pair) at 6-8 weeks post-op, we 
conservatively estimated this neuromuscular 
device to reduce secondary ACL injury rates by 
63% (see Table, "New") and then calculated this 
reduction across a range of reported secondary 
ACL Injury Rates from 5 to 30% (see Table, 
"Original"). The economic impact was then 
calculated across three ACL reconstruction cost 
estimates (Low, $5,000; Base, $12,000; and 
High, $17,000) and the cost difference between 
the "Original" and "New" rates were determined 
(see Table, "Cost Savings"). 
 
On average (see Table, "AVG"), the cost savings 
of providing the population of 17,436 ACL 
reconstructed patients with the T:25 Knee was 
calculated to range from $4.8 million to $37.7 
million when reducing secondary ACL injury 
rates by 63%. 
 

63%
reduction of 
secondary 
ACL injuries 
are projected 
with the T:25 
Knee
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