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Deep Tissue Laser Therapy™ is used to treat painful muscles and joints associated 
with acute and chronic soft tissue injuries.1 It is also indicated for helping relieve 
pain and stiffness associated with osteoarthritis via its ability to increase localized 
blood flow.1,2 These factors make therapeutic laser a sensible modality choice for 
post-activity recovery.
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CLINICALLY STUDIED TO HELP 
IN THE TREATMENT OF:
 •Neck Pain3

 •Low Back Pain4,5

 •Sciatica6,7

 •TMJ8,9

 •Elbow and Joint Pain10

 •Arthritis1
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ANNOUNCING THE IJSPT & HYPERICE  
CLINICAL EXCELLENCE PROGRAM 

 
The International Journal of Sports Physical Therapy and one of its Founding Sponsors, Hyperice, are pleased 
to announce the development of our Clinical Excellence Program, created to share clinical superiority as it 
relates to the utilization of technology in patient care. This program will enhance patient care through open-
source knowledge sharing. 
 
Providers are encouraged to submit clinical experiences celebrating breakthroughs, unique techniques and 
success stories on a monthly basis.   
 
Our first Clinical Excellence winner is featured at https://ijspt.org/clinical-excellence-october-2021/ 
 
Submission information can be found online at https://ijspt.org/clinical-excellence-program/ 
 
What can you share with your colleagues? Submit today! 
 
BONUS! Submit and you could win a Hyperice Recovery Bundle! You will be automatically entered!
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I was recently asked to give a 
short 5-minute talk at a national 
meeting, and the topic was “What 
I will and what I won’t do in the 
training room/physical therapy 
clinic.” I sat on this for some time, 
thinking about what content I 
should include. What equipment 
do I include, what type of treat-
ments will I or won’t I use in the 
clinic? After months of putting 
the formulation of this talk off, I 
decided to pull out my inner Tom 
Brady and call an audible at the 
line and completely change the 
play. I decided to slightly change 
my talk to be “What I will do in 
the clinic and what intangibles are needed to be a 
better sports physical therapist or athletic trainer?”     
 
One of my former patients was an active NBA  
player. I was fortunate enough to take my family to 
see him play the Oklahoma City Thunder. On that 
night, instead of watching the game, I noticed 
myself watching him interact with his coaches,  
players, and their fans. What I saw was a brilliant 
display of someone giving everything for the better-
ment of the team. During warm-ups, while every-
one else was jogging around taking it easy, he was 
sprinting from baseline to mid-court like he had a 
purpose. During layup drills, he attacked the basket 
and ran all the way back to half court every time, 
while everyone else jogged about half as far as he 
did. When the game started, he was the most  
enthusiastic player on the team – for HIS team-
mates. During a time out, guess who the first guy 
off the bench was? Of course, it was my guy! If a 
player came off the court and dropped their towel, 
guess who was there to pick it up and give them a 
pat on the back? You are right again, my guy! What 
I noticed that night was a player exhibiting all the 
“intangibles” of a great athlete. Although he did not 

get much playing time that night, 
he was one of the most valuable 
players on the team. An intangi-
ble asset is an asset that is not 
physical in nature. You will not 
see intangibles in the stat sheet.  
They will not be seen on a 
resume or even with a face-to-
face interview. They will not 
show up on your weekly produc-
tivity report to your managers.  
However, these are characteristics 
that are more valuable than any 
skill we can learn during physical 
therapy school or during any post 
education continuing educational 
course.   

 
The primary goal of this editorial is to describe a list 
of 10 intangibles that will help you become a better 
sports physical therapist, and, in all reality, become 
a better version of yourself. These intangibles are 
not listed in any order, nor is this an exhaustive list.  
There are many more intangibles than the ten that I 
will list. But I believe these are a good start at some 
of the best.   
     
#1: Teamwork 
Teamwork is a collaborative effort of a group to 
achieve a common goal or to complete a task in the 
most efficient way possible. It is rare that any one 
individual makes up a team. Shaquille O’Neil was 
quoted that during a stretch of one season some of 
the team felt that Kobe Bryant was not passing the 
ball enough. Shaq told Kobe that “there’s no I in 
team.”  Kobe replied, “There’s an M-E in that moth-
er f—er.” Teamwork in our setting of healthcare 
includes many individuals that can be seen in 
Figure 1. To be a good team player we must trust 
each other and understand that we are all equals.  
We should all work together for a common goal of 
getting the athlete back to their sport as soon as 
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they are able. There 
are times that we may 
feel that our cog in the 
wheel is more impor-
tant than those of the 
other cogs. Remember, 
the other cogs probably 
feel the same as you – 
that they are more 
important. We must 
put that feeling of supe-
riority aside so that we 
can keep open lines of 
communication and 
work together. Every 
member of the team is 
critical for success to 
occur. We need to be 
respectful, caring, and 
compassionate for our 
athlete and each member of our team. The great 
coach Phil Jackson once said, “The strength of the 
team is each individual member. The strength of 
each member is the team.”      
 
#2: Honesty 
Honesty is the quality of being honest with people.  
It simply implies a refusal to lie to someone. There 
are times when honesty is difficult. Have you ever 
been asked the dreaded question by your signifi-
cant other, “Do I look fat in this outfit?” The honest 
person tells the truth, the smarter person tells a lie!  
All kidding aside as you can clearly see honesty is 
not always easy. Being totally honest can make 
patients, people you work with, or your family 
angry or upset. I have learned the hard way that 
sometimes it is better to soften the honesty instead 
of just laying it all out on the table. Instead of 
telling the co-worker they are lazy, maybe suggest 
ways that they could be more productive. If a 
patient asks if they are doing as well as most people 
at this timeframe after surgery, it is best to be  
honest. But maybe be honest in a way that allows 
them to build hope and trust in you as their health-
care provider. Honesty is a key component of one’s 
character and a very admiral trait to have. John 
Lennon said it well when he was quoted, “Being 
honest may not get you a lot of friends, but it’ll 
always get you the right ones.”  
 

#3. Integrity 
C.S. Lewis said that 
“Integrity is doing the 
right thing. Even when no 
one is watching.” Integrity 
is the quality of being 
honest and having strong 
moral principles. I would 
hope that we all want to 
have integrity. I can 
assure you that no one 
will ever not value 
integrity. There are many 
ways in which you can 
demonstrate integrity in 
the rehabilitation setting. 
Come to work ready to 
put in a full day, without 
complaints or frustration. 
Be a team player at work 

and give help when it is needed, not just when it is 
convenient. Don’t talk about co-workers behind their 
back, especially about things that you know would be 
hurtful to them. Try to see other peoples’ point of 
view if there is a disagreement. Be accountable for 
your actions. If you have a patient that is struggling, 
don’t constantly blame them. Practice enough self-
reflection to see that maybe you are not giving them 
100%. And if you have that ability to self-reflect, fix 
what is wrong. Try to stay cool under pressure and 
make sound decisions, even when the stress level is 
high. Lead by example. You want to be the person 
your co-workers look up to when they need motiva-
tion. If you lead by a good example others will follow 
and pick up on your integrity and want to follow 
your example.  
  
#4: Loyalty 
Loyalty is the quality of being loyal. Loyalty is a 
strong feeling of support or allegiance. If you value 
patients, they will be loyal to you for life. One way to 
know if you are a good therapist or not is how loyal 
your patients are. We all have patients that return for 
every injury and recommend everyone they know to 
come see you for any musculoskeletal issues. And by 
the way, they will only see you and nobody else.  
That is true loyalty. The patient probably feels this 
way because you were able to help them when they 
needed care the most. They obviously trust you and 

Figure 1: The healthcare team.



more than likely you made them feel valued. But it 
is not only our patients who should be loyal. We as 
therapists should be loyal to our patients. If you do 
not have the expertise to help them, you should be 
confident enough to refer them to someone else 
who can. Be loyal in return. We need to be loyal to 
our co-workers and physicians we work for and 
with.  People appreciate loyalty. Please remember 
though, loyalty is earned and not given easily. 
Earning loyalty takes time, it does not happen 
overnight. 
   
#5: Positive Attitude 
Your attitude is the feeling or way of thinking that 
affects a person’s behavior. It is a state of mind as it 
relates to situations, people, or things. We know that 
we are not going to have a great attitude everyday as 
attitudes are situational. When under stress, atti-
tudes are not always high. However, we need to 
bring a positive attitude to work 100% of the time. 
We know that positive attitudes exhibit optimism 
and this is especially important for patients during 
rehabilitation. This positive attitude is especially 
important to your patients who do not always feel 
positive. You need to be their guiding light. Despite 
what you are feeling, you should always be positive 
toward your patients and co-workers. A positive atti-
tude can help overcome adversity. If you are posi-
tive, you can look at the bright side of any situation 
and help others see light at the end of the tunnel. 
Your positive attitude will attract people, not repel 
them. Confucius said: “If you are positive, you’ll see 
opportunities instead of obstacles.” 
 
#6: Energetic 
Being energetic is having a zest for life and what you 
do for your profession. It should be easy to be ener-
getic when you feel like you have a calling toward 
physical therapy and rehabilitation. It is easy when 
you feel that you have purpose! When you have 
energy and confidence you can emit a sense of 
peace and calm and help to energize those whom 
you meet. Remember that being positive is a choice 
only you can make every single day. Don’t let others 
bring you down or try to steal your positive energy.  
Positive energy is especially important for your 
patients who most likely are in some level of pain or 
have some form of functional limitation. Think of 
how you feel when you are hurt, or not able to do 
the things that you want to do. Just like us, patients 
are not always energetic, or positive when they are 

hurting or under stress. Hopefully, the patients 
can feed off your positive energy to overcome 
their limitations.   
 
#7: Authentic 
Authenticity is the quality of being genuine. I 
would hope that this is how you would want peo-
ple to see you. To be authentic you must be your-
self. To be able to show people the real you, you 
first must know the real you. That in and of itself 
can be a huge hurdle for many who have been 
hurt emotionally. Anyone who follows social 
media knows that we are constantly bombarded 
with images of who we should be, and who we 
should want to be. Being authentic is a collection 
of choices you must make every day. Try not to be 
what society thinks you should be, as that only 
suppresses the real you.  That can leave you dis-
connected from others. That is certainly not what 
you need if you are wanting to be the best PT ver-
sion of yourself.   
  
#8: Patience 
If I were totally honest, I would probably say that 
patience is the one intangible that I struggle with 
the most and I am guessing a lot of you are the 
same. We want something now. We need immedi-
ate gratification. To have patience is the capacity 
to accept or tolerate delay, trouble, or suffering 
without getting angry or upset. It is the ability to 
stay calm in adversity. I do know that with time 
and experience we gain patience, especially in the 
clinical setting. Having patience allows you to stay 
calm in adversity and allows you time to make 
better judgments. I have been in the operating 
room watching surgeons when things do not go 
exactly as planned. You can quickly tell the  
surgeons with patience from those who are impa-
tient. The impatient surgeons typically yell at staff 
and blame others for things that go wrong. The 
surgeons with patience think for a moment, don’t 
get upset, and come up with a resolution to fix the 
problem without even raising their voice. We 
should be like the latter while we are in the clinic. 
Stay calm when things are not going exactly as 
planned. Take a deep breath and exhale before 
making a rash decision. Your patience will usually 
have a calming effect on your patients and other 
co workers around you.   
 



#9: Dependable 
Being dependable means being trustworthy and 
reliable. That means you will not let others around 
you down. This is an extremely important virtue to 
have for not only work, but also for family and 
friends. To be dependable you must put yourself in 
a position where your actions matter. You show 
dependability by your actions not your words.  
Being dependable means showing up to work on 
time. It means getting your paperwork turned in on 
time. If a co-worker needs help with a patient 
whose condition you are familiar with, help them 
out, share your knowledge with them about the 
subject. You prove you are dependable through 
action and results, not through words. However, if 
you do give your word to someone, stand by it.  
Carry through with what you say you will do. I 
sometimes use the desire to be dependable to my 
advantage. I have had instances where I want to do 
something, but I was not certain I would be able or 
that I was good enough to accomplish the task. Or 
when someone asks me to do something I am not 
sure I can do the task but want to push myself. I 
either tell someone I am going to do it or agree to 
do the given task. Because I want to be known as 
being dependable – it forces me to do things I do 
not have 100% comfort in doing. So, if you find 
yourself needing a push and you are the type of 
person that is dependable – say yes or announce to 
people you are going to do something.  Then keep 
your word, start putting together an action plan, get 
to work, and prove your dependability. Most often 
you will have pushed yourself just enough that 
whatever you agreed to do will be a hit.   
 
#10: Kindness 
I have left the most important tangible for the last.  
Simply enough it is to be kind. Kindness is the qual-
ity of being friendly, generous, and considerate.  
The Dalai Lama once said, “Be kind whenever  
possible. It is always possible.” For our patients and 
co-workers there are so many ways that we can 
show kindness and they are not that difficult for us 
to do. It can be as simple as being happy and smil-
ing. How hard is it to smile at work? Other ways 
are to help around the clinic when it is busy. We 
have several great physical therapist assistants at 
our clinic who always come to help clean tables or 
pick up equipment when they have downtime.  

They could just sit in the office and talk, but they 
show kindness and consideration for others. It is 
extremely helpful for those of us that have full case 
loads all day long. 
  
Although we sometimes think our patients should be 
grateful for us, we should be grateful for them.  
Because of them we get the opportunity to heal and 
make people feel better daily. What job is better than 
that? Share praise for a co-worker when they do a 
good job. Tell your co-workers that you appreciate 
them. You will never find a person who does not like 
to hear that they are appreciated. Admit that you are 
wrong and don’t be afraid to share your mistakes. It 
makes others feel much better when they realize 
they are not the only one that makes mistakes. And 
if all else fails – tell a joke. A very good friend and 
former student of mine works in our clinic and con-
stantly tells goofy jokes. It never fails to bring laugh-
ter. As much as people like to say they hate the “dad 
jokes,” you know that they all love them! 
 
If you follow and try to be compliant with even half 
of these intangibles, you will no doubt be a better  
clinician, a better friend, a family member, spouse, 
etc. I challenge you to try to adopt even one or two 
of these intangibles for 3-4 weeks and see how it 
changes your own mindset and even those around 
you. If you already have adopted some of these in 
your personal and work life, I would challenge you to 
add one or two more. Take an index card and write 
several of the intangibles on them and tape them to 
your mirror in the bathroom so you are reminded 
daily of the “intangibles” you want to possess. This 
will help keep them in your mind daily. It is much 
easier to remember them when you see them  
constantly.    
 
If you can think of other intangibles that I have not 
mentioned feel free to contact me on social media at 
Twitter - @robptatcscs and Instagram – 
Robert_Manske.  
 
I think these intangibles and others like them are 
important enough that I would love to keep the  
dialog going and spread the word. Go out, take it to 
the max, and be the best physical therapist version of 
yourself you can be!    



The sports medicine world 
suffered a great loss March 
18, 2022 when Champ L. 
Baker, Jr., MD, passed away 
at 75 years of age in 
Columbus, GA. His passing 
will be mourned not only 
by his family and friends, 
former patients and surgeon 
colleagues, but by many 
sports physical therapists.  
 
Dr. Baker was a native of 
Alexandria, LA. His mother, 
a nurse, was his inspiration 
to go into medicine. His 
undergraduate and medical 
school degrees were earned 
at LSU. He was recruited to 
play basketball at LSU and 
the 6’5” freshman showed a 
lot of promise, but in his 
second year, a 6’5” shooting guard named 
“Pistol” Pete Maravich joined the team. The NBA 
was out but sports medicine gained quite an  
addition. 
 
Following medical school, Champ joined the 
U.S. Army, where he completed his orthopedic  
residency at Letterman Army Medical Center in 
San Francisco, CA, and Shriners Hospital for 
Crippled Children in St. Louis, MO. He later 
completed a sports medicine fellowship under 
Dr. Jack Hughston in Columbus, GA in 1979. 
After retiring from the Army as a Lt. Colonel, 
he joined the Hughston Clinic in 1982.  
 
He and his wife Sue Ann raised three children 
which gave him the joy of eight grandchildren. 
 
He served as president of The Hughston Clinic 
from 1994 until 2000, and was an orthopedics 
professor at Tulane University School of 
Medicine and at the Medical College of Georgia. 
He formerly served as Chair of the Board of 
Directors of The Hughston Foundation and as 
program director of the Hughston Sports 
Medicine Fellowship. He had an extremely 
active practice in Columbus. Champ served as 
team physician for numerous local and regional 
athletic teams, including the University of 

Alabama and Columbus State 
University, where he was 
inducted into the CSU Sports 
Hall of Fame. He was a volun-
teer physician for the U.S. 
Olympic Committee. He start-
ed and funded scholarships 
for students in nursing and 
athletic training careers. 
 
Nationally and international-
ly, Champ was active in 
many professional societies 
and served as an officer or 
committee member of the 
American Academy of 
Orthopaedic Surgeons; 
American Shoulder and 
Elbow Society; American 
Orthopaedic Society for Sports 
Medicine; American 
Orthopaedic Association; 

International Society of Arthroscopy, Knee 
Surgery and Orthopaedic Sports Medicine; and 
Arthroscopy Association of North America.  
 
He was president of the American Orthopaedic 
Society for Sports Medicine, Southern 
Orthopaedic Association, Georgia Orthopaedic 
Society, and Georgia Shoulder and Elbow Society. 
He was inducted into the Halls of Fame of both 
the Chattahoochee Valley Sports Foundation and 
the American Orthopaedic Society of Sports 
Medicine; he was honored in 2010 by the latter 
with the George D. Rovere Award for his contri-
bution to sports medicine education and the title 
of “Mr. Sports Medicine” for his significant contri-
butions to the field. He was also a recipient of the 
Distinguished Southern Orthopaedist Award from 
the Southern Orthopaedic Association and the 
President’s Challenge Award from the National 
Athletic Trainers Association. 
 
But none of this speaks to what he has done for 
the AASPT and for sports physical therapists over 
the years. At every instance, when the AASPT 
needed a speaker, a dissection leader, a panelist 
or a connection to the AOSSM or AAOS, he was 
there. Hard to believe that when he was president 
of AOSSM…during the yearly meeting, with 

CHAMP L. BAKER, Jr., MD: IN MEMORIAM 
By Turner A. “TAB” Blackburn, Jr.



I had the pleasure of working with Champ 
directly for many years. I can only echo what 
the Academy members have related above. 
Champ believed in what sports physical thera-
pists do and how we assisted patients. I traveled 
around the USA and the world with him teach-
ing in many countries. His easy manner and 
humor disarmed the “stuffiest of folks.” His wit, 
wisdom, and leadership were legendary. But the 
bottom line was that he cared for his patients. I 
was never more honored than when he would 
refer a patient with only a diagnosis and “TAB 
FIX.” 
 
 – Turner A. “TAB” Blackburn, Jr. 

many meetings and presentations he was 
involved with, he showed up to present at the 
Academy’s AOSSM Pre-Conference course! 
 
Here are comments from some of the Academy 
members:   
 
“We mourn the loss of Champ, his enthusiasm 
and dedication to Sports Medicine, and his love 
of family and friends. We send our deepest con-
dolences and prayers to Champ’s wife, Sue Ann 
and their family.” 
 
“He was a good man and giant in Ortho and 
supporter of our world.” 
 
“I also had the chance to work with Champ’s 
daughter Sarah up at HSS so we talked about 
her Dad often. RIP. He was a good man and a 
huge LSU fan.” 
 
“A true stalwart of sports medicine.” 
 
“NEVER said no to us when we asked him to 
speak.” 
 
“Impressive gentleman and great role model. 
He will be missed.” 
 
“Will greatly miss him. He was one of the greats 
that made You feel special when speaking with 
him. He always looked you in the eye and was 
listening intently to what you had to say.  
Prayers to his family...” 
 
“Another sad day in Sports Medicine to lose a 
class person and professional such as Champ, 
he will be missed.” 
 
“Champ will be missed because he was always 
so supportive of PT and a great gentleman.” 
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For many years, fake smiles in female gymnasts have 
been the norm – and part of the “routine” during perfor-
mance. However, lately, these “routines” have drawn neg-
ative public attention. Cases involving sexism, ruthless 
training culture and repression of female gymnasts have 
made headlines and given rise to considerations in gymnas-
tic federations worldwide. Fortunately, the female gymnasts 
involved have risen against this oppression and sports cul-
ture. For example, the female German national team gym-
nasts at last year’s Olympic Games in artistic gymnastics 
chose to line up in suits with long legs to dissociate them-
selves from sexualization. In addition, gymnast star Simone 
Biles withdrew from the competition. She honestly and 
publicly shared that she was not mentally fit to compete and 
that she did not want to do something silly with the poten-
tial of getting injured, and the world’s athletes showed her 
their sympathy and solidarity. 

In Denmark, there is a proud tradition within gymnas-
tics. Every fourth year a giant sports festival takes place and 
gymnastics is the epicenter of the festival. Gymnastic teams 
with more than 200 gymnasts perform together, showing 
the diversity and solidarity in the unique Danish gymnastic 
culture – a culture that accommodates both the recre-
ational and the elite gymnast. Moreover, it is a culture that 
to a great extent is based on volunteerism. Further, the dis-
tance from idea to action is short which is experienced both 
in the clubs and in the national Federation of Gymnastics, 
GymDanmark. Currently, GymDanmark has an ethical code 
where the objective is to create a value-based foundation 
that ensures mutual respect no matter where you are in the 
hierarchy. In addition, Danish Gymnastics & Sports Associ-
ations have allocated 9.4 million euro to encourage diver-
sity in sport in Denmark. Gymnastics, however, is a sport 
where pain and injury of both traumatic and overuse na-
ture is common. Currently, Danish gymnastic clubs experi-

ence challenges retaining adolescent gymnasts in the sport 
through the transition to adulthood, where up to 19% of the 
drop-out is caused by injuries.1 

In this International Perspective we share some of our 
initial experiences from Denmark where we have been con-
ducting one of the largest gymnastics injury surveillance 
studies, including more than 600 TeamGym gymnasts in 
both retrospective and prospective injury surveillance stud-
ies. 

THE JUMPSMILE PROJECT 

Looking at the various gymnastic disciplines, Team Gym-
nastics within rhythm and jump (TeamGym), is the most 
popular discipline in Denmark (Figure 1). Despite the in-
creasing popularity, TeamGym has not received much at-
tention from sports medicine and physical therapy re-
searchers. Results from a study by Harringe et al. (2007) 
found in a small cohort of 42 senior gymnasts, from two 
top-level TeamGym teams that the incidence rate was 2 in-
juries per 1000 gymnastic hours.2 This is supported by an-
other study, reporting 50 injuries per 1000 gymnastic hours 
in TeamGym competition.3 

The JumpSmile project, from our research institution, 
aims to investigate and describe the injury epidemiology 
and risk factors in TeamGym. Results from the retrospective 
survey showed that in TeamGym gymnasts between 10-30 
years of age, 80% suffer from musculoskeletal pain related 
to gymnastics during season, with approximately 2 injuries 
per gymnast and an average duration of 8 weeks per injury, 
suggesting a potential large injury burden from gymnastics 
injury (unpublished data). The majority of injuries were 
overuse injuries, and the total gymnastic exposure was 
high, with more than 7 hours on average per week for these 
athletes. While foot/ankle, knee, back and wrist injuries 
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were the most commonly reported injury regions, these dif-
fered according to sex and body region, with especially the 
knee being a problem in the youngest gymnasts. Further, it 
is alarming that several gymnasts in the study and their par-
ents have expressed that pain is an unavoidable part of the 
sport. Thus, the importance of focusing on training culture 
and beliefs, as well as developing effective injury prevention 
strategies within TeamGym gymnastic seems important. To 
address this challenge, the ongoing JumpSmile project in 
Denmark now prospectively follows more than 500 young 
gymnasts during a full season (10-11 months) to see if the 
data from the retrospective surveillance can be confirmed 
an further explained in a prospective injury surveillance 
set-up. This set-up includes: weekly SMS-track, telephone 
interviews and growth measures, in-depth knowledge about 
injury epidemiology, time-loss due to injuries and potential 
injury risk factors in the sport, such as exposure, growth 
spurt and joint hypermobility. Furthermore, a clinical ex-
amination will be offered by a physiotherapist to all gym-
nasts with an overuse injury that lasts more than 3 weeks, 
with a special focus on growth-related apophyseal injuries. 

Hopefully, the JumpSmile project can contribute to the 
continued development of gymnastics, further education of 
coaches and new future injury prevention strategies, help-
ing local gymnastic clubs in retaining their gymnasts. 
Thereby, many more true smiles in the future will see the 
light of the day and many positive stories and effects of 

gymnastics can be shared. Gymnastics is a sport that should 
include and exemplify joyful movement and physical activ-
ity – in a multicultural and diverse setting and culture - 
where fake smiles should not be necessary. 
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Proximal biceps pain has become increasingly prominent 
in the discussion of shoulder pathology and especially when 
associated with rotator cuff injuries and superior labrum 
from anterior to posterior (SLAP) lesions. Pain in the long 
head of the biceps (LHB) is usually inflammatory in nature 
and can be caused by a variety of pathologies which was well 
described in Sethi et al.1 LHB pathology can fall into three 
main categories of inflammatory, instability, and traumatic. 
Patients falling into any of these categories can present 
with debilitating anterior shoulder pain. Inflammation in 
the LHB can stimulate a robust sensory and sympathetic in-
nervation in this area which contributes to the intensity of 
pain these patients experience. Taylor et al, have described 
3 zones where the biceps can exhibit pathology and specific 
tests to identify these lesions called the “3 pack examina-
tion”.2 

Patients that present with LHB pain fall into a bimodal 
distribution. Young overhead athletes and older patients 
with rotator cuff pathology make up the majority of the pa-
tients that present to our clinics. With an increasing num-
ber of young athletes playing year-round sports, biceps 
pathology is a common complaint in our clinics. In a differ-
ent mechanism, our older patients suffer from subacromial 
impingement and rotator cuff tears that cause increased 
stress on the LHB. We believe the LHB becomes a significant 
humeral head depressor in the setting of a large rotator cuff 
tear which contributes to this presentation. Although con-
troversy exists regarding the function of the long head of 
the biceps brachii.3 

Treatment options for proximal biceps tendon pain 
should often start with non-operative treatment and the 
treatment modalities are dictated by the etiology of the 
biceps pathology. Wilk et al, have described six different 
proximal biceps lesions and specific treatment approaches 
for each.4 For an inflammatory process, (i.e., biceps para-
tendinitis) activity modification, anti-inflammatories and 
other modalities have all been used successfully. Laser ther-
apy and iontophoresis can also be beneficial in this setting. 
In addition, a rehabilitation program which emphasizes 
scapular muscle strengthening, postural correction and ro-
tator cuff strengthening is critical. With biceps tendonosis, 
non-operative treatment focused on increasing circulation 
and promoting healing is focused. This includes, heat, soft 

tissue mobilization, piezo wave therapy, laser, eccentric ex-
ercise, and a scapular & rotator cuff strengthening program 
while avoiding NSAIDs and ice to create a healing environ-
ment. 

When non operative treatments have failed to give the 
patient adequate relief and function, surgical intervention 
can be considered. If surgery is elected, the surgeon may 
perform a tenotomy, or a biceps tenodesis (either supra-
pectoralis or sub pectoralis location). At our institution, 
we perform all sub-pectoralis biceps tenodesis. We believe 
this gives the advantage restoring proper tendon tension 
and length and avoidance of the “Popeye” deformity that is 
seen with a tenotomy alone.5 Tenotomy can lead to painful 
muscle spasms as it retracts into the arm. The location of 
the tenodesis is at the level of the pallium pectoralis. This 
is a consistent fascial sleeve that extends from the supe-
rior boarder of the pectoralis major tendon to the humerus 
which lies in the metaphyseal-diaphyseal junction of the 
humerus. This location is ideal since it avoids the risk of 
fracture when placed in the diaphysis and is also inferior 
enough to avoid insertion into the humeral head. After cut-
ting the biceps tendon intraarticularly in the joint just 
above its labral attachment, a longitudinal 3 cm incision is 
made just inferior to the palpable boarder of the pectoralis 
major tendon. We use the Birmingham Biceps Technique 
that uses a 5.5 SwiveLock PEEK screw (Arthrex) to secure 
the tendon using a Fiberloop suture. Of note, at our institu-
tion we do use smaller anchors in high level throwing ath-
letes to avoid the risk of humerus fracture while throwing. 
A measuring device is used to ensure that the most proxi-
mal extent of the tendon that is whipstitched is 4 cm from 
the musculotendinous junction of the LHB. The screw is in-
serted into the bicipital groove at the level of the pallium 
pectoralis which ensures adequate tension. This avoids a 
“Popeye deformity” as well as retains anatomic muscle/ten-
don length with the correct anatomic force vector on the 
tendon. We believe that this technique removes the biceps 
tendon from the bicipital groove which is a common source 
of pain. This location places the anchor out of the diaphy-
seal portion of the bone to reduce post operative fracture 
risk. 

Clinical photographs detailing the subpectoralis LHB 
tenodesis is shown in Figures 1-5.6 
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The post operative rehabilitation includes that the pa-
tient is instructed not to lift any heavy objects overhead 
and avoid activation of the biceps in the immediate post 
operative period. No isolated biceps strengthening exer-
cises for 6-8 weeks post operatively. The rehabilitation can 
be broken down into 3 phases. Phase 1, is the immediate 
motion phase weeks 0-2 which our goal is to re-establish 
non-painful range of motion, retard muscular atrophy, re-
establish dynamic stabilization, and decrease pain and in-
flammation. During phase 1 the patients begin with pen-
dulums and rope and pulley. They will progress to full 
elevation range of motion and initiate external and internal 
tubing at 30 degrees of abduction in the scapular plane by 
the end of phase 1. Exercises focused on rotator cuff and 
scapula posture are emphasized. 

Phase 2 is completed from weeks 2 through 6. The goals 
of this phase are to regain and improve muscular strength, 
normalize arthrokinematics, improve neuromuscular con-
trol of the shoulder complex, and continuing to diminish 
pain. Before beginning phase 2 The patients must have full 
range of motion, minimal pain, and have progressed well 
with internal/external rotation at 0 degrees of abduction. 
The goal by the end of phase 2 is the have the patient nor-
malize their arthrokinematics with the use of L-bar range of 
motion and be able to achieve normal internal and exter-
nal rotation at 90 degrees of abduction. During this phase, 
scapular strengthening exercises, postural correction drills 
and a shoulder strengthening program is utilized. Strength-
ening exercises focus on dynamic stabilization, and scapu-
lar synchronization with active movements. 

Phase 3 is the dynamic strengthening phase and consists 
of weeks 6-12. The goals of this phase are to improve 
strength, improve neuromuscular control, and prepare pa-
tients to return to sport if applicable. To enter phase 3 of 
rehabilitation patients must have full non-painful range of 
motion, no pain, and strength at 70% of contralateral ex-
tremity. During this phase all exercises are progressed, bi-
ceps strengthening is initiated, but more functional exer-
cises are utilized during this phase. 

Phase 4 consists of more maintenance and the progres-
sion of strength and range of motion. The patient is in-
structed to continue their ROM exercises and any capsular 
stretches as needed to avoid any post operative capsular 
tightness. For athletes, plyometrics can be initiated begin-
ning with 2 handed and progressing to 1 handed plyomet-
rics. We will initiate a gradual return to sport at approx-
imately 12 weeks. Rehabilitation concludes with gradual 
return to all unrestricted functional activities.4 

The outcomes of LHB tenodesis are favorable across all 
age groups and activity levels. A study currently in review 
from American Sports Medicine Institute examined 76 soft-
ball players and compared results of SLAP repair versus bi-
ceps tenodesis. This study revealed no statistical difference 
between these groups in return to play rates as well as pain 
and function. This data would suggest a biceps tenodesis is 
a reasonable option with similar results and shorter follow 
up time than SLAP repairs for collegiate level throwing ath-
letes.7 An additional study by Griffin et al., demonstrated a 
satisfaction rate of 40% for SLAP repairs versus 93% for bi-
ceps tenodesis in patients under 25 years of age with SLAP 
tears.8 In Ek et al., they showed favorable results in patients 

Figure 1. Exposing the LHB tendon under the 
pectoralis major tendon. 

Figure 2. The highlighted area is the pallium 
pectoralis which is the fascial sling that is a 
consistent anatomic landmark used to reproducibly 
achieve proper tension for a biceps tenodesis. The 
anchor is placed at this level in the bicipital groove. 

Figure 3. The LHB tendon is then whip stitched and 
attached to an anchor for insertion. 

older then 35 undergoing biceps tenodesis.9 LHB tenodesis 
has reliable results across age groups and activity levels. 

LHB tenodesis by the technique listed above has given 
us a safe and reliable way to treat patients who have failed 
non-operative management. Our technique has given us 
excellent results in patients of all ages including younger 
overhead athletes. This technique also avoids the problem 
of cosmetic deformity as well as muscle spasm and pain 
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that some patients experience with a tenotomy alone as dis-
cussed in Hsu et al. Tenodesis also has the added benefit 
of increased flexion and supination strength compared with 
tenotomy alone.5 Our use of anatomic landmarks and 
placement of the anchor ensures that we have reduced risk 
of fracture with adequate tension maintained in the muscu-
lotendinous unit. Placing the anchor in the anatomic loca-
tion of the more distal portion of the tendons normal posi-
tion also maintains proper tendon vector that is consistent 
with native anatomy. 

Figure 4. Anchor is secured at the level of the 
Pallium Pectoralis. 

Figure 5. Anchor is advanced into the bone and the 
subpectoralis biceps tenodesis is complete. 
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Background 
Quadriceps strength and mass deficits are common after anterior cruciate ligament (ACL) 
reconstruction. Postoperatively, heavy load resistance training can have detrimental 
effects on knee joint pain and ACL graft laxity. Therefore, low-load blood flow restriction 
(LL-BFR) training has been suggested as an alternative to traditional strength 
rehabilitation. 

Purpose 
The present systematic review aimed to investigate the effect of LL-BFR training on 
quadriceps strength, quadriceps mass, knee joint pain, and ACL graft laxity after ACL 
reconstruction compared to non-BFR training. 

Study design 
Systematic review 

Methods 
A systematic literature search of PubMed, EMBASE.com, Cochrane Library/Wiley, 
CINAHL/Ebsco and Web of Science/Clarivate Analytics was performed on 19 February 
2021. Studies were included if they compared LL-BFR and non-BFR training after ACL 
reconstruction with pre- and post-intervention quadriceps strength, quadriceps mass, 
knee joint pain or ACL graft laxity measurement. Systematic reviews, editorials, case 
reports and studies not published in a scientific peer reviewed journal were excluded. The 
risk of bias of randomized studies was assessed with the use of the Cochrane Risk of Bias 
Tool. 

Results 
A total of six randomized controlled trials were included. Random sequence generation 
and allocation concealment was defined as high risk in two of the six studies. In all 
studies blinding of participants and personnel was unclear or could not be performed. The 
included studies used different LL-BFR and non-BFR protocols with heterogeneous 
outcome measurements. Therefore, a qualitative analysis was performed. Two of the six 
studies assessed quadriceps strength and demonstrated significant greater quadriceps 
strength after LL-BFR compared to non-BFR training. Quadriceps mass was evaluated in 
four studies. Two studies observed significant greater quadriceps mass after LL-BFR 
compared to non-BFR training, while two studies observed no significant difference in 
quadriceps mass. Knee joint pain was assessed in three studies with significantly less knee 
joint pain after LL-BFR compared to non-BFR training. Two studies evaluated ACL graft 
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laxity and observed no significant difference in ACL graft laxity between LL-BFR and 
non-BFR training. 

Conclusion 
The results of this systematic review indicate that LL-BFR training after ACL 
reconstruction may be beneficial on quadriceps strength, quadriceps mass, and knee joint 
pain compared to non-BFR training with non-detrimental effects on ACL graft laxity. 
However, more randomized controlled trials with standardized intervention protocols and 
outcome measurements are needed to add evidence on the clinical value of LL-BFR 
training. 

Level of evidence 
2a 

INTRODUCTION 

Quadriceps strength and mass deficits are common after an-
terior cruciate ligament (ACL) reconstruction.1–6 Approx-
imately 30% of patients have quadriceps strength deficits 
12 months after ACL surgery.1,3 Quadriceps mass deficits 
can be as high as 30% and can persist for many years after 
ACL reconstruction.5 Furthermore, quadriceps mass deficits 
can negatively affect quadriceps strength.7–9 This is of im-
portance as quadriceps strength after ACL reconstruction is 
associated with patient reported outcome measurements, 
functional performance, return to sport and ACL re-in-
jury.1,10–16 Therefore, interventions to address quadriceps 
strength and mass deficits after ACL reconstruction are im-
perative. 

Heavy load resistance (HLR) training using external 
loads >60% of one repetition maximum (1RM) is recom-
mended to increase quadriceps strength and mass.17 How-
ever, after ACL reconstruction, training with external loads 
>60% 1RM can have detrimental effects on knee joint pain 
and ACL graft laxity.18–23 Therefore, low-load blood flow 
restriction (LL-BFR) training using external loads of 20-40% 
1RM has been suggested as an alternative to traditional 
strength rehabilitation.24,25 During LL-BFR training, a 
pressurized cuff is applied to the proximal thigh that oc-
cludes venous outflow while maintaining arterial in-
flow.24,25 The combination of venous occlusion and resis-
tance training is believed to induce muscle hypertrophy 
secondary to elevated systematic hormone production, cell 
swelling, production of reactive oxygen species, intramus-
cular anabolic signaling and fast-twitch fiber recruit-
ment.25–27 

A recent systematic review showed promising results of 
LL-BFR training on quadriceps mass after ACL reconstruc-
tion.28 As LL-BFR training is an increasingly popular 
method for the rehabilitation after an ACL reconstruction, 
it is important to evaluate the value of this treatment.24,25 

Therefore, the present systematic review aimed to investi-
gate the effect of LL-BFR training on quadriceps strength, 
quadriceps mass, knee joint pain and ACL graft laxity after 
ACL reconstruction compared to non-BFR training. 

MATERIALS AND METHODS 

The review protocol was registered on PROSPERO 
(CRD42020163467) and was performed according to the 

Preferred Reporting Items for Systematic Reviews and 
Meta-analysis guidelines.29 

SEARCH STRATEGY AND STUDY SELECTION 

A systematic literature search in PubMed, EMBASE.com, 
Cochrane Library/Wiley, CINAHL/Ebsco and Web of Sci-
ence/Clarivate Analytics was performed on 19 February 
2021 (BK, MH). The following search terms, including all 
synonyms, were used to search in all databases as index 
term and as free-text words: blood flow restriction and an-
terior cruciate ligament (See Appendix 1 for the detailed 
search strategy). The results of the literature search were 
collected in the reference management program RefWorks 
and were de-duplicated.30 Studies were included if they 
compared LL-BFR and non-BFR training after ACL recon-
struction with pre- and post-intervention quadriceps 
strength or quadriceps mass or knee joint pain or ACL graft 
laxity measurement. Non-BFR training was defined as 
strength training without vascular restriction. The exclu-
sion criteria were: systematic reviews, editorials, case re-
ports and studies not published in a scientific, peer re-
viewed journal. Two reviewers (BK and AT) separately and 
independently screened all titles and abstracts. The full text 
was reviewed if title and abstract suggested a study of inter-
est. In case of disagreement, consensus was achieved by a 
third researcher (MS). In addition, trial reference lists of in-
cluded studies were screened for relevant articles. 

DATA EXTRACTION 

Data of included articles were extracted with the use of 
RevMan 5.4 (Review Manager 5.4, The Cochrane Centre Col-
laboration, Copenhagen, Denmark, 2020) including: year of 
publication, study design, number of patients, study arms, 
graft used for ACL reconstruction, patient characteristics, 
LL-BFR training protocol, non-BFR training protocol, and 
quadriceps strength, quadriceps mass, knee joint pain, and 
ACL graft laxity measurements.31 When raw data of out-
come measurements were not available, the authors were 
contacted to provide raw data. 

STUDY QUALITY AND REPORTING 

The independent reviewers (BK and AT) assessed the risk of 
bias of the included studies with the use of the Cochrane 
Risk of Bias Tool. Non-randomized studies were assessed 
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Table 1. Overview of study characteristics. 

Author 
(Year) 

Study design Total number of patients Study arms 
(No.) 

Outcome 

Hughes 
(2019a) 

Randomized controlled trial 24 LL-BFR group (n=12) 
Non-BFR group (n=12) 

Quadriceps strength 
Quadriceps mass 
Knee joint pain 
ACL graft laxity 

Hughes 
(2019b) 

Randomized controlled trial 24 LL-BFR group (n=12) 
Non-BFR group (n=12) 

Knee joint pain 

Hughes 
(2018) 

Randomized controlled trial 20 LL-BFR group (n=10) 
Non-BFR group (n=10) 

Knee joint pain 

Iversen 
(2014) 

Randomized controlled trial 24 LL-BFR group (n=12) 
Non-BFR group (n=12) 

Quadriceps mass 

Ohta 
(2003) 

Randomized controlled trial 44 LL-BFR group (n=22) 
Non-BFR group (n=22) 

Quadriceps strength 
Quadriceps mass 
ACL graft laxity 

Takarada 
(2000) 

Controlled trial 16 LL-BFR group (n=8) 
Non-BFR group (n=8) 

Quadriceps mass 

LL-BFR: Low-load blood flow restriction. 

with the ROBINS-I checklist.32 The included studies were 
evaluated on: selection bias, performance bias, detection 
bias, attrition bias, reporting bias and other bias. 

DATA SYNTHESIS 

Outcome measurements were extracted with the use of 
RevMan 5.4.31 The difference in pre- and post-intervention 
mean and standard deviation (SD) was used to calculate 
the standardized mean difference (SMD). In case SD was 
not available, this was estimated in accordance with recom-
mendations provided by Cochrane Handbook for System-
atic Reviews.33 Data were pooled for a meta-analysis if the 
included studies were clinically, methodologically and sta-
tistically homogenous. In case of considerable heterogene-
ity (I2 >75%) of the study results, a qualitative analysis was 
performed.34 The level of statistical significance was set at 
p≤0.05. 

RESULTS 
STUDY SELECTION AND CHARACTERISTICS 

The database search yielded 1474 articles. After initial title 
and abstract screening, 11 articles were assessed for eligi-
bility. The remaining 11 articles were fully read and six ar-
ticles met the inclusion criteria. The two independent re-
viewers agreed on selection of eligible studies and achieved 
consensus on which studies to include. No additional stud-
ies were identified through reference list screening. There-
fore, six articles were included in the systematic review 
(Figure 1). Table 1 shows an overview of the study charac-
teristics. 

Three studies were conducted in the United Kingdom, 
two in Japan and one in Norway.18,35–39 The studies con-
ducted in the United Kingdom are three reports from the 
same study.18,35,36 However, the three reports from the 

same study described different outcome measurements, 
thus, were included in this review. The included studies in-
volved a total of 152 patients who had been randomized 
into LL-BFR (n=76) or non-BFR (n=76) group.18,35–39 Sam-
ple sizes ranged between 16 and 44 patients.18,35–39 Five 
studies used hamstring graft for ACL reconstruction, 
whereas one study did not report type of graft.18,35–39 Pa-
tient characteristics were not statistically significant differ-
ent between the LL-BFR and non-BFR group. Table 2 shows 
an overview of the patient characteristics. 

LL-BFR AND NON-BFR PROTOCOLS 

The intervention protocols are shown in Table 3. The dura-
tion of the intervention varied from 11 days up to 14 weeks 
and training sessions varied from two sessions/week up to 
two sessions/day.18,35–39 LL-BFR training was used in com-
bination with low-load leg press, leg extension or straight 
leg raise exercises.18,35–39 The external load varied from 
body weight up to 30% 1RM and was not specified in two 
studies.18,35–39 Automatic personalized tourniquet systems 
and pneumatic cuffs were used during LL-BFR train-
ing.18,35–39 The occlusion pressure ranged between 148 and 
238 mmHg, while cuff width ranged from 9 to 14 cm.18,35–39 

In three studies LL-BFR pressure was defined as 80% of the 
limb occlusion pressure (ranged from 140 to 160 mmHg), 
whereas the occlusion pressure was based on previous re-
search in three studies (ranged from 180 to 
240mmHg).18,35–39 LL-BFR was intermittently applied with 
reperfusion periods ranging from 30 to 180 sec-
onds.18,35,36,38,39 In three studies, non-BFR training con-
sisted of the same exercise protocol as LL-BFR training but 
without vascular restriction.37–39 Hughes et al. used dif-
ferent exercise protocols in the non-BFR and LL-BFR 
group.18,35,36 In the non-BFR group, the patients per-
formed three sets of 10 repetitions using external loads of 
70% 1RM. In the LL-BFR group, the patients performed four 
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Table 2. Overview of patient characteristics. 

Author 
(Year) 

Graft for ACL 
reconstruction 

Male in LL-BFR 
& non-BFR 
group 

Age (years) in LL-
BFR & non-BFR 
group 

Weight (kg) in LL-
BFR & non-BFR 
group 

BMI in LL-BFR & 
non-BFR group 

Hughes 
(2019a) 

Hamstring 7 (58%) & 10 
(83%) 

29 (7) & 29 (7) 76 (15) & 79 (15) 25.4 (3.9) & 26.4 
(4.4) 

Hughes 
(2019b) 

Hamstring 7 (58%) & 10 
(83%) 

29 (7) & 29 (7) 76 (15) & 79 (15) 25.4 (3.9) & 26.4 
(4.4) 

Hughes 
(2018) 

Hamstring 6 (60%) & 7 
(70%) 

29 (5) & 31 (7) 77 (16) & 81 (12) 25.7 (4.2) & 23.5 
(3.4) 

Iversen 
(2014) 

Hamstring 7 (58%) & 7 
(58%) 

25 (7) & 30 (9) 77 (12) & 78 (10) - 

Ohta 
(2003) 

Hamstring 13 (59%) & 12 
(55%) 

28 (10) & 30 (10) 65 (14) & 63 (9) - 

Takarada 
(2000) 

- 4 (50%) & 4 
(50%) 

22 (1) & 23 (1) 59 (1) & 62 (2) - 

Results are presented as numbers (percentage) or mean (SD). ACL: anterior cruciate ligament; BMI: body mass index; LL-BFR: low-load blood flow restriction. 

Figure 1. Flow chart of the literature search and selection procedure. 

sets (30-15-15-15) using external loads of 30% 1RM.18,35,36 
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Table 3. Overview of intervention. 

Author 
(Year) 

BFR device Cuff 
width 

BFR 
pressure 

LL-BFR 
training 

Non-BFR 
training 

Exercises Duration Total 
training 
sessions 

Hughes 
(2019a) 

Automatic 
personalized 
tourniquet system 

11.5 
cm 

Mean 150 
mmHg 

Based on 
80% of 
LOP 

4 sets 
(30-15-15-15 
reps) 

Interset rest 
periods: 30 
seconds 

External load: 
30% 1RM 

Session: 2x/
week 

3 sets 
(10-10-10 
reps) 

Interset rest 
periods: 30 
seconds 

External load: 
70% 1RM 

Session: 2x/
week 

Unilateral leg press 8 weeks 

Start: 2 
weeks 
postop 

End: 10 
weeks 
postop 

16 

Hughes 
(2019b) 

Automatic 
personalized 
tourniquet system 

11.5 
cm 

Mean 150 
mmHg 

Based on 
80% of 
LOP 

4 sets 
(30-15-15-15 
reps) 

Interset rest 
periods: 30 
seconds 

External load: 
30% 1RM 

Session: 2x/
week 

3 sets 
(10-10-10 
reps) 

Interset rest 
periods: 30 
seconds 

External load: 
70% 1RM 

Session: 2x/
week 

Unilateral leg press 8 weeks 

Start: 2 
weeks 
postop 

End: 10 
weeks 
postop 

16 

Hughes 
(2018) 

Automatic 
personalized 
tourniquet system 

11.5 
cm 

Mean 148 
mmHg 

Based on 
80% of 
LOP 

4 sets 
(30-15-15-15 
reps) 

Interset rest 
periods: 30 
seconds 

External load: 
30% 1RM 

Session: 2x/
week 

3 sets 
(10-10-10 
reps) 

Interset rest 
periods: 30 
seconds 

External load: 
70% 1RM 

Session: 2x/
week 

Unilateral leg press 8 weeks 

Start: 2 
weeks 
postop 

End: 10 
weeks 
postop 

16 
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Author 
(Year) 

BFR device Cuff 
width 

BFR 
pressure 

LL-BFR 
training 

Non-BFR 
training 

Exercises Duration Total 
training 
sessions 

Iversen 
(2014) 

Contoured 
pneumatic 
occlusion cuff 

14 
cm 

Start:130 
mmHg 

End: 180 
mmHg 

Based on 
previous 
research 

5 sets of 20 
reps 

Interset rest 
periods: 3 
minutes 

External load: 
low 

Session: 2x/
day 

5 sets of 20 
reps 

Interset rest 
periods: 3 
minutes 

External load: 
low 

Session: 2x/
day 

Isometric quadriceps contraction progressing to leg 
extension over a knee-roll and straight leg raise 

12 days 

Start: 2 
days 
postop 

End: 14 
days 
postop 

24 

Ohta 
(2003) 

Hand-pumped air 
tourniquet 

- 180 mmHg 

Based on 
previous 
research 

1-3 sets (20 
reps) 

Interset rest 
periods: 
unknown 

External load: 
0-14 kg 

Session: 6x/
week 

1-3 sets (20 
reps) 

Interset rest 
periods: 
unknown 

External load: 
0-14 kg 

Session: 6x/
week 

Straight leg raise, hip joint abduction/ adduction, half 
squat, step up, elastic tube and knee-bending walking 
exercise 

14 
weeks 

Start: 2 
weeks 
postop 

End: 16 
weeks 
postop 

84 

Takarada 
(2000) 

Pneumatic 
occlusion cuff 

9 cm Start: 180 
mmHg 

End: 238 
mmHg 

Based on 
previous 
research 

5 sets 

Interset rest 
periods: 3 
minutes 

External load: 
low 

Session: 2x/
day 

5 sets 

Interset rest 
periods: 3 
minutes 

External load: 
low 

Session: 2x/
day 

Hospital rehabilitation protocol with knee brace 
immobilization 

11 days 

Start: 3 
days 
postop 

End: 14 
days 
postop 

22 

LL-BFR: low-load blood flow restriction; LOP: limb occlusion pressure; 1RM: one repetition maximum; Postop: postoperatively; Reps: repetitions. 
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RISK OF BIAS 

An overview of the quality assessment of the included stud-
ies is reported in Figure 2. Random sequence generation 
and allocation concealment was defined as high risk for bias 
in two of the six studies. In all studies blinding of partici-
pants and personnel was unclear or could not be performed. 

HETEROGENEITY 

Comorbidities and concomitant injuries of study partici-
pants were not defined in the included studies. Further-
more, different LL-BFR and non-BFR protocols with hetero-
geneous outcome measurements were used. Therefore, only 
a qualitative analysis was performed. 

OUTCOME MEASUREMENTS 

QUADRICEPS STRENGTH 

Quadriceps strength was evaluated in two studies by mea-
suring RM, isokinetic contraction at 60°/seconds, isokinetic 
contraction at 150°/seconds, isokinetic contraction at 
180°/seconds, isokinetic contraction at 300°/seconds or iso-
metric contraction at 60° knee flexion.35,37 Quadriceps 
strength was measured pre-operatively and at nine up to 
16 weeks postoperatively.35,37 Ohta et al. showed signif-
icantly less strength deficits in isokinetic knee extension 
at 60°/seconds (p<0.001), isokinetic knee extension at 
180°/seconds (p=0.004) and isometric contraction at 60° 
knee flexion (p<0.001) after LL-BFR compared to non-BFR 
training.37 Hughes et al. reported significantly less strength 
deficits in isokinetic knee extension at 150° and 300°/sec-
onds after LL-BFR compared to non-BFR training 
(p=0.010).35 However, no significant differences in RM 
(p=0.220) and isokinetic knee extension at 60°/seconds 
(p=0.200) were observed between LL-BFR and non-BFR 
training.35 

QUADRICEPS MASS 

Three studies used MRI to measure changes in quadriceps 
cross-sectional area (CSA), while one study used ultrasound 
to measure changes in vastus lateralis muscle thick-
ness.35,37–39 Quadriceps mass was measured pre-opera-
tively and 14 days up to 16 weeks postoperatively.35,37–39 

Takarada et al. showed significant less reduction in quadri-
ceps CSA after LL-BFR compared to non-BFR training 
(p=0.046).38 Ohta et. al reported a significant increase in 
quadriceps CSA after 14 weeks LL-BFR compared to non-
BFR training (p=0.040).37 Iversen et al. concluded that there 
was no significant difference in quadriceps CSA between 
LL-BFR and non-BFR training (p=0.626).39 Hughes et al. 
used ultrasound to assess changes in vastus lateralis muscle 
thickness and demonstrated no significant difference in 
quadriceps increase between LL-BFR and non-BFR training 
(p=0.230).35 

KNEE JOINT PAIN 

Knee joint pain was assessed using a numerical rating scale 
in two studies, while one study used the Knee Injury and 

Figure 2. Review authors’ judgements about each 
risk of bias domain with the use of the Cochrane 
Risk of Bias Tool. 

Osteoarthritis Outcome Score (KOOS) pain score.18,35,36 

Knee joint pain was evaluated following each session, 24h 
post-exercise or 10 weeks postoperatively.18,35,36 Two stud-
ies observed significant lower knee joint pain scores in LL-
BFR compared to non-BFR training.18,36 Furthermore, one 
study showed significant greater increase in KOOS pain 
score after LL-BFR compared to non-BFR training.35 

ACL GRAFT LAXITY 

Two studies used a knee ligament arthrometer to measure 
changes in ACL graft laxity.35,37 ACL graft laxity was mea-
sured pre-operatively and at 10 up to 16 weeks postopera-
tively. No significant difference in ACL graft laxity was ob-
served between LL-BFR and non-BFR.35,37 

DISCUSSION 

The most important finding of the present systematic re-
view was that low-load blood flow restriction (LL-BFR) 
training after anterior cruciate ligament (ACL) reconstruc-
tion may be beneficial on quadriceps strength and quadri-
ceps mass compared to non-BFR training. Furthermore, LL-
BFR training may decrease knee joint pain compared to 
non-BFR training with similar effects on ACL graft laxity. 
Thus, the present systematic review suggests that LL-BFR 
training may be an effective alternative to non-BFR training 
after an ACL reconstruction. 

Regarding quadriceps strength, Ohta et al. showed less 
quadriceps strength deficits after LL-BFR compared to non-
BFR training.37 In addition, Hughes et al. demonstrated 
similar and greater effects on quadriceps strength after LL-
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BFR compared to non-BFR training.35 Ohta. at al used low-
load resistance training (LLR) training as non-BFR training, 
while Hughes et al. used heavy-load resistance training 
(HLR) training as non-BFR training. Therefore, the findings 
of the present review are consistent with current literature 
comparing LL-BFR training to LLR and HLR training in 
healthy and postoperative patients.40–46 

In regard to quadriceps mass, two studies demonstrated 
that LL-BFR training was more beneficial on quadriceps 
cross-sectional area (CSA) compared to non-BFR train-
ing.37,38 In contrast, Iversen et al. observed no difference in 
quadriceps CSA between LL-BFR and non-BFR training.39 

The authors acknowledged that subtherapeutic training 
(e.g. training duration of 12 days) and LL-BFR application 
(e.g. no personalized BFR pressures) were possible reasons 
for this difference.39 Current evidence recommends train-
ing durations of 6-12 weeks and the use of personalized 
LL-BFR pressures (80% of limb occlusion pressure [LOP]) to 
achieve muscle strength and hypertrophy.23–25 In contrast 
to the previous studies, the non-BFR group of Hughes et al. 
did not consist of LLR but HLR training.35 In their study, ul-
trasound was used to examine vastus lateralis muscle thick-
ness and no difference in muscle thickness was observed 
between LL-BFR and non-BFR training groups.35 Thus, the 
results of the present review are consistent with literature 
showing that LL-BFR training may be beneficial on quadri-
ceps mass compared to LLR training and equally effective 
when compared to HLR training in healthy and postopera-
tive patients.40–46 

The application of LL-BFR has generally been indicated 
for the elderly or injured/postoperative patients who cannot 
tolerate high external loads.43,47–50 This review adds evi-
dence on the application of LL-BFR as three studies assess-
ing pain observed improved pain relief with LL-BFR com-
pared to non-BFR training in patients following ACL 
surgery.18,35,36 This is in contrast with a recent systematic 
review that observed no significant difference in pain relief 
between LL-BFR and non-BFR training in individuals with 
knee joint pain.51 The study participants were heteroge-
neous and included individuals with patellofemoral pain, 
risk of symptomatic knee osteoarthritis, anterior knee pain 
and post knee arthroscopy.51 Furthermore, the heterogene-
ity in LL-BFR pressures and cuff width could explain the 
lack of effect on knee joint pain.51 Current evidence sug-
gests that therapeutic restriction (defined as 80% of LOP) 
is achieved at lower LL-BFR pressures with wide compared 
to narrow cuffs.52–56 Furthermore, lower LL-BFR pressures 
are associated with less discomfort and greater safety.52–56 

Thus, the use of non-personalized pressures without calcu-
lating the LOP may cause pain.52–56 In the present system-
atic review, all studies on knee joint pain used wide cuffs 
with an automatic personalized tourniquet system to cal-
culate the LOP.18,35,36 Furthermore, all studies used HLR 
training as non-BFR training. Thus, pain relief may be the 
result of low external loads and hypoalgesia effects of LL-
BFR training compared to HLR training.47,48,57,58 

A major challenge in the rehabilitation after an ACL re-

construction is optimizing muscle strength while minimiz-
ing mechanical stress to the knee joint.59–61 The impor-
tance is represented by the remodeling process of the ACL 
graft. The remodeling process consists of three phases and 
the restructuring towards the properties of an intact (non-
injured) ACL takes more than six months after reconstruc-
tion.21,62 Thereby, accelerated rehabilitation protocols and 
high load resistance training may compromise graft remod-
eling and may result in increased ACL graft laxity.19–21,63 

BFR training in combination with low external loads has 
the advantage of minimizing mechanical stress to the knee 
joint compared to HLR training.47,48 However, in the pre-
sent systematic review only two studies evaluated ACL graft 
laxity and showed no significant difference on ACL graft 
laxity with LL-BFR compared to non-BFR training.35,37 

Therefore, more randomized controlled trials are needed to 
evaluate the effect of LL-BFR training on ACL graft laxity 
compared to HLR training. 

The present systematic review has several limitations. 
First of all, due to the heterogeneity in intervention pro-
tocols and outcome measurements no meta-analysis could 
be performed. Secondly, differences in LL-BFR and non-BFR 
protocols affect the results of the present systematic re-
view. Three studies compared LL-BFR training to HLR train-
ing, while three other studies compared LL-BFR training 
to LLR training.18,35–39 Furthermore, three of the six stud-
ies used LL-BFR protocols as recommended by current evi-
dence.18,35,36 Thirdly, blinding of participants and person-
nel could not be performed or was unclear in the included 
studies.18,35–39 This could affect the results, as the patients 
may have experienced a nonspecific effect or a placebo ef-
fect due to the novel nature of LL-BFR training. Overall, the 
methodological quality of the included studies ranged from 
moderate to good. Lastly, no long-term effects of LL-BFR 
training after ACL reconstruction were reported. 

CONCLUSION 

The results of this systematic review indicate that LL-BFR 
training after ACL reconstruction may be beneficial on 
quadriceps strength, quadriceps mass, and knee joint pain 
compared to non-BFR training with non-detrimental effects 
on ACL graft laxity. However, more randomized controlled 
trials with operational definitions, standardized interven-
tion protocols and outcome measurements are needed to 
add evidence on the clinical value of LL-BFR training. 
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Background 
Blood flow restriction training (BFRT) has gained popularity in rehabilitation due to its 
benefits in reducing muscle atrophy and mitigating strength deficits following anterior 
cruciate ligament reconstruction (ACLR). While the effectiveness and safety of BFRT has 
been well studied in healthy adult subjects, there is limited information about the use of 
BFRT in the adolescent population, specifically related to patient tolerance and reported 
side effects post ACLR. 

Purpose 
To investigate and record reported side effects and patient tolerance to BFRT during ACLR 
rehabilitation in adolescents. 

Study Design 
Prospective Cohort Study 

Methods 
Patients between 12 and 18 years of age who underwent ACLR at Connecticut Children’s 
were included. Patients utilized an automatic personalized tourniquet system and 
followed a standardized BFRT exercise protocol over 12 weeks starting 8.72 ± 3.32 days 
post-op. Upon completion of exercise while using BFRT, patients reported side effects and 
any adverse events were logged. Descriptive statistics were used to describe the reported 
side effects and adverse events associated with BFRT and calculate the frequencies of 
those events over a 12-week period. 

Results 
Five hundred and thirty-five total BFRT sessions were completed between 29 patients 
(15.39 ± 1.61 years of age). There were zero reports of subcutaneous hemorrhage (SubQ 
hemorrhage) and deep vein thrombosis (DVT). Reported minor side effects to BFRT 
included itchiness of the occluded limb (7.85%), lower extremity paresthesia (2.81%), and 
dizziness (0.75%). A total of 10.47% of BFR treatment sessions were unable to be 
completed due to tolerance, and 3.5% of sessions required a reduction in limb occlusion 
pressure (LOP). 
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Conclusion 
These preliminary data suggest that BFRT is safe with only minor side effects noted in the 
adolescent population after ACLR. Further investigations are warranted to continue to 
evaluate patient tolerance and safety with BFRT, because while these preliminary results 
suggest a positive safety profile and good tolerance in the adolescent population after 
ACLR, they represent the experiences of only a small sample. 

Level of Evidence 
Level 3 

INTRODUCTION 

Anterior cruciate ligament (ACL) injury is common in ado-
lescents and young adults with over 200,000 ACL injuries 
reported in the United States each year.1 It has been re-
ported that greater than 75% of all young athletes who 
suffer an ACL tear undergo ACL reconstruction (ACLR).2 

Deficits in quadriceps strength and muscle atrophy are 
common both early in rehabilitation and long-term after 
ACLR.3 Quadriceps weakness after ACLR has been associ-
ated with altered gait,4 altered biomechanics,5 and os-
teoarthritis.6 Prior reports of return to sport (RTS) rates 
have been reported to be as low as 33% twelve months after 
ACLR.7 Even more concerning is the rate of a second ACL 
injury, reported to be as high as 35% for young athletes.8,9 

While these issues are likely multifactorial, one significant 
reason for these RTS rates and re-injury rates may be the 
failure to obtain sufficient lower extremity function and 
muscle strength.10 

One of the most common and effective methods for in-
creasing muscle strength and mass is through heavy-load 
resistance training (HL-RT).11 The American College of 
Sports Medicine recommends performing resistance exer-
cise at an intensity greater than 70% of maximum strength 
in healthy adults in order to achieve muscle adaptations in 
both size and strength.12 In the first 12 weeks after ACLR, 
the use of HL-RT is not feasible, as high levels of muscu-
loskeletal loading may be contraindicated in post-surgical 
individuals. Low load resistance training (LL-RT) is often 
indicated during early stages of rehabilitation, but is of-
ten insufficient to invoke adequate muscular adaptations. 
There is mounting evidence that performing LL-RT with 
blood flow restriction to the exercising muscles provides a 
potent stimulus for increasing muscle strength and mass af-
ter ACLR in adults.13,14 

Blood flow restriction training (BFRT) is a technique in-
creasingly used in physical therapy and rehabilitation set-
tings as an alternative to HL-RT. BFRT consist of exercising 
using a surgical grade pneumatic cuff or tourniquet that 
partially restricts arterial inflow, and fully restricts venous 
outflow from the working musculature during exercise.15,16 

The clinical value of BFRT that has been suggested in the 
literature is that it allows increased muscle adaptation and 
hypertrophy with LL-RT,17 making BFRT a potentially ad-
vantageous tool to implement in the early post-operative 
population. The utilization of BFRT in conjunction with 
current rehabilitation standards of care has shown potential 
with respect to muscle adaptations and performance. A 
meta-analysis comparing BFRT on musculoskeletal rehabil-
itation versus traditional LL-RT, reported low load BFRT 

training to be more effective in helping patients regain 
strength than traditional LL-RT.17 

A common point of discussion regarding BFRT is the 
potential safety risk, specifically in the post-surgical pop-
ulation. Possible concerns include the effects of BFRT on 
the cardiovascular system such as blood pressure responses, 
potential thrombolytic events and damage to the vascular 
system.16 Despite these concerns, there have been several 
extensive reviews published demonstrating that the side ef-
fects are minimal,18,19 and BFRT when compared with tra-
ditional methods of strength training shows no greater risk 
in adults.20 Hughes et al. described BFRT to be as effec-
tive at improving strength and more effective at improving 
function, pain, and swelling compared to HL-RT in ACLR 
patients,13 as well as more comfortable for patients during 
the early phases of post-surgery rehabilitation.21 The abil-
ity to improve strength and function with BFRT with mild 
patient discomfort makes for an appealing tool during the 
early post-surgical phases of rehabilitation. 

While the effectiveness and safety of BFRT has been ex-
plored in the healthy adult population, there is limited in-
formation about the tolerance and side effects of BFRT in 
the adolescent population post ACLR. Given that a large 
proportion of ACLR occur in the adolescent population and 
also recognizing that young22 and active patients are the 
most at risk for re-injury, BFRT has significant potential to 
aid in rehabilitation of these individuals after ACLR. There-
fore, the purpose of this study was to investigate and record 
patient reported/observed side effects and tolerance to 
BFRT during post-surgical ACL rehabilitation in adoles-
cents. It was hypothesized that adverse events and patient 
tolerance to BFRT will be consistent with previously pub-
lished literature. 

MATERIALS AND METHODS 
ETHICAL APPROVAL 

Ethical approval was granted from an Institutional Review 
Board. 

STUDY DESIGN 

Prospective Cohort Study 

CONSENT 

All potential patients that were scheduled to undergo ACL 
reconstruction at Connecticut Children’s were approached 
for participation for the study. Patients were pre-screened 
based on inclusion and exclusion criteria. Once identified as 
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Table 1. Exercise Protocol 

Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 

Weeks 1 to 2 Weeks 3 to 4 Weeks 5 to 6 Weeks 7 to 8 Weeks 9 to 12 Weeks 11 to 12 

Quad Set 

10 second on, 
10 second rest 

80% occlusion 

Long Arc Quad 
(90-30deg) 

30/15/15/15 

80% occlusion 

Long Arc Quad 
(90-30deg) 

30/15/15/15 

80% occlusion 

Step Up 

30/15/15/15 

80% occlusion 

Split Squat 

30/15/15/15 

80% occlusion 

Split Squat 

30/15/15/15 

80% occlusion 

Side Lying Hip 
Abduction 

30/15/15/15 

80% occlusion 

Side Lying Hip 
Abduction 

30/15/15/15 

80% occlusion 

Bilateral Hip 
Bridge 

30/15/15/15 

80% occlusion 

Bilateral Hip 
Bridge 

30/15/15/15 

80% occlusion 

Medial Step 
Down 

30/15/15/15 

80% occlusion 

Medial Step 
Down 

30/15/15/15 

80% occlusion 

Prone Hip 
Extension 

30/15/15/15 

80% occlusion 

Leg Press 
(shuttle) 

30/15/15/15 

80% occlusion 

Leg Press 
(shuttle) 

30/15/15/15 

80% occlusion 

Leg Press 
(shuttle) 

30/15/15/15 

80% occlusion 

Leg Press 
(shuttle) 

30/15/15/15 

80% occlusion 

Leg Press 
(shuttle) 

30/15/15/15 

80% occlusion 

a potential candidate, the study purpose and protocol were 
explained and a brief summary of the study was provided 
to the patient/parent. Once patient/parent agreed to partic-
ipate in the study, all patient guardians and patients pro-
vided signed informed consent/assent at the pre-operative 
visit. 

PARTICIPANTS 

Participants in this study were those between 12 and 18 
years of age already enrolled in an ongoing IRB approved 
registered clinical trial investigating the impact of BFRT af-
ter primary ACLR at Connecticut Children’s from January 
2020 to present. All study participants underwent ACL re-
construction using quadriceps tendon autograft by two 
sports fellowship trained orthopedic surgeons. All partici-
pants had no known history of central or peripheral neuro-
logical impairment and were free of any cardiac, pulmonary 
or metabolic conditions. Other exclusion criteria included: 
previous surgical intervention either on the ipsilateral or 
contralateral knee, history of deep vein thrombosis, multi-
ligament rupture or trauma, chondral pathology and any 
additional lower extremity injury at time of knee injury re-
quiring treatment. Additionally, meniscal root and complex 
tears requiring weight bearing restrictions greater than two 
weeks after surgery were also excluded. 

POSTOPERATIVE REHABILITATION 

All patients initiated formal physical therapy within one 
week of surgery. All participants were instructed in a stan-
dardized postoperative rehabilitation protocol adapted 
from Adams et al.23 The early rehabilitation phase (up to 12 
weeks from surgery) consisted of acute symptom manage-
ment, restoring range of motion and normalizing gait. In 
addition to the rehabilitation protocol, all patients followed 
a standardized BFRT exercise protocol over the 12-week 
early rehabilitation phases (Table 1). This included three 

exercises per session as part of their physical therapy ses-
sion twice per week. 

BLOOD FLOW RESTRICTION 

All patients utilized a personalized tourniquet system (Delfi 
Medical), which has been shown to calculate limb occlusion 
pressure (LOP) reliably and accurately. LOP is defined as 
the minimum pressure required for full arterial occlusion.24 

This device automatically increases cuff pressure in step-
wise increments by analyzing arterial pressure pulsations at 
each cuff pressure increment, and then uses these values 
to determine LOP. Variable contour cuffs,25 either 24 or 34 
inches in length and 4.5" wide, were utilized based on thigh 
circumference with a protective barrier between the skin 
and cuff.26 Prior to exercise, the cuff was placed on the most 
proximal portion of the involved lower limb. Measurement 
of LOP can help minimize tourniquet pressures and pres-
sure gradients.25 LOP was calculated for each limb individ-
ually in the supine position at the beginning of every train-
ing session and BFR pressure was set at 80% of the patient’s 
LOP for exercise completion. LOP at 80% provides high lev-
els of fast twitch fiber recruitment and maximize muscle 
adaptation.27 Patients were provided instruction that they 
were allowed to request reduction of LOP during exercise 
based on their tolerance. 

EXERCISE PROGRESSION AND PATIENT TOLERANCE 

To determine the appropriate resistance for each exercise, 
patients performed the exercise with a weight they could 
comfortably lift for several repetitions. The patient’s per-
ceived exertion of a one rep maximum (RM) was estimated 
using the modified OMNI-RES scale and starting load for 
each exercise was 20-30% of their 1RM.28 Bodyweight resis-
tance was used when loading was not feasible. The standard 
repetition scheme used in this study was a set of 30 repe-
titions followed by a 30 second rest followed by three more 
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Table 2. Demographic Information for Participant (n=29) 

Sex, n (%) 

14 (48) 

15 (52) 

Age, yr (mean ± SD) 15.39 ± 1.61 

Height, cm 168.02 ± 7.59 

Weight, kg (mean ± SD) 64.43 ± 14.31 

Baseline Tegner Score 8.43± 1.89 

BMI, kg/m2 (mean ± SD) 23.65 ± 3.90 

Number of BFR Sessions per Patient (mean ± SD) 18.45 ± 6.47 

Days Post-op to Start of BFRT (mean ± SD) 8.72 ± 3.32 

Total # of BFR Sessions Across All Patients 535 

Male 

Female 

sets of 15 with 30 second rests in between.29 Patients had 
eight minutes to complete the target of 75 repetitions for 
each of the three exercises per session. The BFRT cuff re-
mained inflated for the entire time until all 75 repetitions 
were completed, or until the eight minutes elapsed. At the 
conclusion of each exercise, the cuff was deflated for one 
minute, and the patient’s rating of perceived exertion (RPE) 
was recorded prior to initiating the next exercise. Patients 
were instructed to report any side effects or adverse events 
during or immediately after exercise completion. For the 
purposes of this study, monitoring for the following side 
effects included: subcutaneous hemorrhage (SubQ), deep 
vein thrombosis (DVT), fainting, dizziness, lower extremity 
paresthesia, and itching as previously described by Yasuda 
et al.17 To monitor and record patient tolerance, it was doc-
umented if patients requested a reduction of LOP or were 
unable to finish the exercise. The inability to finish an ex-
ercise was defined as voluntary stoppage of exercise by the 
patient, or the inability to complete all 75 repetitions in 
eight minutes. 

ANALYSIS 

Results were analyzed using Microsoft Excel. Descriptive 
statistics were used to calculate the means and standard de-
viations for height, weight, BMI, age, and average number 
of BFRT sessions per patient. Adverse event occurrences 
were tallied for weeks one to four, five to eight, nine to 
twelve, and cumulatively over the 12-week period. Percent-
age of occurrences were found by dividing total number of 
reported occurrences by total number of BFRT sessions. Be-
cause of the descriptive nature of this research, no other 
comparisons were made. 

RESULTS 

Twenty-nine patients between the ages of 12 and 18 years 
(15.39±1.62 years of age) at the time of surgery were in-
cluded in the study. Seven participants were unable to com-
plete the intended 12 weeks of BFRT for various reasons af-
ter surgery (Figure 1). 

Additional demographic information can be found in 

Figure 1. Patients unable to complete prescribed 12 
weeks of BFRT 

Table 2. Five hundred and thirty-five total BFRT sessions 
were completed between all patients, with each patient 
completing an average of 18.45±6.47 sessions over 12 
weeks. There were zero reports of deep vein thrombosis 
(DVT), subcutaneous hemorrhage (SubQ hemorrhage), and 
fainting across all patients (Table 3), considered as major 
adverse events. Reported minor side effects to BFRT in-
cluded itchiness of the occluded limb (7.85%), lower ex-
tremity paresthesia (2.81%), and dizziness (0.75%) (Table 
4). 10.47% of BFR treatment sessions were unable to be fin-
ished due to tolerance, and 3.55% of sessions required a re-
duction in LOP (Table 5). 

DISCUSSION 

In this study, out of 535 sessions of BFRT, there were no re-
ported major adverse events (DVT, SubQ hemorrhage, and 
fainting), and minor reported side effects to BFRT were re-
ported a total of 11.41% of the time. BFRT in adolescents 
appears to be well tolerated, as patients were able to finish 
the prescribed exercise 89.53% of the time and reduction of 
limb occlusion pressure occurred 3.55% of the time. 

BFRT pressure, duration of inflation, and cuff width are 
three modifiable variables that may influence the likelihood 
of reported adverse events with BFRT. Variable contour 
cuffs that are 4.5 inches in width with a protective barrier 
between the skin and cuff were used for each patient. Due 
to the tapered shape of limbs, variable-contour cuffs have 
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Table 3. Major Side Effects Reported with BFRT (n=535) 

Event Number Reported Percentage per Total Treatments 

SubQ Hemorrhage 0 0% 

DVT 0 0% 

Fainting 0 0% 

Table 4. Minor Side Effects Reported with BFRT (n=535) 

Event Number Reported Percentage per Total Treatments 

Dizziness 4 0.75% 

Lower Extremity Paresthesias 15 2.81% 

Itching 42 7.59% 

Table 5. Patient Tolerance to BFRT (n=535) 

Event Number Reported Percentage per Total Treatments 

Inability to Finish 56 10.47% 

Decrease in Pressure 19 3.55% 

been shown to enhance patient comfort and further de-
crease the risk of mechanical shearing, as well as allow for 
occlusion at lower pressures.20 Prior authors have reported 
on adverse events after BFRT with the use of narrow di-
ameter cuffs (∼3 cm) and with high pressures (160 to 200 
mm Hg).16 A higher rate of adverse side effects were re-
ported utilizing a narrow diameter cuff and high pressures, 
consistent with Estebe et al. who concluded that a 14 cm 
cuff needed significantly less pressure to occlude blood flow 
compared to a 7 cm cuff that caused significantly more pain 
after reaching arterial occlusion.30 

Additionally, LOP was calculated for each limb individu-
ally at every training session. The personalized tourniquet 
pressure for each patient plays a role in patient comfort. 
Lower pressures are needed to stop venous outflow, com-
pared to the amount of pressure needed to stop arterial in-
flow. If the occlusion pressure is too high, blood supply to 
the exercising limb can be eliminated. If the pressure is too 
low, there may be too much arterial inflow causing venous 
congestion in the limb, which can be very painful for pa-
tients.20 While a small percentage reported the need to re-
duce LOP, the majority of patients in this study tolerated 
80% LOP. There is some evidence to suggest that lower oc-
clusion pressures may produce similar adaptations31, but 
80% LOP appears to be the optimal pressure to induce the 
greatest muscular adaptation.27,32 

In this study, there were no reports of major adverse 
events of DVT or subcutaneous hemorrhage. The perception 
that short duration tourniquet use poses significant throm-
bus risk appears to be unsupported. While there is risk of 
DVT after post-operative orthopedic extremity surgery, 

there is evidence to suggest that the use of a tourniquet 
is not an independent risk factor for DVT and is correlated 
with anti-thrombolytic factors in the surgical population.33 

It has been well established that short duration tourniquet 
use has fibrinolytic potential, and does not seem to pose 
an increased thrombus risk. Additionally, several studies 
have found no increase in markers for thrombus formation 
after BFR with exercise.34,35 Survey studies have also re-
ported very low or no occurrences of thrombolytic compli-
cations (0.055%),18,36 and Nakajima et al reported that 13% 
of adults experienced subQ hemorrhage which is in contrast 
to the current findings. These reports of occurrences were 
often in an adult population, as well as without the use of 
standardized limb occlusion pressure, or variable contour 
cuffs. 

In 7.85% of sessions, patients in this study reported tran-
sient itching, but it is important to note that all patients 
were able to complete exercises. Of the 29 patients in the 
study, two patients accounted for all reported events of 
itchiness. Prior research regarding patient tolerance to 
BFRT has not reported on the sensation of itching. The 
pathophysiology of itch is not well understood, but it has 
been categorized into four clinical categories: psychogenic, 
neurogenic, neuropathic, and pruritoceptive.37 It is un-
known if itch after BFR follows the same physiology. There 
is also some evidence to suggest that itch after BFRT is re-
lated to the histamine release that occurs during exercise.38 

Exercise will result in the activation of histamine receptors 
in the exercised muscle and triggers vasodilation, as well as 
a broad range of responses to exercise. 

Previous reports of other adverse events such as fainting/
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dizziness, and lower extremity paresthesias after BFRT have 
varied. In this study, there were no reports of fainting, and 
very low occurrences of paresthesias. Tourniquet compres-
sion may cause paresthesias due to ischemia or altered 
nerve conduction, however all reports of paresthesias in 
this study were transient and normal sensation was re-
stored immediately following cuff deflation. Patterson et al 
reported fainting and dizziness in 14.6% of subjects, how-
ever, this included a wide range of ages, several different 
types of tourniquets or hand held pumps, and non-stan-
dardized occlusion pressures.36 Careful monitoring and 
feedback from patients, as well as subtle adjustments of 
tourniquet placement on the proximal limb may help mini-
mize these side effects. It is possible that as this study con-
tinues and the number of enrollees grows, fainting may be 
encountered. Based on the findings in this preliminary re-
port, it appears this will be an infrequent occurrence and 
will likely not be a contraindication to BFRT for adolescents 
after ACLR 

LIMITATIONS 

The relatively small sample size of only 29 participants is 
the principal limitation in this study, and this report should 
only be interpreted as a preliminary report. Further, while 
patients between the ages of 12 and 18 were recruited for 
this study, most patients were on the upper end of this age 
scale so the younger adolescent population was not equally 
represented. This is expected in the ACLR population as 
most of these injuries occur after the onset of puberty, but it 
represents a limitation nonetheless. Additionally, by defin-
ing “inability to finish” as voluntary stoppage of exercise by 
the patient or the inability to complete all 75 repetitions 
in eight minutes, patient intolerance may have been over-
estimated. Load progressions in this study were based on 
the patient’s ability to successfully complete 75 repetitions. 
Therefore, it is unknown whether the inability to finish was 

a result of adequate loading or voluntary stoppage because 
of intolerance. Future studies will better define these dif-
ferences. Lastly, because of the focus on immediate side ef-
fects/responses to BFRT, there may have been a failure to 
capture long term side effects like delayed onset muscle 
soreness (DOMS). 

CONCLUSION 

This preliminary report shows a very low and minor side ef-
fect profile as well as generally good tolerance to BFRT in 
the adolescent population after ACLR. Major reported side 
effects to BFRT such as a DVT, SubQ hemorrhage, and faint-
ing were not seen in this study, and minor side effects of 
BFRT including paresthesias and itching of the occluded 
limb were infrequent. As always, all populations should be 
assessed for possible risks and contraindications before per-
forming BFRT. Further data is needed for a definitive deter-
mination of the safety of this intervention in this popula-
tion, however, the early results are promising. 
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Background 
Gait impairments have been well-studied in concussed athletes. However, the sex-specific 
effect of cumulative head impacts on gait is not well understood. When a cognitive task is 
added to a walking task, dual-task gait assessments can help amplify deficits in gait and 
are representative of tasks in everyday life. Dual-task cost is the difference in performance 
from walking (single-task) to walking with a cognitive load (dual-task). 

Purpose 
The objectives of this study were to explore the differences between sexes in 1) dual-task 
gait metrics, 2) gait metric changes from pre-season to post-concussion and post-season, 
and 3) the dual-task costs associated with gait metrics. 

Study Design 
Cross-sectional study 

Methods 
Over two seasons, 77 female athlete-seasons and 64 male athlete-seasons from collegiate 
club rugby teams participated in this study. Subjects wore inertial sensors and completed 
walking trials with and without a cognitive test at pre-season, post-season, and 
post-concussion (if applicable). 

Results 
Females athletes showed improvement in cadence (mean = 2.7 step/min increase), double 
support time (mean = -0.8% gait cycle time decrease), gait speed (mean = 0.1 m/s 
increase), and stride length (mean = 0.2 m increase) in both task conditions over the 
course of the season (p < 0.030). Male athletes showed no differences in gait metrics over 
the course of the season, except for faster gait speeds and longer stride lengths in the 
dual-task condition (p < 0.034). In all four gait characteristics, at baseline and 
post-season, females had higher dual-task costs (mean difference = 4.4, p < 0.003) than 
the males. 

Conclusions 
This results of this study showed little evidence suggesting a relationship between 
repetitive head impact exposure and gait deficits. However, there are sex-specific 
differences that should be considered during the diagnosis and management of 
sports-related concussion. 
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Level of Evidence 
Level 2b 

INTRODUCTION 

Concussions are diffuse injuries to the brain,1 affecting var-
ious brain functions, including neurocognition and motor 
control.2 Gait research has advanced the understanding of 
the effect of concussions on motor control; altered gait pat-
terns have been observed as a result of sports-related con-
cussions.3–6 Dual-task walking involves locomotion while 
performing a concurrent cognitive task. Concussions usu-
ally affect motor and cognitive functions, so the divided 
attention required in dual-tasks may be more sensitive to 
post-concussion impairments than single-tasks.7 The addi-
tion of a cognitive load while walking also allows the evalu-
ation of more subtle motor impairments due to the increase 
in processing demands required and decrease in available 
attention.8,9 Dual-task cost quantifies the change in a spe-
cific variable with the addition of the load (the difference 
in the variable from single-task to dual-task).10 Assessing 
the effects of dual-task is also advantageous as most sport 
and daily living activities require both a motor and cogni-
tive component. Understanding their interaction in concus-
sion may provide helpful information in injury recovery. 

Researchers have observed that a full recovery in gait 
performance post-concussion required months to years, es-
pecially when the participant’s attention is divided.3,4,11,12 

More traditional markers of recovery, like symptom surveys 
or neurocognitive test performance, typically analyze re-
covery on a shorter timeline.13,14 Assessing gait is advan-
tageous because it is a non-novel task and can be objec-
tively measured,3,4,12,15 unlike more obsolete methods of 
measuring balance16,17 or less mobile methods.18 Gait can 
be measured in-lab, but also on-field, using portable iner-
tial measurement units.19,20 

Accelerometry can be used to quantify gait and the incor-
poration of accelerometers into these body-worn portable 
sensors allow for an assessment of gait that allows for wide-
spread use.19 Including a gait assessment in post-concus-
sion protocols may provide an objective and sensitive mea-
surement that can be assessed throughout return-to-play 
to monitor progress and management. Because limited sex-
specific normative data exist for single and dual-task gait 
characteristics,7,21 baseline measurements are recom-
mended22 as gait is unique to individuals and varies based 
on body size,23 concussion history,6,24 and sex.25 Females 
generally report more symptoms post-concussion26 and 
take a longer time to fully recover27 than males. Due to the 
differences in the presentation of concussions, it is inter-
esting to understand any sex-specific gait changes. Under-
standing the effect of sex on the presentation and recovery 
of concussion will hopefully provide helpful information to 
drive sex-specific interventions. 

Athletes with a history of concussion have been shown 
to have a more conservative pattern in their gait,6 including 
decreased walking speed, decreased cadence, decreased 
stride length, and increased double-leg support time com-
pared with control subjects during dual-task walking.12 It is 
unknown how a season worth of cumulative head impacts 

in a contact sport affects gait. The aims of this study were 
to explore the differences between sexes in 1) dual-task gait 
metrics, 2) gait metric changes from pre-season to post-
concussion and post-season, and 3) the dual-task costs as-
sociated with gait metrics. 

METHODS 
STUDY PARTICIPANTS 

In Spring 2019, Fall 2019, and Spring 2020, athletes from 
women’s and men’s collegiate club rugby teams were re-
cruited for this study. Written informed consent was ob-
tained from each participant after explaining the purpose, 
associated benefits, and risks of the study according to the 
ethical guidelines of Virginia Tech’s Institutional Review 
Board (IRB). Seventy-seven female athlete-seasons (age: 
20.7 ± 1.2 years, height: 1.7 ± 0.1 m, weight: 75.1 ± 17.6 kg) 
and 64 male athlete-seasons (age: 21.0 ± 1.2 years, height: 
1.8 ± 0.1 m, weight: 89.5 ± 17.5 kg) participated in the study. 
If an athlete participated for two seasons, their data are 
treated as two unique athlete-seasons, and they completed 
the full dual-task gait protocol each season. Athletes re-
ported suspected concussions to the research team. Not all 
concussions were clinically diagnosed. 

DUAL-TASK GAIT PROTOCOL 

The gait protocol was completed pre-season (baseline), 
post-season, and post-concussion (if applicable). Athletes 
were not tested if they had a lower extremity injury. Those 
who sustained concussions were evaluated an average of 2.7 
days after injury (range = 1 - 4 days). There were no post-
season data collected for Spring 2020, as the season was in-
terrupted due to COVID-19. 

The gait protocol included two conditions: walking with-
out a cognitive task (single-task) and walking while com-
pleting a cognitive task (dual-task). Five trials were con-
ducted for each condition.21 The subject walked at a 
self-selected, comfortable pace, barefoot or in socks. They 
were instructed to walk towards an object 8 m in front of 
them, walk around it, and return to the starting point.21 

For the dual-task trials, the test administrator explained the 
task before the start of the walk and the athlete began walk-
ing when cued by an auditory beep. The test administra-
tor did not instruct the athlete to prioritize the motor or 
cognitive task, only to continue walking while responding 
to the task as best as possible.21 The dual-task consisted 
of a Mini-Mental Status Examination (MMSE), which has 
been shown to detect differences in dual-task walking after 
concussion.28 The MMSE contained three tasks: spelling a 
5-letter word backward,15,29 subtracting by 6s or 7s from 
a randomly presented 2-digit number,30 and reciting the 
months in reverse order starting from a randomly chosen 
month.31 This cognitive test is similar to the Standardized 
Concussion Assessment Tool, Version 3, which is used for 
on-field concussion diagnosis.22,32 The tasks were ran-
domly ordered to reduce learning effects from one trial to 
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the next. 
During the walking protocols, athletes wore inertial 

measurement units (Opal Sensor, APDM Inc. Portland, OR) 
attached with an elastic strap on the lumbar spine, at the 
lumbosacral junction, and on the dorsal surfaces of the left 
and right feet (Figure 1). This system has been validated33 

and utilized in clinical evaluations of gait through the com-
pletion of motor tasks.20 Data were collected at a sampling 
frequency of 128 Hz and wirelessly synced to a computer 
during each trial. Temporal-distance measurements were 
calculated using Mobility Lab software20 and variables of 
interest included gait speed, cadence, double support time, 
and stride length, previously shown to differentiate healthy 
from concussed subjects.21,28,34 

OUTCOME VARIABLES 

Gait speed, cadence, double support time, and stride length 
were measured for each athlete under both task conditions 
at each time point. Gait speed was calculated as the average 
velocity for the left and right foot across all gait cycles in 
each trial (m/s). Cadence was defined as the rate of steps 
per minute (steps/min). Double support time is the percent-
age of time that both feet were on the ground in each gait 
cycle, reported as percent of gait cycle time (%GCT). Stride 
length is the average distance for each foot between con-
secutive steps in each trial (m). The changes in each met-
ric were computed from baseline to post-season and base-
line to post-concussion (if applicable). Dual-task cost, the 
percent change between single and dual-task conditions, 
was calculated for each athlete to normalize their dual-task 
performance to their single-task performance.34,35 Dual-
task cost was calculated as (dual-task value – single-task 
value)/(single-task value) and reported as a percentage. 
Dual-task cost was measured for each gait characteristic of 
interest. 

STATISTICAL ANALYSIS 

Shapiro-Wilk tests were used to confirm the normality of 
the gait metrics. Paired Welch two-sample t-tests were used 
to compare the magnitudes and estimate the effect size and 
precision of cadence, double support time, gait speed, and 
stride length from baseline to post-season within each task 
condition. The same paired comparisons were completed 
for athletes with baseline and post-concussion time point 
data. These comparisons were paired per athlete and com-
pared within sex. Welch two-sample t-tests were completed 
to compare the differences in metrics between sexes from 
baseline to post-season for each task condition. Because 
there was only one concussion for the males, only females’ 
data were compared from baseline to post-concussion time 
points. 

Dual-task costs were not normally distributed, so paired 
Wilcoxon rank-sum tests were used to compare dual-task 
costs from baseline to post-season within sex for each gait 
characteristic. Welch two-sample t-tests were used to es-
timate effect size and precision. Unpaired Wilcoxon rank-
sum tests compared dual-task cost for each metric at each 
time. Again, only the females’ data were compared for the 
differences in baseline to post-concussion change, and be-

Figure 1. Opal Sensors are attached to elastic straps 
around the athlete’s waist and feet to measure gait 
characteristics. 

tween sex differences were not. Welch two-sample t-tests 
were used to estimate the effect size and precision of the 
comparisons. An α = 0.05 was used as a level of significance 
for all statistics. 

RESULTS 

Gait metrics are presented from both task conditions at 
each time point (where applicable) for all athletes (Table 
1). All comparisons within sex were paired, i.e., only ath-
letes with both time points were included in this particular 
analysis. 

Females walked with faster cadences at both task condi-
tions at baseline and post-season than males (p < 0.032). 
Males walked with longer stride length in dual-task condi-
tions at baseline and post-season (p < 0.023) and greater 
double support time in single-task conditions at baseline (p 
= 0.020). All other conditions were similar between sexes. 
The addition of the dual-task negatively impacted all gait 
metrics for both sexes at each time point (p < 0.001). Mean 
percent differences and 95th percentile confidence intervals 
between sex are shown in Figure 2. The females walked with 
greater cadence and a shorter stride length for the males in 
both task conditions. For each, mean differences were nor-
malized to the males’ mean so each gait metric could be 
scaled for the sake of visualization. All baseline and post-
season data that were collected were included in this com-
parison. 

Paired t-tests showed improvement in cadence (in-
crease), double support time (decrease), gait speed (in-
crease), and stride length (increase) in both task conditions 
among the female athletes over the course of the season 
(Table 2) (p < 0.030). There was no change in stride length 
from baseline to post-season in dual-task (p = 0.071). The 
same tests for the males showed no differences in the met-
rics over the course of the season, except for faster gait 
speeds and longer stride lengths in the dual-task condition 
by the end of the season (p < 0.034). In general, cadence, 
gait speed, and stride length increased while double support 
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Table 1. Summary table for the mean values ± the standard deviation for the four primary gait metrics from all 
athletes from baseline, post-concussion (CX), post-season, and at single and dual-task conditions. Count is the 
number of athlete-seasons in each category. 

Sex 
Time 
Point 

Task Count 
Cadence 

(steps/min) 
Double Support 

Time (%GCT) 
Gait Speed 

(m/s) 
Stride 

Length (m) 

Female Baseline Dual 77 105.5 ± 10.1 22.3 ± 3.2 0.9 ± 0.2 1.1 ± 0.1 

Single 77 113.0 ± 9.0 20.1 ± 2.9 1.1 ± 0.2 1.1 ± 0.1 

Post-CX Dual 14 102.4 ± 11.1 23.2 ± 3.2 0.9 ± 0.2 1.1 ± 0.1 

Single 14 110.3 ± 11.1 20.8 ± 3.0 1.1 ± 0.2 1.1 ± 0.1 

Post-
Season 

Dual 39 106.9 ± 10.3 21.8 ± 3.5 0.9 ± 0.2 1.1 ± 0.1 

Single 39 114.5 ± 9.2 19.4 ± 3.3 1.1 ± 0.2 1.2 ± 0.1 

Male Baseline Dual 64 102.3 ± 7.0 22.3 ± 3.0 0.9 ± 0.1 1.1 ± 0.1 

Single 64 106.5 ± 5.6 20.8 ± 2.7 1.0 ± 0.1 1.1 ± 0.1 

Post-CX Dual 1 90.6 25.1 0.8 1.1 

Single 1 96.1 24.2 0.9 1.1 

Post-
Season 

Dual 37 102.4 ± 7.5 22.4 ± 2.7 1.0 ± 0.1 1.1 ± 0.1 

Single 37 106.3 ± 6.1 21.0 ± 2.5 1.1 ± 0.1 1.2 ± 0.1 

Table 2. Summary table for changes in the four primary gait metrics and the 95% confidence interval from 
athletes who completed baseline and post-season gait tests. The change is the difference from baseline to post-
season. 

Sex Task Count 
∆ Cadence 

(steps/min) 
∆ Double Support Time 

(%GCT) 
∆ Gait Speed 

(m/s) 
∆ Stride 

Length (m) 

Female Dual 39 3.3 [1.2, 5.4] -0.8 [-1.6, -0.1] 0.1 [0.0, 0.1] 0.0 [0.0, 0.0] 

Single 39 2.1 [0.5, 3.6] -0.7 [-1.1, -0.2] 0.0 [0.0, 0.1] 0.0 [0.0, 0.0] 

Male Dual 37 0.9 [-0.8, 2.5] -0.2 [-0.6, 0.3] 0.0 [0.0, 0.1] 0.0 [0.0, 0.0] 

Single 37 0.1 [-1.3, 1.5] 0.0 [-0.4, 0.5] 0.0 [0.0, 0.0] 0.0 [0.0, 0.0] 

time decreased by the end of the season, improving all char-
acteristics. Females showed greater improvement in all gait 
metrics over the course of the season compared to males. 
The females performed worse at post-concussion compared 
to their baseline in each metric. Mean percent differences 
and 95th percentile confidence intervals between time 
points are shown in Figure 3. For each, mean differences are 
normalized to the baseline mean so each gait metric could 
be scaled for the sake of visualization. Only athlete-paired 
data were included in this comparison (Appendix Table A1). 

The metrics from baseline to post-concussion were sim-
ilarly compared to provide context to the changes over the 
course of the season (Figure 3). Post-concussion changes 
(Table 3) are opposite in magnitude to those seen in post-
season (Table 2), with cadence, gait speed, and stride length 
increasing, and most double support times decreasing. Con-
sistent with prior literature, cadence, gait speed, and stride 
length decrease while double support time increases after 
concussion. All characteristics showed deficits in the fe-
males in both task conditions (p < 0.042) with the excep-
tions of double support time and stride length during the 

Figure 2. The mean difference gait metrics between 
the sexes. The tails of each point represent the 95% 
CI from a t-test. Points to the right of 0 indicate a 
positive difference – that the males’ mean was 
greater than the females’. Points to the left of 0 
indicate a negative difference – that the males’ 
mean was less than the females’. 

dual-task condition (p > 0.083). It is impossible to general-
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Table 3. Summary table for changes in the four primary gait metrics and the 95% confidence interval from 
athletes who completed baseline and post-concussion gait tests. 

Sex Task Count 
∆ Cadence 

(steps/min) 
∆ Double Support Time 

(%GCT) 
∆ Gait Speed 

(m/s) 
∆ Stride 

Length (m) 

Female Dual 14 -2.2 [-4.3, -0.1] 0.7 [-0.2, 1.6] 0.0 [-0.1, 0.0] 0.0 [0.0, 0.0] 

Single 14 -3.1 [-4.8, -1.4] 0.7 [0.0, 1.4] -0.1 [-0.1, 0.0] 0.0 [0.0, 0.0] 

Male Dual 1 -6.5 1.7 -0.1 0.0 

Single 1 -5.8 1.9 -0.1 -0.1 

Table 4. Summary table for mean dual-task cost of the four gait metrics in athletes at each time point. 

Sex Time Point Count 
Cadence 
Cost (%) 

Double Support 
Cost (%) 

Gait Speed 
Cost (%) 

Stride Length 
Cost (%) 

Female Baseline 77 -6.6 ± 4.0 11.3 ± 7.7 -12.9 ± 6.8 -6.9 ± 4.3 

Post-
Concussion 

14 -7.2 ± 2.9 11.9 ± 6.2 -13.0 ± 5.4 -6.2 ± 3.6 

Post-Season 39 -6.7 ± 3.7 12.5 ± 5.8 -13.4 ± 5.9 -7.4 ± 3.9 

Male Baseline 64 -4.0 ± 3.6 7.4 ± 5.5 -8.6 ± 6.0 -4.9 ± 3.7 

Post-
Concussion 

1 -5.7 3.7 -8.8 -3.6 

Post-Season 37 -3.6 ± 4.2 6.7 ± 5.6 -7.7 ± 6.8 -4.5 ± 3.7 

ize the males’ responses because post-concussion gait data 
were only collected from one male athlete. 

The costs for cadence, gait speed, and stride length are 
all negative and double support time is positive because gait 
becomes more conservative with the addition of the cog-
nitive load in the dual-task condition (Table 4). In all four 
gait characteristics, at baseline and post-season, females 
had higher dual-task costs (p < 0.003) than males (Figure 4). 
Females had a greater cost for each gait metric both at base-
line and post-season. All baseline and post-season data that 
were collected were included in this comparison (Table 4). 

Paired Wilcox test showed cadence and gait speed had 
higher dual-task costs at baseline compared to post-season 
for both males and females (p < 0.049) (Figure 5). Across all 
conditions, gait speed had the highest cost. Dual-task cost 
for double support time and stride length were not different 
at baseline or post-season for males or females (p > 0.059) 
(Figure 5). When comparing the post-concussion data to the 
paired baseline data for the females, there were no differ-
ences in cost between the two time points (p > 0.384) (Fig-
ure 5). Dual-task cost did not change much from baseline 
to post-season or post-concussion for either sex. Only ath-
lete-paired data were included in this comparison (Appen-
dix Table A2). 

DISCUSSION 

The goal of including a dual-task condition in gait tests is 
to identify deficits that may not be as prevalent when the 
attention is focused on gait. In this study, the addition of 
the mental load at each time point decreased cadence, gait 

Figure 3. The mean difference of the post-season 
(PS) (and post-concussion (PCX), for the females) 
gait characteristic at the specified task from the 
baseline (B) timepoint. The tails of each point 
represent the 95% CI from a paired t-test. Points to 
the right of 0 indicate a positive difference – that 
the baseline mean was greater than the post-season 
(and post-concussion). Points to the left of 0 
indicate a negative difference – that the baseline 
mean was less than the post-season (and post-
concussion). 

speed, and stride length and increased double support time 
for both sexes, in line with other studies.21 Compared to 
the males, females walked with faster cadences and shorter 
stride lengths, similar to previous research.7,34 It has been 
suggested that females’ dual-task gait velocity is higher be-
cause females may be better than males at executing two 
tasks at once.36 This also may explain the females’ improve-
ment in all four gait variables (except for stride length in 
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dual-task) over the course of the season. Males improved 
their gait speed and stride length in dual-tasks only; the 
rest of their metrics were not different from their baseline 
values. In this study, collegiate rugby players did not exhibit 
similar deficits in gait post-season to those they, or other 
studies have shown, post-concussion.12,37–40 Compared to 
a similar study by Howell, the athletes in this study spent 
much less time in double support (mean range 34.0 – 38.2 
for concussed and control males and females),34 but there 
lacks a body of sex-specific normative value for comparison. 

The changes the females showed post-concussion are 
consistent with post-concussion gait tests in the litera-
ture.7,34 Their cadence, gait speed, and stride length in-
creased, and most double support times decreased. Previous 
work has shown a decrease in these metrics post-concus-
sion,34,35 indicating a more conservative gait pattern, with 
the athletes walking slower with smaller steps post-concus-
sion. 

At baseline and post-season, females had higher dual-
task costs than the males in all four variables. In general, 
gait speed had the largest dual-task cost. Dual-task costs 
for gait speed have been used as a predictor of prolonged 
recovery time in concussed athletes.41 Previous literature 
has shown a more significant cadence cost in females com-
pared to males post-concussion.34 In the same study, they 
did not notice any dual-task cost difference between male 
and female controls,34 which is inconsistent with these re-
sults at baseline. They did not see a difference in dual-task 
cost from control males to concussed males either,34 which 
follows the same trend as the male athletes at baseline and 
post-season in this study. 

It was expected that females would have a higher cost 
than males and that cost would be higher at post-concus-
sion compared to baseline.4,35,42 The additional cognitive 
load was expected to reflect functional changes post-con-
cussion and decreased interhemispheric brain connectiv-
ity,43 forcing the brain to reorganize to perform the chal-
lenging task while simultaneously providing resources for 
walking. In concussed athletes, this resource allocation is 
expected to be hindered,44,45 and appropriately reflected in 
dual-task costs. However, in this study, there were no dif-
ferences in cost between the paired baseline and post-con-
cussion data. Previous work has shown dual-task deficits 
at days 5-6,46 or in the year following,40 which is after all 
of the athletes in this study were tested. Additionally, as 
gait metrics in athletes in the current study improved over 
the season, cadence and gait speed had higher dual-task 
costs at baseline compared to post-season for both sexes. 
No study has quantified cost after a season of impacts for 
comparison. 

The overall improvement in gait and decrease in dual-
task cost could result from a learning effect of the tests. 
Still, there does not appear to be a deficit in gait or more 
conservative gait pattern that accumulated over the season. 
A study examining acute postural control effects after a 
simulated match load of rugby impacts also suggested no 
changes following subconcussive impacts.47 The learning 
effect is likely noticeable in this study as athletes completed 
the protocol multiple times in a season, and many partic-
ipated in multiple seasons. Other studies compared con-
cussed athletes to controls,34,35,48 which reduces the over-

Figure 4. The mean difference of the female dual-
task cost at the specified gait variable from the 
males’. The tails of each point represent the 95% CI 
from a t-test. The absolute value of double support 
time was taken as the cost for the females was 
greater in magnitude but a negative value. Points to 
the right of 0 indicate a positive difference – that 
the males’ mean cost was greater than the females’. 

Figure 5. The mean difference of the post-season 
(PS) (and post-concussion (PCX), for the females) 
dual-task cost at each gait characteristic from the 
baseline (B) timepoint. The tails of each point 
represent the 95% CI from a paired t-test. The 
magnitude of double support was taken to be 
consistent with the other metrics. Points to the left 
of 0 indicate a negative difference – that the 
baseline mean was less than the post-season (and 
post-concussion). 

all number of times an athlete would complete the 
dual-task protocol. Additionally, a season’s worth of exer-
cise and training in their sport may have contributed to gait 
metrics improving. 

There were several limitations to this study. Only one 
male post-concussion time point was collected, making it 
impossible to generalize about males’ responses post-con-
cussion, compare them to the females at post-concussion, 
or compare them to males at baseline and post-season. Ad-
ditionally, age, height, weight, or prior concussion history 
were not included in the comparisons in this analysis. Al-
though likely the differences in sizes between males and fe-
males may contribute to the four gait variables, BMIs from 
the two groups are similar, and the dual-task cost normal-
izes performance individually. The environment in which 
the tests were conducted was not always consistent. They 
were conducted in the lab or the hallway, but sometimes 
the lab was busier than others, and the other distractions 

Dual-Task Gait Performance Following Head Impact Exposure in Male and Female Collegiate Rugby Players

International Journal of Sports Physical Therapy

https://ijspt.scholasticahq.com/article/32591-dual-task-gait-performance-following-head-impact-exposure-in-male-and-female-collegiate-rugby-players/attachment/82286.jpg?auth_token=XpmgWaFzQXFBOCRQfF7y
https://ijspt.scholasticahq.com/article/32591-dual-task-gait-performance-following-head-impact-exposure-in-male-and-female-collegiate-rugby-players/attachment/82287.jpg?auth_token=XpmgWaFzQXFBOCRQfF7y


may have confounded the subject’s attention. However, the 
accuracy of these dual-task tests was not checked because 
the divided attention should be enough to elucidate differ-
ences; their performance on the MMSE should not matter. 
It has been shown that females prioritize the accuracy of 
their answers over their gait compared to their male coun-
terparts.49 

CONCLUSION 

The results of this study indicate that collegiate rugby play-
ers do not exhibit post-season gait deficits, but show post-
concussion gait deficits, similar to previous work.12,37–40 

This suggests that although gait is affected by a concussive 
impact, it may not be affected by a season’s worth of head 
impacts. Contrary to other studies,40,46 the female athletes 
in this cohort did not exhibit differences in dual-task cost 
from baseline to post-concussion. Although the results of 
this study are mixed, dual-task gait can be used to uncover 
functional deficits in athletes who may be asymptomatic 

and do not exhibit neuropsychological dysfunction.45 Still, 
it is important to use dual-task gait in the context of other 
diagnostic tools. The sex-specific differences in gait metrics 
and dual-task cost at each time point suggest a need to con-
sider the sex of the athlete in concussion diagnostics and 
therapies. Including dual-task gait assessments is also rele-
vant given the implication of concussion on musculoskele-
tal injuries,50 and therefore should be incorporated into 
future clinical assessments and sex-specific concussion in-
terventions. 
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Background 
Balance function is a key indicator in the identification of and recovery from concussion. 
The NeuroCom Sensory Organization Test (SOT) is used to objectively quantify balance 
using input from the visual, vestibular, and somatosensory systems. Baseline tests are 
necessary for comparison post-concussion. 

Purpose 
The primary purpose of this study was to establish baseline SOT measures for the 
population that will be useful in the concussion assessment, diagnosis, and return to duty 
decisions following a concussion. Secondary aims were to compare females and males as 
well as concussed versus non-concussed. To the knowledge of the authors these are the 
only published normative data for a highly-active military population ages 17-23. 

Study Design 
Cross-sectional study 

Methods 
Two hundred fifty-three (70 female and 183 male) cadets in a boxing course at a service 
academy were enrolled. The participants were evaluated on the SOT using the NeuroCom 
Balance Manager (Natus Medical Inc., Seattle, WA) and each condition, composite 
(COMP) score, and ratio score were recorded. 

Results 
No significant differences were observed in SOT COMP scores between females (COMP = 
76.67 ± 7.25) and males (COMP = 76.57 ± 7.77), nor between participants with history of 
concussion (COMP = 75.83 ± 7.90) versus those never concussed (COMP = 76.75 ± 7.57). 

Conclusion 
This study provides SOT reference values for young, healthy, active individuals, which will 
assist in the interpretation of individual scores for concussion diagnosis and recovery, as 
well as serve as baseline data for future studies. These data on 17-23-year-olds will add to 
the currently available normative values of 14-15-year-olds and 20-59-year-olds. 
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Level of Evidence 
4 

INTRODUCTION 
PREVALENCE 

Awareness of concussions is at an all-time high. Since 2000, 
more than 360,000 traumatic brain injuries (TBI) have been 
diagnosed within the Department of Defense (DoD), and 
over 315,000 of those are considered to be mild TBI (mTBI), 
otherwise known as concussion.1,2 Over a five-year period 
these injuries accumulate medical and disability costs to the 
DoD exceeding $700,000,000.3 Concussion injury, diagno-
sis, and care are being closely monitored by a network of 
DoD and National Collegiate Athlete Association (NCAA) 
entities operating with a renewed grant of $22,500,000.4 

At a military service academy, about two cadets per 100 
are reported concussed each year during boxing class, a re-
quired 20-hour instructional course.5 In a systematic re-
view by Koh et al the greatest frequencies of concussive 
episodes were observed with recreational male boxers and 
female taekwondo participants.6 Boxing has been demon-
strated to cause half the impact but twice the rotational 
force as contact injuries in football.7 The rotational and 
shearing forces applied to the brain during head trauma can 
be detrimental resulting in concussion.8 These are forces 
such as a whiplash effect in the sagittal plane or rotation 
in the transverse plane. There are concerns that repeated 
episodes of concussion may lead to cumulative and worsen-
ing effects including increased neuropsychological deficits 
and decreased postural stability.9–12 Impaired postural sta-
bility following concussion may be a result of inaccurately 
processing information from the somatosensory, visual, and 
vestibular systems manifesting as balance deficits.10,13–16 

Considering the multiple repercussions of concussion in-
jury to include affecting somatosensory, visual, and 
vestibular components of balance, it is important for clini-
cians to incorporate balance assessment. 

NEED FOR STANDARDIZED ASSESSMENT 

As concussion evaluation becomes more commonplace, the 
need for a standardized assessment tool or protocol be-
comes apparent. A major factor of a concussive episode, 
and the recovery from it, is vestibular function.8,17,18 The 
vestibular system, consisting of semi-circular canals which 
sense rotational movements and otolith organs that sense 
linear acceleration, provide a sense of balance and spatial 
orientation for the purpose of coordinating movement. 
Vestibular function is best measured by caloric testing as 
the gold standard.19 Rotary chair or vestibular-evoked myo-
genic potentials are also reliable tests of vestibular func-
tion.20 However, a more practical approach may be to eval-
uate an individual’s balance instead. Although not an exact 
measure of vestibular function, balance is a component that 
may be easily quantified.21 Vestibular testing is a critical 
part of determining the extent of a concussive episode and 
several tests have been proposed as possible solutions in-
cluding Vestibular Ocular Motor Screening Assessment 
(VOMS), Balance Error Scoring System (BESS), and the Post-

Concussion Symptom Scale (PCSS).22–24 Balance has been 
observed to recover quickly, and the timing of recovery has 
been serially studied by quantifying postural sway with 
BESS and Sensory Organization Test (SOT) by Guskiewicz 
et al.25 Another study observed that acute mild head injury 
produced decreased stability until approximately three days 
post injury.10 While useful, the BESS, VOMS, and PCSS may 
be subject to the concussed individual’s perceptions with 
moderate to poor reliability and are prone to human error 
dependent upon the experience and ability of the evalua-
tor.10,24,26–29 

BASELINE TESTING 

The NeuroCom SOT is computer-controlled balance ma-
chine used to objectively quantify the balance component 
of the vestibular system’s functionality and impairment. 
Because it is computerized, it reduces chance for human er-
ror. It has demonstrated test-retest reliability for the mea-
sure of balance function in several studies, although Broglio 
et al questioned whether the NeuroCom could be used as a 
sole measure of vestibular function.23,30,31 Ferber-Viart et 
al observed SOT scores for 64 participants 20 years of age, 
and current manufacturer baseline measures for the SOT 
were established for 195 participants age 20-79.32,33 How-
ever, these sample sizes are too small in number and age 
ranges used for baseline measurements are too broad to de-
termine generalizable normative values for this population. 
The young, active, healthy military population that will be 
expected to lead future armed forces requires its own nor-
mative values. 

NEED FOR RELIABILITY MEASURES 

The SOT has previously been utilized in highly-trained 
groups of experienced special operations military personnel 
with the intent to establish baseline results, provide data 
for future studies, and to identify those at risk for lower ex-
tremity injury.30 Since the SOT measures balance from vi-
sual, vestibular, and somatosensory contributions, it may 
be more suited to concussion evaluation than prediction of 
musculoskeletal injury. Clinically, the SOT has been shown 
to be sensitive to functional deficiencies in the visual, 
vestibular, and somatosensory systems often seen after 
concussion, and has been used to track recovery from con-
cussion.34,35 The primary outcome of the SOT is the equi-
librium score, a composite (COMP) of all three balance com-
ponents. 

To the knowledge of the authors, baseline SOT measures 
for balance function of young, healthy, active, military 
17-23-year-old individuals have not been previously re-
ported. The primary purpose of this study was to establish 
baseline SOT measures for the population that will be use-
ful in the concussion assessment, diagnosis, and return to 
duty decisions following a concussion. Furthermore, sec-
ondary aims are to determine if there are differences in 
SOT scores between females and males, or in those with 
and without a concussive history. Females are grossly un-
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Table 1. Sensory Organization Test conditions.30,36 

Test 
Condition Eyes Surroundings Platform 

Sensory System 
Used 

Disadvantaged Sensory 
System 

1 Open Fixed Fixed Somatosensory — 

2 Closed — Fixed Somatosensory Visual 

3 Open Sway 
referenced 

Fixed Somatosensory Visual 

4 Open Fixed Sway 
referenced 

Visual Somatosensory 

5 Closed — Sway 
referenced 

Vestibular Somatosensory/Visual 

6 Open Sway 
referenced 

Sway 
referenced 

Vestibular Somatosensory/Visual 

Note: Each condition uses a primary sensory system based on the eyes open or closed, the surroundings fixed or swayed, and the platform fixed or swayed. Each trial of each condition 
receives a score. Adapted from the Balance Manager Clinical Operation Guide, NeuroCom.33 (Used by Permission.) 

der-represented in the available concussion literature.6 In 
a time where females are included in combat arms and ex-
posed to increased possibility of head injury, more data of 
baseline balance function in women may prove useful in the 
evaluation and recovery of concussion. 

METHODS 

This study was a cross-sectional design for obtaining nor-
mative values. The authors established baseline measures 
for this group in preparation for future studies of balance 
associated with concussion. 

PARTICIPANTS 

All participants were screened for the following inclusion 
criteria: 1) between the ages of 17-26 years old, 2) enrolled 
in boxing class at this service academy, and 3) read and 
speak English well enough to provide informed consent and 
follow study instructions. If a cadet had a lower extremity, 
low back, or concussion injury that precluded NeuroCom 
testing they were excluded. All participants were informed 
of the testing procedures and signed a written consent form 
approved by the institutional review board. All testing was 
conducted at the physical therapy clinic at this service acad-
emy. 

PROCEDURES 

Participants were recruited from a required boxing class at 
the academy. This service academy conducted 16 boxing 
classes of 16-22 cadets twice every semester beginning in 
August, October, January, and March of the 2018-2019 aca-
demic year. Participants were recruited by direct contact 
during the first two days of class, prior to any striking taking 
place. Data were collected by four members of the research 
team, all trained in operation of the NeuroCom Balance 
Manager by the same NeuroCom continuing education in-
structor. Prior to testing, each participant completed a short 
questionnaire regarding their concussion history and de-
mographic information to include age, height, mass, and 

year in college. Participants were placed in a safety harness 
and positioned barefoot on the NeuroCom Balance Manager 
with standardized foot placement relative to their height. 
Data collectors followed standardized written instruction 
following the SOT protocol to include verbal cues for each 
trial of each condition.33 Participants stood with arms re-
laxed at the side, looking straight forward as still as pos-
sible. The participants performed all six of the SOT con-
ditions repeating each 20-second trial three times. Each 
person completed testing as shown in Figure 1 and Table 
1.30,33 

INSTRUMENTATION 

A NeuroCom Balance Manager (Natus Medical Inc., Seattle, 
WA) equipped with SMART EquiTest/InVision/HS-SOT 
(software version 9.2, 2014) was used to assess postural sta-
bility. The Balance Manager is equipped with two 9 x 18 
inches (23 x 46 centimeters) force plates connected by a 
pin joint.37 Both the support surface and the visual sur-
roundings rotate in the sagittal plane referenced to the par-
ticipant’s sway and sway velocity. Visual stabilization syn-
chronizes center of gravity (COG) movement in the sagittal 
plane with the participant’s visual surround. Somatosen-
sory stabilization tilts the support surface about a sagittal 
axis parallel to the axis through the ankle joints.38 The in-
dividual is presented with six conditions of varying sensory 
input including eyes open with fixed support (Condition 1), 
eyes closed with fixed support (Condition 2) , sway surround 
with fixed support (Condition 3), eyes open with sway sup-
port (Condition 4), eyes closed with sway support (Condi-
tion 5), and sway surround with sway support (Condition 
6). This test is used to evaluate the individual’s use of so-
matosensory, visual, and vestibular input to maintain their 
balance.30 

In this way, the SOT conditions create sensory-conflict 
situations.30 Participants need to compensate for these 
sensory conflicts and maintain their balance. An equilib-
rium score is given based on staying within 8.5 degrees in 
the anterior direction and 4 degrees in the posterior direc-
tion as previously established on the SOT and measured by 
the automated device. Less postural sway indicates better 
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Figure 1. Sensory Organization Test Conditions.36 

Six testing conditions are used during the Sensory Organizational Test. The first three involve a fixed platform for the three visual conditions (eyes open, eyes closed, sway ref-
erenced), and the last three involve a sway referenced platform for the same three visual conditions. Adapted from the Balance Manager Clinical Operation Guide, Neuro-
Com.33 (Used by permission.) 

postural stability in the sagittal plane, producing a com-
mensurate equilibrium score (greater is better). If the par-
ticipant falls (lifts the toes or heels from contact with the 
force plate, takes a step, touches the surround, or falls to 
the point of the harness taking weight) or receives a neg-
ative value by swaying outside 12.5 total degrees, they re-
ceive an equilibrium score of 0 for that trial. The more diffi-
cult conditions (3-6) receive greater weights, and an overall 
composite equilibrium (COMP) score uses the weighted av-
erage of all scores (see Figure 2).30,39 A greater composite 
score indicates better postural control. Specific sensory sys-
tems are identified by using ratio combinations of average 
equilibrium scores for each condition (see Table 2).30,33 

The sensory analysis ratio scores for the somatosensory, 
visual, and vestibular systems express how well a partici-
pant is able to use those specific cues for balance. The so-
matosensory ratio (SOM) compares Condition 2 with Con-
dition 1 and reflects the participant’s ability to use input 
from the somatosensory system to maintain balance. The 
visual ratio (VIS) is obtained by comparing Condition 4 with 
Condition 1. The VIS ratio reflects a participant’s ability 
to use input from the visual system to maintain balance. 
The vestibular ratio (VEST) is computed from scores ob-
tained in Condition 5 and Condition 1. This ratio indicates 
the relative reduction in postural stability when visual and 
somatosensory inputs are simultaneously disrupted. The 
preference ratio (PREF) compares Conditions 3 and 6 with 
Conditions 2 and 5. The PREF ratio indicates the extent to 
which the participant relies on visual information to main-
tain balance, even when this information is incorrect.33 

STATISTICAL ANALYSIS 

Descriptive statistics for all participants were computed. 
Means and standard deviations, as well as medians and in-
terquartile ranges, for the descriptive evaluation and the 
normative SOT data were produced for females and males 
separately, concussive history and never concussed sepa-
rately, and for all participants combined. Normality was ex-
amined with a Shapiro-Wilk test. Levene’s test was utilized 
to measure homogeneity of variance. Skewness and kur-
tosis were calculated. SOT output was collected and elec-
tronically imported into Excel (Microsoft Office 2016). Data 
include equilibrium scores as described above. These data 
were entered in the statistical package R version x64 (3.4.4.) 
and SPSS version 25. The non-parametric Mann-Whitney 
U test (known as two-sample Wilcoxon test in R) was used 
for comparison of SOT condition scores and ratio scores be-
tween genders, as well as between those with concussive 
history and those never concussed. A Bonferroni-Holm cor-
rection was planned to mitigate risks associated with mul-
tiple comparisons (α = 0.002). 

RESULTS 

Participants included 253 cadets ages 17-23, 70 females 
(mean age 18.77 ± 1.00 years, height 173.55 ± 9.86 centime-
ters, mass 74.89 ± 13.74 kilograms) and 183 males (mean 
age 18.85 ± 1.12 years, height 175.66 ± 9.05 centimeters, 
mass 76.07 ± 12.81 kilograms). Male and female populations 
were proportionally represented, as the freshman class at 
the service academy approached 25% female in the 
2018-2019 academic year. Forty-one participants (16%) re-
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Table 3. Descriptive Statistics. 

Group n Age (yrs) Height (cm) Mass (kg) Body Mass Index (kg/m2) 

Total 253 18.83 ± 1.08 175.08 ± 9.31 75.75 ± 13.06 24.57 ± 2.68 

Gender 

70 18.77 ± 1.00 173.55 ± 9.86 74.89 ± 13.74 24.71 ± 2.85 

183 18.85 ± 1.12 175.66 ± 9.05 76.07 ± 12.81 24.51 ± 2.61 

Concussion History 

41 18.87 ± 1.10 174.76 ± 9.11 75.27 ± 14.64 24.47 ± 2.88 

212 18.82 ± 1.08 175.14 ± 9.37 75.84 ± 12.77 24.58 ± 2.64 

Adapted from Pletcher et al.30 (Used by permission.) 

Females 

Males 

Yes 

No 

Figure 2. Examples of a SOT report. 
These examples include an equilibrium report of three trials for each condition: (A) a passing composite score, and (B) a failing composite score.36 Adapted from the Balance 
Manager Clinical Operation Guide, NeuroCom.33 (Used by permission.) 

ported a lifetime history of concussion prior to the study, 
five of which had had a concussive episode within the pre-
vious six months, and 212 had never experienced a concus-
sion. Descriptive statistics for demographics of the sample 
are reported in Table 3. The combined group COMP score 
on the SOT was 76.60 ± 7.61. Mean scores between females 
(COMP = 76.67 ± 7.25) and males (COMP = 76.57 ± 7.77) 
were not different (p = 0.76, see Table 4). The COMP score 
was not different between those with history of concussion 
(75.83 ± 7.90) and for those never concussed (76.75 ± 7.57; 
p = 0.55, see Table 4). Mean scores and standard deviations 
for the descriptive evaluation and normative SOT data are 
reported in Table 4. Although NeuroCom reports normative 
values by means and standard deviations, it is also appro-
priate to report normative values by medians and interquar-
tile range (Appendix Table A-6).30,33,40 

Due to lack of randomization and an abnormal distrib-
ution of data (see Shapiro-Wilk results in Appendix Tables 
A-1 and A-2 and skewness and kurtosis in Appendix Table 

A-5), non-parametric tests were used for between group 
comparisons. Groups were largely homogenous (see Lev-
ene’s test scores in Appendix Tables A-3 and A-4). Signifi-
cant differences were observed only between males and fe-
males in Condition 3 of the SOT (p = 0.04). However, this 
was after 22 comparisons were made. A Bonferroni-Holm 
correction was performed to control for Type I error, and α 
was set at 0.002. No significant differences were observed in 
SOT condition, composite, or ratio scores between groups 
by gender or by history of concussion (see Table 5). 

SOT ratio and condition scores from previously-pub-
lished work are reported in Table 4.33 Additional data from 
two previous studies are visualized in comparison to SOT 
ratio and condition data from this study in Figures 3 and 
4.30,33 

DISCUSSION 

To the knowledge of the authors, there have been no refer-
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Table 4. Means and standard deviations for all Sensory Organization Test scores for all groups. 

TOTAL Females Males Concussive 
History 

Never 
Concussed 

NeuroCom 
Ages 

20-59 

NeuroCom 
Ages 

14-19 

n 253 70 183 41 212 112 — 

Conditions 

1 
94.81 
±1.94 

94.75 
±1.82 

94.83 
±1.99 

94.86 
±2.20 

94.80 
±1.90 

93.99 
±2.53 

87.2 

2 
92.44 
±2.67 

91.87 
±3.41 

92.66 
±2.29 

92.20 
±2.62 

92.49 
±2.68 

92.05 
±4.22 

86.8 

3 
92.44 
±2.67 

90.11 
±3.78 

90.86 
±4.60 

90.81 
±3.94 

90.63 
±4.49 

91.49 
±3.34 

83.3 

4 
78.84 

±10.27 
78.41 
±9.45 

79.01 
±10.58 

78.34 
±11.91 

78.94 
±9.95 

82.45 
±7.55 

67.5 

5 
64.44 

±13.94 
66.33 

±10.64 
63.71 

±14.97 
62.61 

±15.97 
64.79 

±13.53 
69.20 

±10.44 
28.7 

6 
61.04 

±17.27 
60.62 

±16.07 
61.20 

±17.75 
59.39 

±18.97 
61.36 

±16.96 
67.19 

±11.58 
29.9 

Ratios 

COMP 
76.60 
±7.61 

76.67 
±7.25 

76.57 
±7.77 

75.83 
±7.90 

76.75 
±7.57 

79.79 
±5.63 

63.9 

SOM 
97.64 
±2.51 

97.07 
±2.87 

97.85 
±2.33 

97.37 
±2.90 

97.69 
±2.43 

98.00 
±0.05 

— 

VIS 
83.17 

±10.74 
82.74 
±9.78 

83.33 
±11.10 

82.41 
±12.47 

83.31 
±10.39 

87.7 
±8.0 

— 

VEST 
67.99 

±14.66 
70.01 

±11.02 
67.21 

±15.79 
65.98 

±16.68 
68.37 

±14.25 
73.6 

±11.1 
— 

PREF 
96.97 

±11.05 
95.30 
±9.04 

97.61 
±11.69 

97.49 
±11.45 

96.87 
±11.00 

98.1 
±7.1 

— 

Females were compared to males, and those with history of concussion were compared to those with no history of concussion. COMP = composite, SOM = somatosensory, VIS = visual, 
VEST = vestibular, PREF = preference. Normative scores for the group are presented with the NeuroCom normative values for 20-59-year-olds and limited reported data of 14-19-year-
olds (n, standard deviations, and ratio scores unavailable for this group). Adapted from the Balance Manager Clinical Operation Guide, NeuroCom.33 (Used by permission.) 

ence data collected previously to assist clinicians to inter-
pret and compare individual SOT data measures of a young, 
healthy, active, military population. Vander Vegt et al re-
ported similar COMP scores (females = 76.85, males = 76.09, 
concussion history = 76.00, no concussion history = 76.47) 
for 207 collegiate athletes with mean age of 19.3 years (fe-
male = 72, male = 135) with and without history of con-
cussion (no concussion history = 155, concussion history 
= 52).41 Average SOT scores for this sample were COMP = 
76.60 (females = 76.67, males = 76.57, concussion history = 
75.83, no concussion history = 76.75), SOM = 97.64, VIS = 
83.17, VEST = 67.99, and PREF = 96.97 (see Table 4). Surpris-
ingly, this young, healthy, active sample scored less than 
the NeuroCom normative data comparison population ages 
20-59 (see Table 4 and Figures 3 and 4).33 Pletcher et al re-
ported normative values for Special Operations personnel 
with an average age of 35 years old, and their sample also 
scored greater comparatively excepting the SOM score (Fig-
ure 3).30 For the six conditions, This study sample scored 
best in Conditions 1 and 2, but Conditions 3 through 6 were 
in between the younger and older samples of NeuroCom 
data, as well as less than the Special Operator scores (see 
Figure 4). One reason for this may be due to natural his-
tory of vestibular system development. Although Steindl et 

Table 2. Sensory Analysis Ratios.30,33 

Ratio 
Condition 

Comparison 
Description 

Somatosensory 2 to 1 
Ability to utilize 
somatosensory 
input 

Visual 4 to 1 
Ability to utilize 
visual input 

Vestibular 5 to 1 
Ability to utilize 
vestibular input 

Preference 
(3 + 6) to (2 

+ 5) 

Reliance on visual 
input, even if 
incorrect 

Note: The preference ratio defines how well a participant can ignore inaccurate visual 
clues in a situation of visual conflict. Adapted from the Balance Manager Clinical Opera-
tion Guide, NeuroCom.33 (Used by permission.) 

al assumed complete maturation of the vestibular system 
in adolescents, Hirabayashi and Iwasaki demonstrated that 
complete integration of vestibular function with visual and 
somatosensory inputs seemed to remain in developmental 
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Table 5. Comparisons between sexes and concussion statues (using the Mann-Whitney U Test). 

Females Males p value 
Concussive 

History 
Never 

Concussed 
p value 

n 70 183 41 212 

Condition 

1 95.17 95.33 0.53 95.33 95.33 0.56 

2 92.67 93.00 0.30 93.00 93.00 0.57 

3 90.17 91.67 0.04 92.00 91.33 0.65 

4 80.33 81.67 0.37 81.67 81.17 0.85 

5 68.50 67.33 0.51 67.33 68.00 0.48 

6 63.83 65.00 0.50 65.00 64.67 0.72 

Ratios 

COMP 77.50 78.00 0.76 78.00 78.00 0.55 

SOM 98.00 98.00 0.19 97.00 98.00 0.35 

VIS 85.00 86.00 0.43 85.00 86.00 0.67 

VEST 72.00 71.00 0.46 71.00 72.00 0.44 

PREF 96.00 98.00 0.08 99.00 97.00 0.48 

COMP = composite, SOM = somatosensory, VIS = visual, VEST = vestibular, PREF = preference. 
Note: No differences were observed between composite scores (α = 0.05). A Bonferroni-Holm correction was calculated for the remaining 20 comparisons of SOT median scores be-
tween genders and between concussion history groups. No significant differences were observed (α = 0.002). 

stages through ages 14-15, and they did not observe 
≥16-year-olds.42,43 These data suggest that balance func-
tion may still be under development for 17-23-year-olds, es-
pecially visual and vestibular inputs as observed with con-
ditions 4, 5, and 6 (Table 4) which are more dependent on 
visual and vestibular inputs (Table 1). 

These data fit naturally between the available normative 
values for 14-15-year-olds and 20-59-year-olds. Current 
NeuroCom normative values include age ranges of 3-4, 5-6, 
7-8, 9-10, 11-13, 14-15, 20-59, 60-69, and 70-79.33,43 Data 
for ages 16-19 are lacking. The number of participants re-
ported in each age group is unclear, however for ages 20-59 
the normative values are based on 112 participants, and 
for ages 14-15 they are based on 19 participants.33,43 This 
study informs the community of normative values of young, 
healthy, active, military individuals ages 17-23, a demo-
graphic not previously observed for normative values. 
These data bridge the gap between 14-15-year-olds and 
20-59-year-olds, and they demonstrate that ages 17-23 per-
sist as a period of balance skill development. 

Another reason for resultant scores being less than 
20-59-year-olds may be due to different sway strategies. 
Younger people in general possess greater ankle range of 
motion and may tolerate sway parameters outside of 12 de-
grees total. Younger athletic people may develop balance 
strategies based on sport-specific training. Chow et al ob-
served that amateur rugby players may have developed 
more hip-centered balance strategies that tend towards 
lower scores on the SOT.13 Their balance strategies caused 
them to score lower than their non-rugby-playing counter-
parts. This sample of cadets is required to play intercolle-
giate and intramural sports and may have developed sport-
specific balance strategies. Pletcher et al reported that the 
Special Operations sample demonstrated between-group 

Figure 3. Scaled View of SOT Ratio Scores. 
SOT ratio scores across studies comparing data from this study sample to data 
from NeuroCom and Pletcher et al.30,33 (Used by permission.) NeuroCom 14-15 
COMP is only score available for that group. (SOT=Sensory Organization Test, 
COMP = composite, SOM = somatosensory, VIS = visual, VEST = vestibular, PREF 
= preference) 

differences in SOT scores that may have been due to their 
task-specific balance strategies given the weightbearing and 
athletic nature of their duties.30 

Minimal detectable change (MDC) for SOT COMP scores 
has been reported as 3.97 points, and a learning effect for 
SOT COMP scores has been reported at 8 points.44,45 Com-
paring post-concussion patients to these baseline measures 
will assist in returning them to full duty, affecting deploy-
ability and readiness. Additionally, these data may be used 
for comparison in future studies and against other devices. 
(NeuroCom support will be available until 2026, at which 
time Bertec devices will supersede.)46 

These data contain performance specific to female par-
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ticipants that may enter the combat arms branches where 
they are more likely to be exposed to head trauma. Females 
comprised 28% of this sample. Although no significant dif-
ferences were demonstrated in comparison to males, this 
large sample of the age group provides baseline data for fu-
ture comparisons. 

This study has a few limitations. Although four different 
clinicians were simultaneously trained to evaluate partici-
pants on the SOT, inter-rater reliability for fall criteria was 
not tested. To limit this bias, clinicians referred to the Neu-
roCom manual for fall criteria. Motion artifact may have af-
fected individual scores. Most participants were generally 
still in the upper body during testing. However, occasionally 
a participant adjusted their glasses or scratched their face 
during testing. Others flexed or extended at the spine or the 
knees without a frank fall. This may have produced less ac-
curate measures on each test, but this is described in the 
NeuroCom Manual and is a primary reason for three trials 
for each condition.33 

A possible confounding variable may have been the time 
of day in which testing took place. Cadets are fully sched-
uled each day so they were tested according to their avail-
ability, no matter the time of day. Heinbaugh et al observed 
that although time of day did not affect dynamic balance 
testing, a significant difference exists when testing for sta-
tic balance in the morning versus the afternoon.47 Those 
tested in the morning tend to perform better with static bal-
ance evaluation. However, the authers did not encounter lit-
erature that suggests dynamic balance is affected by time 
of day. Also, it should be noted that the clinic in which the 
NeuroCom was located for this study is much busier and 
noisier in the afternoon. Due to scheduling constraints for 
the cadets, not all participants could attend in-clinic testing 
at the quiet hours of the morning. Time of day and atmos-
phere may have confounded some of the results. 

CONCLUSION 

This study is the first to provide normative values for the 

Figure 4. Scaled View of SOT Condition Scores. 
SOT condition scores 1-6 across studies comparing data from this study sample 
to data from NeuroCom and Pletcher et al.30,33 (Used by permission.) (SOT = 
Sensory Organization Test) 

SOT in a young, active, healthy, military population. The 
sample size exceeds those used to provide the current nor-
mative values for all other age groups.32,33 These data may 
stand as a reference standard for military providers to allow 
meaningful comparisons in future studies and possibly 
against other devices. 
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Background 
An estimated 11% of Canadian adolescents will sustain a sport-related concussion each 
year. However, diagnostic tools to detect and monitor concussive outcomes are limited. 

Purpose 
To evaluate the feasibility and test-retest reliability of the Highmark Interactive 
Equilibrium (HIEQ) test battery in uninjured adolescents. 

Study Design 
Observational study with repeated measurements. 

Methods 
Participants completed the HIEQ test battery, a game-based platform on an iPad 
application, that assesses balance, cognitive function, and visual function, for up to 15 
consecutive school days in a group classroom setting. Feasibility for use of the HIEQ was 
evaluated by (1) recruitment rates; (2) retention rates; (3) test completion without 
assistance; and (4) adverse events. Test-retest reliability was examined using Bland 
Altman 95% limits of agreement and intraclass correlation coefficients comparing the 
first and second and second and third obtained scores. Reliability across multiple baseline 
assessments was also analyzed using intraclass correlations for the second to sixth and 
seventh to eleventh obtained scores. 
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Results 
Fifty-five uninjured high school students (31 females and 24 males, mean age = 16.24 
[1.09]) from three high schools participated in the study. Three participants (5%) 
completed all 15 days of testing, and 73% completed at least 10 of 15 test days. No 
adverse events were reported. Although the test was feasible, all subtests showed wide 
limits of agreement from first to second and from second to third testing occasions. 
Results indicate poor-to-moderate reliability (<0.50 to 0.75) across those intervals, as well 
as across the second to sixth and seventh to eleventh testing occasions. 

Conclusion 
The HIEQ is feasible in high school students; however, performance was characterized by 
wide limits of agreement and poor-to-moderate reliability across test occasions. Future 
evaluation of the HIEQ in visual and auditory distraction free individual testing settings is 
warranted. 

Level of Evidence 
Level 3. 

INTRODUCTION 

In Canada, approximately one in nine adolescents will sus-
tain a sport-related concussion each year.1 Concussion 
signs and symptoms are heterogenous and may involve a 
variety of domains, including physical (e.g. headache, dizzi-
ness), emotional (e.g. irritability, anxiety), sleep, and cogni-
tive (e.g. difficulty remembering, difficulty concentrating).2 

Concussion assessments should be multifaceted, incorpo-
rating multiple domains of functioning.3 

Once a concussion has been diagnosed, decisions regard-
ing recovery and clearance to return to school or to sport are 
made on an individual, case-by-case basis. An objective tool 
that assesses multiple domains at baseline and throughout 
the recovery process may help make informed diagnostic, 
management, and recovery decisions for individuals who 
sustain a concussion. 

Current computerized neuropsychological assessment 
batteries used for concussion assessment (e.g., ImPACT, 
Axon Sports CogState Test) demonstrate variable levels of 
reliability,4,5 which may be attributed, in part, to natural 
variation in an individual’s performance on a given perfor-
mance task. However, variable performance may reduce re-
liability and limit a test battery’s clinical utility.6 This has 
resulted in a shift towards conducting multiple baselines, 
in order to better understand normative variation in perfor-
mance across multiple domains of function.6 Multiple base-
lines may help to yield a more reliable estimate of base-
line performance, and may support clinicians in detecting 
change in an athlete’s functioning following a concussion.6 

The Highmark Interactive Equilibrium (HIEQ) test bat-
tery is a game-based platform that draws on existing clini-
cal tools, including the Sport Concussion Assessment Tool 
(SCAT), King-Devick Test, and Trail Making Test Part B.7–11 

The HIEQ assesses multiple domains of functioning includ-
ing balance, vision, and cognition (i.e., immediate verbal 
recognition memory, delayed verbal recognition memory, 
cognitive flexibility and inhibitory control, and attention 
and working memory).12 The HIEQ is unique in that it is 
self-administered by the participant, as opposed to requir-
ing the expertise of a clinician to administer, and hence 
needs minimal supervision.13 

The feasibility of the HIEQ, as well as its test-retest re-
liability, has not been studied extensively in healthy ado-
lescents. Therefore, the purpose of this study was to evalu-
ate the feasibility and test-retest reliability of the HIEQ test 
battery in uninjured adolescents. 

MATERIALS AND METHODS 
STUDY DESIGN AND PARTICIPANTS 

This was an observational study that involved repeated 
measurements in a sample of high school students. Stu-
dents enrolled in three high schools in Calgary, Alberta, 
Canada were invited to participate in the study. Recruit-
ment initially occurred at the school level with school ad-
ministrators. Once administrators agreed to allow the re-
search team to approach teachers within a school, students 
enrolled in sport medicine, sports performance, and biology 
classes were invited to participate in the study. Two of the 
schools enrolled students who were focused on sport, in-
cluding athletes participating at highly competitive levels. 
Some of the students were remembers of National teams 
or other high-performance levels of sport. The third school 
was a regular public high school. 

Participants were eligible for inclusion if they met the 
following criteria: 1) age 14-19 years; 2) high school student 
in one of the participating classes; 3) uninjured at the start 
of the study; and 4) provided written participant and/or 
guardian informed consent and participant assent. Partic-
ipants were excluded if they had any musculoskeletal in-
juries or other medical conditions that would hinder com-
pletion of the test battery, or if they had any planned 
absences from school during the study period that would 
preclude completion of the test battery daily for three con-
secutive weeks. 

PROCEDURES 

This study was approved by University of Calgary Conjoint 
Health Research Ethics Board (REB18-1482) and participat-
ing schools. Data were collected over a three-week period in 
each school (April-June 2019). Participants were provided 
detailed instructions and a demonstration of the HIEQ ap-
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plication test battery (EQ Active, v. 1.1.3, Highmark Inter-
active, Toronto, ON, Canada), as well as instruction on how 
to complete the baseline questionnaire. 

Participants were asked to complete the HIEQ once per 
school day for 15 school days. They completed the testing 
in their classroom under the supervision of the teacher dur-
ing class time. Schools were provided with a set of iPads, 
managed by the teachers. Each participant was provided a 
unique study e-mail address to login to the application and 
wired headphones to reduce distractions and to minimize 
delays between sounds from the application and participant 
response times (i.e. to reduce the delay in auditory stim-
ulus that may occur with wireless/Bluetooth headphones). 
Members of the research team followed up with the sites 
once weekly to ensure that the test was being completed 
and to answer any questions from students or teachers at 
the schools. The research team also followed up with the 
teachers between visits via e-mail, as needed. 

The HIEQ test battery required an internet connection to 
complete and send the data to a secure third-party online 
server (Cloud66, San Francisco, CA, US) for data storage. 
MongoDB Compass (Mongo DB, Inc., New York City, NY, 
USA) and Sequel Pro (v1.1.2, Sequelpro.com) were used to 
access data stored on the Cloud66 sever. Access to the HIEQ 
test battery data was limited to the research team. High-
mark Interactive was blinded to the test data from the HIEQ 
application throughout the study. 

MATERIALS 

BASELINE QUESTIONNAIRE 

The baseline questionnaire included questions pertaining 
to demographics, history of concussion, history of other in-
juries, and history of learning disabilities or participant-
identified learning concerns. Participants completed the 
baseline questionnaire at the onset of study participation 
via a survey link through Research Electronic Data Capture 
(REDCap). 

HIGHMARK INTERACTIVE EQUILIBRIUM APPLICATION 

The HIEQ application contained seven subtests. Details on 
each subtest and scoring is described below. Each partic-
ipant self-administered the HIEQ application and was in-
structed to complete the “Full Check-In”, or all seven sub-
tests, on each testing day. The test battery took 
approximately 20 minutes to complete initially, but only 
10-15 minutes once participants became familiar with the 
test. 

HIGHMARK EQ APPLICATION – SUBTESTS 

VISUAL FUNCTION 

The visual function subtest, “Dance Off,” was designed to 
assess binocular vision and visual processing using a rapid, 
timed task. It was developed to be analogous to the King-
Devick Test.10,11 The subtest consisted of a randomized 
presentation of arrows on the screen of the device that were 
to be scanned visually from left to right. The participant in-
dicated the direction of each arrow by swiping in the di-

rection of the arrow on the device. Participants were asked 
to complete each card (trial) as quickly as possible, without 
incurring any errors. If an error occurred, the participant 
started the card again. The task involves three cards in-
creasing in difficulty (i.e., changes in spacing between ar-
rows). Time to complete each card was recorded in seconds. 
Completion times were averaged to yield a score in seconds. 
Higher scores indicated worse performance. 

BALANCE 

The balance subtest, “Tire Toss,” was designed to capture 
balance in five different positions: 1) Romberg (feet to-
gether); 2) Tandem stance /sharpened Romberg (right leg 
forward); 3) Tandem stance/sharpened Romberg (left leg 
forward); 4) single leg stance (right leg); and 5) single leg 
stance (left leg).14,15 The positions are the same as those 
used in the Balance Error Scoring System (BESS) that is 
part of the SCAT.7,16 Participants were instructed to keep 
their eyes closed and to keep the device (iPad) level and flat 
against their chest. Participants held each position for 10 
seconds. The balance subtest used the internal accelerom-
eter, which measures the orientation of the iPad with re-
spect to the participant’s initial position, to determine a 
participant’s tilt, or deviation from the centre of mass, to a 
maximum deviation of 15° from centre. A balance score was 
calculated using the cumulative tilt of the iPad as an ap-
proximation of the movement of the participant’s centre of 
mass during the test, averaged across the five balance posi-
tions. Scores range from 0 to 100, with 100 indicating better 
balance, or a lower deviation from the centre of mass, and 0 
a higher deviation from centre of mass. If a participant de-
viated 15° or more from centre, then they were assigned a 
score of 0 for that position. If a participant lost their bal-
ance, they were instructed to resume the initial position as 
soon as safely able. 

COGNITIVE FUNCTION 

Cognitive function was measured using five tests, four of 
which are similar to components of the Standardized As-
sessment of Concussion, which is a widely accepted screen-
ing test of concussion that is part of the SCAT.7,8 The five 
tests are named Recipe Recall, Recipe Recall with Delay, Jer-
sey Reversey, Fast Ball, and Pylon Pivot. 

“Recipe Recall” evaluated immediate verbal recognition 
memory, similar to immediate memory on the SCAT5.7 Par-
ticipants were presented with an auditory list of 20 words 
(foods) as part of a grocery list and were instructed to re-
member the grocery items. They were presented with this 
list twice. Then, they were presented with 40 words, 20 of 
which were previously heard and 20 novel words, in random 
order. Participants selected “yes” or “no” based on whether 
the presented word was on the grocery list. Scores were cal-
culated as correct out of a total of 40. Higher scores indi-
cated better performance. 

“Recipe Recall with Delay” evaluated delayed verbal 
recognition memory, similar to delayed recall on the 
SCAT5.7 This subtest included a similar presentation to 
Recipe Recall. Participants selected “yes” or “no” based on 
whether the presented word was on the initial grocery list 
(Recipe Recall). Scores were calculated as correct out of a 
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total of 20. Higher scores indicated better performance. 
“Jersey Reversey” evaluated working memory and atten-

tion, similar to Digits Backwards on the SCAT5.7 Partici-
pants were presented with an auditory list of single-digit 
(1-9) numbers and were instructed to reverse the presented 
numbers. They selected the intended numbers presented on 
the screen. The subtest started with three numbers and pro-
gressed to a maximum of nine numbers. If participants were 
successful on a given level, then they progressed to the next 
level, increasing the number of digits by one. Participants 
had two trials to complete each level. If they were incorrect 
on both trials at a given level, then the subtest ended. Pre-
sentation of numbers was randomized. Scores were calcu-
lated as successful level achieved, out of a maximum score 
of seven (i.e., highest level completed). Higher scores on 
this subtest indicated better performance. 

“Fastball” evaluated reaction time. It included five trials 
where participants tapped the screen as soon as a stimulus 
(a baseball) appeared. The timing between stimuli presen-
tations was randomized, and stimuli could occur from one-
to-three seconds apart. The subtest was scored by averaging 
the reaction time of the five trials, measured in millisec-
onds. Higher reaction time scores were indicative of worse 
performance. Reaction times below 100 milliseconds were 
considered invalid and excluded from the average. If a par-
ticipant missed a trial, they were assigned a score of 1500 
milliseconds, which was included in the average of the five 
trials. 

The final subtest, “Pylon Pivot,” is analogous to the Trail 
Making Test Part B and evaluates inhibitory control and 
flexibility.9 Participants completed the subtest by selecting 
a series of numbers and letters in ascending order (e.g. 1-A, 
2-B, 3-C). The locations of letters and numbers were ran-
domized. Scoring was calculated as time to completion in 
seconds. If a participant made an error, they received haptic 
feedback and then selected the correct next number or let-
ter in the series before progressing. Higher time scores in-
dicated worse performance. 

STATISTICAL ANALYSIS 

The feasibility of the test battery was evaluated using the 
following metrics: 1) recruitment rates; 2) retention rates; 
3) completion of test without assistance; and 4) adverse 
events reported. Boxplots were completed for each subtest 
to demonstrate medians and ranges of scores across testing 
days. 

TEST-RETEST RELIABILITY 

Test-retest reliability was assessed using Bland Altman 95% 
limits of agreement. Comparisons were conducted for the 
first versus second score and the second versus third score. 
Scores were adjusted for start time (i.e. if a participant’s first 
day of test administration was testing day 2, then that score 
[and all subsequent scores] would be adjusted – day 2 would 
equal score 1). This procedure was used to calculate miss-
ing data points for variables on Days 1, 2, and 3, with ad-
justed days varying up to five days (i.e., Score 1 could be 
from Day 1, 2, 3, 4, or 5). The Shapiro-Wilk test of normality 
was used to check for the assumption of normality of dif-

ference scores for each subtest comparison. Where assump-
tions of normality were not met, data were logarithmically 
transformed. Ratios, geometric means, and 95% confidence 
intervals were calculated for back-transformed logarithmic 
data. Intraclass correlations (ICCs) and 95% confidence in-
tervals also were used to calculate test-retest reliability for 
scores 1-2 and scores 2-3 based on a mean rating (k=2), two-
way mixed-effects model with absolute agreement. Scores 
1-2 and scores 2-3 were selected to consider initial test fa-
miliarization (scores 1-2) and to determine if test-retest 
reliability differs after the first two test administrations 
(scores 2-3). ICC values of less than 0.50 were categorized as 
poor, 0.50-0.75 as moderate, 0.76-0.90 as good, and above 
0.90 as excellent.17 

To evaluate test-retest reliability across multiple base-
line periods, ICCs and 95% confidence intervals were calcu-
lated for intra-individual scores 2 to 6 and scores 7 to 11 
based on a mean rating (k=5), two-way mixed-effects model 
with absolute agreement. Score bands 2 to 6 and 7 to 11 
were used as five-day multiple baselines as recommended 
clinically. Score 1 was not included to minimize any po-
tential learning effects from the first-to-second test admin-
istration. The Shapiro-Wilk test of normality was used to 
check for the assumption of normality of difference scores 
for each subtest comparison. All analyses were performed 
using Stata v. 15.0 and Microsoft Excel. 

RESULTS 

Participants included 55 14–19-year-old high school stu-
dents (mean = 16.24 [1.09]; 31 females and 24 males), rang-
ing from grades 10 through 12. Twenty-eight of the par-
ticipants had a prior history of concussion, and 27 had a 
prior history of a non-concussive injury. Of those with prior 
injury history, 15 participants reported a prior history of 
both a concussion and a non-concussive injury. Sixteen of 
the students self-reported a history of learning disabilities 
or participant-identified learning concerns. Demographic 
characteristics are presented Table 1. 

FEASIBILITY 

Three participants (5%) completed the HIEQ on all test 
dates. Most participants (n = 40; 73%) completed the bat-
tery for at least 10 of 15 testing days. The number of partici-
pants who completed the HIEQ test battery decreased as the 
number of testing days increased. All participants were able 
to complete the HIEQ test battery without assistance, and 
no adverse events were reported. Due to unexpected events, 
including school closures and loss of internet service, par-
ticipation numbers were especially low on Days 8 and 9. Fig-
ure 1 outlines the proportion of participants who completed 
a given number of testing days, out of a possible 15 days. 
Figure 2 shows the ranges of scores for each subtest across 
each testing day. 

TEST-RETEST RELIABILITY 

Bland Altman 95% limits of agreement are presented in Fig-
ures 3 and 4 and Table 2. Plots for Recipe Recall (score 1 
to score 2, score 2 to score 3) and Pylon Pivot (score 1 to 
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Table 1. Participant Demographics 

Females (n=31) Males (n=24) 

Age (years), Standard deviation Mean = 16.13 (1.02) Mean = 16.38 (1.17) 

Previous history of concussion Yes = 14 (45%) 
No = 15 (48%) 
Missing = 2 (7%) 

Yes = 14 (58%) 
No = 8 (33%) 
Missing = 2 (9%) 

Previous history of injury other than concussion Yes = 18 (58%) 
No = 11 (35%) 
Missing = 2 (7%) 

Yes = 9 (38%) 
No = 12 (50%) 
Missing = 3 (12%) 

score 2, score 2 to score 3) were logarithmically transformed 
to improve dispersion of scores (in which case ratios are 
reported). Overall, wide 95% limits of agreement and ra-
tios were apparent across all testing points. Timed subtests 
(Dance Off, Pylon Pivot, Fast Ball) showed improved perfor-
mance, or a decrease in mean scores, from score 1 to score 2, 
with two (Pylon Pivot and Fast Ball) also showing improve-
ment from score 2 to score 3. 

ICCs were calculated for test-retest reliability for score 1 
to score 2 and score 2 to score 3 across subtests. Reliability 
ranged from poor-to-moderate, where ICCs were calculated 
(see Table 3).17 For score 1 to score 2, moderate test-retest 
reliability was found for Jersey Reversey (ICC 0.52) and Tire 
Toss (ICC 0.61), and poor test-retest reliability for Recipe 
Recall (ICC 0.18). For score 2 to score 3, moderate test-
retest reliability was observed for Pylon Pivot (ICC 0.64), 
Jersey Reversey (ICC 0.68, Tire Toss (ICC 0.57), and Fast Ball 
(ICC 0.66). For score 2 to score 3, poor test-retest reliability 
was observed for Recipe Recall score 2 to score 3 (ICC 0.44). 
ICCs were not reported for score 1 to score 2 for Dance Off, 
Pylon Pivot, Recipe Recall with Delay, or Fast Ball, or for 
score 2 to score 3 for Dance Off or Recipe Recall with Delay, 
as normality assumptions were violated. 

ICCs for scores 2 through 6 and scores 7 through 11 are 
presented in Table 4. ICCs ranged from 0.34 to 0.55 for score 
2 to score 6 and from 0.33 to 0.53 for score 7 to score 11, or 
from poor-to-moderate for both intervals. ICCs were not re-
ported where assumptions were violated. 

DISCUSSION 

The purpose of the current study was to evaluate the fea-
sibility and test-retest reliability of the HIEQ application, 
a game-based test battery designed to assess neurological 
functioning, including balance, visual function, and cogni-
tion, in adolescents. 

FEASIBILITY 

Participants were recruited from four classes in three Cal-
gary, Alberta, Canada high schools, with most students in 
the eligible classes electing to participate in the study. Be-
cause the sample included students who attended high-per-
formance sports programs (n=29), some participants were 
absent from school for large portions of the data collection 
period. Thus, none of the subtests had 100% participation 
on any given testing day. This is highlighted in Figure 1, 
where four participants completed five or less days of test-

Figure 1. Number of testing days completed by 
participants. 

ing, and only three participants completed all 15 days. Nev-
ertheless, despite these circumstances, most participants 
completed the battery for at least 10 of 15 testing days. 
In contrast to other computer-based assessments (e.g. Im-
PACT) or pen-and-paper assessments (e.g. SCAT5), the 
HIEQ does not need a health care professional to be present 
during administration. Instead, adolescents can complete 
the assessment independently. This may increase the like-
lihood of repeat testing that enables multiple baseline as-
sessments. 

To the authors’ knowledge, this was the first study that 
has evaluated multiple baselines across 15 days. Anecdotal 
reports from participants and teachers suggested that par-
ticipants found the application engaging initially, with in-
terest decreasing after the initial one-to-two weeks of test 
administration. This was also seen when examining partic-
ipation rates, which were highest at the start of the study 
and declined after testing day seven, suggesting a possible 
limit to the desirable number of baseline test administra-
tions. Participant fatigue has been identified as a factor 
which may affect reliability in studies using computerized 
neurocognitive tests, similar to HIEQ.4 However, this was 
noted to be more of a concern when multiple computerized 
neurocognitive tests were conducted concurrently, not spe-
cific to one test conducted across multiple days. 

RELIABILITY 

It was anticipated that the most improvement in mean test 
performance would occur from score 1 to score 2, with less 
improvement from score 2 to score 3. Descriptively, im-
provement in test performance was observed from score 1 
to score 2 for timed subtests (Dance Off, Pylon Pivot, Fast 
Ball) and Jersey Reversey and Tire Toss. Box plots (Figure 2) 
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Figure 2. Scores, per subtest, across Testing Days 1-15. Whiskers identify minimum and maximum values. 
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Figure 3. Bland Altman 95% Limits of Agreement plots for score 1 to score 2. Scores were adjusted for start time, 
indicating each individual’s first and second testing administrations. Males are represented by black circles. 
Females are represented by white diamonds. Where assumptions were violated, scores were logarithmically 
transformed and logarithmic values are presented (Recipe Recall, Pylon Pivot). 
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Figure 4. Bland Altman 95% Limits of Agreement plots for score 2 to score 3. Scores were adjusted for start time, 
indicating each individual’s second and third testing administrations. Males are represented by black circles. 
Females are represented by white diamonds. Where assumptions were violated, scores were logarithmically 
transformed and logarithmic values are presented (Recipe Recall, Pylon Pivot). 
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Table 2. Bland Altman 95% Limits of Agreement 

Subtest Scores 
Participant 

(n) 
Range of 

Scores 
Mean Difference (95% 

Confidence Interval) 
Limits of 

Agreement 

Dance Off 1 – 2 55 
16.23 to 

28.45 
-2.46 (CI -3.25 to -1.68) -8.38 to 3.35 

2 – 3 53 
14.50 to 

25.70 
-0.47 (CI -1.27 to 0.33) -6.28 to 5.34 

Jersey Reversey 1 – 2 53 1.00 to 7.00 0.45 (CI 0.10 to 0.81) -2.12 to 3.04 

2 – 3 51 1.50 to 7.00 0.16 (CI -0.19 to 0.50) -2.29 to 2.60 

Recipe Recall with 
Delay 

1 – 2 53 
14.50 to 

20.00 
-1.51 (CI -2.22 to -0.80) -6.69 to 3.67 

2 – 3 51 
12.50 to 

20.00 
0.43 (CI -0.29 to 1.15) -4.68 to 5.54 

Tire Toss 1 – 2 54 
32.34 to 

94.63 
1.48 (CI -2.13 to 5.09) -24.97 to 27.92 

2 – 3 51 
22.68 to 

92.36 
-1.78 (CI -5.85 to 2.29) -30.72 to 27.16 

Fast Ball 1 – 2 55 
260.21 to 

537.01 
-41.11 (CI -62.02 to -20.20) 

-195.81 to 
113.59 

2 – 3 53 
263.45 to 

520.44 
-33.23 (CI -44.40 to -22.07) 

-114.26 to 
47.78 

Recipe Recall 1 – 2 54 
30.50 to 

39.50 
0.97 (0.95 to 0.99)* 0.81 to 1.16** 

2 – 3 51 
28.00 to 

39.50 
0.99 (0.97 to 1.02)* 0.82 to 1.20** 

Pylon Pivot 1 – 2 55 
24.46 to 

97.35 
0.93 (0.87 to 0.99)* 0.59 to 1.46** 

2 – 3 54 
25.02 to 

83.93 
0.90 (0.85 to 0.96)* 0.58 to 1.40** 

* Geometric mean with 95% confidence interval presented when Bland and Altman plots did not meet the assumptions that the differences are normally distributed 
** Limits of agreement are ratios for anti-log values presented (e.g., 0.81 to 1.16 interpreted as 95% of the time score 2 is 19% lower to 16% higher than score 1) 
† Subtest Scoring: 
a. Dance Off scores are calculated in seconds. Lower scores indicate better performance. 
b. Jersey Reversey scores are calculated as number correct out of a possible 7. Higher scores indicate better performance. 
c. Recipe Recall with Delay scores are calculated as number correct out of a possible 20. Higher scores indicate better performance. 
d. Tire Toss scores are calculated as deviation from centre, in degrees, with a maximum score of 100. Higher scores indicate better performance. 
e. Pylon Pivot scores are calculated in seconds. Lower scores indicate better performance. 
f. Recipe Recall scores are calculated as number correct out of a possible 40. Higher scores indicate better performance. 
g. Fast Ball scores are calculated in milliseconds. Lower scores indicate better performance. 

were used to describe test performance over days, and sug-
gested that mean performance on timed subtests stabilized 
at day 3 for Dance Off and Fast Ball and day 4 for Pylon 
Pivot. This is similar to results described by Hinton-Bayre 
and colleagues, who noted that practice effects levelled off 
after a second baseline assessment.18 Further, repeat test-
ing may have resulted in motor learning on balance tests 
(Pylon Pivot).19 

Bland-Altman limits of agreement were wide, and where 
ICCs were calculated, results indicated poor-to-moderate 
reliability between scores 1 and 2 (Figure 3) and scores 2 
and 3 (Figure 4).17 Scores for some subtests violated sta-
tistical assumptions, limiting the ability to quantify test-
retest reliability. However, on the whole, the reliability of 
the HIEQ test battery across the first several administra-
tions was limited. These results are similar to studies of 
other computerized test batteries used for concussion as-
sessment, many of which have also demonstrated limited 

reliability of test scores.4,5 Together with improvements in 
mean performance on some tests, the results also suggest 
that the first one or two assessments might need to be dis-
regarded when establishing a multiple testing baseline.19 

The findings of this study would also suggest that the first 
completion of the test should not be included in the calcu-
lation of a multiple baseline score given the potential for a 
learning effect. 

To examine the reliability of multiple baselines, ICCs for 
each subtest were examined in two score bands (i.e., scores 
2 through 6 and 7 through 11). The score bands were se-
lected to reduce potential learning effects (score 1 to score 
2) and to capture as many participant scores as possible. 
Where ICCs were calculated, results indicated poor-to-
moderate reliability for both score bands. Thus, in this 
group administration setting, scores on the HIEQ showed 
only modest reliability over time. 

Some authors have reported substantial individual vari-
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Table 3. Intraclass Correlations for Test-Retest Reliability – Score 1 to Score 2 and Score 2 to Score 3 

Subtest Scores ICC 95% Confidence Interval F-Test 

Lower Upper df1 df2 F p-value 

Dance Off 1-2 

2-3 

Recipe Recall 1-2 0.18 0-.06 0.42 53 53 1.50 0.073 

2-3 0.44 0.18 0.64 50 50 2.54 0.001 

Pylon Pivot 1-2 

2-3 0.64 0.40 0.79 53 53 5.30 <0.001 

Jersey Reversey 1-2 0.52 0.29 0.70 52 52 3.42 <0.001 

2-3 0.68 0.51 0.82 50 50 5.34 <0.001 

Recipe Recall with Delay 1-2 

2-3 

Tire Toss 1-2 0.61 0.42 0.76 53 53 4.16 <0.001 

2-3 0.57 0.35 0.73 50 50 3.61 <0.001 

Fast Ball 1-2 

2-3 0.66 0.21 0.84 52 52 7.50 <0.001 

Table 4. Intraclass Correlations for Reliability – Score 2 to Score 6 and Score 7 to Score 11 

Subtest Scores ICC 95% Confidence Interval F-Test 

Lower Upper Df1 Df2 F p-value 

Dance Off 2 – 6 

7 – 11 

Recipe Recall 2 – 6 0.34 0.21 .50 44 176 3.71 <0.0001 

7 – 11 0.51 0.34 .68 29 116 6.06 <0.001 

Pylon Pivot 2 – 6 

7 – 11 0.49 0.33 .66 31 124 5.85 <0.001 

Jersey Reversey 2 – 6 0.55 0.41 .68 44 176 7.26 <0.001 

7 – 11 0.33 0.17 .52 29 116 3.41 <0.001 

Recipe Recall with Delay 2 – 6 

7 – 11 0.49 0.32 .67 28 112 5.71 <0.001 

Tire Toss 2 – 6 0.53 0.40 .67 43 172 6.67 <0.001 

7 – 11 

Fast Ball 2 – 6 

7 – 11 0.40 0.23 .61 25 100 4.53 <0.001 

ability on the Standardized Assessment of Concussion and 
the modified Balance Error Scoring Scale subtests of the 
SCAT5, with moderate reliability in a two-week test-retest 
reliability study.15,20 These findings suggest that multiple 
baselines may better capture the variability of performance 
in an uninjured athlete, and this may eventually facilitate 
better detection and management should an athlete sustain 
a concussion. Further investigation into normative ranges 
for each individual, as part of a comprehensive multiple 
baseline assessment, may help to identify expected vari-
ability across differing domains (i.e. cognitive, balance, vi-

sual function) and may help to inform the optimal number 
of baseline testing days required for the different domains. 

SPECIFIC SUBTEST CONSIDERATIONS 

Scores on the memory subtests (Recipe Recall and Recipe 
Recall with Delay) were characterized by a ceiling effect, 
with many participants reaching the maximum score (40/40 
or 20/20). This is similar to a ceiling effect identified when 
a five-word recall list was used for the memory components 
on the SCAT3 and on verbal memory subtests on the Im-
PACT test.21,22 
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An interference effect also may have affected scores on 
memory subtests as participants completed the test over 15 
testing days, with words presented on previous testing days 
interfering and affecting memory for current words, and 
thus resulting in a decrease in performance. Although these 
subtests were developed as a more functional task (grocery 
shopping list) and may be more applicable to daily life set-
tings, a larger or more varied word bank may help to prevent 
interference effects. 

LIMITATIONS 

The study had several limitations. School barriers, such as 
school closure, personal activity days, exams, and lost in-
ternet connections hampered completion of the HIEQ on 
some testing days. The test was performed in a classroom 
setting; therefore, the participants may have been dis-
tracted or given less effort than they would have in a dis-
traction-free setting without others present. This may have 
led to increased variability in test scores, although the use 
of headphones would reduce distraction. Evaluation of re-
liability of repeat testing in visual and auditory distraction 
free individual testing environments is warranted and is 
in keeping with current testing recommendations. Partic-
ipants were asked to complete the test for 15 consecutive 
school days; the number of consecutive days may have de-
creased engagement and also contributed to variability in 
test scores, although reliability was not noticeably different 
across the two testing bands. In addition, some participants 
elected to complete only certain subtests or some subtests 
repeatedly, which may have influenced their exposure to 
certain subtests, and thus the reliability of their perfor-
mance. Randomizing the order of the subtests may increase 
engagement with the HIEQ test battery. Further, two 
schools in the study included high-performance student-
athletes. The performance of adolescents attending high-
performance schools may differ from that of adolescents at-
tending a typical high school. As participation in the study 
was voluntary and recruitment happened through specific 
schools and classes a selection bias may have occurred 
where the students who performed at a higher level or were 
more likely to perform well on the tests may have chosen 
to participate. The study was not adequately powered to 
permit evaluation of differences in performance between 
schools. 

CONCLUSIONS 

While the HIEQ appears to be feasible in high school stu-
dents, test-retest reliability is poor-to-moderate when the 
tests are administered in a group setting. Fifteen days of re-
peated baseline testing may be burdensome to adolescents. 
Further research evaluating five-day multiple baseline test-
ing of individuals in visual and auditory distraction free in-
dividual testing settings may provide greater insight into 
the reliability of the HIEQ in uninjured adolescents ath-
letes. 
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Background 
Humeral torsion is an important osseous adaptation in throwing athletes that can 
contribute to arm injuries. Currently there are no cheap and easy to use clinical tools to 
measure humeral torsion, inhibiting clinical assessment. Models with low error and 
“good” calibration slope may be helpful for prediction. 

Hypothesis/Purpose 
To develop prediction models using a range of machine learning methods to predict 
humeral torsion in professional baseball pitchers and compare these models to a 
previously developed regression-based prediction model. 

Study Design 
Prospective cohort 

Methods 
An eleven-year professional baseball cohort was recruited from 2009-2019. Age, arm 
dominance, injury history, and continent of origin were collected as well as preseason 
shoulder external and internal rotation, horizontal adduction passive range of motion, 
and humeral torsion were collected each season. Regression and machine learning models 
were developed to predict humeral torsion followed by internal validation with 10-fold 
cross validation. Root mean square error (RMSE), which is reported in degrees (°) and 
calibration slope (agreement of predicted and actual outcome; best = 1.00) were assessed. 

Results 
Four hundred and seven pitchers (Age: 23.2 +/-2.4 years, body mass index: 25.1 +/-2.3 km/
m2, Left-Handed: 17%) participated. Regression model RMSE was 12° and calibration was 
1.00 (95% CI: 0.94, 1.06). Random Forest RMSE was 9° and calibration was 1.33 (95% CI: 
1.29, 1.37). Gradient boosting machine RMSE was 9° and calibration was 1.09 (95% CI: 
1.04, 1.14). Support vector machine RMSE was 10° and calibration was 1.13 (95% CI: 1.08, 
1.18). Artificial neural network RMSE was 15° and calibration was 1.03 (95% CI: 0.97, 
1.09). 

Conclusion 
This is the first study to show that machine learning models do not improve baseball 
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humeral torsion prediction compared to a traditional regression model. While machine 
learning models demonstrated improved RMSE compared to the regression, the machine 
learning models displayed poorer calibration compared to regression. Based on these 
results it is recommended to use a simple equation from a statistical model which can be 
quickly and efficiently integrated within a clinical setting. 

Levels of Evidence 
2 

INTRODUCTION 

Baseball throwing generates high velocity and forces 
through the arm,1–3 which contribute to unique osseous 
and soft tissue glenohumeral joint adaptations.4,5 These 
shoulder adaptations contribute to changes in shoulder 
range of motion, specifically to increased external rotation 
and decreased internal rotation in comparison to the non-
dominant arm.6 These unique throwing specific shoulder 
adaptations have been associated with arm injuries in base-
ball players.4,7 

While soft tissue adaptations affect throwing specific 
shoulder range of motion,8 the underlying osseous struc-
tural transformations also contribute to throwing shoulder 
range of motion.9 These osseous shoulder structural adap-
tations are termed humeral torsion (HT). HT is measured 
through the line that bisects the humeral head articular sur-
face and the transepicondylar axis.10 During youth and ado-
lescence, the high humeral forces generated during pitch-
ing effect osseous growth and development, contributing to 
the diminution of humeral anatomical neck and head ante-
torsion that occurs with aging.11 These structural adapta-
tions are important for throwing development12; however, 
they are also linked to arm injury risk.9 

Within clinical practice, HT can be calculated indirectly 
through ultrasonic methods.5 However, this equipment is 
expensive, preventing many clinics and clinicians from as-
sessing HT, hindering clinical examination. One way to ar-
rive at clinical measures is through prediction modelling.13 

Statistical prediction modelling uses traditional regression 
based methods to obtain a risk or probability.14 More re-
cently, machine learning algorithms (such as random 
forests, gradient boosting machines, support vector ma-
chines, and neural networks) have been purported to offer 
increased flexibility to capture nonlinearities and higher or-
der interactions.15,16 Machine learning uses general pur-
pose algorithms that identify data patterns, using minimal 
data assumptions,17 and are being increasingly used in the 
medical setting.18,19 As a result, there is widespread inter-
est in exploring the usefulness of modern machine learn-
ing methods for increasing prediction accuracy compared to 
more regression based statistical approaches.20 

Humeral torsion is an important osseous adaptation in 
throwing athletes that can contribute to arm injuries.9 Ma-
chine learning algorithms offer an alternative strategy to 
predict outcomes in data with high complexity. Comparing 
and contrasting regression based statistical and machine 
learning approaches can help identify the most promising 
prediction model to be implemented in the clinical setting. 
Therefore, the purpose of this study was to develop predic-
tion models using a range of machine learning methods to 
predict professional baseball pitcher HT and compare these 

models to a traditional regression-based prediction model. 

METHODS 
STUDY DESIGN 

A prospective cohort study was conducted from 2009 to 
2019 on Minor League pitchers in one Major League Base-
ball organization. Only preseason data were utilized in this 
study and pitchers were only included once within the 
dataset. Participants were excluded from the study if 1) the 
athlete played a primary position other than pitcher, 2) they 
were being treated for a shoulder or elbow injury at the be-
ginning of the season, or 3) they were unable to participate 
on the first day of practice because of upper extremity in-
jury. Prior to data collection, all participants were informed 
of the risks and benefits of study participation and partic-
ipants gave verbal and written consent to study participa-
tion. The PRISMA health system Institutional Review Board 
approved this study. 

DATA COLLECTION 

Before the beginning of the season, all baseball players were 
questioned for arm dominance, prior baseball experience, 
injury history, and position(s) played. Participants were 
then examined for current height (cm) and mass (kg). Par-
ticipants were then examined for passive shoulder PROM 
and HT. Shoulder PROM testing was randomized for each 
participant, and examiners were blinded to hand domi-
nance throughout the study.21 Two examiners performed all 
measurements for the entire cohort. 

PREDICTORS 

Predictors included player demographics (age, hand domi-
nance, previous baseball participation, injury history, posi-
tion played, and continent of origin), shoulder PROM, and 
injury history. Shoulder ROM and injury history are further 
described below. 

SHOULDER RANGE OF MOTION 

All shoulder PROM (external rotation [ER], internal rotation 
[IR] and horizontal adduction [HA]) was measured supine 
on a standardized plinth table by two examiners using a 
digital inclinometer per previously described methods.22–25 

Two trials were performed per shoulder measurement, and 
the average of these two trials was used for data analysis. 
Shoulder PROM was calculated on 10 participants prior to 
data collection for the two examiners. Shoulder PROM in-
tra- and inter-rater reliability was excellent for ER and IR 
(ICC(2,1) and ICC (2,k) = 0.92-0.99) and HA (ICC(2,1) and ICC 
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(2,k) = 0.92-0.99), and the standard error of measurement 
was 2°-4° for shoulder ER, IR, and HA. 

INJURY HISTORY 

A shoulder or elbow injury was defined as any traumatic or 
overuse injury that occurred during any baseball team spon-
sored activity (from the beginning of preseason through the 
last post season game) to any muscle, joint, tendon, liga-
ment, bone, or nerve that required medical attention.26 In-
juries were further designated by dominant and nondom-
inant arm. An independent examiner, blinded to physical 
measurements, reviewed medical documents to determine 
the diagnosis, duration of treatment, and the time to clear-
ance for return to full sport participation. 

OUTCOME 

HUMERAL TORSION (HT) 

Dominant HT was measured supine on a standardized 
plinth table with the shoulder in 90° of abduction. One 
examiner, using a 5 mHz ultrasonographic transducer 
(Sonosite Inc, Bothell, WA, USA) measured HT. The ultra-
sonographic transducer was placed level, confirmed with a 
bubble level, on the anterior shoulder, perpendicular to the 
long axis of the humerus. The humerus was then rotated 
until the apexes of the greater and lesser tubercles could be 
visualized parallel to the horizontal plane. The second ex-
aminer placed a digital inclinometer on the ulnar side of the 
forearm, measuring the forearm inclination angle with re-
spect to the horizontal, which indirectly measures HT.5 Two 
trials were performed per HT measurement, and the average 
of these two trials was used for data analysis. HT reliability 
was calculated on 10 participants prior to data collection for 
the two examiners. Humeral torsion intra- and inter-rater 
reliability was excellent (ICC(2,1) and ICC (2,k) 0.93-0.97) and 
the standard error of measure was 2-4°. 

STATISTICAL ANALYSES 

All data were investigated for missingness prior to analyses, 
using the R package naniar. Missing data were low (Shoul-
der ROM: 3%, age: <1%, HT: 2%), thus complete case analy-
ses were performed. Descriptive statistics were reported by 
mean (standard deviation), median (interquartile range), 
and frequencies and percentages for categorical variables. 

SAMPLE SIZE CONSIDERATIONS 

For the statistical modelling, an a priori sample size calcula-
tion was performed with the R package pmsampsize.27 Ref-
erencing a previous meta-analysis and meta-regression,9 

mean HT was 28°, standard deviation was 4°, and R2 was 
0.38. The a priori statistical regression prediction model was 
determined to incorporate ten degrees of freedom (i.e., pa-
rameters). As a result, a total of 246 baseball players were 
required to reduce the risk of overfitting. 

MODEL DEVELOPMENT 

The transparent reporting of a multivariable prediction 

model for individual prognosis or diagnosis (TRIPOD) were 
followed for all model development.28 

STATISTICAL MODEL 

A linear regression model to predict HT was developed, 
using predictor variables including: Predictor variables in-
cluded: (1) age,29 (2) arm dominance (Left or Right 
handed),30,31 (3) shoulder IR,9 (4) shoulder ER,9 (5) shoul-
der HA,32 (6) continent of origin (North America or Latin 
America),33 (7) previous shoulder or elbow injury.34 Linear-
ity was not assumed; as a result, continuous predictors were 
assessed for non-linearity with restricted cubic splines. Re-
stricted cubic splines were calculated with three, four, and 
five knots with the R package rms. All continuous predictors 
demonstrated a linear relationship to HT. Interactions were 
also analyzed, with no predictors observed to have an in-
teraction relationship with HT. Internal validation was per-
formed with a 10-fold cross validation. Internal validation 
is performed to reduce optimism bias, as models are overly 
optimistic on the developed dataset.35,36 The R package 
caret was used to performed cross validation. 

Four machine learning models (Random Forest, Gradient 
Boosting Machine [GBM], Support Vector Machine Regres-
sion [SVM], and Artificial Neural Networks [ANN]) were de-
veloped to predict HT using an iterative hyperparameter 
tuning process. Hyperparamter tuning consisted of using a 
grid search process. All machine learning models incorpo-
rated all the same predictors used to develop the linear re-
gression model. The R packages randomForest, gbm, kern-
lab and e1071, and neuralnet were used for random forest, 
GBM, SVM, and ANN models. For full description of the ma-
chine learning models, tuning variables, final hyperparame-
ters, and complete code, please refer to the Appendix. Fol-
lowing model development, all machine learning models, 
besides ANN, were internally validated with a 10-fold cross 
validation. The ANN model was replicated 100 times. 

Model performance was assessed with root mean square 
error (RMSE), calibration and R2. Root mean square error is 
the error of the model reported in outcome units (i.e., de-
grees), with lower error demonstrating improved prediction 
performance. Calibration is the agreement of predicted and 
actual outcome (i.e., HT), with a calibration of 1 equalling 
best calibration.35,36 

RESULTS 

A total of 407 pitchers with a mean age of 23.2 years (sd = 
2.4), BMI of 25.1 km/m2 (sd = 2.3) were eligible and included 
(Table 1). 

GENERALIZED LINEAR REGRESSION MODEL 

Final model RMSE was 12°, calibration was 1.00 (95% CI: 
0.94, 1.06); Table 2; Figure 1A), and R2 was 0.41. The mean 
distribution of the final model linear predictors was 17°, the 
standard deviation was 10°, the minimum was -19°, and the 
maximum was 48°. For full model report, please refer to the 
Appendix. 
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Table 1. Pitcher demographics, presented as mean (SD) or percentage. 

Professional Pitchers 
(n = 407) 

Age (years) 23.2 (2.4) 

Hand Dominance 
Left 

Right 
17% 
83% 

BMI (kg/m2) 25.1 (2.3) 

Arm Injury History Prevalence 43% 

Dominant Humeral Torsion (°) 8.2 (12.7) 

Dominant Internal Rotation (°) 35.2 (11.4) 

Dominant External Rotation (°) 126.9 (10.9) 

Dominant Horizontal Adduction (°) -1.4 (13) 

Nondominant Humeral Torsion (°) 25.7 (13.0) 

Nondominant Internal Rotation (°) 48.1 (10.6) 

Nondominant External Rotation (°) 118.3 (11.6) 

Nondominant Horizontal Adduction (°) 16.5 (14.6) 

Table 2. Statistical and Machine Prediction Model Performance 

Prediction Model Root Mean Square Error Calibration Slope 

Generalized Linear Regression 12° 1.00 (95% CI: 0.94, 1.06) 

Random Forest 9° 1.33 (95%CI: 1.29, 1.37) 

Gradient Boosting Machine 9° 1.09 (95% CI: 1.04, 1.14) 

Support Vector Machine Regression 10° 1.13 (95% CI: 1.08, 1.18) 

Artificial Neural Network 15° 1.03 (95% CI: 0.97, 1.09) 

MACHINE LEARNING MODELS 

The random forest and GBM demonstrated the best RMSE 
(Table 2). The random forest demonstrated the worst cali-
bration (Table 2) and the ANN demonstrated the best cal-
ibration (Table 2; Figure 1B). The mean distribution of the 
final model linear predictors was 16° to 17°, the standard 
deviation was ranged from 9° to 10°, the minimum ranged 
from -2°1 to -11°, and the maximum was ranged from 44° to 
52°. For each calibration plot and a full pictorial description 
of the final ANN architecture, please refer to the Appendix. 

DISCUSSION 

The machine learning models, besides ANN, demonstrated 
improved RMSE, compared to the statistical prediction 
model. Interestingly, the random forest and GBM RMSE dif-
ference compared to the linear regression model was similar 
to the HT standard error of measure (2-4°). However, all ma-
chine learning models demonstrated poor calibration com-
pared to the linear regression prediction model. All pre-
diction models demonstrated similar mean and variance 
calculations for predicted values. These findings suggest 

that prediction model performance should be evaluated 
through multiple performance metrics. 

The machine learning models demonstrated decreased 
RMSE compared to the linear regression model. RMSE re-
ports the average prediction model error in the units of 
the outcome of interest, which in this case is degrees of 
HT.37 This allows for a clinically pertinent and interpretable 
comparison of model performance. The random forest and 
GBM demonstrated decreased RMSE similar to the reliabil-
ity HT standard error of measure, which may demonstrate a 
clinically significant difference. Both the random forest and 
GBM methods employ ensemble methods to generate pre-
diction models.38,39 Ensemble methods have been shown to 
increase overall prediction precision due to the meta-aggre-
gation of multiple models, allowing for increased general-
izability in highly complex data.40 Further, the SVM model 
demonstrated a RMSE difference just below to the standard 
error of measure in comparison to the statistical model. 
SVMs utilize spatial kernel-based methods to inform pre-
dictions. Due to the individuality affecting HT develop-
ment,12 the visual hyperplane demarcation methods used 
by SVM may generate improved HT prediction. 

Although ML methods demonstrated decreased RMSE, 
calibration was poor. All machine learning methods demon-
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strated worse calibration compared to the statistical model, 
with the ANN a three-point slope difference. Calibration as-
sesses the prediction outcome versus the actual outcome, 
and is important in understanding the accuracy of predic-
tions.41 Over calibration has been reported as potentially 
harmful in the clinical setting, with miscalibration above 
5% potentially affecting clinical decisions.42 These worse 
calibration performing machine learning methods, besides 
the ANN model, demonstrated a calibration slope in excess 
of 1.09, with the random forest model having a calibration 
slope of 1.33. Upon visual inspection of the calibration 
plots, all three models had significant demarcation at both 
tails of the calibration slope. These calibration discrepan-
cies may be due to the biological volatility of individual 
outliers. Baseball players may have different genetic, envi-
ronmental, and overall baseball loading factors, which all 
contribute to HT. Due to the algorithmic nature of machine 
learning, these outliers may have indiscriminately affected 
overall calibration. However, the ANN model had similar 
calibration compared to the statistical mode. ANN’s are 
high performers in predictions involving complex and mul-
tiple interaction data.43 As stated above, the complex issue 
individual variability, may allow for ANN’s to demonstrate 
high calibration performance. 

All machine learning and linear regression models 
demonstrated similar mean and variance of predicted out-
comes. These predictions are greater than those reported in 
a previous meta-analysis.9 While all models demonstrated 
similar prediction HT outcomes, there were distinct dif-
ferences in model performance parameters. These findings 
highlight that model performance should be evaluated on 
multiple parameters, and not just on one specific perfor-
mance finding. Clinicians need to integrate multiple predic-
tion model performance outcomes, including discrimina-
tion, calibration, and model error, where appropriate, when 
evaluating the efficacy of a prediction model.41 

These findings warrant future research. External valida-
tion is required to evaluate the generalizability of these 
models. HT development may be influenced by the volume 
and speed of throwing.12 Further research is needed to deci-
pher if incorporating lifetime baseball exposure and throw-
ing velocity could aid in prediction model precision. Other 
genetic factors such as collagen phenotype and familial his-
tory may also affect HT. Incorporating these predictors 
would be beneficial in evaluating the prediction ability of 
these models. Finally, the clinical utility of these prediction 
models needs to be evaluated. Understanding how these 
models may affect clinical practice and decisions in com-
parison to standard evidence-based practice is needed. 

CLINICAL IMPLICATIONS 

Model RMSE ranged from 9° to 15° for all models, with the 
statistical regression model RMSE was 12. The HT standard 
error of measure in professional pitchers is 2 degrees.44 

Professional pitchers with 5 degrees HT difference between 
their throwing and non-throwing arms has been previously 
determined to pose greater risk for arm injury.45 As RMSE 
was reported in degrees, the RMSE may be beyond the clin-
ically important error, and affect pitching arm risk assess-
ment.5 However, arm injury examination encompasses mul-

Figure 1. Calibration Plot for Regression (A) and 
Artificial Neural Network (B) 

The blue line depicts perfect calibration, while the red line reports actual cali-
bration. 

tiple factors,4,46,47 and this HT prediction model could be 
used in conjunction of multiple other clinical tests and 
measures in order to prescribe a personalized injury mitiga-
tion program. 

PRACTICAL EXAMPLE 

To aid in clinical applicability an example is described. As 
the machine learning models did not improve HT predic-
tion, the ease of use and interpretability of the statistical 
model is recommended for clinical implementation. The 
statistical model is calculated through a mathematical 
equation to predict HT. This equation can be inputted into 
a standardized Excel or other basic computer program. For 
example, consider a 22-year-old right-handed pitcher from 
North America, with 35 degrees of IR, 103 degrees of ER, 
and 2 degrees of HA. During the clinical interview, the 
pitcher did not report any current or prior arm injuries. Us-
ing the equation reported in the supplement: 33.01 (The In-
tercept) + 22*0.15 (Age) – 1.83 (Right-Handed) + 35*0.37 
(IR) - 103*0.30 (ER) + 2*0.31 (HA) + 0 (North America) + 0 
(No Injury History) the model predicts this pitcher’s right 
HT is 18 degrees.48 
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STRENGTHS AND POTENTIAL LIMITATIONS 

This study utilized a large sample of professional baseball 
pitchers that exceeded the a priori required sample size 
which increases the precision of these results. Multiple 
models were performed, incorporating both machine learn-
ing and statistical prediction model techniques, which in-
creases the comparability of these findings. Internal valida-
tion was performed on all findings, allowing for a realistic 
optimism corrected model estimate, increasing the validity 
of these results. External validation was not performed on 
these models, decreasing the generalizability of these mod-
els. While many machine learning methods suggest split-
ting data into training and testing sets,49,50 this decreases 
the power and precision of these models.51,52 While this 
data met the a priori sample size calculations for linear 
regression, this sample size calculation may be too small 
for machine learning models.53 Further, these data did not 
allow for a training and testing split to maintain proper 
power. Previous authors51,52,54 have recommended to uti-
lize all data during model development, and use robust in-
ternal validation methods to correct for optimism. As a re-
sult, cross-validation was used for internal validation on 
these prediction models. 

CONCLUSIONS 

Machine learning models demonstrated improved root 
mean square error and poorer calibration compared to the 

statistical model. Machine learning did not improve HT pre-
diction in professional baseball players compared to a tra-
ditional statistical model. The root mean square error of all 
models was greater than the standard error of measure and 
clinically important difference, which may hinder the clini-
cal usefulness of these models. It is recommended that clin-
icians use the statistical model in practice in conjunction 
with other examination factors, as this model provides an 
easy-to-use equation, that can quickly and efficiency be in-
tegrated within a clinical setting. Future research is needed 
to evaluate if environmental and genetic factors can im-
prove HT prediction. 
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Background/Purpose 
The Elastic band pull-apart exercise is commonly used in rehabilitation. It involves 
pulling an elastic resistance band with both hands in horizontal abduction or diagonal 
arm movements. The extent of muscle activation during this exercise is unknown. The 
purpose of this study was to measure the electromyographic (EMG) activity of 
shoulder-girdle muscles during the pull-apart exercise using resistance bands and to 
determine the effects of arm position and movement direction on shoulder-girdle muscle 
activity. 

Materials/Methods 
Surface EMG activity was measured on the infraspinatus, upper trapezius, middle 
trapezius, lower trapezius and posterior deltoid of the dominant shoulder. After 
measurement of maximal voluntary contraction (MVC) for each muscle, subjects 
performed the band pull-apart exercise in three hand positions (palm up, neutral, palm 
down) and three movement directions (diagonal up, horizontal, diagonal down). Elastic 
band resistance was chosen to elicit moderate exertion (5/10 on the Borg CR10 scale). The 
order of the exercises was randomized and three repetitions of each exercise were 
performed. Mean peak EMG activity in each muscle across the repetitions was calculated 
and expressed as a percentage of MVC. Peak normalized EMG activity in each muscle was 
compared in two-way (hand position x direction) repeated-measures ANOVA. 

Results 
Data were collected from 10 healthy subjects (all males, age 36±12 years). Peak muscle 
activity ranged from 15.3% to 72.6% of MVC across muscles and exercise conditions. 
There was a significant main effect of hand position for the infraspinatus and lower 
trapezius, where muscle activity was highest with the palm up hand position (p < 0.001), 
and for the upper trapezius and posterior deltoid, where muscle activity was highest with 
the palm down position (p-value range < 0.001-0.004). There was a significant main effect 
of movement direction, where the diagonal up direction demonstrated the highest muscle 
activity for the infraspinatus, upper trapezius, lower trapezius, and posterior deltoid 
(p-value range < 0.001-0.02). 

Conclusion 
Altering hand position and movement direction during performance of an elastic band 
pull-apart exercise can affect magnitudes of shoulder-girdle muscle activity. Clinicians 
may alter a patient’s hand position and movement direction while performing the band 
pull-apart exercise in order to increase muscle activity in target muscles or diminish 
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muscle activity in other muscles. 

Level of Evidence 
2b 

INTRODUCTION 

Glenohumeral joint pain is widely prevalent in the general 
population and exerts a large burden on society.1,2 One rea-
son for the high prevalence of shoulder pathology is related 
to its anatomical structure. The glenohumeral joint’s os-
seous anatomy provides little stability3,4 and it is well es-
tablished that the glenohumeral joint is reliant on muscular 
support for dynamic stability.4–7 Specifically, the muscles 
of the rotator cuff (RTC), the supraspinatus, infraspinatus, 
teres minor, and subscapularis, are vital to collectively com-
press the humeral head into the glenoid for stabilization.4–9 

In order for the RTC muscles to function properly, there 
must be adequate scapular stabilization,5,6,10,11 which is 
accomplished by muscular contributions from the 
periscapular muscles.4,12,13 Deficiencies in periscapular 
muscle function and scapular motion have been detected in 
patients with shoulder pathology.5,6,14–21 Therefore, both 
RTC and periscapular strengthening exercises are estab-
lished interventions for patients with shoulder pathol-
ogy.6,11,20,22,23 Since muscular imbalance is a potential 
cause for shoulder pathology, it has been suggested that 
exercises should aim to preferentially target the middle 
trapezius, lower trapezius, and posterior RTC, with lower 
contributions from the upper trapezius and deltoid mus-
cles.14,16,19,24–26 

Commonly performed strengthening exercises targeted 
at periscapular and RTC muscles include shoulder horizon-
tal abduction27 and diagonal arm movements.6,8,28,29 

These exercises are often performed with dumbbell or cable 
resistance; however, equipment such as dumbbells and a ca-
ble column machine may not be readily available for all in-
dividuals during home exercise. When these motions are 
performed with an elastic resistance band, with both hands 
in horizontal abduction or diagonal arm movements they 
are often referred to as band pull-apart exercises. Elastic 
band is an extremely convenient tool for exercise, as it is 
portable and the patient does not require any additional 
equipment. Although clinicians are widely aware of the util-
ity of these band pull-apart exercises, no information re-
garding the extent of shoulder-girdle muscle activity during 
these exercises is available to guide clinical decision mak-
ing. 

Band pull-apart exercises can be performed with varying 
degrees of arm rotation. Previous authors have demon-
strated that changes in glenohumeral internal and external 
rotation alter scapular and RTC muscle activity in a number 
of shoulder exercises utilizing electromyography 
(EMG).24–26,30–35 These exercises are frequently performed 
in the prone position,11,30 however, a standing position is 
more functional, and due to the muscular attachments on 
the scapula, performing strengthening exercises with hip 
and trunk extension may be beneficial,6,8 suggesting advan-
tages of the resistance band pull-apart exercise. The effects 
of movement direction and arm rotation position on shoul-
der muscle activity during performance of the pull-apart ex-

ercise in standing are currently unknown. Therefore, the 
purpose of this study was to measure the EMG activity of 
shoulder-girdle muscles during the pull-apart exercise us-
ing resistance bands and to determine the effects of arm po-
sition and movement direction on shoulder-girdle muscle 
activity. 

METHODS 
PARTICIPANTS 

A sample of convenience was recruited from the local com-
munity. Potential subjects were included if they were 
healthy at the time of testing and did not have any history 
of shoulder pathology. Before participation, each subject 
provided written informed consent in accordance with in-
stitutional review board regulations. 

PROCEDURES 

A 16-channel BTS FREEEMG 300 system, CMRR: >110 dB 
at 50–60 Hz; input impedance: >10 GΩ (BTS Bioengineer-
ing, Milan, Italy) was utilized for EMG data collection dur-
ing this study. 

Previously described anatomical landmarks for surface 
EMG placement were identified for five muscles of interest: 
upper trapezius, posterior deltoid, infraspinatus, middle 
trapezius and lower trapezius.36,37 The subject’s exposed 
skin was prepared by shaving, cleaning, and lightly abrad-
ing. Disposable Ag/AgCl passive dual surface EMG elec-
trodes (2.0 cm interelectrode distance; Noraxon, Scottsdale, 
AZ) were placed on the identified landmarks on the right 
shoulder of each subject (Figure 1). Muscle activity was 
sampled at 1000 Hz. 

Once surface electrodes were attached to the subject, a 
maximum voluntary contraction (MVC) was performed in 
the previously described manual muscle testing (MMT) po-
sition for each muscle.38 A single tester, a board-certified 
sports physical therapist with over 20 years of clinical expe-
rience, provided MMT resistance for all subjects. One trial 
lasting five seconds was performed for each MMT for each 
muscle tested. Once peak activity from the MVC trials were 
calculated, it was verified that the highest peak activity for 
a muscle occurred during its intended MVC and not during 
the MVC intended for another muscle. 

Subjects then determined which resistance level they 
would use by performing shoulder horizontal abduction 
with a neutral grip for five repetitions while holding a resis-
tance band. Resistance level was standardized across sub-
jects to self-reported moderate exertion (5/10 on Borg CR10 
Scale).39 As the tension of a resistance band is affected by 
the amount of elongation, subjects were instructed to hold 
the band without slack or tension at the beginning of each 
exercise movement. 

A total of nine exercise conditions existed between the 
variations of hand position (palm up, neutral, palm down) 
and movement direction (diagonal up, horizontal, diagonal 
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Table 1. Mean normalized peak muscle activity during band pull-apart exercise for all muscles, movement 
directions, and glenohumeral rotation positions tested. 

Direction: Diagonal Up Horizontal Diagonal Down 

Hand 
Position: 

Palm 
Up 

Neutral 
Palm 

Down 
Palm 

Up 
Neutral 

Palm 
Down 

Palm 
Up 

Neutral 
Palm 

Down 

Infraspinatus 
49.5 ± 

29.1 
41.6 ± 

24.5 
40.7 ± 

28.5 
42.5 ± 

20.3 
35.0 ± 

20.3 
31.4 ± 

20.7 
36.3 ± 

15.7 
25.7 ± 

10.2 
23.0 ± 

10.0 

Upper 
Trapezius 

60.8 ± 
24.5 

64.3 ± 
25.0 

72.6 ± 
39.3 

44.7 ± 
21.5 

53.0 ± 
26.5 

59.6 ± 
26.3 

26.4 ± 
14.2 

28.9 ± 
12.7 

33.0 ± 
14.1 

Middle 
Trapezius 

62.9 ± 
32.1 

58.4 ± 
24.7 

63.4 ± 
27.2 

56.0 ± 
25.0 

55.8 ± 
25.0 

61.5 ± 
24.8 

32.0 ± 
10.9 

29.9 ± 
9.4 

28.0 ± 
9.9 

Lower 
Trapezius 

62.4 ± 
28.3 

52.2 ± 
24.9 

47.8 ± 
23.8 

52.4 ± 
22.4 

39.5 ± 
15.1 

36.9 ± 
15.4 

25.2 ± 
10.5 

17.1 ± 
7.7 

15.3 ± 
7.7 

Posterior 
Deltoid 

42.8 ± 
31.2 

51.2 ± 
40.5 

62.9 ± 
46.3 

33.2 ± 
24.4 

38.3 ± 
19.6 

48.3 ± 
24.2 

29.4 ± 
20.1 

31.0 ± 
15.1 

34.6 ± 
16.9 

All values expressed as % maximal voluntary contraction ± SD. 
See results section for significant differences in muscle activation among movement directions and glenohumeral rotation positions. 

down) (Figures 2-4). Order of exercise condition was ran-
domized for each subject using a random number generator. 
Three repetitions of each exercise condition were per-
formed. Pace of movement was standardized to three sec-
onds for each phase of movement (i.e., concentric and ec-
centric) guided by a metronome set to 20 beats per minute. 

DATA PROCESSING 

Electromyographic data were processed and analyzed using 
previously described methods.40 All EMG data were high-
pass filtered at 10 Hz, full-wave rectified and smoothed us-
ing an RMS filter with a 100-ms window. For each muscle, 
the peak EMG activation level was identified during each 
exercise. The mean activation level of each muscle during a 
window from 250 milliseconds before the peak to 250 mil-
liseconds after the peak was calculated. This was then av-
eraged over the three repetitions for each exercise and each 
muscle. This mean peak EMG activity was normalized to the 
maximum EMG activity recorded during maximal voluntary 
isometric contraction (MVIC) and expressed as a percent. 

STATISTICAL ANALYSIS 

Descriptive statistics were calculated for mean normalized 
peak EMG activity for each muscle and each exercise condi-
tion. Shapiro-Wilk test for normal distribution of the data 
and Mauchly’s test for sphericity were conducted to confirm 
that assumptions were met for conducting a parametric test 
for these data. For each muscle, mean normalized peak EMG 
activity was compared across exercise conditions using two-
way (hand position x movement direction) repeated-mea-
sures ANOVA. If a significant interaction or main effect was 
found with the ANOVA, post-hoc simple main effects or 
pairwise comparisons, respectively, was performed. Where 
a main effect was found for either hand position or di-
rection, post-hoc pairwise comparisons of marginal means 
were performed with a Bonferroni correction, in which p 
values for the pairwise comparisons were adjusted by the 
number of pairwise comparisons performed per main effect 

Figure 1. Electrode placement for EMG: (A) upper 
trapezius, (C) posterior deltoid, (D) infraspinatus, 
(F) middle trapezius, (G) lower trapezius, (B) and (E) 
were not used for analysis. 

per muscle. Familywise significance level was set at p=0.05. 
All statistical analyses were performed using IBM SPSS Sta-
tistics 25 (IBM Corp, Armonk, NY). 

RESULTS 

Ten male subjects (age 36 ± 12 years) volunteered to be in-
cluded in this study. Mean normalized peak muscle activity 
ranged from 15.3% to 72.6% of MVC across muscles and ex-
ercise conditions (Table 1). No significant interaction effect 
was found between hand position and movement direction 
on mean normalized peak muscle activity in any of the mus-
cles analyzed (p-value range 0.18-0.85). 

There was a significant main effect of hand position on 
infraspinatus activity (p<0.001), where the palm up position 
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Figure 2. Palm up hand position: (A) diagonal up, (B) horizontal, (C) diagonal down, named by the dominant 
upper extremity, in this case, the right upper extremity. 

Figure 3. Neutral hand position: (A) diagonal up, (B) horizontal, (C) diagonal down. 

Figure 4. Palm down hand position: (A) diagonal up, (B) horizontal, (C) diagonal down. 
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elicited 11.1% higher activity compared to palm down 
(p=0.029) and 8.7% higher activity compared to neutral po-
sition (p=0.031). There was also a significant main effect of 
movement direction (p=0.011), however, post-hoc pairwise 
comparisons did not yield any significant differences. 

Upper trapezius activity showed a significant main effect 
of hand position (p=0.004), where the palm down position 
elicited 6.3% higher activity compared to the neutral posi-
tion (p=0.036). A significant main effect of movement di-
rection was also found (p<0.001), where the highest activity 
was in the diagonal up direction (mean difference vs. diag-
onal down 36.4%, p=0.003; mean difference vs. horizontal 
13.5%, p=0.02), followed by horizontal (mean difference vs. 
diagonal down 23.0%, p=0.005). 

Middle trapezius activity was significantly affected by 
movement direction (p<0.001), where the normalized activ-
ity was 31.6% higher in the diagonal up direction (p=0.003) 
and 27.8% higher in the horizontal direction (p=0.017) com-
pared to the diagonal down direction. Hand position did not 
have a significant effect on middle trapezius activity. 

There was a significant main effect of hand position on 
lower trapezius activity (p<0.001), where palm up position 
elicited 13.3% higher activity than palm down position 
(p=0.001) and 10.4% higher activity than neutral position 
(p=0.011). Movement direction also had a significant effect 
on lower trapezius activity, where the highest activity was 
seen in the diagonal up direction (mean difference vs. diag-
onal down 34.9%, p=0.003; mean difference vs. horizontal 
11.2%, p=0.019), followed by horizontal (mean difference 
vs. diagonal down 23.7%, p=0.004). 

Posterior deltoid activity showed a main effect of hand 
position (p=0.001), where the palm down position elicited 
13.5% higher activity compared to the palm up position 
(p=0.02) and 8.4% higher activity compared to the neutral 
position (p=0.002). There was also a significant main effect 
of movement direction (p=0.02), however, post-hoc pairwise 
comparisons for the effect of movement direction did not 
show any significant differences. 

DISCUSSION 

The principle finding of this research study was that the 
resistance band pull-apart exercise effectively recruited 
scapular and RTC muscles, demonstrated by mean peak 
muscle activity levels of 15% to 73% of MVC. The results 
also demonstrated that hand position and movement direc-
tion had significant effects on scapular and RTC muscle ac-
tivity. 

Horizontal abduction and diagonal movement patterns 
are common shoulder ans scapular strengthening exer-
cises.6,8,27–29 Additionally, varying glenohumeral rotation 
has consistently demonstrated the ability to alter muscle 
activity during arm movements and exercises.24–26,30–35 

The current research study adds to this body of evidence 
by showing that infraspinatus activity can be increased by 
using the palm up position over the neutral or palm down 
positions, and upper trapezius, middle trapezius, and lower 
trapezius activity can be increased by using the diagonal up 
direction over the horizontal or diagonal down directions. 
The mean difference in muscle activity between the palm 
up and palm down positions was 11%, which exceeded pre-

viously reported minimally detectable change for surface 
EMG of infraspinatus (8.2% of MVC).41 Therefore, using the 
palm up hand position over the palm down position during 
the pull-apart exercise resulted in a significant and clini-
cally meaningful increase in infraspinatus muscle activity. 

There was a significant main effect of movement direc-
tion for the infraspinatus, upper trapezius, middle trapez-
ius, lower trapezius, and posterior deltoid. Moreover, the di-
agonal up direction facilitated significantly higher muscle 
activity than one or both of the other movement directions 
for the upper trapezius, middle trapezius, and lower trapez-
ius muscles. The diagonal up movement showing the high-
est shoulder-girdle muscle activity is understandable as the 
arm is moving against gravity, resulting in higher overall 
load when the same level of resistance band is used as the 
other movement directions. 

The ability to facilitate or inhibit muscle activity during 
the pull-apart exercises by changing hand position and/or 
movement direction is desirable, as this enables a clinician 
to adjust and prescribe appropriate exercise load by adjust-
ing these parameters. Exercises targeting shoulder-girdle 
muscles often aim to minimize upper trapezius and deltoid 
activity, and to increase lower trapezius and RTC activity 
for individuals that have shoulder pathology.14,16,19,24–26 

Based on the results of this research study, activation of the 
infraspinatus may be maximized by performing the pull-
apart exercise in the palms-up hand position. This informa-
tion could influence clinical decision making, as it may be 
useful to utilize the GH ER (palms up) grip during the pull-
apart exercises, to selectively maximize the infraspinatus 
and lower trapezius. Additionally, the findings that RTC and 
periscapular muscles can be activated to a high degree with 
a resistance band further demonstrates the convenience of 
this exercise apparatus. 

There is concern about the palm down hand position, es-
pecially when combined with the diagonal up movement, 
as this may put the shoulder in position of glenohumeral 
internal rotation, which has been shown to decrease sub-
acromial space42 and is considered a risk for pathologic 
impingement of the RTC.43 Therefore, the palm up hand 
position during the diagonal up movement may offer the 
maximal benefit for muscle recruitment while minimizing 
potential adverse effects of subacromial impingement. In 
cases where subacromial impingement or selective muscle 
activation is not of concern, all hand positions and move-
ment angles may be used to maximize activation of all 
periscapular and rotator cuff muscles. 

This research study has several limitations. A sample of 
convenience was used and only data from healthy male par-
ticipants were collected. As patients with shoulder symp-
toms demonstrate alterations in their muscular activ-
ity,6,15,16 results of this study may not be generalizable to 
a patient population. Surface EMG is prone to signal cross-
talk from surrounding musculature and surrounding noise. 
The instrumentation and signal processing procedures used 
in this study were intended to suppress noise in the data, 
however, signal cross-talk cannot be completely eliminated 
with surface EMG. In addition, it was not possible to accu-
rately measure supraspinatus activity via surface EMG due 
to the overlying upper trapezius muscle and since surface 
EMG signals are most impacted by motor units closest to 
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the recording electrode.44 This was clearly a limitation of 
this research study as supraspinatus activity is of strong 
clinical interest in studying shoulder exercises. Future re-
search could study the supraspinatus using fine-wire EMG. 
Finally, EMG data do not fully represent force production of 
the involved muscles, tension across tendons, or the train-
ing effects of the exercises. To provide a more robust sup-
port for the use of the pull-apart exercises, future studies 
are needed to show training effects and clinical outcomes in 
patients with shoulder pathology. 

CONCLUSION 

The findings of the current study suggest that movement 
direction and hand position may alter level of muscle ac-
tivity in the RTC and scapular muscles. The diagonal up 
movement demonstrated the highest levels of muscular ac-

tivity for the upper trapezius, middle trapezius, and lower 
trapezius muscles. Additionally, the palm up hand position 
demonstrated increased levels of activation of the infra-
spinatus and lower trapezius, and decreased activity of the 
upper trapezius and posterior deltoid. Thus, the diagonal up 
motion, with the palm up hand position, may be most bene-
ficial to maximize desirable levels of RTC and scapular mus-
cle activation during the pull-apart exercise. 
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Background 
Compliance rates of youth baseball team coaches with guidelines regarding pitch count 
limits have been reported, but response rates from previous surveys have not been high, 
which may introduce substantial non-response bias. In addition, differences between 
cities in guideline compliance rates have remained unclear. 

Purpose 
The aim of the present study was to obtain data on coach compliance with guidelines for 
pitch count limits with a high survey response rate. Secondary aims were to determine 
compliance with guidelines other than pitch count limits, and to determine whether 
differences in compliance exists between cities. 

Methods 
A questionnaire was developed for coaches of youth baseball teams in Gunma to assess 
knowledge of and compliance with the Japan Softball Baseball Association’s 
recommendations for preventing injuries. In the preparation, distribution, and collection 
of the questionnaire, four strategies were applied to increase the response rate. The 
questionnaire surveyed basic descriptive information about the team and coach and 
coaches compliance with guidelines. Survey items were compared between compliant and 
non-compliant groups for pitch count limits, and by city. 

Results 
Valid responses to the questionnaire were obtained from coaches of 58 of 62 teams 
surveyed for a response rate of 93.5%. Despite the fact that almost all coaches were aware 
of the recommendations regarding pitch count limits and felt these limits were needed, 
only 15.5% were compliant. For guidelines other than the pitch count limits, the 
recommended values were exceeded for practice time on holidays. Differences between 
cities were evident in the compliance rate with the pitch count limit, but no differences 
between cities in other items were observed. 

Conclusion 
The results of this research revealed that compliance with pitch count limits in this 
sample of youth baseball coaches was much lower than previously reported. Differences 
between cities were identified in rates of compliance with pitch count limits. These 
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results suggest a need to increase compliance rates with guidelines for pitch count limits 
and to address differences between cities. 

Level of Evidence 
Cross-sectional survey study, 3b 

INTRODUCTION 

Approximately one-third of Little League baseball players 
experience shoulder or elbow pain during the season.1 Of 
great concern is the high rate at which these young athletes 
sustain serious injuries that may require surgery.2 Guide-
lines have been issued in various countries to prevent in-
jury,3,4 and compliance with these guidelines is reportedly 
effective in preventing the development of elbow pain.5 

Bohne et al. found that 85% of youth baseball players 
were unaware of the guidelines and that 62% disagreed with 
“the more you throw, the more likely you are to get hurt”.6 

Player perceptions may increase the risk of pitching injury, 
and environmental factors such as influence of caregivers 
and team coaches are also important. Caregivers also re-
ported that 83% did not know that the guidelines existed.7 

Compliance of coaches with guidelines regarding pitch 
count limits have been reported to be 56–73% in the United 
States,8,9 and 28.3% in Japan,10 indicating that coach com-
pliance with guidelines is low in Japan. However, the re-
sponse rate for these questionnaires ranged from 41.4% to 
56%,8–10 which is comparable or slightly lower than the 
typical general response rate of 52.7% for surveys targeting 
individuals.11 As non-respondents show different psycho-
logical characteristics compared to respondents,12 a high 
number of non-respondents has been suggested to bias re-
sults towards reduced frequencies of problems.13 Coach 
compliance with guidelines may thus be lower than re-
ported, and research that achieves a higher response rate is 
clearly desirable. Further, the guidelines3 refer to warm-up, 
cool-down, and practice days and time, but few reports have 
provided data on compliance with these guidelines. 

Medical checks and awareness-raising activities have 
been undertaken by doctors and physiotherapists with the 
aim of improving coach compliance with guidelines and 
preventing injury to players.14 These activities are often 
carried out on a local authority or hospital basis. Differ-
ences between cities in coach compliance may thus occur 
depending on the status of these activities. 

The aim of the present study was to obtain low non-
response bias data on coach compliance with guidelines 
for pitch count limits with a high response rate. Secondary 
aims were to determine compliance with guidelines other 
than pitch count limits, and to determine whether differ-
ences in compliance exists between cities. 

METHODS 
PARTICIPANTS AND DATA COLLECTION 

This investigation comprised a cross-sectional study of 
coaches for youth baseball teams in Japan. Participants 
were the coaches of 66 teams belonging to the Gunma Pre-
fecture Western Region Youth Baseball League (a response 
was requested from one representative per team). The sur-

vey was conducted between December 2017 and February 
2018. All study protocols were approved by the institutional 
review board at Hidaka Hospital (approval no. 187). The 
purpose and methods of this study were orally explained 
in detail, and written informed consent was obtained. The 
players on each team coached by the respondents were at 
the Little League level (ages 6 to 12). 

In developing, handing out, and collecting the question-
naires, efforts were made to maximize the response rate. In 
addition, all survey items were designed to be closed-ended 
rather than open-ended.15 To conduct this questionnaire 
survey, the youth baseball leagues in each of the three mu-
nicipalities (City A, City B, and City C) cooperated.16 Prior 
to the distribution of the questionnaires, the co-researcher 
participated in meetings with youth baseball federations 
in each area where the representatives of each team met, 
and explained the research in advance.16 This co-researcher 
then handed out questionnaires to the coach of each team 
at the meeting.17,18 Questionnaires were completed by one 
representative coach from each team and hand-delivered to 
the youth baseball league to which each team belonged, and 
the co-researcher then received the questionnaires from the 
representatives of each youth baseball league. 

Note that, according to studies that have investigated the 
level of response rates to questionnaires, a response rate of 
73.1% (mean + 1 standard deviation [SD]) or higher is de-
fined as a “high response rate”, and a response rate of 93.5% 
(mean + 2 SD) or higher is defined as a “very high response 
rate”.11 

INSTRUMENT 

The questionnaire for team representative coaches included 
basic information about the team and items related to the 
various recommendations of the guidelines (see Appendix 
for the text of the questionnaire). Basic information ob-
tained included the age, baseball coaching experience, and 
baseball experience of the coach, the area of the team, num-
ber of coaches, number of members, number of pitchers, 
and total number of games played per year. Guideline rec-
ommendations were: 1) no more than 50 pitch counts; 2) 
conduct of both a warm-up and a cool-down; and 3) less 
than three days of practice per week and less than two hours 
of practice per day (Table 1).3 Note that these guidelines 
were in place at the time the study was conducted and that 
revised guidelines are currently available.3 For recommen-
dations 1-3), respondents were asked to rate their knowl-
edge of the recommendations in the guidelines. For recom-
mendations 1–3), the necessity for each recommendation in 
the guidelines was rated on a 4-point scale (warm-up/cool-
down was not rated because 100% of respondents complied 
with the guidelines). For recommendation 1), respondents 
were asked to indicate the number of pitches players give 
their best effort per day; and for recommendation 3), the 
number of practice days per week and the amount of time 
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Table 1. Recommendations for baseball injuries in youth (referred to Japan Softball Baseball Association). 

1 The incidence of baseball elbow injury peaks at 11 and 12 years of age. Therefore, baseball coaches should pay particular 
attention to elbow pain and limitation of movement in players at this age. 

2 The incidence of baseball elbow and baseball shoulder injury is overwhelmingly high in pitchers and catchers. Therefore, each 
team should have at least 2 pitchers and 2 catchers. 

3 As for the number of days and hours of practice, elementary school students (ages 6 to 12) should practice no more than three 
days a week and no more than two hours a day. 

4 The number of pitches thrown should be no more than 50 per day for elementary school students and no more than 200 per 
week, including games. In addition, pitching two games in one day should be prohibited. 

5 Adequate warm-up and cool-down shoud be performed before and after practice. 

6 The off-season is desirable time to provide opportunities to enjoy sports other than baseball. 

This table only includes the part for elementary school students (ages 6 to 12). 

spent in practice on weekdays and holidays. Weekdays were 
defined as days with school attendance, and holidays were 
defined as days without school attendance. The reason for 
asking about the practice time separately for weekdays and 
holidays is that the practice time on weekdays is presum-
ably shorter than that on holidays because of the after-
school practice. 

DATA ANALYSIS 

For continuous variables, mean, SD, median and interquar-
tile range (25th–75th percentiles) are presented. Categor-
ical variables are indicated by the number of participants. 
Basic information and questions on pitch count limits were 
compared between groups that complied with pitch count 
limit recommendations and those that did not. The level 
of compliance with practice time (weekdays) was compared 
according to the knowledge and necessity of the guideline 
recommendations regarding practice days and times. Note 
that “absolutely necessary” and “necessary” were defined 
as necessary, while “not really necessary” and " Not neces-
sary at all" were defined as not necessary. A Student’s t-test 
was used to compare continuous variables with a normal 
distribution, and a Mann-Whitney test was used for vari-
ables showing a non-parametric distribution. A chi-square 
test was used to compare categorical variables. Mean differ-
ence and 95% confidence interval was calculated in the case 
of comparison of continuous variables. Groups for each city 
(City A, City B, and City C) were compared regarding basic 
team information and questions about various recommen-
dations of the guidelines. Analysis of variance (ANOVA) was 
used to compare continuous variables with a normal dis-
tribution, and a Kruskal-Wallis test was used for variables 
showing a non-parametric distribution. A chi-square test 
was used to compare categorical variables. 

Two-tailed p-values less than 0.05 were considered sig-
nificant. Statistical analysis was performed using IBM SPSS 
version 26 statistical software (IBM Corp., Armonk, NY, 
USA). 

RESULTS 

The questionnaire received valid responses from coaches of 
58 of 62 teams (response rate, 93.5%). The descriptive in-

Figure 1a. Percentage of coaches with or without 
knowledge of the restriction guideline regarding 
practice days and time (n=58). 

Figure 1b. Percentage of coaches’ perceived 
necessity of restrictions on practice days and times 
(n=58). 

formation for all teams, compliance with each guideline and 
perceptions of the team are shown in Table 2. 

With regard to limits on pitch counts, nine of 58 teams 
(15.5%) were compliant with the guidelines. Almost all 
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Table 2. Descriptive information on coaches and teams, as well as coach-reported compliance with each 
guideline. 

All teams (n = 58) 

Basic information 

44.8±6.8 (44, 41-49) 

66.7±66.4 (48, 24-85) 

56/2 

38/9/11 

3.4±0.9 (3, 3-3) 

20/38 

3.5±1 (4, 3-4) 

5/16/28/9 

Pitch counts 

9/49 

9/35/14 

57/1 

32/26 

Warm-up/cool-down 

58/0 

58/0 

Practice days and time 

49/9 

40/18 

0/58 

Age of representative coach 

Coaching experience of representative coach, months 

Baseball experience of the representative coach, yes/no 

Area of the team, City A/City B/City C 

Number of coaches 

Number of members, ≤15/16-30 

Number of pitchers 

Number of games, ≤25/26-50/51-75/76-100/>100 

Compliance with guidelines, yes/no 

Number of pitches thrown in a day, ≤50/51-100/101-150 

Knowledge of guidelines, yes/no 

Necessity of restriction, absolutely necessary/necessary 

Conducting warm-up, yes/no 

Conducting cool-down, yes/no 

Compliance with practice day guidelines, yes/no 

Compliance with guidelines for practice time (weekdays), yes/no 

Compliance with guidelines for practice time (holidays), yes/no 

teams were knowledgeable regarding the guidelines, and all 
coaches answered that restrictions were either “absolutely 
necessary” or “necessary”. All teams used a warm up and 
cool down as part of their practice schedule. Regarding the 
limitation on the number of practice days, coaches of 49 
teams (84.5%) reported being compliant with the guide-
lines. Regarding the limitation on practice time, coaches of 
40 teams (69%) reported being compliant with the guide-
lines on weekdays, while all teams were not compliant with 
the guidelines on holidays. Coaches of twenty-eight teams 
(48.3%) were not knowledgeable regarding guidelines for 
limitations on practice days and time (Figure 1a), and 
coaches of 20 teams (34.5%) responded that the limitations 
were “not really necessary” (Figure 1b). Not knowledgeable 
teams of the guidelines for practice days and time limits 
showed no difference in practice time (weekday) compliance 
compared to knowledgeable teams (57.1% vs. 80%, p = 
0.089). Futhermore, there was no difference in guideline 
compliance with practice time (weekdays) among the teams 

that did not feel the necessity to restriction the number of 
days and hours of practice compared to those that did (80% 
vs. 63.2%, p = 0.241). 

Table 3 provides a comparison of the two groups accord-
ing to compliance with the guidelines on pitch count limits. 
In the non-compliant group, 14 of 49 teams (28.6%) threw 
between 101 and 150 pitches per day. 

Comparisons of data for descriptive team information, 
compliance with guidelines on pitch count limit, limits on 
practice days and limits on practice time by city are shown 
in Table 4. Descriptive team information did not differ by 
city. With regard to pitch count limits, City C showed the 
lowest rate of compliance with guidelines (0%, compared to 
13.1% in City A and 44.4% in City B), and 5 of 11 teams 
(45.5%) threw 101–150 pitches (21.1% in City A and 11.1% 
in City B). No differences between cities were observed in 
terms of limitations on practice days or time. 

Survey with Innovations to Increase Response Rate Reveals Low Compliance with Guidelines among Youth Baseball Coaches -...

International Journal of Sports Physical Therapy



Table 3. Comparison between groups according to compliance with guidelines on number of pitches. 

Compliant group 
n=9 

Non-compliant group 
n=49 

Compliant vs non-compliant group 

MD (95% CI) p-value 

Basic information 

44±5.9 (44, 40-52) 44.8±7 (44, 41-49) 0.24 (-4.76 to 5.24) 0.924a 

46±44.3 (22, 12-84) 70.4±70.5 (48, 25-85) 24.44 (-13.35 to 62.24) 0.19b 

9/0 47/2 - 1c 

5/4/0 33/5/11 - 0.019c* 

3.1±0.3 (3, 3-3) 3.5±1 (3, 3-4) 0.36 (-0.01 to 0.72) 0.055b 

5/4 15/34 - 0.251c 

3.1±0.8 (3, 3-4) 3.6±1 (4, 3-4) 0.46 (-0.18 to 1.1) 0.143b 

2/1/4/2 3/15/24/7 - 0.299c 

Pitch counts 

9/0/0 0/35/14 - <0.001c** 

9/0 48/1 - 1c 

6/3 26/23 - 0.495c 

Values are shown as mean±standard deviation (median, interquartile range). 
MD: mean difference, CI: confidence interval. 
a Student’s t-test; b Mann-Whitney U test; c chi-squared test. 
* p &lt; 0.05, ** p &lt; 0.01 

Age of coach 

Coaching experience of coach, months 

Baseball experience of coach, yes/no 

Area of team, City A/City B/City C 

Number of coaches 

Number of members, ≤15/16-30 

Number of pitchers 

Number of games, ≤25/26-50/51-75/76-100/>100 

Number of pitches thrown in a day, ≤50/51-100/101-150 

Knowledge of guidelines, yes/no 

Necessity of restriction, absolutely necessary/necessary 
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Table 4. Comparison between cities of basic team information, compliance with each guideline and perceptions. 

City A 
n=38 

City B 
n=9 

City C 
n=11 

p-value 

Basic information 

44.5±7.4 (44, 40-49) 44.9±6.8 (44, 40-49) 45.5±5.1 (45, 43-49) 0.545a 

67.7±75.9 (42, 24-84) 45.6±35.7 (36, 17-66) 80.2±54.1 (60, 33-147) 0.25b 

36/2 9/0 11/0 0.58c 

3.5±1 (3, 3-4) 3±0 (3, 3-3) 3.6±1.2 (3, 3-3) 0.321b 

13/25 5/4 2/9 0.216c 

3.5±0.9 (4, 3-4) 3.6±0.9 (4, 3-4) 3.7±1.1 (4, 3-5) 0.618b 

3/12/18/5 2/1/4/2 0/3/6/2 0.599c 

Pitch counts 

5/33 4/5 0/11 0.019c* 

5/25/8 4/4/1 0/6/5 0.038c* 

37/1 9/0 11/0 0.765c 

21/17 6/3 5/6 0.637c 

Practice days and time 

13/7 8/1 10/1 0.696c 

26/12 6/3 8/3 0.951c 

Values are shown as mean±standard deviation (median, interquartile range). 
a Analysis of variance; b Kruskal-Wallis test; c chi-squared test. 
* p < 0.05, ** p < 0.01 

Age of coach 

Coaching experience of the coach, months 

Baseball experience of the coach, yes/no 

Number of coaches 

Number of members, ≤15/16-30 

Number of pitchers 

Number of games, ≤25/26-50/51-75/76-100/>100 

Compliance with guidelines, yes/no 

Number of pitches thrown in a day, ≤50/51-100/101-150 

Knowledge of guidelines, yes/no 

Necessity of restriction, absolutely necessary/necessary 

Compliance with practice day guidelines, yes/no 

Compliance with the guidelines for practice time (weekdays), yes/no 
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DISCUSSION 

The present study utilized a questionnaire survey with sev-
eral measures taken to improve the response rate, achieving 
a very high response rate of 93.5% by coaches of youth base-
ball teams. The results indicate that although knowledge 
about and perception of the necessity of pitch count lim-
its were both almost 100%, the actual compliance rate was 
as low as 15.5%. Further, 28.6% of teams that did not com-
ply with pitch count limits threw more than 100 pitches per 
day. Although differences between cities were observed in 
the percentage of teams complying with pitch count lim-
its, none of the descriptive information for teams showed 
any differences between the cities. In addition, all teams 
(100%) were complying with guidelines on warm-up/cool-
down, but no teams were complying with time limits for 
practice on holidays. These results suggest that compliance 
with guidelines for pitch count limits is lower than pre-
viously reported, suggesting a need for raising awareness 
among youth baseball coaches regarding the risk of pitching 
injury. 

In previous studies of questionnaires for youth baseball 
coaches, response rates ranged from 41.4% to 56%,8–10 

comparable or slightly lower than the general response rate 
of 52.7% for surveys targeting individuals,11 and non-re-
sponse bias may thus have been present in the results ob-
tained. The present study showed a very high response rate 
perhaps due to the measures that were taken: 1) the use of 
closed-ended items;15 2) prior explanation of the study;16 

3) hand-delivery and collection of questionnaires;17,18 and 
4) selection of organizations for distribution16 with little 
possibility of non-response bias. 

The compliance rate of 15.5% for the pitch count limit in 
this study was remarkably low compared with previous re-
ports, which have described rates of 44–56% in the United 
States8,9 and 28.3% in Japan.10 The compliance rate found 
in this study was the lowest guideline compliance rate that 
the authors found. The low compliance rate might be 
largely attributable to the removal of non-response bias.13 

In this study, 28.3% of the non-compliant group routinely 
threw more than 100 pitches, in stark contrast with the 
guideline recommendation of no more than 50. These re-
sults suggest that youth baseball players in Japan are ex-
posed to environments likely to increase the risk of pitching 
injury more than previously thought. Intergroup compar-
isons revealed differences between cities in compliance 
with pitch count limits. The difference in compliance rates 
between the cities was very large (44.4% difference between 
City B and City C). This large difference between City B and 
City C needs to be clarified. However, none of the compar-
isons of descriptive team information, knowledge of pitch 
count limit, or need for pitch count limit by city revealed 
significant differences, and no reason for the differences be-
tween cities in compliance rates could be identified. 

The percentage compliance with the guidelines was 
found to be 100% for warm-up/cool-down, 84.5% for the 
limitation on the number of practice days and 69% for the 
limitation of practice time (weekdays), showing no major 
problems. However, all teams were non-compliant with re-
strictions on practice time for holidays, with 48.3% lacking 
knowledge regarding the recommendations and 34.5% stat-

ing that the limits were “not really necessary”. These results 
suggest that practice time is likely to be exceeded, espe-
cially during holidays. Although no reports on compliance 
rates or the perceptions of coaches regarding practice time 
limits are available for comparison, practice time of 
13.5~21.7 hours/week19–21 has been reported for baseball 
players of similar age groups. Excessive practice time has 
been shown to lead to problems such as medial epicondyle 
apophysitis19 and lower limb tightness20 and represents an 
issue needing attention. The compliance rate of the guide-
line regarding practice time did not differ depending on the 
knowledge of the guideline or the necessity of the guideline, 
and the results of this study made it difficult to identify the 
factors that reduced the compliance rate of the guideline. 

Since the non-compliant group for pitch counts showed 
a high level of knowledge and perception of the necessity 
of the guidelines, methods other than imparting knowledge 
may be needed to increase compliance rates. Monitoring 
pitches from the mound using systems that utilize pitch 
tracking, such as PITCHf/x (Sportvision, Chicago, IL), 
TrackMan (Vedbæk, Denmark), and Rapsodo (St Louis, MO), 
to monitor changes in workload intensity and fatigue dur-
ing games and practices may be useful.22 On the other 
hand, knowledge regarding the guidelines and perception 
of their necessity were both low with regard to practice 
time limits, so educational activities such as disseminating 
knowledge of the guideline to coaches may be effective in 
increasing compliance rates. In addition, although work-
load monitoring during games has been emphasized in the 
past, Lazu et al. reported that the average only 12% of all 
pitches were thrown during games compared to practice 
and games combined.23 Therefore, one of the issues to be 
addressed is to examine the method of workload monitoring 
during practice. Keeping records of the number of pitches 
during practice, the number of practice days, and practice 
hours during practice are may be effective, but the effec-
tiveness of these method should be verified in the future. 
Furthermore, since differences between cities were ob-
served, optimal methods of achieving changes may change 
depending on the city. However, since the reasons for differ-
ences between cities could not be clarified from this study, 
further work is needed in the future. 

This study had a number of limitations. First, the number 
of teams in the compliant group was small, making com-
parisons between groups less reliable and multiple analyses 
impossible. Second, the symptoms of players could not be 
linked to team compliance with the guidelines because only 
coaches were surveyed. Third, it is assumed that they often 
threw from the flat ground in practice and from the mound 
in games, but the details such as the height of the mound 
are unknown since the authors did not actually investigate 
it. Finally, because the number of participants and variables 
specific to the city were small, factors contributing to differ-
ences between cities could not be identified. In the future, 
factors contributing to guideline compliance rates should 
be examined in the context of city-specific variables, such 
as the number of nearby medical institutions and municipal 
initiatives. 
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CONCLUSION 

The results of this research revealed considerably lower 
compliance with guidelines on pitch count limits than pre-
viously reported. In addition, for guidelines other than the 
pitch count limits, the recommended values were exceeded 
for practice time on holidays. Differences between cities 
in compliance with the pitch count limits were found. The 
low compliance rate with the guidelines by youth baseball 
coaches needs to be further keenly aware and to address the 
differences between cities in compliance rates. 
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Background 
Athletics (also known as track and field) is one of the most popular sports in the world 
and is the centrepiece of the Summer Olympic Games. Participation in athletics training 
and competition involves a risk of illness and injury. 

Purpose 
To describe injury and illness in British Olympic track and field athletes over three full 
training and competition seasons. 

Study Design 
Descriptive Epidemiology Study 

Methods 
A total of 111 athletes on the British national program were followed prospectively for 
three consecutive seasons between 2015-2018. Team medical personnel recorded all 
injuries and illnesses during this time, following current consensus-based methods. All 
data pertaining to these records were reviewed and analyzed for sports injury and illness 
epidemiological descriptive statistics. 

Results 
The average age of the athletes was 24 years for both males and females (24 years, +/- 4). 
Total exposure for the three seasons was 79 205 athlete days (217 athlete years). Overuse 
injuries (56.4%) were more frequent than acute injuries (43.6%). The thigh was the most 
common injury location (0.6 per athlete year), followed by the lower leg (0.4 per athlete 
year) and foot (0.3 per athlete year). Muscle and tendon were the most commonly injured 
tissues, while strains and tears were the most common pathology type. Hamstring muscle 
strain was the most common diagnosis causing time loss, followed by Achilles 
tendinopathy and soleus muscle strain. Respiratory illness was the most common illness 
type (0.3 per athlete year). 

Conclusion 
Hamstring strains, Achilles tendinopathy, and soleus strains are the most common 
injuries in athletics and have highest burden. Respiratory illness is the most common 
illness and has the highest burden. Knowledge of this injury and illness profile within 
athletics could be utilised for the development of targeted prevention measures within 
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the sport at the elite level. 

Level of Evidence 
3 

INTRODUCTION 

Participation in track and field (athletics) training and com-
petition is associated with a risk of injury and illness.1–5 

The risk and burden of injury can differ depending on the 
event, discipline, age, gender and time of season. 1–3,6,7 In-
jury has a detrimental impact on performance, with high 
levels of time lost from training being associated with ath-
letes not reaching their performance goals.8 Robust data is 
required on injury and illness to inform the development of 
effective prevention measures within a sport.9,10 

Across 16 major international athletics championships, 
muscle injuries were the most common injury type, repre-
senting 41% of all injuries.11 Of these, hamstring muscle 
injuries were the most common, representing 17% of all 
injuries.1,11 In a prospective study of elite Swedish track 
and field athletes conducted over one season, Achilles ten-
don injuries were most common, closely followed by thigh 
strains.4 Bone stress injuries are also common in athletics, 
with one cohort study reporting an annual cumulative inci-
dence of 20% with no difference between males and females 
or between event groups.2 

Currently, there are gaps in the evidence on the patterns 
of injury and illness in elite level track and field. Epidemi-
ological studies of elite level athletics have been conducted 
during short-term competitions.1,11–14 Studies over a 
longer time frame (maximum one season) have assessed 
mixed cohorts of junior elite, college and amateur athletes 
and have only investigated injury.3,4 It is unknown whether 
their findings can be applied to adult athletes at the elite 
level. No study has followed an elite cohort of track and field 
athletes over multiple seasons, recording both illness and 
injury. 

The study presents three seasons of injury and illness 
surveillance data for athletes on the British Athletics 
Olympic World Class Performance Programme (WCP). The 
primary aim was to describe injury and illness in British 
Olympic track and field athletes over three full training and 
competition seasons. The secondary aim of the study was to 
identify areas for future research for injury and illness pre-
vention programs in elite athletics. 

METHODS 
STUDY DESIGN 

This was a prospective cohort study of Olympic athletes on 
the British WCP. Every year, the WCP invites athletes of 
track and field disciplines to be part of the program. In-
vitation to the WCP is made by the Performance Director 
and Head Coaches who determine the athlete has a realistic 
chance of a medal at a future World Championships or 
Olympic Games. Athletes are included on the 1st of Decem-
ber each year and supported until the 30th of November 
the following year. Data for this study were collected over 
three consecutive seasons, from December 2015 to Novem-

ber 2018. Ethical approval for the study was granted by the 
University College of London (UCL) research ethics commit-
tee. 

PARTICIPANTS AND SETTING 

All athletes that were part of the WCP in each season were 
eligible to be included in this study. Athletes on the WCP 
can be based anywhere around the world, although a major-
ity train at the two main training centers in England – the 
National Performance Institute in Loughborough and Lee 
Valley Athletics Center, London, United Kingdom. British 
Athletics full time medical staff are located at both centers 
and are available to support all WCP athletes at both centers 
and, on occasion, at other venues. 

DATA COLLECTION PROCEDURES 

All injuries and illnesses sustained by WCP athletes during 
the data collection period were recorded and coded by team 
medical personnel, using the British Athletics electronic 
medical record (EMR) system (Smartabase, Fusion Sport, 
Brisbane, Australia). All injuries and illnesses that required 
medical attention were recorded, irrespective of their im-
pact on athletic participation or performance. 

For athletes based at the two training centers, electronic 
medical records were created for all injury and illness pre-
sentations as part of their normal care. Athletes that were 
off-site were contacted regularly by medical personnel to 
inform the WCP of injury, illness and training status. When 
athletes became ill or injured it was required that they in-
form the medical team or senior coach on the programme 
which would initiate an injury/illness record being created. 
Medical and therapy personnel created new injury and ill-
ness records as they occurred. 

The injury or illness progress and training status were 
recorded in the EMR by medical and therapy practitioners, 
based on their clinical assessment of the athlete. Staff were 
asked to review records weekly to ensure all athletes’ train-
ing status was updated. Cases were recorded as resolved 
when the athlete had returned to full training or competi-
tion. When new injury and illness records were entered into 
the EMR the number of days of time loss and non-time loss 
were calculated until the complaint was resolved. 

DATA PROCESSING AND SUMMARY 

All injury and illness classification within the EMR were 
recorded using the Orchard Sports Injury Classification Sys-
tem (OSIICS), Version 10 and subsequently translated to 
OSIICS-13 prior to analysis.15 

At the end of the three seasons the data were processed 
for input and computational errors by two authors. Injury 
and illness data processing involved double checking that 
all WCP athletes were included in analysis and removing 
any athletes that should not be included for analysis (in 
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Table 1. Number of athletes included in the British Athletics WCP by sex and season. 

2015-16 2016-17 2017-18 

Sex Males Females Males Females Males Females 

40 40 35 38 36 28 

some seasons the software had included athletes not offi-
cially on the WCP). Missing data were then accounted for 
using practitioner and EMR follow up. Further specific 
analysis and EMR follow up was performed for any injury 
records that had more than 80 days of time loss. This was an 
arbitrary number used to identify cases that may not have 
been closed appropriately on return to full training. If this 
was the case, a consensus was reached on the appropriate 
time loss based on the available information. 

All data were summarized by an external investigator 
who was provided with three seasons of anonymous surveil-
lance data. Key variables and outcomes included cohort de-
mographics, event group characteristics, injury mode of on-
set (acute and overuse), time loss, incidence of injury and 
illness and burden of injury by tissue type and body area. 

EVENT GROUP CATEGORIES 

Event group classification was based on the athletics con-
sensus statement16 (Fig.1). Due to performance selection 
for the WCP not all events or event groups were represented 
in every year. 

Figure 1. Event group 
classification Adapted from 
Timpka et al (2014).16 All events 
that are supported by the British 
Athletics World Class 
Programme. 
1. Sprints (60, 100, 200 and 400 m) and relays (4 

 100 and 4  400) 
2. Middle distance runs (800–1500 m) 
3. Long-distance runs (3000–10 000 m) includ-
ing steeplechase (3000 m steeplechase) 
4. Marathon 
5. Race walking (20 and 50 km) 
6. Hurdles (60, 100, 110 and 400 m hurdles) 
7. Jumps (high, long, triple and pole vault) 
8. Throws (discus, javelin, hammer and shot put) 
9. Combined events (decathlon, heptathlon) 

CALCULATION OF EXPOSURE, INCIDENCE AND BURDEN 

Exposure – On the WCP, collection of training data is not 
systematic, and it is not always comparable across or within 
event groups. Therefore, exposure was calculated individu-
ally for each athlete as the number of days on the WCP. 

Incidence – Incidence was calculated as the number for 

time loss cases per athlete year (365 days).17 

Burden – Burden was calculated as number of time loss 
days per athlete per year.17 This definition was decided on 
as other measures of exposure are inconsistent between dif-
ferent track and field disciplines.17 

The operational injury definition was: 
“Any new physical complaint sustained by an athlete that 

required assessment and/or treatment and was entered into 
the British Athletics Medical Records System by a British 
Athletics or affiliated medical practitioner” 

Illnesses were defined as: 
''Any new medical complaint, physical or psychological, 

sustained by an athlete that required assessment and/or 
treatment and was entered into the British Athletics Med-
ical Records System by a British Athletics or affiliated med-
ical doctor" 

All new injuries and illnesses that satisfied these defi-
nitions were recorded in the EMR, irrespective of whether 
they were associated with time loss from athletics training 
or competition. 

For each case, the resultant time loss (TL) was recorded 
as the number of days completely unavailable for training 
or competition, irrespective of the season period and irre-
spective of whether training was planned each day. Time-
loss days were counted from the day after the onset, as per 
current recommendations.5 

Cases were categorized as non-time-loss injuries (NTL) if 
they did not lead to any days of unavailability from training 
or competition. 

Injuries were classified as an acute if they ‘resulted from 
a specific identifiable event and had a rapid onset of expe-
rienced distress or disability’.16 Injuries were classified as 
overuse injuries if they had a ‘gradual onset, without a sin-
gle identifiable event being responsible for the condition’.16 

RESULTS 

A total of 111 athletes were included in the surveillance 
program over the three seasons: 80 in 2015/16, 73 in 2016/
17 and 64 in 2017/18. Forty-three athletes were included for 
a single year, 31 for two seasons and 37 athletes for all three 
years. Across the three seasons, the overall exposure was 
79 205 athlete days (217 athlete years). The average age was 
24 years each year for both males and females (+/- 4, Range 
18-35) 

The largest event groups were sprints and middle-dis-
tance, which represented 41% and 19% of the cohort, re-
spectively, over the three seasons. 

The number of athletes included each season is shown is 
shown in Table 1. Females represented 50%, 52% and 44% 
of athletes in each of the three seasons. 

A total of 347 TL overuse injuries were recorded over the 
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Table 2. Number of cases, incidence and time loss by health problem type. 

Health problem type Number of cases Incidence* [95% CI] TL loss days Mean TL days [95% CI] 

Acute injury 150 0.7 [0.6, 0.8] 2822 18.8 [13.9, 24.5] 

Overuse injury 347 1.6 [1.44, 1.77] 3656 10.5 [7.6, 14.0] 

Illness 178 0.8 [0.7, 1.0] 864 4.9 [1.3, 11.1] 

* Incidence expressed as number of new cases per 365 athlete days, CI=confidence interval, TL= time loss 

three seasons, leading to a total of 3656 days of time loss 
(50% of all time loss). The incidence of overuse injury was 
1.6 cases per athlete year (Table 2). 

There were 150 cases of acute injury over the three sea-
sons, leading to a total of 2822 days of time loss (38% of all 
time loss). The average the time loss for an acute injury was 
18.8 days with an incidence of 0.7 per athlete year (Table 2). 

A total of 178 illnesses were recorded over the three 
years, leading to 864 days of time loss (12% of all time loss). 
The incidence of illness was 0.8 cases per athlete year (Table 
2). 

Most injuries were in the lower limb (Table 3), particu-
larly in the thigh (128 cases), lower leg (84 cases) and foot 
(61 cases). 

Muscle tears were most common, with an incidence of 
0.8 per athlete year. There were relatively few bone injuries; 
however, due to their high severity (particularly bone stress 
injuries), their burden remained substantial (Table 4, Figure 
2). 

The most common illnesses were respiratory and gas-
trointestinal illness (Table 5). Respiratory illness was most 
common, with an incidence of 0.3 per athlete year and total 
of 100 time-loss days. Gastrointestinal illness had an in-
cidence of 0.1 per athlete year and a total of 72 time-loss 
days. 

Table 6 shows the five most commonly recorded specific 
injury diagnoses during the three-year data collection pe-
riod and ranks these according to time loss and time loss/
cases combined. Hamstring, Achilles tendinopathy and 
soleus strain rank the top three most common diagnoses in 
both scenarios. 
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Table 3. Number of cases, incidence, time loss and burden by injury location. Greater detail is provided for 
selected (common) diagnoses. 

Body Area OSICS 13 
Diagnosis 

Cases Total 
TL 
days 

TL 
mean 

95% CI 
mean 

TL 
SD 

Incidence 95% CI 

Head All 4.0 0.0 0.0 [0.0-0.0] 0.0 0.0 [0.0,0.0] 

Neck All 8.0 35.0 4.4 [0.0-11.6] 10.2 0.0 
[0.0, 
0.1] 

Shoulder All 11.0 15.0 1.4 [0.0-4.0] 4.2 0.1 [0.0-0.1] 

Elbow All 3.0 100.0 33.3 [0.0-100.0] 57.7 0.0 [0.0-0.0] 

Wrist All 8.0 52.0 6.5 [0.0-19.5] 18.4 0.0 [0.0-0.0] 

Hand All 4.0 0.0 0.0 [0.0-0.0] 0.0 0.0 [0.0-0.0] 

Chest All 5.0 21.0 4.2 [0.0-12.6] 9.4 0.0 [0.0-0.1] 

Thoracic 
spine 

All 6.0 101.0 16.8 [0.2-49.2] 39.3 0.0 [0.0-0.1] 

Lumbosacral All 43.0 419.0 9.7 [1.5-22.6] 37.6 0.2 [0.2-0.3] 

Abdomen All 2.0 1.0 - - 0.7 0.0 [0.0-0.0] 

Hip/groin All 41.0 755.0 18.4 [6.5-33.9] 45.2 0.2 [0.1-0.3] 

Hip flexor 
muscle strain 

7.0 76.0 10.9 [5.1-17.1] 8.8 0.0 [0.0-0.1] 

Hip and Groin 
Muscle Strain/
Tear 

3.0 3.0 1.0 [0.0-3.0] 1.7 0.0 [0.0-0.0] 

Iliopsoas 
tendinopathy/
bursitis 

3.0 40.0 13.3 [0.0-27.0] 13.5 0.0 [0.0-0.0] 

Osteitis pubis 3.0 233.0 77.7 [0.0-233.0] 134.5 0.0 [0.0-0.0] 

Hip joint 
sprain/jar 

4.0 18.0 4.5 [0.0-13.5] 9.0 0.0 [0.0-0.0] 

Thigh All 128.0 1830.0 14.3 [10.6-18.6] 23.5 0.6 [0.5-0.7] 

Hamstring 
strain/tear 

62.0 1165.0 18.8 [15.4-22.2] 13.8 0.3 [0.0-0.0] 

 
Thigh Muscle 
Spasm/Trigger 
Points 

12.0 2.0 0.2 [0.0-0.5] 0.6 0.1 [0.0-0.1] 

 
Rectus femoris 
strain 

5.0 193.0 38.6 [1.4-99.6] 66.8 0.0 [0.0-0.1] 

 
Adductor 
longus strain 

4.0 174.0 43.5 [2.0-92.5] 56.7 0.0 [0.0-0.0] 

 
Hamstring 
origin 
tendinopathy 

7.0 8.0 1.1 [0.0-3.4] 3.0 0.0 [0.0-0.1] 

Knee All 51.0 406.0 8.0 [2.7-14.9] 22.8 0.2 [0.2-0.3] 

 
Patellar 
tendinopathy 

6.0 106.0 17.7 [0.0-53.0] 43.3 0.0 [0.0-0.1] 

 
Iliotibial band 
syndrome 

4.0 121.0 30.2 [0.0-90.8] 60.5 0.0 [0.0-0.0] 

 
Patellofemoral 
joint chondral 
pain 

5.0 0.0 0.0 [0.0-0.0] 0.0 0.0 [0.0-0.1] 

 

Knee 
posterolateral 
complex str/
tear 

3.0 10.0 3.3 [0.0-6.0] 3.1 0.0 [0.0-0.0] 

Lower leg All 84.0 1183.0 14.1 [8.4-20.7] 29.7 0.4 [0.3-0.5] 

Gastrocnemius 
muscle injury/

6.0 46.0 7.7 [1.0-16.4] 10.9 0.0 [0.0-0.0] 
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strain 

 
Soleus muscle 
strain 

19.0 476.0 25.1 [15.0-37.1] 24.8 0.1 [0.1-0.1] 

 
Calf muscle 
cramps/spasm 

9.0 12.0 1.3 [0.0-2.9] 2.4 0.0 [0.0-0.1] 

 
Medial Tibial 
Stress 
Syndrome 

4.0 0.0 0.0 [0.0-0.0] 0.0 0.0 [0.0-0.0] 

 
Achilles 
tendinopathy 

25.0 461.0 18.4 [5.2-34.8] 38.8 0.1 [0.1-0.2] 

Ankle All 36.0 771.0 21.4 [7.4-39.9] 51.4 0.2 [0.1-0.2] 

 
Ankle anterior 
impingement 

5.0 91.0 18.2 [0.0-47.4] 31.6 0.0 [0.0-0.1] 

 
Posterior 
impingement 
ankle 

6.0 0.0 0.0 [0.0-0.0] 0.0 0.0 [0.0-0.1] 

 

Ankle 
synovitis/
Impingement/
Bursitis 

2.0 6.0 - - 4.2 0.0 [0.0-0.0] 

Foot All 61.0 766.0 12.4 [5.4-21.0] 32.5 0.3 [0.2-0.4] 

 
Tibialis 
posterior 
tendinopathy 

5.0 42.0 8.4 [0.0-23.2] 16.1 0.0 [0.0-0.1] 

Stress 
reactions/
fractures in 
foot 

9.0 335 37.2 [3.3-71.1] 51.9 0.0 [0.0-0.0] 

* Incidence expressed as number of new cases per 365 athlete days, CI=confidence interval, TL=time loss, SD=standard deviation. 
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Table 4. Number of cases, incidence, time loss and burden of injuries by tissue type and pathology. 

OSIICS 13 
Tissue 
Type 

OSIICS 13 
Pathology 
Type 

Cases 
Total 
TL 

TL 
Mean 

TL 
SD 

95% CI Incidence 95% CI Burden 

Muscle/
tendon 

 275.0 3748.0 13.6 26.1 [10.7-16.9] 1.3 [1.1-1.4] 17.3 

 Muscle injury 176.0 2505.0 14.2 22.7 [11.1-17.8] 0.8 [0.7-0.9] 11.5 

 
Muscle 
contusion 

2.0 0.0 NA 0.0 NA 0.0 [0.0-0.0] NA 

 
Muscle 
compartment 
syndrome 

3.0 0.0 0.0 0.0 [0.0-0.0] 0.0 [0.0-0.0] 0.0 

 Tendinopathy 89.0 1011.0 11.4 29.3 [5.8-18.0] 0.4 [0.3-0.5] 4.7 

 
Tendon 
rupture 

5.0 232.0 46.4 58.7 [5.8-97.0] 0.0 [0.0-0.1] 0.9 

Nervous  9.0 0.0 0.0 0.0 [0.0-0.0] 0.0 [0.0-0.1] 0.0 

 
Brain & 
spinal cord 
injury 

1.0 0.0 NA NA NA 0.0 [0.0-0.0] NA 

 
Peripheral 
nerve Injury 

8.0 0.0 0.0 0.0 [0.0-0.0] 0.0 [0.0-0.1] 0.0 

Bone  29.0 1501.0 51.8 73.4 [27.0-78.9] 0.1 [0.1-0.2] 6.7 

 Fracture 7.0 182.0 26.0 43.5 [2.1-58.4] 0.0 [0.0-0.1] 0.8 

 

Bone stress 
injury (inc. 
stress 
fracture) 

22.0 1319.0 60.0 79.7 [28.8-93.5] 0.1 [0.1-0.2] 6.0 

Cartilage/
synovium/
bursa 

 48.0 434.0 9.0 36.2 [1.9-20.7] 0.2 [0.2-0.3] 2.0 

 Cartilage 20.0 307.0 15.4 53.7 [1.3-40.7] 0.1 [0.1-0.3] 1.4 

 Arthritis 1.0 0.0 NA NA NA 0.0 [0.0-0.0] NA 

 
Synovitis / 
capsulitis 

24.0 98.0 4.1 15.2 [0.0-10.9] 0.1 [0.1-0.2] 0.4 

 Bursitis 3.0 29.0 9.7 9.5 [0.0-19.0] 0.0 [0.0-0.0] 0.1 

Ligament/
joint 
capsule 

 61.0 592.0 9.7 23.5 [4.5-16.4] 0.3 [0.2-0.4] 2.7 

 

Joint sprain 
(ligament 
tear, acute 
instability 
episode) 

52.0 556.0 10.7 25.2 [4.7-18.4] 0.2 [0.2-0.3] 2.6 

 
Chronic 
instability 

9.0 36.0 4.0 8.0 [0.0-9.9] 0.0 [0.0-0.1] 0.2 

Non-
specific 

 66.0 203.0 3.1 11.9 [0.7-6.4] 0.3 [0.2-0.4] 0.9 

 

Injury 
without 
tissue type 
specified 

25.0 97.0 3.9 17.0 [0.1-11.0] 0.1 [0.1-0.2] 0.5 

 Unknown 41.0 106.0 2.6 7.6 [0.6-5.2] 0.2 [0.1-0.3] 0.5 

*Burden is defined as the number of time loss days per athlete-year (365 athlete-days), Incidence expressed as number of new cases per 365 athlete days, CI=confidence interval, 
TL=time loss, SD=standard deviation, OSIICS= Orchard Sports Injury and Illness coding system 
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Table 5. Number of cases, incidence, time loss and burden of illnesses by organ system/region. Greater detail is provided for selected (common) aetiologies. 

Illness type Illness Cases Total TL TL Mean SD 95% CI incidence 95% CI burden 

Cardiovascular All 4.0 27.0 6.8 13.5 [0.0-20.2] 0.0 [0.0-0.0] 0.1 

Gastrointestinal All 30.0 72.0 2.4 7.0 [0.4-5.2] 0.1 [0.1-0.2] 0.3 

 Gastritis 3.0 0.0 0.0 0.0 [0.0-0.0] 0.0 [0.0-0.0] 0.0 

 Appendicitis 1.0 39.0 39.0 0.0 0.0 0.0 [0.0-0.0] 0.0 

 Gastrointestinal Illness 18.0 29.0 2.4 6.2 [0.0-6.4] 0.1 [0.0-0.1] 0.1 

Genitourinary/Gynaecological All 11.0 14.0 1.3 4.2 [0.0-3.8] 0.1 [0.0-0.1] 0.1 

Neurological All 3.0 3.0 1.0 1.7 [0.0-3.0] 0.0 [0.0-0.0] 0.0 

Otological All 4.0 6.0 1.5 1.9 [0.0-3.0] 0.0 [0.0-0.0] 0.0 

Psychiatric/psychological All 4.0 526.0 132.0 254.4 [0.0-385.0] 0.0 [0.0-0.0] 2.6 

Respiratory All 63.0 100.0 1.6 4.2 [0.7-2.7] 0.3 [0.2-0.4] 0.5 

 Infection 38.0 80.0 2.1 4.5 [0.9-3.7] 0.2 [0.1-0.2] 0.4 

 Allergic 14.0 18.0 1.3 4.8 [0.0-3.9] 0.1 [0.0-0.1] 0.1 

 Other 11.0 2.0 0.2 0.7 [0.0-0.7] 0.0 [0.0-0.1] 0.0 

Multiple systems All 18.0 116.0 6.4 14.1 [0.4-13.6] 0.1 [0.1-0.1] 0.5 

*Burden is defined as the number of time loss days per athlete-year (365 athlete-days), Incidence expressed as number of new cases per 365 athlete days CI=confidence interval, TL=time loss, SD=standard deviation 
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Table 6. Top 5 injury diagnoses by cases and time loss. 

OSIICs 13 diagnosis Cases 
TL total 

days 
Mean TL 

days SD incidence 95% CI Burden 

Top 5 rank by TL 

Hamstring strain/tear 62 1165 18.8 13.8 0.3 [0.0-0.0] 5.3 

Achilles tendinopathy 25 461 18.4 38.8 0.1 [0.1-0.2] 2.2 

Soleus muscle strain 19 476 25.1 24.8 0.1 [0.1-0.1] 2.2 

Pars stress fracture L5 2 295 NA 122.3 0.0 [0.0-0.0] NA 

Navicular stress 
fracture 

3 255 85.0 71.0 0.0 [0.0-0.0] 0.9 

Top 5 rank by cases and TL 

Hamstring strain/tear 62 1165 18.8 13.8 0.3 [0.0-0.0] 5.3 

Achilles tendinopathy 25 461 18.4 38.8 0.1 [0.1-0.2] 2.2 

Soleus muscle strain 19 476 25.1 24.8 0.1 [0.1-0.1] 2.2 

Hip flexor muscle strain 7 76 10.9 8.8 0.0 [0.0-0.1] 0.3 

Patellar tendinopathy 6 106 17.7 43.3 0.0 [0.0-0.1] 0.5 

*Burden is defined as the number of time loss days per athlete-year (365 athlete-days), Incidence expressed as number of new cases per 365 athlete days CI=confidence interval, 
TL=time loss, SD=standard deviation, OSIICS= Orchard Sports Injury and Illness coding system 

DISCUSSION 

In recent years there have been multiple high-quality injury 
and illness surveillance studies of elite track and field ath-
letes performed during major international competi-
tions.1,7,11,12,14,18 However, information on the health 
problems sustained by these elite athletes outside of com-
petition remains limited. Presented in this study is three 
seasons of high-quality surveillance data from one of the 
leading national athletics teams in the world, recently con-
tributing seven medals to a record medal tally for Great 
Britain at the Rio Summer Olympic Games and finishing 
6th on the medal table in Doha, 2019 IAAF World Champi-
onships. This data may be valuable to guide future efforts 
to prevent injuries and illnesses among elite track and field 
athletes. 

Overuse injuries represented the greatest burden, fol-
lowed by acute injuries, then illness. This finding is similar 
to a study of elite Swedish track and field athletes.4 How-
ever, in the current study, the proportion of overuse injuries 
was relatively lower (70% of all injuries) than the Swedish 
study (96%). The discrepancy may be explained by differ-
ences in overuse and acute injury definitions in the two 
studies. Specifically, Jacobsson et al. subcategorized 
overuse injuries into those with a gradual onset and a sud-
den onset, whereas the current study classified all sudden-
onset injuries, such as sudden onset bone stress, as acute 
injuries. Nonetheless, the findings from both studies clearly 
show that overuse injuries are an important type of health 
problem in elite athletics, and that efforts need to be fo-
cussed on their prevention. In particular, research across 
multiple seasons on the relationship between athletics 
training loads and injury are necessary, to facilitate the de-
velopment of effective load management principles.19–21 

Over 25% of all injuries were to the thigh, with hamstring 

Figure 2. Risk matrix of body area burden in three 
years of consecutive surveillance data. Injuries to 
the thigh and lower leg represent the highest 
burden. Severity is in calculated as mean days of 
time loss, incidence is cases per athlete year. 

strain the most frequent diagnosis. This is consistent with 
previous studies of elite track and field athletes, and other 
sports involving regular high-speed or fatiguing run-
ning.1,4,11,22–26 The findings of this research are conclusive 
in establishing that hamstring injury is the most common 
injury in athletics for both training and competition expo-
sure where commonly high speed, or fatiguing running is 
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required. Reducing hamstring burden has been a strategic 
focus of the British Athletics medical team.27,28 The expo-
sure to high speed running in this cohort is a necessary 
demand of the sport therefore injury prevention strategies 
need to focus on the speed/fatigue/exposure relationship 
and how this factored into training and competition pro-
gramming.20,29 Furthermore, the use of specific condition-
ing exercises in the primary and tertiary prevention of ham-
string injuries, as seen in other sports, should be tested in 
injury prevention studies in athletics.27,30–33 More research 
is required on specific mechanisms of thigh injury and risk 
factors in elite level track and field particularly regarding 
biomechanical risk factors in sprinting.28 

Achilles injury was the second most common injury in 
this cohort and the most common in the Jacobssen study.4 

In an athletics championship setting Achilles tendon rup-
ture is a serious but rare occurrence and other forms of 
Achilles pathology are not that common.1 Lower incidence 
of Achilles tendinopathy within the in-competition studies 
is not surprising as the definitions and timeframes involved 
with these studies may limit the capture of this presen-
tation. It is important to note that in this study the term 
‘Achilles tendinopathy’ could represent other forms of 
Achilles region pain thereby potentially inflating the inci-
dence of this injury diagnosis. In future surveillance studies 
the authors of this study would recommend a more specific 
diagnosis and coding of Achilles tendon related presenta-
tions. The OSIICs 13 definition of tendinopathy is limited in 
its application in elite level athletics and the authors would 
advocate a sub-categorisation diagnostic approach. 

The high incidence of acute soleus injuries in this cohort 
is a unique finding within elite track and field.1–4 The calf, 
and specifically the soleus, has a large role in force produc-
tion in all modes of locomotion with the highest demand 
on the muscle occurring at higher speeds and therefore ‘re-
duced strength’ of the calf complex is likely a risk factor 
for calf muscle injury or Achilles tendon pathology.34–36 

O’Neil et al found a strong association with weak ankle 
plantarflexors, particularly the soleus muscle, and the pres-
ence of Achilles tendinopathy in non-elite runners.37 Due 
to the critical role of soleus and gastrocnemius at all run-
ning speeds, injury prevention research relating to the 
lower leg is likely to be as important as hamstring injury 
prevention efforts in this sport.35,36,38,39 Furthermore, in-
vestigation into how training load volumes and intensities 
interact with intrinsic factors of the lower leg would be a 
suggested focus for future research.40,41 

Bone stress injuries were not common in this cohort, but 
they still represented a substantial burden due to high lev-
els of associated time loss. There was a similar finding to 
Bennel et al., who found that bone stress injuries were a sig-
nificant problem in athletics.2 There is relevant work on the 
multitude of risk factors for bone stress injury that should 
be considered by all practitioners working in elite track and 
field.42 These specifically should include a thorough knowl-
edge of the importance of relative energy deficiency in sport 
(RED-S).43 Given the high burden and potential health and 
performance costs this is certainly an injury category that 
warrants further injury prevention research. Understanding 
the mechanisms and training etiology of this sort of injury 
specifically in an elite cohort is needed. 

Figure 3. Risk matrix tissue type burden in three 
years of consecutive surveillance data. Injuries to 
muscle, tendon and bone tissue had the highest 
burden. Incidence was calculated as cases per 
athlete year, severity was calculated using mean 
time loss days. 

Two injury specific injury diagnoses (rectus femoris and 
adductor longus muscle strain) had low incidence yet high 
impact regarding time loss days. Both these muscle injury 
types had a longer mean return to performance and review 
of the cases highlights three of the rectus femoris injuries 
were surgical cases which extended the recovery period and 
skewed mean recovery time. There was one adductor longus 
case which is likely to have skewed the mean and this was 
due to a complicated rehabilitation. For both these injury 
types a median value may have statistically represented the 
recovery times better and given a more accurate reflection 
of recovery from these specific injuries. Rectus femoris and 
adductor longus strain mean recovery time may have been 
shortened if it was not for these complicated or surgical 
cases. 

Illness had the second highest incidence of all of presen-
tations and was third in terms of time loss days, represent-
ing 12% of total time loss. In major international athlet-
ics competitions upper respiratory tract infection was the 
most common illness.12–14 This was comparable to the cur-
rent study’s cohort establishing upper respiratory symp-
toms and infection as the most common medical presen-
tation in competition and out-of-competition setting. 
Strategies to prevent respiratory illness and transmission 
should be an integral part of sports medicine provision for 
elite athletes and teams.44,45 

Mental illness represented the highest burden of all ill-
ness. Despite there only being four cases, the mean time 
loss was large compared to other illnesses. Due to medical 
confidentiality the cases and specific presentations are not 
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discussed in this research but the burden of mental health 
with respect to performance should be recognized.46 The 
understanding of mental health generally in elite sport is 
increasing and there is increasing mental health support for 
athletes at the Olympic level.47 All athletes currently on 
the WCP have 24/7 access to mental health support which 
highlights elite sports’ increasing awareness and support 
for athletes at the elite level. An area of future research 
would be to understand the specific mental health presen-
tation in in elite level athletics to inform future prevention 
strategies.47 

METHODOLOGICAL CONSIDERATIONS 

There are several methodological limitations to this study. 
Due to the small number of athletes in some event groups in 
this study the researchers were unable to present data sepa-
rately for each subgroup. To do this, larger studies would be 
necessary. While most athletes on the WCP train at the two 
national training centres, a number are based elsewhere in 
the United Kingdom or in other countries. Outside of com-
petition periods and organised training camps, these ath-
letes are followed remotely by British Athletics medical per-
sonnel. This may have reduced the accuracy and specificity 
of their surveillance data as some of these athletes may 
have consulted with other medical practitioners. 

The incidence of injury and illness was expressed per 365 
athlete days because other forms of exposure measurement 
are not comparable across athletics disciplines (e.g. 1000 h 
of high jumping is not comparable to 1000h of distance run-
ning). While this is the recommended approach when deal-
ing with heterogenous cohorts, athlete-days is a blunt mea-
sure of exposure which fails to account for differences in 
athletes’ training volume or intensity within each training 
day.17 To be able to use more specific exposure measures in 
epidemiological studies of athletics, it would be necessary 
to include a larger number of athletes or limit the cohort to 
comparable disciplines. 

For consistency with historical athlete records, we ap-
plied injury and illness definitions that are slightly different 

to those recommended by the athletics and IOC consensus 
statements on epidemiological methodology.17 Specifically, 
the authors only recorded health problems that led to med-
ical attention from medical personnel. Our data, therefore, 
are not directly comparable to data collected using an “all 
complaints” definition. 

CONCLUSION 

The results of this study provide new insights into the in-
jury and illness patterns of athletes at the highest level of 
competitive athletics. Future preventative attention should 
be focused on hamstring muscle strains, soleus muscle 
strains, Achilles tendinopathy, and bone stress injuries. 
Practitioners working in elite athletics should consider em-
ploying risk reduction measures for the three biggest time 
loss injuries in the sport: hamstring, Achilles tendinopathy 
and soleus injury 
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Background 
Higher postoperative quadriceps function has been positively associated with surgical 
outcomes after anterior cruciate ligament reconstruction (ACLR). However, the impact of 
autograft harvest and/or a concomitant meniscal procedure on the recovery of quadriceps 
strength is not well defined. 

Purpose 
To describe postoperative recovery of quadriceps strength following ACLR related to 
autograft selection, meniscal status, and sex. 

Study Design 
Retrospective Cohort. 

Methods 
One hundred and twenty-five participants who underwent ACLR with either a hamstring 
tendon (HT), bone-patellar tendon-bone (BPTB) or quadriceps tendon (QT) autograft 
were included. At postoperative months 3, 6 and 9, each participant completed an 
isometric quadriceps strength testing protocol at 90-degrees of knee flexion. Participants’ 
quadriceps average peak torque (Q-AvgPKT), average peak torque relative to body weight 
(Q-RPKT), and calculated limb symmetry index (Q-LSI) were collected and used for data 
analysis. Patients were placed in groups based on sex, graft type, and whether they had a 
concomitant meniscal procedure at the time of ACLR. At each time point, One-way 
ANOVAs, independent samples t-test and chi-square analyses were used to test for any 
between-group differences in strength outcomes. 

Results 
At three months after ACLR, Q-RPKT was significantly higher in those with the HT 
compared to the QT. At all time points, males had significantly greater Q-RPKT than 
females and HT Q-LSI was significantly higher than BPTB and QT. A concomitant 
meniscal procedure at the time of ACLR did not significantly affect Q-LSI or Q-RPKT at 
any testing point. 

Corresponding author: 
Nicole Schwery, MS, CSCS 
Training HAUS at Twin Cities Orthopedics 
2645 Vikings Circle, Suite 200 
Eagan, MN 55121 
952-456-7650 
NicoleSchwery@TrainingHAUS.com 

a 

Schwery NA, Kiely MT, Larson CM, et al. Quadriceps Strength following Anterior
Cruciate Ligament Reconstruction: Normative Values based on Sex, Graft Type and
Meniscal Status at 3, 6 & 9 Months. IJSPT. 2022;17(3):434-444.

https://doi.org/10.26603/001c.32378
mailto:NicoleSchwery@TrainingHAUS.com


Conclusion 
This study provides outcomes that are procedure specific as well as highlights the 
objective progression of quadriceps strength after ACLR. This information may help 
better-define the normal recovery of function, as well as guide rehabilitation strategies 
after ACLR. 

Level of Evidence 
3 

INTRODUCTION 

Anterior cruciate ligament reconstruction (ACLR) is the pri-
mary surgical procedure for restoring anatomic knee stabil-
ity after an anterior cruciate ligament injury. Despite im-
provements in ACLR indications, techniques, and 
postoperative rehabilitation,1–3 a large proportion of pa-
tients continue to report long-term reductions in physical 
function.4 Stronger and more symmetrical quadriceps 
strength has consistently been associated with better sur-
gical outcomes.5–12 Prior ACLR studies have highlighted 
a positive correlation between higher quadriceps strength 
and improved knee function within the surgical limb, as 
well as a reduced risk of recurrent knee injuries.12–15 In ref-
erence to long-term joint health after ACLR, poor postoper-
ative quadriceps function may be an intervening risk factor 
in the development of post-traumatic osteoarthritis within 
the knee.16,17 

There are a number of considerations for ACLR graft har-
vest selection with each option having advantages and dis-
advantages, but research is limited on graft specific ob-
jective performance outcomes. Bone-patellar tendon-bone 
autograft (BPTB) has been reported as the superior graft 
choice for athletes,18,19 but carries an increased risk of 
patellar fracture,20 kneeling difficulty,21 and anterior knee 
pain.19,22–24 Compared to the BPTB, the hamstring tendon 
(HT) autograft may produce fewer graft harvest site com-
plications,25 but yield an increase prevalence of joint laxity 
and delayed graft maturation.26–28 More recently, out-
comes for the quadriceps tendon (QT) autograft have been 
reported to be comparable to the BPTB and HT auto-
graft,22,24,29 but the QT produces significantly less initial 
quadriceps weakness than the BPTB autograft.23 Current 
evidence suggests no significant difference in graft failure 
rates between BPTB, HT and QT autografts, 19,24 but studies 
have suggested graft-specific impairments in muscle func-
tion after ACLR, to which the recovery of postoperative 
quadriceps strength is partially dictated by graft selection 
itself.30–32 Specifically, ACLR with a BPTB may produce 
larger reductions in quadriceps function, require more time 
to recover quadriceps strength, and be slower to achieve re-
habilitation milestones compared to the HT autograft or an 
allograft procedure.33 

The above observations are paralleled by research high-
lighting persistent impairments in quadriceps function at 
longer-term follow up, independent of graft type.17,34–37 

Regardless of graft selection for ACLR, higher postoperative 
quadriceps strength at mid-term follow-up has been consis-
tently correlated with better knee function at longer-term 
follow up.38–40 Although greater quadriceps strength may 
facilitate a better ACLR outcome10,11, the majority of these 

studies have reported the between-limb, level of quadriceps 
strength-symmetry as the outcome of interest rather than 
the actual quadriceps strength relative to the participants’ 
body weight.41 The quadriceps limb symmetry index (Q-
LSI) approach to quantifying muscle strength assumes the 
non-surgical limb’s strength-value is an adequate bench-
mark from which to compare the reconstructed knee’s mus-
cles. Most of the recent literature has reported that athletes 
achieve a Q-LSI anywhere between 73% and 95% at their 
time of return to activities, which has been measured both 
isometrically and isokinetically.5,11,13,41–43 

However, data published by Chung et al37 has high-
lighted the fact unilateral ACL injury can produce reduc-
tions in muscle strength within the uninjured limb, and 
suboptimal muscle function is still present at the time of re-
turn to sport. For this reason, the use of Q-LSI without con-
sideration of the individual’s relative strength levels when 
assessing functional status should be questioned. To the 
authors’ knowledge, two studies to date have investigated 
the ability of Q-LSI and relative strength values to predict 
patient-reported knee function.44,45 Kuenze et al44 suggest 
an isometric relative quadriceps strength value ≥ 3.00 new-
ton-meters/kilogram (Nm/kg) is an acceptable indicator of 
good patient-reported knee function 2.5 years after ACLR, 
whereas a Q-LSI ≥ 84.7% is less indicative of higher out-
come scores. With similar methods, Pietrosimone et al45 es-
tablished an isokinetic relative quadriceps strength value of 
>3.10 Nm/kg as a good indicator of higher patient reported 
outcome at three years post ACLR. 

The potential for inconsistency in quadriceps strength 
and muscle recovery exists after ACLR, necessitates more 
detailed reporting of strength outcomes which are specific 
to the ACLR procedure. Few studies comment on the pro-
gression of quadriceps strength relative to the participant’s 
body weight,46–50 but these studies are limited to only re-
porting isokinetic data and lack procedure-specific com-
parisons. Specifically, no study has presented the progres-
sion of isometric quadriceps strength within a population 
of BPTB, HT, and QT autografts at 3, 6, and 9 months after 
ACLR. Studies with this level of procedure-specific detail 
can help better define the normal recovery of quadriceps 
strength after ACLR. Therefore, the purpose of this study 
was to describe postoperative recovery of quadriceps 
strength following ACLR related to autograft selection, 
meniscal status, and sex. 

MATERIALS AND METHODS 

Between September 2018 and May 2020, 125 competitive 
and recreational athletes who underwent an ACLR proce-
dure were included in this study; 85% of the participants 
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were involved in either Level I or II cutting, pivoting, jump-
ing, and lateral movement.51 Participants were included if 
they had undergone ACLR with either a HT, BPTB or QT au-
tograft. Patients who underwent ACLR with a concomitant 
meniscal repair or meniscectomy were also included. Those 
with meniscectomies were included in the non-meniscus 
group for analysis due to lack of weight bearing and range of 
motion restrictions. Exclusion criteria included those hav-
ing undergone a contralateral ACLR, a revision ACLR; hav-
ing a multi-ligament knee injury or graft harvest from the 
contralateral limb; or any previous knee surgeries on either 
limb. The study was conducted under institutional review 
board approval (Advarra, 08.19.2019 NS_HAUS). All testing 
procedures were explained to each participant and an in-
formed consent document was signed prior to testing. 
Parental consent and youth assent were obtained for all 
participants under the age of 18 years. All data was col-
lected at the Training HAUS Sports Science Lab at Twin 
Cities Orthopedics (Eagan, MN). 

All participants underwent quadriceps strength testing 
between three and nine months after ACLR. Participants 
completed testing at three separate time points within 1.5 
months of their 3, 6 and 9-month postoperative date. For 
three month testing, no participants were tested earlier 
than 2.4 months after ACLR. Isometric quadriceps strength 
tests were all performed using an isokinetic dynamometer 
(Biodex Medical Systems, Inc., Shirley, NY). Due to the 
varying postoperative precautions present during the early 
stages of recovery after an ACLR, isometric contractions at 
90-degrees where utilized to test quadriceps strength in-
stead of an isokinetic protocol.20,27,45,52,53 

Before testing, participants were taken through a dy-
namic warm-up led by a physical therapist, athletic trainer 
or sports performance coach. For strength testing, partic-
ipants were seated with the knee positioned so that the 
lateral femoral epicondyle aligned with the dynamometer’s 
axis of rotation. Thigh, waist, and two chest straps were 
used to secure the participant to the chair. The dynamome-
ter’s force-arm was secured superior to the lateral malleolus 
of the ankle. Each participant completed a warm-up proto-
col on the dynamometer consisting of four, isokinetic knee 
extensions through a self-selected range of motion. For iso-
metric testing, the knee was positioned at 90-degrees of 
flexion and all participants were asked to apply as much 
force as possible against the fixed arm of the dynamometer 
throughout the duration of the test. One maximal voluntary 
isometric contraction (MVIC) torque for the quadriceps, 
recorded in Nm, was completed against the arm of the dy-
namometer; this was done to practice the subsequent iso-
metric strength test. Three, MVICs were completed for five-
seconds in duration, with a 30-second rest interval in 
between each repetition. For all participants, testing was 
completed on the non-surgical limb first, followed by test-
ing of the surgical limb. The average of the three peak 
torque values was calculated (Q-AvgPKT) and normalized 
to body mass in kilograms (Q-RPKT). Q-LSI was calculated 
at each time point utilizing Q-AvgPKT with the following 
equation: (Q-AvgPKT surgical limb/ Q-AvgPKT non-surgi-
cal limb) x 100. The variables used in analysis were Q-RPKT 
and Q-LSI. 

An a priori power analysis was completed for three inde-

pendent groups, a medium effect size and a power of 0.80. 
For the data set to be adequately powered, a total sam-
ple size of 115 patients would be needed with a minimum 
of 15 patients within each group. Kolmogorov-Smirnov and 
Shapiro-Wilk tests were used to confirm normality within 
the collected data set for this study. When applicable, one-
way ANOVAs, as well as independent samples t-tests and 
chi-square tests were used to determine mean differences 
between the three groups. Statistical analyses were per-
formed with SPSS version 24 (IBM Corp., Armonk, NY, USA), 
and significance was set at p < 0.05. 

RESULTS 

Patient demographics are presented in Table 1. Procedure-
specific quadriceps strength variables, organized by post-
operative time point, are presented in Table 2. The testing 
protocol used in this study did not result in any surgical 
complications when implemented as early as three months 
after ACLR, suggesting an isometric testing protocol on an 
isokinetic dynamometer is a safe and clinically reasonable 
way to assess quadriceps strength during the early stages of 
rehabilitation after ACLR. At postoperative months 3, 6 and 
9, quadriceps Q-LSI was found to be significantly higher in 
patients who had undergone ACLR with the HT autograft 
than with the BPTB and QT (p< .001). At three months af-
ter ACLR, Q-RPKT was found to be significantly higher in 
those with the HT compared to the QT (p<.05). There were 
no significant differences in Q-RPKT between graft types at 
six and nine months after ACLR. At all three postoperative 
time points, males had significantly greater Q-RPKT than 
females (p<.01) but no differences in Q-LSI was observed 
between sexes. Compared to those who received an isolated 
ACLR procedure, no significant difference in Q-LSI or Q-
RPKT was found in those with a concomitant meniscal pro-
cedure at the time of ACLR. 

DISCUSSION 

The purpose of this study was to describe the postoperative 
recovery of quadriceps strength after ACLR. Before deter-
mining the clinical significance of any findings, the reader 
must first acknowledge the observed distribution of quadri-
ceps strength within the cohort. At all three testing points, 
those receiving the BPTB and QT autografts for ACLR pre-
sented with a wider distribution of Q-LSI values than was 
observed in the HT group (Figure 1. d-f). 

Additionally, those receiving the BPTB autograft tended 
to have a more consistent improvement in Q-LSI through-
out the postoperative testing period, which is reflected in 
the higher absolute BPTB frequency-distribution percent-
ages compared to the QT autograft at the six and nine 
month testing points. Collectively, these observations sug-
gest that at three months after ACLR, a larger distribution 
in Q-LSI may be expected in those receiving the BPTB or QT 
for ACLR, compared to the HT autograft. 

This study’s findings also suggest individuals receiving 
the HT autograft for ACLR may exhibit a greater Q-LSI 
throughout the postoperative rehabilitation period, com-
pared to those receiving the BPTB and QT autografts. This 
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Table 1. Participant Demographicsa 

Demographic Measure 

Sex Female: 74 
Male: 51 

Age (y) 18.52 (5.08) 

Height (m) 1.71 (0.09) 

Weight (kg) 69.57 (14.37) 

Testing Time Post-Op (months) Early: 3.48 (0.57) 
Mid: 6.37 (0.61) 
Late: 9.23 (0.64) 

Sport Levels51 Level I: 97 
Level II: 23 
Level III: 5 

Limb Involved Right: 51 
Left: 74 

Graft Type BPTB: 87 
HT: 21 
QT: 17 

Meniscal Involvement Yes: 45 
No: 80 

aValues are presented as mean (SD) or number 
BPTB = bone-patellar tendon-bone, HT = hamstring tendon, QT = quadriceps tendon 

finding is not a novel contribution to the ACLR literature, 
as prior studies have reported graft-specific reductions in 
muscle strength after ACLR. Fischer et al54 reported a dif-
ference in muscle strength between the HT and the QT au-
tografts used for ACLR, to which a similarly higher level of 
Q-LSI was observed in those with the HT compared to the 
QT. Considering this, this study’s findings further suggest 
that graft harvest site is a relevant functional considera-
tion for Q-LSI after ACLR, as graft specific impairments in 
quadriceps symmetry between limbs may be expected with 
the BPTB and QT autografts, compared to the HT. 

At three months after ACLR, this study suggests individ-
uals receiving the HT may expect a statistically greater level 
of Q-RPKT than those receiving the QT autograft. BPTB Q-
RPKT was less than HT and greater than QT, but these dif-
ferences were not statistically different. These decreased Q-
RPKT values in QT and BTB may be present due to graft 
harvest from the knee extensor mechanics resulting in de-
creased tendon capacity. At postoperative months six and 
nine, no between-graft differences in Q-RPKT were found 
between any of the three autograft types (Table 2). Prior 
research has suggested any between-graft differences in 
quadriceps strength may only be clinically distinguishable 
during the early phases of rehabilitation after ACLR;55 a 
notion which these findings support. These findings may 

support the idea that factors other than graft harvest site 
are responsible for relative strength values not reaching 
previously reported values for higher outcomes by nine 
months.44,45 Further research is needed to assess the rele-
vance and relationship of Q-RPKT to the timing of return-
to-sport (RTS) and graft rupture rates. 

The statistically lower Q-LSI values observed after ACLR 
with the BPTB and QT, compared to the HT autograft, may 
be partially explained by the body’s protective response to 
donor site morbidity. Previously published biomechanical 
research has highlighted a 25% and 34% relative reduction 
in the absolute tensile strength of the patellar and quadri-
ceps tendons after autograft harvest, respectively.56 It also 
appears having a concomitant meniscal procedure at the 
time of ACLR does not impact Q-RPKT or Q-LSI levels, and 
although males presented with a greater Q-RPKT than fe-
males, sex did not significantly impact Q-LSI levels. Collec-
tively, these findings may suggest the low Q-LSI observed 
with the BPTB and QT, and Q-RPKT with the QT autograft 
at three months, is partially due to trauma to the extensor 
mechanism during graft harvest rather than any additional 
meniscal procedure at the time of ACLR. 
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Table 2. Mean Values of Strength & Symmetry over Stages of Rehabilitation, all data presented mean (SD) 

3 month 6 month 9 month 

n 
Non-Surgical Q-
RPKT (Nm/kg) 

Surgical Q-
RPKT (Nm/kg) 

Q-LSI 
(%) 

Non-Surgical Q-
RPKT (Nm/kg) 

Surgical Q-
RPKT (Nm/kg) 

Q-LSI 
(%) 

Non-Surgical Q-
RPKT (Nm/kg) 

Surgical Q-
RPKT (Nm/kg) 

Q-LSI 
(%) 

BPTB 87 2.75 (0.60) 1.64 (0.50) 
60% 

(0.13) 
2.88 (0.68) 2.12 (0.59) 

74% 
(0.13) 

2.93 (0.67) 2.46 (0.66) 
84% 

(0.14) 

HT 21 2.41 (0.42) 1.83 (0.42) 
76% 

(0.12) 
2.45 (0.46) 2.25 (0.54) 

92% 
(0.13) 

2.74 (0.54) 2.61 (0.59) 
96% 

(0.16) 

QT 17 2.63 (0.69) 1.39 (0.67) 
52% 

(0.17) 
2.79 (0.61) 1.87 (0.70) 

67% 
(0.20) 

2.85 (.044) 2.24 (0.78) 
77% 

(0.19) 

p value p=.059 p=.035† p<.001‡§ p=.025* p=.146 p<.001‡§ p=.443 p=.237 p<.001†§ 

Meniscus 45 2.77 (0.57) 1.72 (0.40) 
63% 

(0.13) 
2.85 (0.63) 2.16 (0.49) 

76% 
(0.14) 

2.94 (0.56) 2.49 (0.60) 
85% 

(0.15) 

No 
Meniscus 

80 2.62 (0.59) 1.59 (0.58) 
60% 

(0.60) 
2.76 (0.67) 2.09 (0.68) 

76% 
(0.17) 

2.86 (0.64) 2.44 (0.73) 
85% 

(0.17) 

p value p=.170 p=.185 p=.285 p=.463 p=.545 p=.999 p=.485 p=.697 p=.999 

Male 51 2.94 (0.61) 1.88 (0.58) 
64% 

(0.15) 
3.15 (0.70) 2.42 (0.69) 

77% 
(0.16) 

3.18 (0.61) 2.78 (0.74) 
87% 

(0.16) 

Female 74 2.49 (0.50) 1.47 (0.41) 
60% 

(0.14) 
2.55 (0.50) 1.9 (0.45) 

75% 
(0.16) 

2.68 (0.52) 2.23 (0.54) 
84% 

(0.16) 

p value p<.001 p<.001 p=.130 p<.001 p<.001 p=.494 p<.001 p<.001 p=.305 

* Statistically significant difference between BPTB & HT (p< 0.05), † Statistically significant difference between HT & QT (p< 0.05), ‡ Statistically significant difference between HT & QT (p< 0.001), §Statistically significant difference between BPTB & HT (p< 0.0001), Q-RPKT = quadri-
ceps average peak torque normalized to body mass, Q-LSI = quadriceps limb symmetry index, BPTB = bone-patellar tendon-bone, HT = hamstring tendon, QT = quadriceps tendon 
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Figure 1a-f. Quadriceps Relative Peak Torque and Limb Symmetry Index Frequency Distribution by Graft Type: 
3, 6 and 9 month postoperative. (a-c RPKT; d-f LSI) 

When discussing RTS after ACLR, recent authors have 
shown that only 65% of athletes return to their pre-injury 
level of sports participation.57 An improved understanding 
of the contextual factors associated with RTS has shown a 
greater subjective report of knee function is positively cor-
related with an improving likelihood of an athlete return-
ing to their pre-injury level of sport.58 Prior research has 
highlighted a positive relationship between greater Q-LSI 
and patient reported knee function, but fewer studies have 
investigated the relationship between Q-RPKT and subjec-
tive knee function. Kuenze et al44 reported an isometric rel-
ative strength cut-off value of ≥ 3.00 Nm/kg may be a more 
sensitive predictor of good patient-reported knee function 
in recreational athletes than Q-LSI. This however, was col-
lected in recreational individuals beyond traditional time 
points of returning to sport. The majority of this current 
study’s population participated in Level I/II sports with 52% 
of HT, 22% of BPTB and 35% of QT achieving the previously 
mentioned Q-RPKT ≥ 3.00Nm/kg by the nine month post-

surgery time point (Figure 1. a-c). These findings suggest 
that at nine months after ACLR, a relatively low proportion 
of this cohort achieved the level of Q-RPKT that may be as-
sumed to present with a high self-report of knee function. 

Smith et al33 have previously highlighted a discrepancy 
between subjective reporting of knee function and objective 
functional status within a cohort of athletes after ACLR. 
Athletes who had an ACLR with the BPTB were slower to 
achieve rehabilitation milestones and functional criteria 
than those with the HT or allograft, but no statistical, be-
tween-graft differences were observed in the subjective re-
porting of knee function. However, it is important to note 
that Smith et al33 used Q-LSI, rather than Q-RPKT, to quan-
tify quadriceps function, and therefore, inferences from 
their study on the relationship between Q-RPKT and sub-
jective knee function within this cohort is not directly com-
parable. 

Q-LSI is commonly used as an objective outcome within 
the RTS decision-making process. Considering this, HT au-
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tografts consistently had more individuals testing ≥ 90% 
Q-LSI at all three testing points, with less variability in 
strength testing scores than the BPTB and QT autografts. 
This finding, alone, may be useful to clinicians when imple-
menting criteria-based rehabilitation for an athlete. For in-
stance, a medical team may elect to more closely monitor 
the progression of quadriceps strength throughout the 
postoperative rehabilitation period for athletes undergoing 
ACLR with the BPTB or QT compared to the HT, as well as 
implement a longer and more specific quadriceps strength-
ening program. Lastly, the procedure-specific Q-LSI and Q-
RPKT values within this study may be used as normative 
data for clinicians to cross-reference when implementing 
criteria-based rehabilitation after ACLR for those returning 
to Level I and II sports, as well as recreational athletes re-
turning to activity. 

Strengths of this study include the standardization of 
data collection; testing of participants at multiple testing 
periods; and the direct comparison of quadriceps strength 
between the HT, BPTB, and QT autografts for ACLR. How-
ever, this study has several limitations worth mentioning. 
(1) This study was a retrospective analysis of prospectively 
collected data, and therefore, subject to the innate limita-
tions of a retrospective study design. (2) Wide age-range 
within this cohort may make it difficult to extrapolate the 
normative data to more specific populations, such as young 
athletes returning to sport. (3) Participants were recruited 
from a single metropolitan city, making the possibility of 
a regional bias reflected within the study’s outcomes. (4) 
ACLR procedures were completed by 36 different surgeons; 
specific postoperative rehabilitation protocols, number of 
therapy visits, quality of rehabilitation, variance in surgical 
techniques and supplemental training was not standardized 
or described. (5) Weight bearing status was not taken into 
account for the meniscus repair group. (6) Lastly, a rela-
tively low number of ACLR procedures with the QT and HT, 
compared to the BPTB, were completed within this cohort. 

CONCLUSION 

The results of this study outline isometric quadriceps 
strength progression specific to graft type, sex and meniscal 
involvement. Q-LSI was significantly greater in HT com-
pared to BPTB and QT graft types at all three time points. 
Q-RPKT for QT was significantly lower than HT at 
3-months, postoperatively. At all time points, males pre-
sented with significantly greater Q-RPKT than females, but 
sex did not significantly impact Q-LSI. Lastly, receiving a 
concomitant meniscal procedure at the time of ACLR did 
not statistically impact Q-RPKT or Q-LSI. The strength data 
found within this paper can be used to better understand 
the recovery of quadriceps strength after ACLR, as well as 
be used to optimize the rehabilitation plan of care based on 
surgical procedure. Future analysis on this population from 
subsequent testing sessions at later time points and evalua-
tion of self-reported function will further provide additional 
insight into isometric quadriceps strength progression fol-
lowing ACLR. 
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Background 
Elite female athletes who successfully return to sport after anterior cruciate ligament 
reconstruction (ACLR) represent a high-risk group for secondary injury. Little is known 
about how the functional profile of these athletes compares to their teammates who have 
not sustained ACL injuries. 

Purpose 
To compare elite collegiate female athletes who were able to successfully return to sport 
for at least one season following ACLR to their teammates with no history of ACLR with 
regard to self-reported knee function, kinetics, and kinematics during a double limb 
jump-landing task. 

Study Design 
Cross-Sectional Study 

Level of Evidence 
Level 3 

Methods 
Eighty-two female collegiate athletes (17 ACLR, 65 control) completed the knee-specific 
SANE (single assessment numeric evaluation) and three trials of a jump-landing task 
prior to their competitive season. vGRF data on each limb and the LESS (Landing Error 
Scoring System) score were collected from the jump-landing task. Knee-SANE, vGRF data, 
and LESS scores were compared between groups. All athletes were monitored for the 
duration of their competitive season for ACL injuries. 

Results 
Athletes after ACLR reported worse knee-specific function. Based on vGRF data, they 
unloaded their involved limb during the impact phase of the landing, and they were more 
asymmetrical between limbs during the propulsion phase as compared to the control 
group. The ACLR group, however, had lower LESS scores, indicative of better movement 
quality. No athletes in either group sustained ACL injuries during the following season. 
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Conclusion 
Despite reporting worse knee function and demonstrating worse kinetics, the ACLR group 
demonstrated better movement quality relative to their uninjured teammates. This 
functional profile may correspond to short-term successful outcomes following ACLR, 
given that no athletes sustained ACL injuries in the competition season following 
assessment. 

INTRODUCTION 

Female athletes have a higher incidence of anterior cruciate 
ligament (ACL) injury in both high school and collegiate 
levels of sports participation.1 This injury incidence is in-
creasing at a faster rate when compared to males.2 ACL re-
construction (ACLR) is often the treatment of choice fol-
lowing ACL injury, and short-term goals following ACLR 
include return to sport and improved self-reported func-
tion.3 Females have significantly worse outcomes for both 
of these short-term goals: they are less likely to return to 
competitive sport,4 and they report significantly worse 
knee-related function5 compared to males. Thus, it is im-
portant to understand possible factors that may influence 
the inferior outcomes observed in female athletes following 
ACLR. 

A safe return to sport following ACLR is defined as the 
ability to return to sport without sustaining a secondary 
ACL injury, whether to the ACL graft or the contralateral 
ACL. Secondary ACLR results in a significantly lower rate of 
return to sport and inferior functional outcomes compared 
to primary ACLR,6–10 which has implications for short- and 
long-term knee-related quality of life. Approximately 
20-25% of young athletes who return to sport after ACLR 
have a second ACL injury,11,12 and females after ACLR are 
approximately five times more likely to sustain an ACL in-
jury compared to females without a history of ACL injury.13 

Furthermore, female gender, young age, and return to high 
activity level all increase the odds of sustaining a second 
ACL injury.14 Due to the elevated injury incidence, inferior 
functional outcomes, and high rate of secondary ACL injury, 
female athletes after ACL injury represent a significant pub-
lic health challenge. Efforts should be focused on under-
standing possible modifiable factors associated with the el-
evated risk of secondary injury and inferior functional 
outcomes observed in young female athletes who return to 
a high level of sport, such a Division I collegiate athletics, 
after ACLR. 

Double limb jump-landing tasks have been utilized pre-
viously both as a screening tool for ACL injury risk15 as 
well as a portion of a return to sport test battery following 
ACLR.16 During the landing phase of the task, which is often 
defined as the period from initial contact to maximum flex-
ion, there are altered lower extremity biomechanics after 
ACLR in both limbs.17 Additionally, between limb asym-
metries are more often observed following ACLR in kinetic 
as opposed to kinematic variables during this task, includ-
ing a decrease in the peak vertical ground reaction force 
(vGRF) of the involved limb.18,19 The Landing Error Scoring 
System (LESS) is a valid and reliable composite measure 
of kinematics during this jump-landing-rebound task20,21 

that can be combined with the Kinect camera for automated 
scoring.22 The LESS identifies high-risk movement patterns 

(“errors”) at both initial contact and maximum flexion, and 
generates a cumulative score of errors, whereby a higher 
score (number of errors) is indicative of poorer movement 
quality. Prior research has shown that individuals previ-
ously cleared to return to recreational sports after ACLR 
have worse composite scores compared to matched control 
subjects.23,24 However, these recreational athletes may not 
have the same kinematic profile of female athletes partici-
pating at a higher level of competition after ACLR. 

Given that ACL injuries occur within the first 50 millisec-
onds after ground contact,25,26 the analysis of the landing 
phase temporally aligns with the occurrence of these in-
juries. Additional insight may be gained from examining 
the propulsion phase, which occurs as the athlete generates 
higher vGRF to propel their body into the air following max-
imum flexion. Analyzing the propulsion phase of this verti-
cal jump may be of interest given that the knee performs a 
higher percentage of the work relative to the other lower ex-
tremity joints when compared to a horizontal jump,27 mak-
ing this task functionally relevant to athletes who may have 
deficits in knee function after ACLR. 

In summary, prior research has demonstrated that fol-
lowing ACLR, individuals report lower function and demon-
strate both kinetic asymmetry and poorer movement qual-
ity during landing tasks. However, prior research has not 
specifically investigated elite female athletes who have re-
turned to sport. Given the high risk of future ACL injury 
within this cohort, a better understanding of those athletes 
who safely return to elite sport without subsequent injury, 
particularly in the context of their teammates, may provide 
insights into return to sport testing criteria and secondary 
injury prevention efforts. 

Therefore, the purpose of this study was to compare elite 
collegiate female athletes who were able to successfully re-
turn to sport for at least one season following ACLR to their 
teammates with no history of ACLR with regard to self-
reported knee function, kinetics and kinematics during a 
double limb jump-landing task. It was hypothesized that in 
comparison to their teammates, athletes post-ACLR would 
report worse knee-related function, demonstrate decreased 
peak vGRF on their involved limb during landing and 
propulsion, and have a higher composite LESS score, indica-
tive of poorer movement quality. 

METHODS 
PARTICIPANTS 

All members (n=86) of the women’s field hockey, lacrosse, 
and soccer varsity teams at one Division I university were 
eligible for enrollment and were recruited to participate 
prior to their competitive athletic season during an aca-
demic year. These sports were selected as they represent 
the women’s field sports at this university. Additionally, all 
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Figure 1. 
Flow diagram of athletes through study. ACLR, anterior cruciate ligament reconstruction. DVJ, drop vertical jump. SANE, single assessment numeric evaluation. 

three teams have won at least one national championship 
in the decade prior to study enrollment, suggesting these 
teams represent elite collegiate athletes. Athletes were 
classified according to self-reported injury history: ACLR 
(at least one prior ACLR reported, n=19), and control (no 
prior ACLR reported, n=67). Any athlete who had a current 
lower extremity injury that limited their ability to perform a 
jump-landing task was excused from the movement assess-
ment described below. Following assessment, all athletes 
were monitored by the sports medicine staff for ACL injury 
for one competitive season. A successful return to sport for 
at least one season was operationally defined as participa-
tion in the index sport without a secondary ACL injury dur-
ing a six-month monitoring period, which coincided with 
the competitive season, following baseline data collection. 
A flow diagram of participants is depicted in Figure 1. The 
university’s Institutional Review Board approved the study, 
and written informed consent was obtained from all partic-
ipants. 

PROCEDURES 

Demographic and anthropometric information were col-
lected, including age, height, and weight. Participants were 
given a detailed knee injury history questionnaire. They 
were asked to report if and when they sustained any ACL 
injuries, including the limb that was involved and any con-
comitant injuries. They were asked to report the year they 
underwent ACLR. They also reported a knee-specific single 
assessment numeric evaluation (SANE), rated based on the 
statement: “On a scale of 0-100, how would you rate your 
involved knee today, with 100 being normal?” The knee-
specific SANE is positively correlated with the International 
Knee Documentation Committee (IKDC) subjective knee 

survey in individuals following ACLR28 and was selected in 
this study due to its time-efficiency. 

All participants completed three trials of a double-limb 
jump-landing movement assessment as previously de-
scribed.20,22 For the assessment, participants jumped from 
a 30 cm tall box to side-by-side force plates in front of the 
box, the center of which was 90 cm from the front edge of 
the box. They were instructed to complete a maximal verti-
cal jump immediately after landing. A trial was deemed suc-
cessful if the participant (1) jumped off the box with both 
feet leaving the box at the same time; (2) jumped forward, 
not vertically, to reach the force plates; (3) landed with one 
foot on each force plate; (4) jumped vertically, and not for-
ward, during the maximal jump; and (5) completed the tri-
als in a fluid motion. 

Jump-landing trials were recorded by the Kinect camera 
located 335 cm in front of the front edge of the box (Kinect 
sensor, version 2, Microsoft Corp, Redmond, WA). The 
depth-sensing camera was controlled by a standard laptop 
computer. Concurrently, ground reaction forces were col-
lected at a sampling rate of 1000 Hz from two embedded 
force plates (FP406020, Bertec Corp), collected through 
Nexus software (Vicon, Nexus, Oxford, UK). 

DATA REDUCTION 

In the ACLR group, 17 participants reported one or more 
prior ACL injuries on one limb only, and the involved limb 
was defined as the previously injured limb. Two participants 
in the ACLR group reported ACL injuries on both limbs, and 
these participants were excluded from analysis given that 
both limbs were involved. In the control group, the involved 
limb was randomly assigned as right or left for compari-
son to the ACLR group as healthy females do not have dif-
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Table 1. Participant demographics by group. Values are presented as mean ± SD. 

ACLR (n = 17) Control (n = 65) p value 

Time from ACLR (years) 2.35 ± 1.28 

Age (years) 20.38 ± 1.09 19.63 ± 1.28 0.034* 

Height (m) 1.69 ± 0.06 1.66 ± 0.06 0.049* 

Mass (kg) 65.47 ± 6.39 63.72 ± 7.97 0.41 

ACLR, anterior cruciate ligament reconstruction. 
* indicates statistically significant difference at p < 0.05 

ferences in peak vGRF between limbs based on limb domi-
nance.29 

Athletic Movement Assessment software (PhysiMax 
Technologies Ltd, Tel Aviv, Israel) was used to evaluate the 
Kinect camera data to score the LESS. This method of au-
tomated scoring has been validated against expert raters.22 

The LESS was scored based on the scoring criteria described 
by Mauntel,22 evaluating the frames of initial contact and 
maximum knee flexion for common kinematic “errors,” 
such as asymmetry. Scores were averaged across the three 
trials for each participant. Higher scores indicated more er-
rors, with a minimum score of 0 errors and a maximum 
score of 24 errors. 

A custom MATLAB (MATLAB version R2019a, The Math-
Works Inc, Natick, MA) script was used to extract kinetic 
variables of interest from the ground reaction force data 
during the ground contact separately for each limb on each 
trial. Ground contact was defined as the period during 
which the vertical component of the ground reaction force 
(vGRF) exceeded 20 Newtons (N).30,31 Two phases of 
ground contact were defined: impact phase and propulsion 
phase. The impact phase was the first 200 milliseconds (ms) 
of ground contact for each limb. The time frame of the im-
pact phase was selected as it captured all peak vGRF values. 
The impact phase likely represents a subset of the landing 
phase, as there was not kinematic data available to indicate 
when maximum flexion occurred. The propulsion phase was 
the second half of ground contact. The peak vGRF values 
during the impact and propulsion phases were extracted for 
each limb during each trial. vGRF data were normalized to 
body weight (BW) in N for each subject and reported in mul-
tiples of BW. The limb symmetry index (LSI) for each vari-
able was calculated as: (involved limb / uninvolved limb) x 
100. Values were averaged across three trials for each par-
ticipant for each limb (involved and uninvolved). 

STATISTICAL ANALYSIS 

An alpha level was set a priori at α ≤ 0.05. Independent sam-
ples t-tests were used to assess differences in knee SANE 
and LESS composite scores between groups (ACLR vs. con-
trol). In addition, Cohen d effect sizes and associated 95% 
confidence interval were calculated.32 Effect size estimates 
were classified as small (0.2), moderate (0.5), and large 
(0.8).32 Separate two-way mixed model analyses of variance 
(ANOVA) with group (ACLR vs. control) as the between-
subjects factor and limb (involved vs. uninvolved) as the 

within-subjects factor were conducted to determine differ-
ences in kinetic variables (peak vGRF during the impact 
and propulsion phases). If findings were significant, four 
planned pairwise comparisons (between group and limb) 
were conducted with a Bonferroni-corrected α level of 
0.0125. If parametric assumptions were not met, the 
Wilcoxon signed-rank test was used for within group com-
parisons and Mann-Whitney U test was used for between 
group comparisons. All statistical analyses were performed 
in jamovi (version 1.6.1.0, The jamovi project). 

RESULTS 
DESCRIPTIVE DATA 

The final analyses included 17 athletes in the ACLR group 
and 65 athletes in the control group. Participant descriptive 
data are presented in Table 1. All participants in the ACLR 
group were at least one-year post-ACLR. The mean time 
from ACLR to testing was 2.4 ± 1.3 years. Participants in 
the ACLR group were significantly older and taller than the 
control group. There were no significant differences in body 
mass between groups (p>0.05). 

SANE AND LESS 

The knee SANE score was significantly lower in the ACLR 
group compared to the control group (p=0.002), suggestive 
of worse self-reported function in the ACLR group, as dis-
played in Figure 2a. The LESS score was significantly lower 
in the ACLR group compared to the control group (p=0.026), 
indicating the ACLR group demonstrated better movement 
quality compared to the control group, as displayed in Fig-
ure 2b. Knee SANE and LESS summary statistics are dis-
played in Table 2. 

VGRF-IMPACT PHASE 

Individual participant means and distribution by group for 
the impact phase and propulsion phase are displayed in 
raincloud plots33 in Figure 3. During the impact phase, 
there was a significant interaction effect (F(1,80)=6.37, 
p=0.013) and a significant main effect for limb (p=0.048), 
but no significant main effect for injury history (p=0.51). 
Based on planned pairwise comparisons, the ACLR involved 
limb (1.92 ± 0.49 BW) differed from the control involved 
limb (2.34 ± 0.57 BW), p=0.003, indicative of underloading 
in the ACLR group compared to the control group. No other 
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Table 2. Knee SANE and LESS scores by group. Values are presented as mean ± SD. 

ACLR (n = 17) Control (n = 65) p value Effect size [95% CI] 

Knee SANE 89.41 ± 7.63 96.55 ± 8.09 0.002* 0.89 [0.33, 1.45] 

LESS score 4.06 ± 1.52 5.32 ± 2.16 0.026* 0.62 [0.07, 1.16] 

ACLR, anterior cruciate ligament reconstruction. LESS, Landing Error Scoring System. SANE, single assessment numeric evaluation. 
* indicates statistically significant difference at p < 0.05. 

Table 3. vGRF by group and limb during the impact and propulsion phases. Values are presented in multiples of 
body weight. 

Impact Phase 
Mean ± SD 

Propulsion Phase 
Median [IQR] 

ACLR Control ACLR Control 

Involved Limb 1.92 ± 0.49 2.34 ± 0.57 1.07 [1.05, 1.14] 1.19 [1.09, 1.32] 

Uninvolved Limb 2.24 ± 0.53 2.30 ± 0.47 1.11 [1.09, 1.29] 1.18 [1.10, 1.37] 

LSI (%) 89.2 ± 26.4 105 ± 21.8 95.3 [90.9, 99.4] 100 [94.7, 104] 

The impact phase is represented as the mean ± SD. The propulsion phase is represented as the median [IQR] due to the non-normality of the distribution. ACLR, anterior cruciate liga-
ment reconstruction. IQR, interquartile range. LSI, limb symmetry index. vGRF, vertical ground reaction force. 

Figure 2. 
Distribution of (a) Knee SANE scores and (b) LESS composite scores within each group. Data are represented as proportions within each group due to unequal group sizes. 
ACLR, anterior cruciate ligament reconstruction. SANE, single assessment numeric evaluation. LESS, Landing Error Scoring System. 

significant differences were observed (p>0.05). Group 
means and standard deviations are reported in Table 3. 

VGRF-PROPULSION PHASE 

Levene’s test was significant for the involved limb 
(p=0.015), suggesting a violation of the assumption of equal 
variance. Four non-parametric pairwise comparisons were 
conducted, utilizing Wilcoxon signed-rank test for within 
group comparisons (Limb: involved, uninvolved) and Mann-

Whitney U test for between group comparisons (Group: 
ACLR, control). All p-values were adjusted using Bonferroni 
correction based on four planned comparisons. The ACLR 
involved limb differed from the ACLR uninvolved limb 
(p=0.012), indicative of asymmetrical loading in the ACLR 
group. No other significant differences were observed 
(p>0.05). Group medians and interquartile ranges (IQRs) are 
reported in Table 3. 
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Figure 3. 
Peak vGRF during (a) impact phase and (b) propulsion phase in multiples of body weight by group and limb. From left to right, jittered dots represent individual subject means 
across all trials, the diamonds represent group means and 95% confidence intervals, and the violin represents the distribution within the group.33 ACLR, anterior cruciate liga-
ment reconstruction. vGRF, vertical ground reaction force. BW, body weight. 

DISCUSSION 

The purpose of this study was to describe the functional 
profile of elite collegiate female athletes who were able to 
successfully return to play for at least one season following 
ACLR compared to their teammates with no history of ACLR 
with regard to self-reported knee function, kinetics, and 
kinematics. Findings suggest that relative to their team-
mates, elite female athletes averaging 2.4 years after ACLR 
report worse knee-related function and demonstrate kinetic 
differences during a jump landing task, including under-
loading of their involved limb during the impact phase and 
asymmetrical loading during the propulsion phase. Despite 
these findings, athletes after ACLR also have lower risk 
kinematic movement patterns during the same landing 
task. Additionally, no athletes sustained an ACL injury dur-
ing the competition season following assessment, suggest-
ing that the functional profile observed was safe for short-
term return to participation. 

SELF-REPORTED KNEE FUNCTION 

To assess self-reported knee function, this study used the 
knee-specific SANE, as it is recommended for use due to 
simplicity of application and direct patient relevance.3 The 
knee-specific SANE has moderate to strong correlations 
with the IKDC in populations including young, active fe-
males with knee and ACL injuries,28,34,35 and thus provides 
a reasonable, time-efficient alternative. In support of this 
study’s hypothesis, there was decreased self-reported knee 
function in elite collegiate female athletes after ACLR com-
pared to their teammates. Prior research has shown self-re-
ported knee function is worse in females compared to males 
following ACLR,5 and that higher self-reported knee func-
tion is associated with passing return to sport batteries.4 

The findings of this study are also consistent with prior 
research in young females one to two years post-ACLR, who 
continued to report significantly worse function than their 
uninjured peers in spite of similar levels of moderate and 
vigorous physical activity.36 The athletes in this study av-

eraged 2.4 years post-ACLR, suggesting that this impair-
ment in self-reported function persists several years even 
amongst those who return to the same level of sports par-
ticipation. 

A score of 90% on the knee-specific SANE is the thresh-
old to identify successful outcomes following ACLR.3 The 
mean score in the ACLR group was an 89.4, with eight of the 
17 athletes (47%) rating themselves lower than 90%, and 
three athletes (18%) rating themselves at 90%. Despite ap-
proximately half of the athletes after ACLR in this cohort 
rating themselves below the 90% threshold for successful 
outcomes, these athletes were still able to participate at an 
elite level of sport without sustaining a secondary ACL in-
jury the season following assessment. 

KINETICS 

In support of this study’s hypothesis, those with ACLR had 
lower vGRF in the involved limb during the impact phase of 
landing compared to controls, suggestive of underloading 
of the involved limb. The athletes in this study were at least 
1 year post-ACLR and averaged 2.4 years post-ACLR. Inter-
estingly, the findings of this study are consistent with ath-
letes who are within 12 months post-ACLR,19 but contradict 
previous findings on individuals greater than 12 months 
post-ACLR.37,38 Paterno et. al. examined a cohort of recre-
ationally active females two years following ACLR compared 
to a control group of female collegiate athletes. They found 
an increased vGRF during impact phase in the uninvolved 
limb of the ACLR group, while the involved limb was not 
different than the control limbs.37 Decker utilized a higher 
(60 cm box) landing task in recreational athletes at least 12 
months from ACLR and found no differences in peak vGRF 
during impact phase between the involved limb of the ACLR 
group and a matched control limb, though this peak had 
a temporal delay in the ACLR group.38 The differences ob-
served in this study relative to previous research may be due 
to the level of athletic participation: this study examined 
elite, collegiate athletes, in contrast to the recreational ath-
letes utilized by both Paterno and Decker. Additionally, this 
control group was matched to the ACLR group given that it 
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utilized the teammates of the ACLR group. These findings 
suggest that alterations in landing kinetics, suggestive of 
both underloading relative to teammates and asymmetrical 
loading between limbs, are still present in elite female ath-
letes who successfully return to sport without subsequent 
injury. 

KINEMATICS/LESS 

In contrast to this study’s hypothesis, those with ACLR had 
lower LESS scores, indicative of fewer movement errors, 
compared to their teammates. Previous research has shown 
that LESS composite scores are worse in both healthy fe-
males20 as well as females after ACLR39 when compared to 
male counterparts, suggestive of poorer movement quality 
across females overall. The assessment of landing kinemat-
ics following ACLR often takes place during the return to 
sport window,18,19 with only a few studies limited to recre-
ationally active cohorts assessing later time points. These 
studies have shown worse LESS composite scores compared 
to matched control subjects.23,24 Bell found a mean LESS 
scores of 6.7 in an ACLR cohort compared to 5.6 in a healthy 
cohort.23 Accordingly, Kuenze found a mean LESS score of 
6.0 in an ACLR cohort compared to 2.8 in a healthy cohort.24 

The mean LESS score of 4.1 in this ACLR cohort was obser-
vationally lower than the means in previous research, and 
statistically lower than the mean of 5.3 observed in control 
subjects. Hence, this ACLR cohort of elite female athletes 
had better movement quality than what has been previously 
reported in recreational athletes following ACLR. This dif-
ference may be due, in part, to the level of athlete observed. 

With regard to ACL injury risk, prior research has de-
termined soccer athletes with LESS scores of five or higher 
are at heightened risk of sustaining primary ACL injuries.15 

This study’s ACLR group had a mean LESS score of 4.1, with 
59% of the group scoring a four or lower, suggestive of good 
movement quality and lower risk of ACL injury. Accordingly, 
no athletes in this cohort sustained a subsequent ACL injury 
the following season. 

COMBINED FINDINGS 

In combination, findings suggest that elite female athletes 
after ACLR have fewer kinematic errors than their team-
mates, despite lower self-reported function and kinetic un-
derloading and asymmetry. All athletes were able to partic-
ipate in sport the following season without subsequent ACL 
injury, suggesting that they were able to attain a safe short-
term return to sport, despite the deficits observed. This is 
particularly important given that a high proportion of sec-
ondary ACL injuries occur within the first year following re-
turn to sport.40,41 

One interpretation of these findings is that elite athletes 
are able to learn good movement patterns following ACLR 
during the extensive rehabilitation process. The differences 
observed between this elite athlete cohort and recreational 
athletes23,24 may be due, in part, to differences in level of 
athletic participation and skill. Elite athletes attain good 
movement quality despite worse self-reported function and 
kinetic loading patterns. Given that no athletes in this co-
hort sustained a second ACL injury the following season, 

this suggests good movement quality, indicated by a lower 
LESS score, may be a short-term mediator of the high-risk 
kinetic loading patterns observed in this cohort. The diver-
gent kinetic and kinematic findings are supported by a re-
cent meta-analysis that found asymmetry was more often 
identified in kinetics compared to kinematics during double 
limb landing tasks post-ACLR.19 This highlights the poten-
tial utility of including both measures as a part of an ath-
lete’s functional assessment. 

POTENTIAL STUDY LIMITATIONS 

One limitation of this study is the lack of comparable data 
on these athletes at the time of return to sport. Both bio-
mechanical42 and psychological43 variables at the time of 
return to sport are predictive of second ACL injury after re-
turn to sport in young athletes, and thus an athlete’s profile 
at this time provides insight to their future injury risk. It is 
unknown if the profile observed in these athletes upon suc-
cessful reintegration to elite sport was similar to their pro-
file at the time of return to sport. Further longitudinal re-
search is recommended to examine if and how an athlete’s 
profile changes during this time period and if changes ob-
served relate to secondary injury risk. Despite lacking serial 
assessments, there were no primary or secondary ACL in-
juries observed during the competition season following as-
sessment. 

The monitoring period of the study specifically tracked 
ACL injuries, as this was the primary variable of interest. 
Athletes may have sustained other time-loss injuries, but 
these were not accounted for in the present study. Addi-
tional research could incorporate monitoring all lower ex-
tremity time-loss injuries. Additionally, exposure was not 
tracked during this period. While all athletes participated 
in sport without restriction, it is unknown how many total 
minutes of participation each athlete had during compe-
tition. If athletes in the ACLR group had limited playing 
time during competition, this may have significantly low-
ered their risk for a second ACL injury, especially given that 
these injuries may be more common in competition com-
pared to practice.44 Additionally, longer-term implications 
beyond one competition season cannot be inferred. Further 
research is warranted to better understand how the attain-
ment of good kinematics despite altered kinetic loading in-
fluences longer term risk of secondary ACL injury and addi-
tional long-term sequalae following ACLR. 

Random assignment of the “involved” limb in the control 
group was utilized in order to assess both limbs for com-
parison, meaning that there was no account for a potential 
influence of limb dominance on magnitude of peak vGRF 
between limbs. Peak vGRF does not differ in landings in 
healthy female athletes between the dominant and non-
dominant limb.29 However, recent work has shown that 
limb dominance influences intra-limb energy absorption 
both during a single limb landing task in healthy individ-
uals45 and during a double limb landing task post-ACLR,46 

though neither study reported the peak vGRF. Future re-
search should incorporate matching based on limb domi-
nance to control for its potential influence on kinetic sym-
metry. 

In an effort to create a time-efficient screening assess-
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ment of these athletes, there was no three-dimensional mo-
tion capture data to allow the calculation of knee-specific 
loading, calling into question how the values of peak vGRF 
in the present study may relate to the knee in particular. 
Prior research has shown that six months post-ACLR, vGRF 
asymmetry predicts knee sagittal plane kinetic asymmetries 
in both double and single limb landing tasks.47 Accordingly, 
a meta-analysis identified that ACLR has a large effect on 
asymmetry in peak vGRF and peak knee extension moment 
symmetry during double limb landing tasks.19 Given previ-
ous findings, it is reasonable to infer that the asymmetry of 
vGRF observed in the ACLR group in this study would likely 
correspond to an asymmetrical knee-specific load as well. 
While motion capture could further detail loading across 
the knee, in the absence of this measurement, there is still 
clinical utility in the assessment of peak vGRF. 

CONCLUSIONS 

This study examined elite collegiate female athletes, a pop-
ulation which is under-represented in current research de-
spite a high risk of injury. The results suggest that elite 
female athletes after ACLR continue to report decreased 
knee-related function and demonstrate kinetic differences 
suggestive of both asymmetrical loading and underloading 

relative to teammates during double limb landing tasks de-
spite successful return to sport without secondary ACL in-
jury. In contrast, these athletes demonstrate fewer kine-
matic errors relative to their teammates. These conflicting 
findings suggest that incorporation of both kinetic and 
kinematic measurements may be important to fully under-
stand an athlete’s functional profile. Given that these ath-
letes did not sustain a secondary ACL injury for the mon-
itoring period following assessment, the good movement 
quality observed may be protective against the functional 
deficits reported and kinetic differences observed. Further 
longitudinal research is warranted to understand how func-
tional profiles relate to longer-term outcomes following 
ACLR and return to elite sport in female athletes. 
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Background and Purpose 
Anterior cruciate ligament injuries are prevalent among the athletic population, imposing 
a heavy economic burden, and the risk of re-injury. Most current biomechanical screening 
tasks are performed in the sagittal plane, and there is a need for more screening tools that 
assess sports specific movements in the frontal plane. The purpose of this study was to 
determine the reliability of and examine differences between sexes in the performance of 
the Lateral Bound Test (LBT). 

Materials/Methods 
Each subject performed three trials of a LBT which included jumping laterally from one 
leg over a hurdle and landing on the opposite leg. Two cameras were placed six feet from 
the landing marker. Maximum dynamic knee valgus using the frontal plane projection 
angle and knee flexion angle at initial contact and maximal knee flexion were measured 
upon landing leg using 2D video analysis software. Additionally, video of 10 individuals’ 
trials were analyzed twice with one week between the analyses to obtain intra-rater 
reliability while 12 participants were retested one week later to determine test-retest 
reliability. 

Results 
Thirty healthy subjects, 16 males, 14 females participated. Intra-rater reliability was 
determined to be excellent for all variables (ICC>0.96). In contrast, the test-retest 
reliability had greater disparity. Test-retest reliability ranged from poor (ICC = 0.47) to 
excellent (ICC > 0.90). Significant differences existed between the sexes, including males 
being significantly taller, weighing more, and demonstrating greater bilateral dynamic 
knee valgus (p < 0.05). No significant differences existed between sexes for knee flexion 
angles. 

Conclusion 
The new LBT had excellent intra-rater reliability for assessing dynamic knee valgus and 
initial and maximum knee flexion angle when performing a functional movement in the 
frontal plane. Furthermore, males landed with more dynamic knee valgus than females 
which is contradictory to what has been observed with functional screening tools 
performed in the sagittal plane. 
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Level of Evidence 
3b (reliability study) 

INTRODUCTION 

There are 80,000-250,000 anterior cruciate ligament (ACL) 
injuries per year, 70% of which are non-contact injures.1 

Of all knee ligament injuries involving surgery in a five-
year epidemiological study, 80% involved the ACL and 65% 
of the ACL injuries requiring surgery were the result of a 
sport/recreational incident.2 ACL injuries also bear a heavy 
economic and social burden with the cost of an ACL injury 
estimated at $38,121 in a lifetime, and $7.6 billion dollars 
across the US annually.3 Likewise, conservative treatment 
can cost an individual $88,583 throughout their life and 
$17.7 billion in the US annually.3 Also, there is a high risk 
for development of osteoarthritis following an ACL injury, 
which leads to added expenses for treatment and interven-
tions.3 Along with direct expenses, ACL injury can have a 
major indirect cost to society including decreased produc-
tivity, disability, and lost wages3 and the average time off 
for an acute reconstruction is 56.9 days and 88.5 days for a 
delayed reconstruction.4 

There are various reports on the incidence of ACL in-
juries in males and females. When observing the general 
population, males constitute the majority of ACL injuries 
but this has been attributed to males being more likely to 
participate in athletic tasks known to injure the ACL such 
as cutting, jumping and contact sports as compared to fe-
males.2 When examining ACL injuries in the perspective of 
the athletic population, there is a strong agreement that fe-
males are at higher risk4 with numerous studies reporting 
that females have approximately three to nine times greater 
risk of injury than males.5 Hootman et al.6 evaluated sports 
injuries occurring in 15 NCAA sports over a 16 year period 
and found 5,000 of 182,000 were ACL injuries, or 2.7%. Ac-
cording to their study, the three sports with the highest 
incidence for ACL injury were women’s’ sports, including 
gymnastics, soccer, and basketball.6 

There are several anatomical and biomechanical risk fac-
tors associated with ACL injuries. Anatomically, a decrease 
in femoral notch width, a decrease in concavity depth of the 
medial tibial plateau, an increase in posterior-inferior-di-
rected slope of tibial plateau, and generalized joint laxity 
have been noted in persons who have sustained an ACL in-
jury.7 Biomechanically, decreased knee flexion, increased 
knee valgus, tibial rotation, hip adduction, and hip internal 
rotation during landing and/or cutting maneuvers are fre-
quently observed during ACL injury episodes.7 Collectively, 
these movements are termed “dynamic knee valgus.”7 This 
dynamic knee valgus, along with the anatomical risk fac-
tors, is more frequently demonstrated in women and may 
help explain why there is a much higher rate of ACL injuries 
in women as compared to men.7 Compared to female soccer 
players, female basketball players typically have more body 
mass, are taller, and demonstrate larger ground reaction 
forces with jumping and landing activities –all of which are 
factors that increase the risk of an ACL injury.8,9 

With an initial ACL injury comes an increased risk for re-
injury of the ligament. It is reported that up to 33% of in-

dividuals who previously suffered an ACL injury sustained 
a second ACL injury within two years following ACL recon-
struction.10 Although a second ACL tear is less common 
than an initial rupture, young athletes who return to sport 
following an initial ACL injury are at approximately 30 to 
40 times greater risk of sustaining an ACL injury during 
sport compared to those who have not had a previous ACL 
injury.11 Second ACL tears can occur due to graft failure 
and contralateral ACL rupture, and the risk factors for these 
tears include young age, sex, and return to sport.10–12 Inad-
equate rehabilitation and participation in high-risk sports 
such as soccer, basketball, football, or skiing are some fac-
tors that may lead to graft failure or contralateral ACL in-
jury.11 It is reported that 29.5% of athletes suffered a second 
ACL injury within two years of return to sport, with 20.5% 
tearing the intact contralateral ACL and 9.0% rupturing the 
ACL graft.10 

Increased dynamic knee valgus motion during the impact 
phase of jumping and cutting tasks are key predictors for 
ACL injuries.13 Dynamic knee valgus is a combined move-
ment of the lower extremity during an activity which in-
cludes hip adduction and internal rotation, knee abduction 
and tibia internal rotation14 or the medial displacement of 
the knee.15 Therefore, biomechanical pre-injury screenings 
can be performed to identify individuals who may be at 
risk for ACL injuries. Currently, one of the most common 
screening tools is assessing lower extremity mechanics dur-
ing the drop vertical jump (DVJ) assessment, which requires 
a high level of dynamic neuromuscular control.13 While the 
DVJ test demonstrates high reliability (ICC greater than 
0.93), this movement doesn’t accurately represent the more 
common mechanisms of injury for ACL tears—which in-
cludes cutting, landing and/or pivoting in the frontal 
plane.13 

Another common screening test is the single leg (SL) 
squat assessment. This activity objectively shows changes 
in lower extremity alignment in athletes as they progress 
toward return to jumping or cutting sports.16 The amount 
of dynamic knee valgus displayed during a SL squat is re-
flective of the individual’s associated hip strength and neu-
romuscular control. Although the SL squat test may identify 
hip weakness that predisposes an athlete to an ACL in-
jury,16 the SL squat does adequately mimic jumping or cut-
ting as seen in high-risk sports such as basketball and soc-
cer where the majority of ACL injures occur during landing 
and change of direction movements, respectively.8 For this 
reason, there needs to be a stronger emphasis on a frontal 
plane dynamic activity, rather than the DVJ and SL squat, to 
effectively screen athletes for potential ACL injury. 

During return to sport decision-making there are several 
different factors that need to be assessed—such as range 
of motion, strength, pain, self-reported questionnaires and 
functional performance.17 Currently, functional tests com-
monly used include the single leg hop, triple hop, crossover 
hop and 6-m hop for time.17 With all functional perfor-
mance tests, the examiner is observing quality of move-
ment, signs of patient apprehension, and most importantly 
limb symmetry. While these tests should be included in a 
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return to sport assessment, the evidence on their ability to 
accurately indicate if the athlete is able to return safely is 
lacking.17 Furthermore, the functional tests listed only as-
sess movement in the frontal plane. Therefore, there is a 
need for dynamic tests which assess neuromuscular control 
in the frontal plane which may assist in determining if an 
athlete is ready to return to sport with minimal risk of re-
injury. 

One functional test that does utilize frontal plane move-
ments is the medial and lateral triple hop test for distance. 
This test is used for both ACL prevention and return to sport 
assessment in athletes and mimics the original triple hop 
test, but hopping is performed in the frontal plane rather 
than the sagittal.8,18 The most limiting aspect of this test, 
however, is that a single-leg hop is rarely a movement per-
formed in sport. Basketball players specifically, are more in-
volved in movement such as lateral shuffling and cutting.8 

While these motions do require single-leg movement, they 
involve transition of single leg stance on one leg to single 
leg stance on the contralateral leg, unlike hopping.19 

ACL injuries are a growing issue, as they occur commonly 
in the athletic population and the consequences can be both 
costly and timely. A test is needed which incorporates dy-
namic movement in a frontal plane functionally similar to 
shuffling and cutting. Therefore, the purpose of this study 
was to determine the reliability of and examine differences 
between sexes in the performance of the Lateral Bound Test 
(LBT). It was hypothesized that the LBT will be reliable and 
females will demonstrate increased dynamic knee valgus 
and decreased knee flexion at both initial contact and max-
imal depth. 

METHODS 
PARTICIPANTS 

Thirty subjects, healthy, non-athletes were recruited. Par-
ticipants were excluded if they participated in any sport at 
the collegiate level or if they had sustained an injury in the 
prior three months that required medical attention and/or 
resulted in a decrease in activity for greater than three days. 
Informed verbal and written consent as well as participant 
demographics and injury history were taken prior to test-
ing. This study was approved by the University of South Al-
abama’s Institutional Review Board. 

PROCEDURE 

The participants performed a five-minute warm-up which 
included walking or jogging at their own preferred pace. 
Markers were then placed at the greater trochanter, lateral 
joint line of the knee, lateral malleolus, the anterior thigh 
midway between the anterior superior iliac spine (ASIS) 
and mid patella, anterior joint line of the knee and at the 
anterior ankle between the tibia and fibula. To normalize 
bounding distance, each participant’s leg length was mea-
sured using the distance between the ASIS and the medial 
malleolus. Then a target "X’ was place on the landing sur-
face which was a force plate, however, kinetics were not as-
sessed in this study. Static knee valgus posture was assessed 
by having the participant stand on a single leg before they 
performed the LBT. The participant was then instructed to 

jump from the starting position on one leg, over a 10-inch 
(25.4 cm) hurdle which was placed approximately 2 to 6 
inches (5.08 to 15.2 cm) from the starting leg and land on 
the target with the opposite leg. The target was placed lat-
erally of the starting leg to limit movement in the anterior 
and posterior directions and a hurdle was used to ensure the 
participant attained a significant amount of vertical move-
ment. Two practice trials and three testing trials were per-
formed for each leg with the landing leg being considered 
the tested leg. Rather than classifying limb as right or left, 
dominant/non-dominant extremity was used with the dom-
inant lower extremity determined by the extremity selected 
by the participant when asked “what leg they would select 
to kick a soccer ball as hard as they could.” 

The average of the three trials was used for data analysis. 
Two 60 Hz video cameras, one anterior and one lateral of 
the participant, were placed 6 ft (1.82 m) from the landing 
target at a height of 18 inches (45.7 cm) from the ground. 
The camera placed lateral to the participant camera was 
used to assess initial and maximum knee flexion angle dur-
ing the landing, while the camera placed anterior to the 
participant was used to assess knee valgus angle. Video 
software (Dartfish Motion Analysis Software) was used to 
determine initial (Figure 1a) and maximum knee flexion an-
gle (Figure 1b) and dynamic knee valgus via the Frontal 
Plane Projection Angle (FPPA) (Figure 2). For true dynamic 
knee valgus, the static FPPA was subtracted from the FPPA 
obtained during landing from the lateral bound. Only knee 
kinematics were used in this study to minimize time needed 
for data processing, therefore results could be obtained 
quickly in a clinical setting. Twelve of the participants were 
randomly selected and asked to return for a retest a week 
after of the initial trial. One trial for ten participants were 
randomly selected for intra-rater reliability with the pri-
mary investigator performing video analysis on two occa-
sions, seven days apart. 

STATISTICAL ANALYSIS 

To determine the intra-rater and test-retest reliability of 
the Lateral Bound Test, Intraclass Correlation Coefficients 
(ICC) were performed while independent t-tests were used 
to compare differences between sexes in dynamic knee val-
gus and knee flexion angles. A p-value of 0.05 was used for 
all statistical analyses. 

RESULTS 

Sixteen males and 14 females above the age of 18 partici-
pated in this study (males 23.6 ± 1.58, females 22.9 ± 1.22 
years of age). Descriptive statistics from both sessions and 
all participants were used to determine intra-rater and test-
retest reliability for each of the six variables as well as ICC 
values (Table 1). Intra-rater reliability was determined to be 
excellent for all variables with ICC values all greater than 
0.96. In contrast, the test-retest reliability had greater dis-
parity. Dominant knee flexion at initial contact exhibited 
poor reliability (ICC = 0.47), two measurements had fair re-
liability, maximum non-dominant knee valgus (ICC = 0.74 
and ICC = 0.71, respectively), maximum non-dominant 
knee flexion, (ICC = 0.88) was found to have good reliability 
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Table 1. Descriptive Statistics (Mean ± SD) and Intra-rater and Test-Retest Reliability 

Intra-Rater Test-Retest 

1st Rating 2nd Rating ICC3,1 S1 S2 ICC3,1 

Max D Valgus (°) -1.83 ± 5.02 -1.19 ± 4.42 0.96 -2.26 ± 4.18 -1.81 ± 5.23 0.92 

D Knee Flexion IC (°) 22.7 ± 4.42 23.1 ± 5.00 0.99 23.9 ± 4.79 23.3 ± 2.97 0.47 

Max D Knee Flexion (°) 34.5 ± 4.72 34.4 ± 4.66 0.96 36.0 ± 8.58 36.2 ± 6.46 0.90 

Max ND Valgus (°) -2.35 ± 4.90 -2.71 ± 4.46 0.97 -3.46 ± 5.64 -1.61 ± 3.01 0.74 

ND Knee Flexion IC (°) 20.8 ± 4.46 21.4 ± 4.44 0.96 23.6 ± 5.10 21.1 ± 4.72 0.71 

Max ND Knee Flexion (°) 30.0 ± 6.89 30.1 ± 6.96 0.98 33.1 ± 7.76 33.6 ± 9.34 0.88 

ICC: D: Dominant leg; ND: Non-Dominant leg; Intraclass correlation coefficient; IC: Initial contact; Max Valgus: Maximum valgus or minimum varus recorded during landing from 
initial flatfoot to stoppage of movement with negative being a valgus measurement and positive being a varus measurement; SD: Standard deviation; S1: Session one; S2: Session two. 

Table 2. Descriptive statistics (Mean ± Standard Deviation) and differences between sexes. 

Males (n = 16) Females (n = 14) p-value 

Age (years) 23.6 ± 1.58 22.9 ± 1.22 0.17 

Height (m) 1.80 ± 0.07 1.63 ± 0.07 < 0.01 

Weight (kg) 84.2 ± 15.8 60.2 ± 9.25 < 0.01 

D Max Valgus (°) -3.59 ± 4.18 0.34 ± 3.17 0.01 

D Knee Flexion IC (°) 22.1 ± 5.49 23.1 ± 4.21 0.56 

D Max Knee Flexion (°) 32.7 ± 9.81 31.6 ± 5.56 0.69 

ND Max Valgus (°) -3.06 ± 5.63 0.51 ± 4.18 0.05 

ND Knee Flexion IC (°) 23.2 ± 4.90 22.9 ± 4.52 0.87 

ND Knee Flexion (°) 31.7 ± 7.54 32.1 ± 7.38 0.87 

Bold values indicate significant at 0.05 D: Dominant leg; ND: Non-dominant leg; Max Valgus: Maximum valgus or minimum varus recorded during landing from initial flatfoot to 
stoppage of movement with negative being a valgus measurement and positive being a varus measurement; SD: Standard deviation; IC: Initial contact. 

and two tests, maximum dominant knee valgus (ICC = 0.92) 
and maximum dominant knee flexion (ICC = 0.90) were 
shown to have excellent reliability. 

Means and standard deviations as well as sex-related dif-
ferences are displayed in Table 2. Significant differences 
between sexes were noted for height, weight and bilateral 
maximum dynamic knee valgus. Males were significantly 
taller, weighed more, and exhibited greater dynamic knee 
valgus on both the dominant and non-dominant lower ex-
tremity upon landing from the lateral bound, while on av-
erage females landed with a slightly knee varus posture on 
both extremities. There were no significant differences with 
the degrees of knee flexion on initial contact or maximum 
knee flexion on either leg when comparing between sexes. 

DISCUSSION 

The purpose of this study was to determine the reliability 
and differences in performance between sexes of a new test, 
the LBT, which assesses the quality of landing mechanics 
in the frontal plane. The hypothesis was partially supported 
by the results as the lateral bound test was found to be re-
liable but sex differences in landing mechanics were not 
accurately predicted. The lateral bound test was found to 
have excellent intra-rater reliability, but test-retest reliabil-

ity ranged from poor to excellent. Males surprisingly dis-
played significantly greater landing knee valgus than fe-
males although the difference may not be clinically relevant 
since the findings were less than 4˚. 

Compared to other studies of similar tests, the LBT had 
better intra-rater reliability statistics in the current re-
search. McKeown et al. reported moderate intra-rater relia-
bility when screening with a similar test where female semi-
professional football players performed a maximum lateral 
bound and a qualitative scoring system was used to assess 
performance.20 These lower reliability measures could be 
due to the subjectivity of their study, as the scoring crite-
ria relied on categorical observations opposed to objective 
numerical data. Hip/knee/ankle alignment, depth, balance/
control, and power positioning in landing were assessed and 
scored from one to three - one being poor execution of the 
task and three being perfect execution of the task.20 

There are several other studies on examining the relia-
bility of functional screens with similar results. Herrington 
et al. reported good intra-rater reliability when performing 
2D assessment of dynamic knee valgus during a single leg 
squat screen and a single leg hop landing screen on active 
and healthy individuals.21 Redler et al. assessed ACL injury 
risk in young athletes via the drop vertical jump based on 
normalized knee separation distance, reporting it to have 
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moderate reliability.1 The LBT demonstrated excellent in-
tra-rater reliability most likely due to the highly objective 
nature of the study as well as the rater’s experience with the 
software. 

Several other studies examined the test-retest reliability 
of other functional screens and they had comparable results 
when assessing dynamic knee valgus angles.21,22 Herring-
ton et al. reported the single leg squat and single leg hop 
screening tests to have good reliability (ICC= 0.79-0.87) be-
tween sessions as well.21 Werner et al. demonstrated good 
to excellent test-retest reliability when assessing frontal 
plane projection angles during the single leg squat 
(ICC=0.84), single leg hop (ICC=0.82), and drop jump 
(ICC=0.96) using 2D video analysis.22 It is possible that 
some of these tests demonstrated a greater test-retest relia-
bility due to the fact that the components of the tests, such 
as single leg squat, were movements with which the sub-
jects were more familiar, or had more practice performing 
since they may be included in an exercise program. 

While the intra-rater reliability of this test was found 
to be excellent, due to high variability within subjects, the 
test-retest reliability for some measurements were less con-
sistent. This may be due to participants not landing on the 
target for every attempt which may be due to many factors 
such as length of the target or poor athletic performance 
since the participants were not competitive athletes. The 
researchers in the current study observed that when a sub-
ject landed past the target, they exhibited increased knee 
valgus. This could have contributed to the participant hav-
ing difficulty controlling their pelvis and having excessive 
lateral movement when landing past the target. Further-
more, the average knee valgus (FPPA) decreased in in ses-
sion two, indicating that there may have been a learning ef-
fect in which the subjects became more familiar with the 
task and were able to improve their landing mechanics in 
session two by concentrating more on the mechanics. 

As expected, there were significant differences by sex 
noted for height and weight. Males landed with more dy-
namic knee valgus (bilaterally) which is not a common find-
ing in functional screens performed in the sagittal plane. 
In a study using the drop vertical jump, female high school 
basketball players demonstrated significantly increased dy-
namic knee valgus as compared to males.23 Furthermore, 
females demonstrate greater knee valgus angles during a 
single leg squat test, as well as higher rectus femoris muscle 
activation, both of which can add to the stress on the ACL 
during jumping, landing, and cutting activities.24 Pappas et 
al. reported that regardless of bilateral or unilateral land-
ings, females tend to land with greater knee valgus as com-
pared to males.25 Since females often display greater 
quadriceps activation during jumping and landing activities 
in the sagittal plane, this greater quadriceps activation may 
increase knee stability and actually be beneficial in control-
ling knee valgus motion while performing the LBT in the 
frontal plane.24,26 Therefore, males potentially have greater 
control on knee dynamic valgus in the sagittal plane with 
an increase in proximal hip stabilizing muscle activation, 
whereas females have greater control in the frontal plane 
with an increase in quadriceps muscle activation.24,26 An-
other explanation is that in the current study the initial sta-
tic knee valgus measurement was subtracted from the max-

Figure 1. Knee flexion angle during landing from 
Lateral Bound Test. A. Top figure, shows initial 
flexion angle B. Bottom figure, show maximum 
flexion angle. 

Figure 2. Frontal plane projection ankle during 
landing from Lateral Bound Test 

imum knee valgus measurement in order to determine the 
participants dynamic knee valgus during landing during the 
LBT The greater dynamic knee valgus shown by males, as 
compared to other studies, could be reflective of other stud-
ies not taking account of an initial static knee valgus mea-
surement to determine the amount of knee valgus displayed 
dynamically during landings. 

One limitation of this study was the inability to analyze 
inter-rater reliability as there was only one person who was 
trained to perform the video analysis. A second limitation 
was the inability to move the hurdle, therefore, shorter sub-
jects were closer to the hurdle than taller subjects, but all 
participants stated they were able to perform the bound 
comfortably and aberrant techniques were not observed. 
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The height of the hurdle remained constant and was not 
standardized to the height of each participant making it an-
other limitation to the study. Having an adjustable hurdle 
and a more dynamic testing location would allow for stan-
dardization of the hurdle height and location in reference to 
the participant. Finally, the cameras used to record the tri-
als captured 60 frames per second. However, a camera capa-
ble of capturing greater number of frames per second could 
have allowed the recording of more accurate measurements, 
specifically at knee flexion during initial contact. 

Future studies of the LBT should include comparisons 
of athletes and non-athletes, athletes of different sports, 
athletes of different competitive levels, and athletes with 
and without previous lower extremity injury such as those 
recovering from ACL reconstruction. These future studies 
would help provide normative data and determine if the 
LBT could be used as a predictor of lower extremity injury 
or as a return to sport assessment. Last, different landing 
lengths, shorter and greater than the leg length or maximal 
distance bounded should be examined in order to determine 
if using the participants’ leg length is truly the best distance 
to observe dynamic knee control in the LBT. This this may 
be more specific to athletes where bounding the distance of 
their leg length may not be challenging enough to identify 
impaired landing mechanics. 

CONCLUSION 

The results of this study indicate that the LBT has excellent 
intra-rater reliability and varying test-retest reliability 
when used in healthy non-athletes. Additional research 
should be performed to determine validity. Unlike other 
tests assessing dynamic knee valgus in the sagittal plane, 
the current results indicate that males had statistically 
greater dynamic knee valgus compared to females during 
landing and no statistically significant difference in knee 
flexion angles. 

CONFLICT OF INTEREST 

All authors declare no conflict of interest related to this 
manuscript. 

Submitted: August 19, 2021 CDT, Accepted: January 23, 2022 

CDT 

This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International License 

(CCBY-NC-4.0). View this license’s legal deed at https://creativecommons.org/licenses/by-nc/4.0 and legal code at https://cre-

ativecommons.org/licenses/by-nc/4.0/legalcode for more information. 

Reliability and Differences Between Sexes in Landing Mechanics when Performing the Lateral Bound Test

International Journal of Sports Physical Therapy



REFERENCES 

1. Redler LH, Watling JP, Dennis ER, Swart E, Ahmad 
CS. Reliability of a field-based drop vertical jump 
screening test for ACL injury risk assessment. Phys 
Sportsmed. 2016;44(1):46-52. doi:10.1080/00913847.2
016.1131107 

2. Gianotti SM, Marshall SW, Hume PA, Bunt L. 
Incidence of anterior cruciate ligament injury and 
other knee ligament injuries: a national population-
based study. J Sci Med Sport. 2009;12(6):622-627. do
i:10.1016/j.jsams.2008.07.005 

3. Mather RC, Koenig L, Kocher MS, et al. Societal and 
economic Impact of anterior cruciate ligament tears. J 
Bone Joint Surg Am. 2013;95(19):1751-1759. doi:10.21
06/jbjs.l.01705 

4. von Essen C, McCallum S, Barenius B, Eriksson K. 
Acute reconstruction results in less sick-leave days 
and as such fewer indirect costs to the individual and 
society compared to delayed reconstruction for ACL 
injuries. Knee Surg Sports Traumatol Arthrosc. 
2020;28(7):2044-2052. doi:10.1007/s00167-019-0539
7-3 

5. Prodromos CC, Han Y, Rogowski J, Joyce B, Shi K. A 
meta-analysis of the incidence of anterior cruciate 
ligament tears as a function of gender, sport, and a 
knee injury-reduction regimen. Arthrosc J Arthrosc 
Relat Surg. 2007;23(12):1320-1325.e6. doi:10.1016/j.a
rthro.2007.07.003 

6. Hootman JM, Dick R, Agel J. Epidemiology of 
collegiate injuries for 15 sports: summary and 
recommendations for injury prevention initiatives. J 
Athl Train. 2007;42(2):311-319. 

7. Smith HC, Vacek P, Johnson RJ, et al. Risk factors 
for anterior cruciate ligament injury. Sports Health. 
2012;4(1):69-78. doi:10.1177/1941738111428281 

8. Hardesty K, Hegedus EJ, Ford KR, Nguyen AD, 
Taylor JB. Determination of clinically relevant 
differences in frontal plane hop tests in women’s 
collegiate basketball and soccer players. Int J Sports 
Phys Ther. 2017;12(2):182-189. 

9. Munro A, Herrington L, Comfort P. Comparison of 
landing knee valgus angle between female basketball 
and football athletes: possible implications for 
anterior cruciate ligament and patellofemoral joint 
injury rates. Phys Ther Sport. 2012;13(4):259-264. do
i:10.1016/j.ptsp.2012.01.005 

10. Paterno MV, Rauh MJ, Schmitt LC, Ford KR, 
Hewett TE. Incidence of second ACL injuries 2 years 
after primary ACL reconstruction and return to sport. 
Am J Sports Med. 2014;42(7):1567-1573. doi:10.1177/0
363546514530088 

11. Wiggins AJ, Grandhi RK, Schneider DK, Stanfield 
D, Webster KE, Myer GD. Risk of secondary injury in 
younger athletes after anterior cruciate ligament 
reconstruction. Am J Sports Med. 
2016;44(7):1861-1876. doi:10.1177/036354651562155
4 

12. Wright RW, Dunn WR, Amendola A, et al. Risk of 
tearing the intact anterior cruciate ligament in the 
contralateral knee and rupturing the anterior cruciate 
ligament graft during the first 2 years after anterior 
cruciate ligament reconstruction: a prospective 
MOON Cohort Study. Am J Sports Med. 
2007;35(7):1131-1134. doi:10.1177/036354650730131
8 

13. Hewett TE, Myer GD, Ford KR, et al. 
Biomechanical measures of neuromuscular control 
and valgus loading of the knee predict anterior 
cruciate ligament injury risk in female athletes: a 
prospective study. Am J Sports Med. 
2005;33(4):492-501. doi:10.1177/0363546504269591 

14. Dix J, Marsh S, Dingenen B, Malliaras P. The 
relationship between hip muscle strength and 
dynamic knee valgus in asymptomatic females: a 
systematic review. Phys Ther Sport. 2019;37:197-209. 
doi:10.1016/j.ptsp.2018.05.015 

15. Kianifar R, Lee A, Raina S, Kulic D. Automated 
assessment of dynamic knee valgus and risk of knee 
injury during the single leg squat. IEEE J Transl Eng 
Health Med. 2017;5:1-13. doi:10.1109/jtehm.2017.273
6559 

16. Willson JD, Ireland ML, Davis I. Core strength and 
lower extremity alignment during single leg squats. 
Med Sci Sports Exerc. 2006;38(5):945-952. doi:10.124
9/01.mss.0000218140.05074.fa 

17. Williams D, Heidloff D, Haglage E, Schumacher K, 
Cole BJ, Campbell KA. Anterior cruciate ligament 
functional sports assessment. Oper Tech Sports Med. 
2016;24(1):59-64. doi:10.1053/j.otsm.2015.10.002 

18. Kea J, Kramer J, Forwell L, Birmingham T. Hip 
abduction-adduction strength and one-leg hop tests: 
test-retest reliability and relationship to function in 
elite ice hockey players. J Orthop Sports Phys Ther. 
2001;31(8):446-455. doi:10.2519/jospt.2001.31.8.446 

Reliability and Differences Between Sexes in Landing Mechanics when Performing the Lateral Bound Test

International Journal of Sports Physical Therapy

https://doi.org/10.1080/00913847.2016.1131107
https://doi.org/10.1080/00913847.2016.1131107
https://doi.org/10.1016/j.jsams.2008.07.005
https://doi.org/10.1016/j.jsams.2008.07.005
https://doi.org/10.2106/jbjs.l.01705
https://doi.org/10.2106/jbjs.l.01705
https://doi.org/10.1007/s00167-019-05397-3
https://doi.org/10.1007/s00167-019-05397-3
https://doi.org/10.1016/j.arthro.2007.07.003
https://doi.org/10.1016/j.arthro.2007.07.003
https://doi.org/10.1177/1941738111428281
https://doi.org/10.1016/j.ptsp.2012.01.005
https://doi.org/10.1016/j.ptsp.2012.01.005
https://doi.org/10.1177/0363546514530088
https://doi.org/10.1177/0363546514530088
https://doi.org/10.1177/0363546515621554
https://doi.org/10.1177/0363546515621554
https://doi.org/10.1177/0363546507301318
https://doi.org/10.1177/0363546507301318
https://doi.org/10.1177/0363546504269591
https://doi.org/10.1016/j.ptsp.2018.05.015
https://doi.org/10.1109/jtehm.2017.2736559
https://doi.org/10.1109/jtehm.2017.2736559
https://doi.org/10.1249/01.mss.0000218140.05074.fa
https://doi.org/10.1249/01.mss.0000218140.05074.fa
https://doi.org/10.1053/j.otsm.2015.10.002
https://doi.org/10.2519/jospt.2001.31.8.446


19. Taylor JB, Ford KR, Nguyen AD, Shultz SJ. 
Biomechanical comparison of single- and double-leg 
jump landings in the sagittal and frontal Plane. 
Orthop J Sports Med. 2016;4(6):232596711665515. do
i:10.1177/2325967116655158 

20. McKeown I, Taylor-McKeown K, Woods C, Ball N. 
Athletic ability assessment: a movement assessment 
protocol for athletes. Int J Sports Phys Ther. 
2014;9(7):862-873. 

21. Herrington L, Alenezi F, Alzhrani M, Alrayani H, 
Jones R. The reliability and criterion validity of 2D 
video assessment of single leg squat and hop landing. 
J Electromyogr Kinesiol. 2017;34:80-85. doi:10.1016/j.j
elekin.2017.04.004 

22. Werner DM, Di Stasi S, Lewis CL, Barrios JA. Test-
retest reliability and minimum detectable change for 
various frontal plane projection angles during 
dynamic tasks. Phys Ther Sport. 2019;40:169-176. do
i:10.1016/j.ptsp.2019.09.011 

23. Ford KR, Myer GD, Hewett TE. Valgus knee motion 
during landing in high school female and male 
basketball players. Med Sci Sports Exerc. 
2003;35(10):1745-1750. doi:10.1249/01.mss.00000893
46.85744.d9 

24. Zeller BL, McCrory JL, Ben Kibler W, Uhl TL. 
Differences in kinematics and electromyographic 
activity between men and women during the single-
legged squat. Am J Sports Med. 2003;31(3):449-456. d
oi:10.1177/03635465030310032101 

25. Pappas E, Hagins M, Sheikhzadeh A, Nordin M, 
Rose D. Biomechanical differences between unilateral 
and bilateral landings from a jump: gender 
differences. Clin J Sport Med. 2007;17(4):263-268. do
i:10.1097/jsm.0b013e31811f415b 

26. Zazulak BT, Ponce PL, Straub SJ, Medvecky MJ, 
Avedisian L, Hewett TE. Gender comparison of hip 
muscle activity during single-leg landing. Res Rep. 
2005;35(5):292-299. 

Reliability and Differences Between Sexes in Landing Mechanics when Performing the Lateral Bound Test

International Journal of Sports Physical Therapy

https://doi.org/10.1177/2325967116655158
https://doi.org/10.1177/2325967116655158
https://doi.org/10.1016/j.jelekin.2017.04.004
https://doi.org/10.1016/j.jelekin.2017.04.004
https://doi.org/10.1016/j.ptsp.2019.09.011
https://doi.org/10.1016/j.ptsp.2019.09.011
https://doi.org/10.1249/01.mss.0000089346.85744.d9
https://doi.org/10.1249/01.mss.0000089346.85744.d9
https://doi.org/10.1177/03635465030310032101
https://doi.org/10.1177/03635465030310032101
https://doi.org/10.1097/jsm.0b013e31811f415b
https://doi.org/10.1097/jsm.0b013e31811f415b


Original Research 

Reliability of the Expanded Cutting Alignment Scoring Tool (E-
CAST) to Assess Trunk and Limb Alignment During a 45-Degree 
Side-Step Cut 
Lauren S. Butler, DPT 1 a , Alexa R. Martinez, DPT 1 , Dai Sugimoto, PhD, ATC 2 , Charles W. Wyatt, CPNP, RNFA 3 , Eryn K. 
Milian, PT, PhD 4 , Sophia Ulman, PhD 5 , Ashley Erdman, MS, MBA 5 , Alex Loewen, MS 5 , Kristin Hayden, DPT 1 , Amie 
DeVerna, DPT 1 , Kirsten Tulchin-Francis, PhD 5 , PRiSM Injury Prevention Research Interest Group 
1 Nicklaus Children’s Hospital, Miami, FL, USA, 2 The Micheli Center for Sports Injury Prevention, Waltham, MA, USA; Faculty of Sport Sciences, Waseda 
University, Tokyo, Japan, 3 Scottish Rite for Children, Dallas, TX, USA; University of Texas Southwestern Medical Center, Dallas, TX, USA, 4 University of 
Miami, Miami, FL, USA, 5 Scottish Rite for Children, Dallas, TX, USA 

Keywords: qualitative assessment, side-step cut, movement analysis, change of direction 

https://doi.org/10.26603/001c.33045 

International Journal of Sports Physical Therapy 
Vol. 17, Issue 3, 2022 

Background 
Current clinical screening tools assessing risky movements during cutting maneuvers do 
not adequately address sagittal plane foot and ankle evaluations. The Cutting Alignment 
Scoring Tool (CAST) is reliable in evaluating frontal plane trunk and lower extremity 
alignment during a 45-degree side-step cut. The Expanded Cutting Alignment Scoring 
Tool (E-CAST) includes two new sagittal plane variables, knee flexion and ankle 
plantarflexion angle. 

Hypothesis/Purpose 
To assess the inter-and intra-rater reliability of the E-CAST to evaluate trunk and lower 
extremity alignment during a 45-degree side-step cut. 

Study Design 
Repeated Measures 

Methods 
Participants included 25 healthy females (13.8 ± 1.4 years) regularly participating in 
cutting or pivoting sports. Participants were recorded performing a side-step cut in 
frontal and sagittal planes. One trial was randomly selected for analysis. Two physical 
therapists independently scored each video using the E-CAST on two separate occasions, 
with randomization and a two-week wash-out between rounds. Observed movement 
variables were awarded a score of “1”, with higher scores representing poorer technique. 
Intraclass correlation coefficients (ICC) and 95% confident intervals (95% CI) were 
calculated for the total score, and a kappa coefficient (k) was calculated for each variable. 

Results 
The cumulative intra-rater reliability was good (ICC=0.78, 95% CI 0.59-0.96) and the 
cumulative inter-rater reliability was moderate (ICC=0.71, 95% CI 0.50-0.91). Intra-rater 
kappa coefficients ranged from moderate to excellent for all variables (k= 0.50-0.84) and 
inter-rater kappa coefficients ranged from slight to excellent for all variables 
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(k=0.20-0.90). 

Conclusion 
The addition of two sagittal plane variables resulted in lower inter-rater ICC compared to 
the CAST (ICC= 0.81, 95% CI 0.64-0.91). The E-CAST is a reliable tool to evaluate trunk 
and LE alignment during a 45-degree side-step cut, with good intra-rater and moderate 
inter-rater reliability. 

Level of Evidence 
Level 2, Diagnosis 

INTRODUCTION 

Up to 70% of all anterior cruciate ligament (ACL) injuries 
occur via a non-contact mechanism.1 The most frequent 
movement pattern associated with non-contact ACL in-
juries in young female athletes includes a deceleration 
event paired with a change of direction on a planted foot.1 

It is also known that female athletes are two to ten times 
more likely to rupture their ACL when compared to their 
male counterparts.2–7 Neuromuscular control deficits at the 
hip and trunk have been theorized to result in altered lower 
extremity (LE) neuromuscular control and subsequently 
higher knee abduction loads in female athletes.8–11 Specif-
ically, lateral trunk motion with the body shifted over the 
stance limb has been found to be related to high knee ab-
duction moments and medial knee collapse.12,13 Addition-
ally, females demonstrate altered hip recruitment strategies 
with decreased gluteal activation, greater hip moments, and 
increased quadriceps activation that result in increased 
knee abduction moments and higher ACL injury risk.14–19 

Numerous qualitative tools to assess movement quality 
utilizing two-dimensional (2-D) analysis have been found 
to be reliable and valid.20–24 However, the majority of these 
assessment tools only evaluate landing mechanics and do 
not address cutting movement. Recently, several assess-
ment tools utilizing 2-D video have been introduced to as-
sess cutting technique. Weir et al. assessed the reliability 
and validity of a 2-D video-based screening tool to predict 
peak knee moments during an unplanned 45-degree side-
step cut in a group of junior (age = 15.1 ± 1.2 years) and 
senior (age = 22.1 ± 2.3 years) elite female field hockey 
players.25 The screening tool involved 2-D kinematic mea-
surement of frontal and sagittal plane variables using video 
analysis software and reported poor to excellent intra-rater 
and inter-rater reliability.26 The Cutting Movement Assess-
ment Score (CMAS), a qualitative scoring system to evaluate 
a 90-degree cutting maneuver, was found to be a reliable 
and valid tool to assess risky movement patterns during a 
90-degree cutting task in college-aged athletes.27 

The Cutting Alignment Scoring Tool (CAST), demon-
strates good inter-rater and intra-rater reliability for the 
assessment of LE and trunk alignment in young athletes 
(age=14.7+1.2 years).26 The CAST involves dichotomous 
scoring of four frontal plane movement variables observed 
from 2-D video during a planned 45-degree side-step cut. 
However, the CAST may not sufficiently address sagittal 
plane foot and ankle assessments. Decreased ankle plan-
tarflexion angles and decreased knee flexion angles have 
been associated with higher knee joint loads during cutting 
maneuvers.28–31 In an attempt to assess both frontal and 

Table 1. Subject demographics 

Age 
(years) 

Height 
(cm*) 

Weight 
(kg†) 

BMI‡ 

Minimum 12.0 150.0 40.8 16.4 

Maximum 16.3 172.5 72.6 26.3 

Average 13.8 161.7 52.4 19.9 

Standard 
deviation 

1.4 6.0 9.3 2.6 

*cm= Centimeters 
† kg= Kilograms 
‡ BMI= body mass index 

sagittal plane trunk and LE alignment during a 45-degree 
side-step cut, the authors of this study developed the Ex-
panded Cutting Alignment Scoring Tool (E-CAST). The pri-
mary purpose of this study was to examine the reliability 
of the E-CAST among physical therapists. This study con-
sisted of three aims: 1) to assess the inter-rater reliability 
of the E-CAST, 2) to assess the intra-rater reliability of the 
E-CAST, and 3) to examine rater agreement of each compo-
nent of the E-CAST. The hypotheses were: 1) there would be 
good–to-excellent inter-rater reliability, 2) there would be 
good-to-excellent intra-rater reliability, and 3) there would 
be good-to-nearly perfect agreement in the E-CAST vari-
ables including; cut width, trunk lean, knee flexion and 
plantarflexion, and moderate agreement in knee valgus 
variables of the E-CAST. 

METHODS 
STUDY DESIGN 

A repeated measures study design was used. To achieve the 
study aims, inter-rater and intra-rater reliability were cal-
culated based on the first and second reliability tests. The 
study protocol was developed based on the Declaration of 
Helsinki and ethical standards in sport and exercise sci-
ence research.32 Institutional Review Board approval was 
obtained prior to commencement of the study. 

PARTICIPANTS 

A total of 25 adolescent female athletes (age 13.8 ± 1.4 
years, mass 52.4 ± 9.3 kg, height 161.7 ± 6.0 cm) were re-
cruited from local middle school, high school and club sport 
teams (Table 1). 

Inclusion criteria were: 1) age between 12 and 17 years, 
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and 2) actively participating in sports requiring cutting and 
pivoting in the prior 12 months. The following exclusion 
criteria were used: 1) LE injury within the prior six months, 
2) past history of LE surgery, 3) a positive response on the 
Physical Activity Readiness Questionnaire (PAR-Q+), and 4) 
history of scoliosis. The PAR-Q+ was used to determine the 
participants’ readiness and safety for physical activity. A 
positive response of the PAR-Q+ indicates the need to seek 
further advice from a physician prior to engaging in phys-
ical activity.33 All participants provided written informed 
assent, and their parent or legal guardian provided signed 
consent. Data collection was performed in a movement sci-
ence lab at a local sports medicine center. 

DATA COLLECTION 

Prior to performing the 45-degree side step cut task, a five-
minute warm up on an exercise bike (Matrix Fitness, Cot-
tage Grove, WI) was performed. Participants practiced the 
side step cut three times in each direction or until they felt 
comfortable with the procedure. They were instructed to 
sprint at 80% of their maximum speed in a forward direc-
tion toward the “opponent cone” and to pivot and perform 
the side step cut (Figure 1). 

This procedure was modeled after a testing protocol de-
scribed by McLean et al.34 Specifically, participants deceler-
ated, planted on the right foot, and performed a side step 
cut, running in the left direction between cones placed 
along a 45-degree line of progression. The procedure was 
repeated planting on the left foot and running to the right 
direction (Figure 1). Then, participants completed three tri-
als planting on the right LE and three trials planting on 
the left LE, with a trial considered “good” if the subject’s 
foot landed within the stance/pivot area necessary for suc-
cessful completion of the task. The testing order was stan-
dardized for all participants following the protocol by Butler 
et al.26 Video data were captured at 60 frames per second 
with 1080p quality using three Sony RX10 IV cameras ad-
justed to 36 inches tall. Two cameras were positioned 136 
inches from either side of the stance/pivot area, and one 
camera was positioned 146 inches in front of the stance/
pivot area. Participants performed a total of six cutting ma-
neuvers with one trial randomly selected for analysis. All 
videos were slowed by 50% for visual analysis and partici-
pants’ faces were blurred using Corel VideoStudio. 

QUALITATIVE MEASUREMENT SCALE 

A clinically established checklist, E-CAST, was developed to 
examine the quality of trunk and LE movement during the 
cutting maneuver based on 2-D video. The checklist was 
devised based on the previously reported scoring system 
(CAST). It involves a dichotomous rating system, with scor-
ing defined as “1” when a movement fault was present and 
“0” when optimal movement patterns were observed. The 
E-CAST evaluates the original frontal plane variables of the 
CAST including; trunk lean to the opposite direction of the 
cut, increased cut width, knee valgus at initial load accep-
tance (Static Evaluation), and knee valgus throughout the 
cutting task (Dynamic Evaluation) as well as two new vari-
ables that are assessed in the sagittal plane including; plan-

Figure 1. 45-degree side-step cut task 

tarflexion angle and knee flexion angle. The E-CAST check-
list is shown in Table 2. 

RATERS 

Two raters consisting of two pediatric sports medicine doc-
tors of physical therapy were chosen because of their clin-
ical roles in treating young athletes. The two raters were 
chosen from the same institution and had seven and five 
years of clinical experience, respectively. The raters inde-
pendently viewed a total of 25 videos. All raters provided 
their consent to participate in the current study. 

PROCEDURES 

One of the six trials, which consisted of three right LE and 
three left LE cutting maneuvers from each of the 25 sub-
jects, was chosen at random. A review of current research 
in this area led to the sample size selection. The videos 
were provided to each rater along with a reference sheet 
containing images demonstrating optimal and sub-optimal 
movement strategies and elaborated definitions used in the 
E-CAST (Appendix A). The raters were instructed to view 
the videos independently. They were allowed to review the 
videos as many times as necessary and could pause the 
video as needed. All videos were evaluated using each 
rater’s personal smart phone device. The raters were given 
one week to complete the first reliability session. After the 
first reliability session, a two-week wash-out period was 
given. Next, the second reliability session was performed, 
using the same method outlined for the first reliability ses-
sion. The sequence of videos was randomized in the second 
reliability session. 
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Table 2. Expanded Cutting Alignment Scoring Tool (E-CAST) 

Item View Operational Definition 

1. Trunk lean to 
opposite direction of 
cut 

Frontal At the time point of initial load acceptance, if the whole trunk segment appears to be 
deviated greater than 10 degrees from a horizontal line through the hips (ASIS* to ASIS*) 
score 1 (YES). If not, score 0 (NO). 

2. Increased cut width Frontal At the time point of initial load acceptance , 
draw a line down from the lateral most aspect of the athlete’s stance leg hip, if the line 
appears to fall more than one shoe width medial to the foot score 1 (YES). If not, score 0 
(NO). 

3. Knee Valgus at Initial 
load acceptance (Static 
Evaluation) 

Frontal At the time point of initial load acceptance, if the weight bearing limb demonstrates 
valgus (thigh adduction, genu valgum, or knee abduction) score 1 (YES). If the weight 
bearing limb is in neutral alignment score 0 (NO). 

4. Knee Valgus 
throughout the cutting 
task (Dynamic 
Evaluation) 

Frontal During the cutting task if the weight bearing limb demonstrates valgus (thigh adduction, 
genu valgum or knee abduction) score 1 (YES). If the weight bearing limb is in neutral 
alignment, score 0 (No). 

5. Decreased knee 
flexion angle 

Sagittal At the time point of initial contact, if the athlete demonstrates a stiff or extended knee 
position score 1 (YES). If the athlete demonstrates a flexed knee position ( 
Approximately> 30 degrees), score 0 (NO) 

6. Decreased plantar 
flexion angle 

Sagittal At the time point of initial contact, if the stance foot lands heel to toe score 1 (YES). If the 
stands foot lands toe to heel score 0 (NO) 

*ASIS= Anterior Superior Iliac Spine 

Table 3. Intra-rater reliability (ICC*, 95%CI†, cumulative values) and intra-rater reliability for E-CAST variables 

Raters ICC* 95% CI† Cut 
Width 
(k‡) 

Trunk 
Lean 
(k‡) 

Dynamic 
Valgus (k‡) 

Static 
Valgus 
(k‡) 

Knee 
Flexion 
(k‡) 

Plantar 
Flexion 
(k‡) 

PT #1 0.72 0.43-1.02 0.505 0.635 0.737 0.719 0.677 0.759 

PT #2 0.84 0.60-1.07 0.621 0.840 0.500 0.802 0.606 0.746 

Cumulative 0.78 0.5-0.96 0.555 0.750 0.646 0.758 0.642 0.759 

*ICC= intraclass correlation coefficient,†CI= confidence interval, ‡k- kappa coefficient, PT= physical therapist 

STATISTICAL ANALYSIS 

Reliability was determined by calculating intraclass corre-
lation coefficients (ICC) for the E-CAST total scores, with 
a 2-way mixed-effects model and 95% confidence intervals 
(95% CIs) for inter-rater and intra-rater reliability. For the 
first aim, the individual and cumulative inter-rater reliabil-
ities were calculated within the first and second reliability 
sessions. The individual and cumulative intra-rater reliabil-
ities were calculated between the first and second reliabil-
ity sessions. ICC values less than 0.50, between 0.50 and 
0.75, between 0.75 and 0.90, and greater than 0.90 were 
defined as poor, moderate, good and excellent reliability, 
respectively.35 To attain study aim 2, a kappa coefficient 
was calculated for each of the checklist variables using the 
formula; k= Pr(a) – Pr(e)/1 – Pr(e), where Pr(a)= relative 
observed agreement between raters and Pr(e)= hypothetic 
probability of chance agreement. The kappa coefficient was 
interpreted based on the scale of Landis and Koch36 with 
0.01-0.20 being slight, 0.21-0.40 fair, 0.41-0.60 moderate, 
0.61-0.80 good, and 0.81-1.00 almost perfect. All statistical 
analyses were conducted using SPSS Statistics 22 (IBM 

Corp. Released 2013. IBM SPSS Statistics for Windows, Ver-
sion 22.0. Armonk, NY: IBM Corp). 

RESULTS 

Inter-rater reliability for the first reliability session was 
moderate (ICC: 0.73, 95% CI 0.43-1.20) and inter-rater re-
liability for the second reliability test was moderate (ICC: 
0.70, 95% CI 0.39-1.01). The cumulative inter-rater relia-
bility, a combination of first and second inter-rater relia-
bility, was moderate (ICC: 0.71, 95% CI 0.50-0.91). Intra-
rater reliability for Rater 1 was moderate (ICC: 0.72, 95% 
CI 0.43-1.02) and intra-rater reliability for Rater 2 was good 
(ICC: 0.84 95% CI 0.60-1.07, Table 3). The cumulative intra-
rater reliability of the two raters was good (ICC: 0.78, 95% 
CI 0.59-0.96, Table 3). Intra-rater kappa coefficients for 
each variable are presented in Table 3 and ranged from 
moderate to excellent for all variables (k = 0.50-0.84). Inter-
rater kappa coefficients are presented in Table 4 and ranged 
from slight to excellent for all variables (k = 0.20-0.90). 
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Table 4. Inter-rater reliability for E-CAST* variables 

Rating 
Session 

Cut Width 
(k†) 

Trunk Lean 
(k†) 

Dynamic Valgus 
(k†) 

Static Valgus 
(k†) 

Knee Flexion 
(k†) 

Plantar Flexion 
(k†) 

1 0.603 0.434 0.783 0.896 0.204 0.525 

2 0.503 0.593 0.545 0.818 0.426 0.531 

Cumulative 0.559 0.513 0.653 0.854 0.320 0.529 

*E-CAST= Expanded Cutting Alignment Scoring Tool, †k= kappa coefficient 

DISCUSSION 

The primary purpose of this study was to assess the intra-
rater and inter-rater reliability of the E-CAST. The E-CAST 
demonstrated moderate inter-rater reliability (cumulative 
ICC: 0.71, 95% CI 0.50-0.91) and good intra-rater reliability 
(cumulative ICC: 0.78, 95% CI 0.59-0.96). The findings did 
not support the first hypothesis that the E-CAST would 
demonstrate good-excellent inter-rater reliability because 
only moderate inter-rater reliability was found. However, 
the second hypotheses was supported with the E-CAST 
demonstrating good-excellent intra-rater reliability. The 
third hypothesis was not supported as moderate agreement 
was found for trunk lean, cut width and plantarflexion and 
only fair agreement was found for knee flexion. Addition-
ally, valgus variables demonstrated good-to-almost perfect 
agreement. 

The findings of this study are generally in agreement 
with the previous work which reported good cumulative in-
ter-rater reliability (ICC: 0.81, 95% CI 0.64-0.91) and good 
cumulative intra-rater reliability (ICC: 0.75, 95% CI 
0.59-0.85) of the CAST. When comparing the cumulative in-
ter-rater reliability of the E-CAST to the cumulative inter-
rater reliability of just the two physical therapist raters for 
the CAST, the E-CAST demonstrated higher inter-rater re-
liability (ICC: 0.71, 95% CI 0.50-0.91 vs ICC: 0.46, 95% CI 
0.28-0.61). This may have been a result of the raters’ greater 
experience with assessing cutting movement errors as the 
same two physical therapists were used to determine the re-
liability of both the CAST and the E-CAST. When compar-
ing the cumulative intra-rater reliability of the E-CAST to 
the cumulative intra-rater reliability of just the two physical 
therapist raters for the CAST, the E-CAST (ICC: 0.78, 95% 
CI 0.59-0.96) demonstrated slightly higher intra-rater reli-
ability than the CAST (ICC: 0.77, 95% CI 0.43-0.91). A study 
conducted by Dos’ Santos et al reported a similar finding. 
According to his study, moderate inter-rater reliability (ICC 
=0.69) and excellent intra-rater reliability (ICC =0.95) were 
found when utilizing a qualitative scoring system to evalu-
ate a 90-degree cutting maneuver in collegiate athletes.27 

There are, however, several differences in study design. Dos’ 
Santos et al27 reported intra-rater reliability of the CMAS 
for only one rater. The current study reported the average 
of two raters which may have contributed to the lower in-
tra-rater reliability found in the E-CAST compared to the 
CMAS. Additionally, Dos’ Santos et al. only used a one-week 
wash out period compared to a two-week washout period 
used in this study.27 

In a another study by Weir et al., an unplanned 45-degree 

side step cut was assessed in 15 junior (age 15.1 + 1.2 years) 
and 15 elite senior (age 22.1+ 2.3 years) female field hockey 
players utilizing 2-D video based measurements of whole 
body kinematics.26 Weir et al. found excellent intra-rater 
reliability (ICC: 0.99-1.00) for angular measurements in-
cluding dynamic knee valgus angle, trunk lateral flexion an-
gle, knee flexion angle, thigh abduction angle and trunk 
flexion angle, and poor to good reliability (ICC: 0.38-0.54) 
for displacement based measurements including foot place-
ment and dynamic medial knee shift.26 Weir et al. found 
good to excellent inter-rater reliability (ICC: 0.66-0.97) for 
all angular measurements and poor to excellent inter-rater 
reliability (ICC: 0.22-0.87) for displacement based measure-
ments.26 Again, several differences in study design need to 
be discussed between the work of Weir et al. and this study. 
First, Weir et al. used an un-planned cutting task versus a 
planned cutting task, which was used in our study. An un-
planned cutting task has been shown to result in greater 
knee joint loads when compared to planned cutting maneu-
vers.37 The work of Weir et al. utilized 2-D measurement 
of full body kinematics compared to the qualitative assess-
ment used in this study.26 It is unknown if 2-D measure-
ment is a more reliable and valid method for evaluating 
trunk and LE alignment during a cutting task, and further 
work in this area is needed. However, a primary concern of 
incorporating 2-D measurements is that it may increase the 
complexity of the tool, and therefore, time and effort for 
evaluators, potentially reducing ease-of-use in clinic and in 
the field. 

The second aim of this study was to evaluate rater agree-
ment of each component of the E-CAST. Almost perfect 
kappa coefficients were found for static valgus and good 
kappa coefficients were found for dynamic valgus. Moderate 
kappa coefficients were observed for trunk lean, cut width, 
and plantarflexion, while only fair kappa coefficients were 
noted for knee flexion. The hypothesis that there would 
be good to almost perfect agreement for trunk lean, cut 
width, knee flexion and plantarflexion variables was not 
supported. Only moderate agreement was found for trunk 
lean, cut width and plantarflexion and only fair agreement 
was found for knee flexion. The hypothesis that valgus vari-
ables would demonstrate moderate agreement was also not 
supported. The results were not consistent with previous 
work which found only fair kappa coefficients for static and 
dynamic valgus variables and almost perfect kappa coeffi-
cients for cut width.26 One potential explanation for the dif-
ference in results is that the CAST assessed reliability using 
six raters consisting of two physical therapists, two sports 
medicine physicians and two athletic trainers, while the 
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E-CAST only assessed the reliability between two physical 
therapists. Furthermore, in this study almost perfect agree-
ment was found for static valgus and good agreement was 
found for dynamic valgus. In our perspective, this may be a 
result of having an additional sagittal plane view which may 
improve consistency with time point identification. The two 
sagittal plane variables (knee flexion angle and plantarflex-
ion angle) demonstrated the lowest and third lowest inter-
rater reliability (k = 0.32 and k = 0.53, respectively) which 
contrasted with the authors 'expectations. Initially, the au-
thors speculated that sagittal plane variables would demon-
strate higher inter-rater reliability than frontal plane vari-
ables and the addition of two sagittal plane variables in the 
E-CAST would increase its intra-rater and inter-rater relia-
bility in comparison to the CAST. One explanation for this 
outcome may be a result of the increased range of motion 
that occurs in the sagittal plane. This wider range of motion 
in the sagittal plane compared to the more restricted range 
of motion that occurs in the frontal plane may increase each 
rater’s variability in movement fault identification. 

It is currently unknown if qualitative screening tools 
evaluating cutting technique in young athletes are predic-
tive of ACL injuries. Given that the two sagittal plane as-
sessments demonstrated the lowest and third lowest inter-
rater reliability, future work should explore the 
predictability of frontal plane variables alone in identifying 
athletes who are at high risk for ACL injury. If frontal plane 
variables are found to be predictive of ACL injury, sagittal 
plane assessments may not be needed. This would simplify 
the screening tool, which would likely improve its adopt-
ability by coaches. The development of screening tools that 
are able to accurately identify high-risk cutting movements 
with one camera view may provide coaches and practition-
ers with an efficient and effective strategy to screen athletes 
for ACL injury and enhance injury prevention interventions. 

LIMITATIONS 

The current study had a number of limitations. First, the 
E-CAST only evaluated reliability of physical therapists. 
Coaching staff spend the most time working with athletes; 
thus, determining the reliability of the E-CAST amongst 
coaches would greatly increase its clinical utility. Coaches 
are likely best positioned to perform team-based injury pre-
vention screenings. Providing coaches with a reliable and 
valid screening tool to identify athletes who are at high risk 
for ACL injury would help them in determining who would 
benefit most from injury prevention interventions. Future 
research should aim to determine the reliability of the E-
CAST with coaches. Additionally, this study only assessed 
the reliability between two raters, future studies should 
evaluate the tool’s reliability between multiple raters. Next, 
the operational definitions for each variable were written 

with varying criteria. For example, an approximate degree 
reference was provided for trunk lean and knee flexion, a 
body reference was provided for cut width and plantarflex-
ion, and a qualitative description was provided for the knee 
valgus variables. This variability may have contributed to 
rater confusion when using the tool. Future work should 
consider utilizing consistent reference terminology when 
defining movement fault criteria. It should also be acknowl-
edged that this study used a planned cutting task. Different 
outcomes may be expected with the use of an unplanned 
cutting task which has been shown to result in greater knee 
joint loads when compared to planned cutting maneu-
vers.37 While the use of an unplanned cut may be more gen-
eralizable, it is more difficult to capture in the lab and in 
both the in-clinic and on-field settings. With the use of an 
unplanned cut, two sagittal plane cameras would be needed 
in order to capture LE biomechanics on the stance limb. 
An additional camera view would increase the amount of 
equipment needed and the complexity of the screening tool 
for on field or clinic use. Additionally, in the lab setting, us-
ing a planned cut allowed for reduced errors in data collec-
tion, as this allowed the athlete to line up with the force 
plate without having to target a spot on the floor. Lastly, it 
is unknown if the E-CAST is a valid tool for predicting ACL 
injury risk during a cutting maneuver. It is important to in-
vestigate whether or not 3-D kinematic variables are cor-
related with visually identified movements. Future studies 
should aim to determine its predictive validity and its crite-
rion validity with 3-D motion capture. 

CONCLUSION 

This study demonstrated that the E-CAST, a qualitative 
evaluation tool using frontal and sagittal plane videos to 
identify at-risk movements for ACL tear in side-step cut-
ting, demonstrated moderate inter-rater and good intra-
rater reliability among physical therapists. However, the ad-
dition of sagittal plane variables in the E-CAST resulted in a 
decrease in inter-rater reliability of the tool. These findings 
suggest that the E-CAST can be used as a reliable tool to 
evaluate trunk and LE alignment in the frontal and sagittal 
plane during a cutting task by physical therapists. However, 
the use of a frontal plane assessment alone may be more re-
liable. Future work is recommended to determine the pre-
dictive validity of the CAST and the E-CAST in identifying 
individuals at risk for ACL injury. 
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Background and Purpose 
Anterior cruciate ligament injuries are prevalent among the athletic population, imposing 
a heavy economic burden, and the risk of re-injury. Most current biomechanical screening 
tasks are performed in the sagittal plane, and there is a need for more screening tools that 
assess sports specific movements in the frontal plane. The purpose of this study was to 
determine the reliability of and examine differences between sexes in the performance of 
the Lateral Bound Test (LBT). 

Materials/Methods 
Each subject performed three trials of a LBT which included jumping laterally from one 
leg over a hurdle and landing on the opposite leg. Two cameras were placed six feet from 
the landing marker. Maximum dynamic knee valgus using the frontal plane projection 
angle and knee flexion angle at initial contact and maximal knee flexion were measured 
upon landing leg using 2D video analysis software. Additionally, video of 10 individuals’ 
trials were analyzed twice with one week between the analyses to obtain intra-rater 
reliability while 12 participants were retested one week later to determine test-retest 
reliability. 

Results 
Thirty healthy subjects, 16 males, 14 females participated. Intra-rater reliability was 
determined to be excellent for all variables (ICC>0.96). In contrast, the test-retest 
reliability had greater disparity. Test-retest reliability ranged from poor (ICC = 0.47) to 
excellent (ICC > 0.90). Significant differences existed between the sexes, including males 
being significantly taller, weighing more, and demonstrating greater bilateral dynamic 
knee valgus (p < 0.05). No significant differences existed between sexes for knee flexion 
angles. 

Conclusion 
The new LBT had excellent intra-rater reliability for assessing dynamic knee valgus and 
initial and maximum knee flexion angle when performing a functional movement in the 
frontal plane. Furthermore, males landed with more dynamic knee valgus than females 
which is contradictory to what has been observed with functional screening tools 
performed in the sagittal plane. 

Corresponding author: 
Andy Waldhelm 
South College 
400 Goody’s Lane, Knoxville, TN 37922 
Phone: 225-328-3890 
Email: awaldhelm@south.edu 

a 

Waldhelm A, Allen S, Grand L, et al. Reliability and Differences Between Sexes in
Landing Mechanics when Performing the Lateral Bound Test. IJSPT. 2022;17(3):466-473.

https://doi.org/10.26603/001c.33067
mailto:awaldhelm@south.edu


Level of Evidence 
3b (reliability study) 

INTRODUCTION 

There are 80,000-250,000 anterior cruciate ligament (ACL) 
injuries per year, 70% of which are non-contact injures.1 

Of all knee ligament injuries involving surgery in a five-
year epidemiological study, 80% involved the ACL and 65% 
of the ACL injuries requiring surgery were the result of a 
sport/recreational incident.2 ACL injuries also bear a heavy 
economic and social burden with the cost of an ACL injury 
estimated at $38,121 in a lifetime, and $7.6 billion dollars 
across the US annually.3 Likewise, conservative treatment 
can cost an individual $88,583 throughout their life and 
$17.7 billion in the US annually.3 Also, there is a high risk 
for development of osteoarthritis following an ACL injury, 
which leads to added expenses for treatment and interven-
tions.3 Along with direct expenses, ACL injury can have a 
major indirect cost to society including decreased produc-
tivity, disability, and lost wages3 and the average time off 
for an acute reconstruction is 56.9 days and 88.5 days for a 
delayed reconstruction.4 

There are various reports on the incidence of ACL in-
juries in males and females. When observing the general 
population, males constitute the majority of ACL injuries 
but this has been attributed to males being more likely to 
participate in athletic tasks known to injure the ACL such 
as cutting, jumping and contact sports as compared to fe-
males.2 When examining ACL injuries in the perspective of 
the athletic population, there is a strong agreement that fe-
males are at higher risk4 with numerous studies reporting 
that females have approximately three to nine times greater 
risk of injury than males.5 Hootman et al.6 evaluated sports 
injuries occurring in 15 NCAA sports over a 16 year period 
and found 5,000 of 182,000 were ACL injuries, or 2.7%. Ac-
cording to their study, the three sports with the highest 
incidence for ACL injury were women’s’ sports, including 
gymnastics, soccer, and basketball.6 

There are several anatomical and biomechanical risk fac-
tors associated with ACL injuries. Anatomically, a decrease 
in femoral notch width, a decrease in concavity depth of the 
medial tibial plateau, an increase in posterior-inferior-di-
rected slope of tibial plateau, and generalized joint laxity 
have been noted in persons who have sustained an ACL in-
jury.7 Biomechanically, decreased knee flexion, increased 
knee valgus, tibial rotation, hip adduction, and hip internal 
rotation during landing and/or cutting maneuvers are fre-
quently observed during ACL injury episodes.7 Collectively, 
these movements are termed “dynamic knee valgus.”7 This 
dynamic knee valgus, along with the anatomical risk fac-
tors, is more frequently demonstrated in women and may 
help explain why there is a much higher rate of ACL injuries 
in women as compared to men.7 Compared to female soccer 
players, female basketball players typically have more body 
mass, are taller, and demonstrate larger ground reaction 
forces with jumping and landing activities –all of which are 
factors that increase the risk of an ACL injury.8,9 

With an initial ACL injury comes an increased risk for re-
injury of the ligament. It is reported that up to 33% of in-

dividuals who previously suffered an ACL injury sustained 
a second ACL injury within two years following ACL recon-
struction.10 Although a second ACL tear is less common 
than an initial rupture, young athletes who return to sport 
following an initial ACL injury are at approximately 30 to 
40 times greater risk of sustaining an ACL injury during 
sport compared to those who have not had a previous ACL 
injury.11 Second ACL tears can occur due to graft failure 
and contralateral ACL rupture, and the risk factors for these 
tears include young age, sex, and return to sport.10–12 Inad-
equate rehabilitation and participation in high-risk sports 
such as soccer, basketball, football, or skiing are some fac-
tors that may lead to graft failure or contralateral ACL in-
jury.11 It is reported that 29.5% of athletes suffered a second 
ACL injury within two years of return to sport, with 20.5% 
tearing the intact contralateral ACL and 9.0% rupturing the 
ACL graft.10 

Increased dynamic knee valgus motion during the impact 
phase of jumping and cutting tasks are key predictors for 
ACL injuries.13 Dynamic knee valgus is a combined move-
ment of the lower extremity during an activity which in-
cludes hip adduction and internal rotation, knee abduction 
and tibia internal rotation14 or the medial displacement of 
the knee.15 Therefore, biomechanical pre-injury screenings 
can be performed to identify individuals who may be at 
risk for ACL injuries. Currently, one of the most common 
screening tools is assessing lower extremity mechanics dur-
ing the drop vertical jump (DVJ) assessment, which requires 
a high level of dynamic neuromuscular control.13 While the 
DVJ test demonstrates high reliability (ICC greater than 
0.93), this movement doesn’t accurately represent the more 
common mechanisms of injury for ACL tears—which in-
cludes cutting, landing and/or pivoting in the frontal 
plane.13 

Another common screening test is the single leg (SL) 
squat assessment. This activity objectively shows changes 
in lower extremity alignment in athletes as they progress 
toward return to jumping or cutting sports.16 The amount 
of dynamic knee valgus displayed during a SL squat is re-
flective of the individual’s associated hip strength and neu-
romuscular control. Although the SL squat test may identify 
hip weakness that predisposes an athlete to an ACL in-
jury,16 the SL squat does adequately mimic jumping or cut-
ting as seen in high-risk sports such as basketball and soc-
cer where the majority of ACL injures occur during landing 
and change of direction movements, respectively.8 For this 
reason, there needs to be a stronger emphasis on a frontal 
plane dynamic activity, rather than the DVJ and SL squat, to 
effectively screen athletes for potential ACL injury. 

During return to sport decision-making there are several 
different factors that need to be assessed—such as range 
of motion, strength, pain, self-reported questionnaires and 
functional performance.17 Currently, functional tests com-
monly used include the single leg hop, triple hop, crossover 
hop and 6-m hop for time.17 With all functional perfor-
mance tests, the examiner is observing quality of move-
ment, signs of patient apprehension, and most importantly 
limb symmetry. While these tests should be included in a 
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return to sport assessment, the evidence on their ability to 
accurately indicate if the athlete is able to return safely is 
lacking.17 Furthermore, the functional tests listed only as-
sess movement in the frontal plane. Therefore, there is a 
need for dynamic tests which assess neuromuscular control 
in the frontal plane which may assist in determining if an 
athlete is ready to return to sport with minimal risk of re-
injury. 

One functional test that does utilize frontal plane move-
ments is the medial and lateral triple hop test for distance. 
This test is used for both ACL prevention and return to sport 
assessment in athletes and mimics the original triple hop 
test, but hopping is performed in the frontal plane rather 
than the sagittal.8,18 The most limiting aspect of this test, 
however, is that a single-leg hop is rarely a movement per-
formed in sport. Basketball players specifically, are more in-
volved in movement such as lateral shuffling and cutting.8 

While these motions do require single-leg movement, they 
involve transition of single leg stance on one leg to single 
leg stance on the contralateral leg, unlike hopping.19 

ACL injuries are a growing issue, as they occur commonly 
in the athletic population and the consequences can be both 
costly and timely. A test is needed which incorporates dy-
namic movement in a frontal plane functionally similar to 
shuffling and cutting. Therefore, the purpose of this study 
was to determine the reliability of and examine differences 
between sexes in the performance of the Lateral Bound Test 
(LBT). It was hypothesized that the LBT will be reliable and 
females will demonstrate increased dynamic knee valgus 
and decreased knee flexion at both initial contact and max-
imal depth. 

METHODS 
PARTICIPANTS 

Thirty subjects, healthy, non-athletes were recruited. Par-
ticipants were excluded if they participated in any sport at 
the collegiate level or if they had sustained an injury in the 
prior three months that required medical attention and/or 
resulted in a decrease in activity for greater than three days. 
Informed verbal and written consent as well as participant 
demographics and injury history were taken prior to test-
ing. This study was approved by the University of South Al-
abama’s Institutional Review Board. 

PROCEDURE 

The participants performed a five-minute warm-up which 
included walking or jogging at their own preferred pace. 
Markers were then placed at the greater trochanter, lateral 
joint line of the knee, lateral malleolus, the anterior thigh 
midway between the anterior superior iliac spine (ASIS) 
and mid patella, anterior joint line of the knee and at the 
anterior ankle between the tibia and fibula. To normalize 
bounding distance, each participant’s leg length was mea-
sured using the distance between the ASIS and the medial 
malleolus. Then a target "X’ was place on the landing sur-
face which was a force plate, however, kinetics were not as-
sessed in this study. Static knee valgus posture was assessed 
by having the participant stand on a single leg before they 
performed the LBT. The participant was then instructed to 

jump from the starting position on one leg, over a 10-inch 
(25.4 cm) hurdle which was placed approximately 2 to 6 
inches (5.08 to 15.2 cm) from the starting leg and land on 
the target with the opposite leg. The target was placed lat-
erally of the starting leg to limit movement in the anterior 
and posterior directions and a hurdle was used to ensure the 
participant attained a significant amount of vertical move-
ment. Two practice trials and three testing trials were per-
formed for each leg with the landing leg being considered 
the tested leg. Rather than classifying limb as right or left, 
dominant/non-dominant extremity was used with the dom-
inant lower extremity determined by the extremity selected 
by the participant when asked “what leg they would select 
to kick a soccer ball as hard as they could.” 

The average of the three trials was used for data analysis. 
Two 60 Hz video cameras, one anterior and one lateral of 
the participant, were placed 6 ft (1.82 m) from the landing 
target at a height of 18 inches (45.7 cm) from the ground. 
The camera placed lateral to the participant camera was 
used to assess initial and maximum knee flexion angle dur-
ing the landing, while the camera placed anterior to the 
participant was used to assess knee valgus angle. Video 
software (Dartfish Motion Analysis Software) was used to 
determine initial (Figure 1a) and maximum knee flexion an-
gle (Figure 1b) and dynamic knee valgus via the Frontal 
Plane Projection Angle (FPPA) (Figure 2). For true dynamic 
knee valgus, the static FPPA was subtracted from the FPPA 
obtained during landing from the lateral bound. Only knee 
kinematics were used in this study to minimize time needed 
for data processing, therefore results could be obtained 
quickly in a clinical setting. Twelve of the participants were 
randomly selected and asked to return for a retest a week 
after of the initial trial. One trial for ten participants were 
randomly selected for intra-rater reliability with the pri-
mary investigator performing video analysis on two occa-
sions, seven days apart. 

STATISTICAL ANALYSIS 

To determine the intra-rater and test-retest reliability of 
the Lateral Bound Test, Intraclass Correlation Coefficients 
(ICC) were performed while independent t-tests were used 
to compare differences between sexes in dynamic knee val-
gus and knee flexion angles. A p-value of 0.05 was used for 
all statistical analyses. 

RESULTS 

Sixteen males and 14 females above the age of 18 partici-
pated in this study (males 23.6 ± 1.58, females 22.9 ± 1.22 
years of age). Descriptive statistics from both sessions and 
all participants were used to determine intra-rater and test-
retest reliability for each of the six variables as well as ICC 
values (Table 1). Intra-rater reliability was determined to be 
excellent for all variables with ICC values all greater than 
0.96. In contrast, the test-retest reliability had greater dis-
parity. Dominant knee flexion at initial contact exhibited 
poor reliability (ICC = 0.47), two measurements had fair re-
liability, maximum non-dominant knee valgus (ICC = 0.74 
and ICC = 0.71, respectively), maximum non-dominant 
knee flexion, (ICC = 0.88) was found to have good reliability 
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Table 1. Descriptive Statistics (Mean ± SD) and Intra-rater and Test-Retest Reliability 

Intra-Rater Test-Retest 

1st Rating 2nd Rating ICC3,1 S1 S2 ICC3,1 

Max D Valgus (°) -1.83 ± 5.02 -1.19 ± 4.42 0.96 -2.26 ± 4.18 -1.81 ± 5.23 0.92 

D Knee Flexion IC (°) 22.7 ± 4.42 23.1 ± 5.00 0.99 23.9 ± 4.79 23.3 ± 2.97 0.47 

Max D Knee Flexion (°) 34.5 ± 4.72 34.4 ± 4.66 0.96 36.0 ± 8.58 36.2 ± 6.46 0.90 

Max ND Valgus (°) -2.35 ± 4.90 -2.71 ± 4.46 0.97 -3.46 ± 5.64 -1.61 ± 3.01 0.74 

ND Knee Flexion IC (°) 20.8 ± 4.46 21.4 ± 4.44 0.96 23.6 ± 5.10 21.1 ± 4.72 0.71 

Max ND Knee Flexion (°) 30.0 ± 6.89 30.1 ± 6.96 0.98 33.1 ± 7.76 33.6 ± 9.34 0.88 

ICC: D: Dominant leg; ND: Non-Dominant leg; Intraclass correlation coefficient; IC: Initial contact; Max Valgus: Maximum valgus or minimum varus recorded during landing from 
initial flatfoot to stoppage of movement with negative being a valgus measurement and positive being a varus measurement; SD: Standard deviation; S1: Session one; S2: Session two. 

Table 2. Descriptive statistics (Mean ± Standard Deviation) and differences between sexes. 

Males (n = 16) Females (n = 14) p-value 

Age (years) 23.6 ± 1.58 22.9 ± 1.22 0.17 

Height (m) 1.80 ± 0.07 1.63 ± 0.07 < 0.01 

Weight (kg) 84.2 ± 15.8 60.2 ± 9.25 < 0.01 

D Max Valgus (°) -3.59 ± 4.18 0.34 ± 3.17 0.01 

D Knee Flexion IC (°) 22.1 ± 5.49 23.1 ± 4.21 0.56 

D Max Knee Flexion (°) 32.7 ± 9.81 31.6 ± 5.56 0.69 

ND Max Valgus (°) -3.06 ± 5.63 0.51 ± 4.18 0.05 

ND Knee Flexion IC (°) 23.2 ± 4.90 22.9 ± 4.52 0.87 

ND Knee Flexion (°) 31.7 ± 7.54 32.1 ± 7.38 0.87 

Bold values indicate significant at 0.05 D: Dominant leg; ND: Non-dominant leg; Max Valgus: Maximum valgus or minimum varus recorded during landing from initial flatfoot to 
stoppage of movement with negative being a valgus measurement and positive being a varus measurement; SD: Standard deviation; IC: Initial contact. 

and two tests, maximum dominant knee valgus (ICC = 0.92) 
and maximum dominant knee flexion (ICC = 0.90) were 
shown to have excellent reliability. 

Means and standard deviations as well as sex-related dif-
ferences are displayed in Table 2. Significant differences 
between sexes were noted for height, weight and bilateral 
maximum dynamic knee valgus. Males were significantly 
taller, weighed more, and exhibited greater dynamic knee 
valgus on both the dominant and non-dominant lower ex-
tremity upon landing from the lateral bound, while on av-
erage females landed with a slightly knee varus posture on 
both extremities. There were no significant differences with 
the degrees of knee flexion on initial contact or maximum 
knee flexion on either leg when comparing between sexes. 

DISCUSSION 

The purpose of this study was to determine the reliability 
and differences in performance between sexes of a new test, 
the LBT, which assesses the quality of landing mechanics 
in the frontal plane. The hypothesis was partially supported 
by the results as the lateral bound test was found to be re-
liable but sex differences in landing mechanics were not 
accurately predicted. The lateral bound test was found to 
have excellent intra-rater reliability, but test-retest reliabil-

ity ranged from poor to excellent. Males surprisingly dis-
played significantly greater landing knee valgus than fe-
males although the difference may not be clinically relevant 
since the findings were less than 4˚. 

Compared to other studies of similar tests, the LBT had 
better intra-rater reliability statistics in the current re-
search. McKeown et al. reported moderate intra-rater relia-
bility when screening with a similar test where female semi-
professional football players performed a maximum lateral 
bound and a qualitative scoring system was used to assess 
performance.20 These lower reliability measures could be 
due to the subjectivity of their study, as the scoring crite-
ria relied on categorical observations opposed to objective 
numerical data. Hip/knee/ankle alignment, depth, balance/
control, and power positioning in landing were assessed and 
scored from one to three - one being poor execution of the 
task and three being perfect execution of the task.20 

There are several other studies on examining the relia-
bility of functional screens with similar results. Herrington 
et al. reported good intra-rater reliability when performing 
2D assessment of dynamic knee valgus during a single leg 
squat screen and a single leg hop landing screen on active 
and healthy individuals.21 Redler et al. assessed ACL injury 
risk in young athletes via the drop vertical jump based on 
normalized knee separation distance, reporting it to have 
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moderate reliability.1 The LBT demonstrated excellent in-
tra-rater reliability most likely due to the highly objective 
nature of the study as well as the rater’s experience with the 
software. 

Several other studies examined the test-retest reliability 
of other functional screens and they had comparable results 
when assessing dynamic knee valgus angles.21,22 Herring-
ton et al. reported the single leg squat and single leg hop 
screening tests to have good reliability (ICC= 0.79-0.87) be-
tween sessions as well.21 Werner et al. demonstrated good 
to excellent test-retest reliability when assessing frontal 
plane projection angles during the single leg squat 
(ICC=0.84), single leg hop (ICC=0.82), and drop jump 
(ICC=0.96) using 2D video analysis.22 It is possible that 
some of these tests demonstrated a greater test-retest relia-
bility due to the fact that the components of the tests, such 
as single leg squat, were movements with which the sub-
jects were more familiar, or had more practice performing 
since they may be included in an exercise program. 

While the intra-rater reliability of this test was found 
to be excellent, due to high variability within subjects, the 
test-retest reliability for some measurements were less con-
sistent. This may be due to participants not landing on the 
target for every attempt which may be due to many factors 
such as length of the target or poor athletic performance 
since the participants were not competitive athletes. The 
researchers in the current study observed that when a sub-
ject landed past the target, they exhibited increased knee 
valgus. This could have contributed to the participant hav-
ing difficulty controlling their pelvis and having excessive 
lateral movement when landing past the target. Further-
more, the average knee valgus (FPPA) decreased in in ses-
sion two, indicating that there may have been a learning ef-
fect in which the subjects became more familiar with the 
task and were able to improve their landing mechanics in 
session two by concentrating more on the mechanics. 

As expected, there were significant differences by sex 
noted for height and weight. Males landed with more dy-
namic knee valgus (bilaterally) which is not a common find-
ing in functional screens performed in the sagittal plane. 
In a study using the drop vertical jump, female high school 
basketball players demonstrated significantly increased dy-
namic knee valgus as compared to males.23 Furthermore, 
females demonstrate greater knee valgus angles during a 
single leg squat test, as well as higher rectus femoris muscle 
activation, both of which can add to the stress on the ACL 
during jumping, landing, and cutting activities.24 Pappas et 
al. reported that regardless of bilateral or unilateral land-
ings, females tend to land with greater knee valgus as com-
pared to males.25 Since females often display greater 
quadriceps activation during jumping and landing activities 
in the sagittal plane, this greater quadriceps activation may 
increase knee stability and actually be beneficial in control-
ling knee valgus motion while performing the LBT in the 
frontal plane.24,26 Therefore, males potentially have greater 
control on knee dynamic valgus in the sagittal plane with 
an increase in proximal hip stabilizing muscle activation, 
whereas females have greater control in the frontal plane 
with an increase in quadriceps muscle activation.24,26 An-
other explanation is that in the current study the initial sta-
tic knee valgus measurement was subtracted from the max-

Figure 1. Knee flexion angle during landing from 
Lateral Bound Test. A. Top figure, shows initial 
flexion angle B. Bottom figure, show maximum 
flexion angle. 

Figure 2. Frontal plane projection ankle during 
landing from Lateral Bound Test 

imum knee valgus measurement in order to determine the 
participants dynamic knee valgus during landing during the 
LBT The greater dynamic knee valgus shown by males, as 
compared to other studies, could be reflective of other stud-
ies not taking account of an initial static knee valgus mea-
surement to determine the amount of knee valgus displayed 
dynamically during landings. 

One limitation of this study was the inability to analyze 
inter-rater reliability as there was only one person who was 
trained to perform the video analysis. A second limitation 
was the inability to move the hurdle, therefore, shorter sub-
jects were closer to the hurdle than taller subjects, but all 
participants stated they were able to perform the bound 
comfortably and aberrant techniques were not observed. 
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The height of the hurdle remained constant and was not 
standardized to the height of each participant making it an-
other limitation to the study. Having an adjustable hurdle 
and a more dynamic testing location would allow for stan-
dardization of the hurdle height and location in reference to 
the participant. Finally, the cameras used to record the tri-
als captured 60 frames per second. However, a camera capa-
ble of capturing greater number of frames per second could 
have allowed the recording of more accurate measurements, 
specifically at knee flexion during initial contact. 

Future studies of the LBT should include comparisons 
of athletes and non-athletes, athletes of different sports, 
athletes of different competitive levels, and athletes with 
and without previous lower extremity injury such as those 
recovering from ACL reconstruction. These future studies 
would help provide normative data and determine if the 
LBT could be used as a predictor of lower extremity injury 
or as a return to sport assessment. Last, different landing 
lengths, shorter and greater than the leg length or maximal 
distance bounded should be examined in order to determine 
if using the participants’ leg length is truly the best distance 
to observe dynamic knee control in the LBT. This this may 
be more specific to athletes where bounding the distance of 
their leg length may not be challenging enough to identify 
impaired landing mechanics. 

CONCLUSION 

The results of this study indicate that the LBT has excellent 
intra-rater reliability and varying test-retest reliability 
when used in healthy non-athletes. Additional research 
should be performed to determine validity. Unlike other 
tests assessing dynamic knee valgus in the sagittal plane, 
the current results indicate that males had statistically 
greater dynamic knee valgus compared to females during 
landing and no statistically significant difference in knee 
flexion angles. 
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Background 
The functional movement screen (FMS™) and Y-balance test (YBT) are commonly used to 
evaluate mobility in athletes. 

Purpose 
The primary aim of this investigation was to determine the relationship between 
demographic and anthropometric factors such as sex, body composition, and skeletal 
dimension and scoring on YBT and FMS™ in male and female professional soccer 
athletes. 

Study Design 
Cross Sectional 

Methods 
During pre-season assessments, athletes from two professional soccer clubs were 
recruited and underwent body composition and skeletal dimension analysis via 
dual-energy X-ray absorptiometry (DEXA) scans. Balance and mobility were assessed 
using the YBT and FMS™. A two-tailed t-test was used to compare YBT between sexes. 
Chi-square was used for sex comparisons of FMS™ scores. Correlation analysis was used 
to determine if body composition and/or skeletal dimensions correlated with YBT or 
FMS™ measures. Type-I error; α=0.05. 

Results 
40 Participants were successfully recruited: (24 males: 27±5yr, 79±9kg; |16 females: 
25±3yr, 63±4kg). YBT: Correlations were found between anterior reach and height 
(r=-0.36), total lean mass (LM)(r=-0.39), and trunk LM(r=-0.39) as well as between 
posterolateral reach and pelvic width (PW)(r=0.42), femur length (r=0.44), and tibia length 
(r=0.51)(all p<0.05). FMS™: The deep squat score was correlated with height(r=-0.40), 
PW(r=0.40), LM(r=-0.43), and trunk LM (r =-0.40)(p<0.05). Inline lunge scores were 
correlated with height(r=-0.63), PW(r=0.60), LM(r=-0.77), trunk LM(r=-0.73), and leg 
LM(r=0.70)(all p<0.05). Straight leg raise scores were correlated with PW (r=0.45, p<0.05). 
Females scored higher for the three lower body FMS™ measures where correlations were 
observed (p<0.05). 
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Conclusions 
Lower body FMS™ scores differ between male and female professional soccer athletes and 
are related to anthropometric factors that may influence screening and outcomes for the 
FMS™ and YBT, respectively. Thus, these anatomical factors likely need to be taken into 
account when assessing baseline performance and risk of injury to improve screening 
efficacy. 

Level of Evidence 
Level 3b 

INTRODUCTION 

Preseason screening for body composition, bone health, 
range of motion, flexibility, balance, and multidimensional 
hip strength have become common practice in several pro-
fessional and collegiate sport settings.1 Athletic injuries 
and the long-term sequalae that emerge as a result remain a 
primary concern in athletics for coaches, trainers, physical 
therapists, and physicians. In particular, soccer athletes of-
ten present with higher rates of injury relative to other team 
based sports.2 When observing NCAA sports teams, both 
women’s and men’s soccer are among the highest reported 
rates of ankle sprains as well as quadriceps and hamstring 
strains.3,4 Anterior cruciate ligament tears are also com-
mon, and have a four to six times higher incidence in fe-
male soccer players compared to males.3,4 Imbalances in 
strength, flexibility, movement, and neuromuscular control 
all pose as risks for athletic injuries which may adversely af-
fect both athletes and their teams through time lost from 
playing, suboptimal team performance, and difficulties re-
turning to preinjury performance level. As a result, many 
professional and collegiate sports teams have adopted the 
practice of preseason movement and balance screening for 
the purpose of injury prevention.5,6 

The Y-balance Test (YBT) and Functional Movement 
Screen (FMS™) are two common measures performed to 
evaluate dynamic flexibility and stability.1 The YBT can be 
used for evaluation of both the upper extremity and lower 
extremity. The lower quarter YBT (LQYBT), was derived 
from the Star Excursion Balance Test (SBET) used to eval-
uate lower extremity balance and stability with multidi-
rectional reaches.7 The FMS™ seeks to identify functional 
limitations or asymmetries through the evaluation of move-
ment patterns that together measure range of motion, sta-
bility, and balance.4,8–11 During the FMS™, athletes per-
form a series of seven tasks (deep squat, hurdle step, in-line 
lunge, shoulder mobility, rotary stability, active straight leg 
raise, trunk stability pushup) and are scored on a criterion-
based Likert scale based on their performance for each 
task.9,10 These scores are used to derive a composite score. 
Both assessments have been designed to provide athletic 
trainers, coaches, and physicians with baseline metrics for 
tracking player mobility and function throughout a sport 
season and during rehabilitation from injury. 

The YBT and FMS™ have generally been utilized as one-
size–fits-all assessments. While numerous studies have ex-
amined the utility of YBT and FMS™ as injury prediction 
tools, conclusions of these studies remain inconsis-
tent.1,12,13 This inconsistency may be in part due the homo-
geneity of many of the study populations, often only includ-

ing participants of a single sport, sex, or profession without 
taking into account other potential variables that may in-
fluence scoring. With regard to sex, body composition, and 
skeletal dimensions (bone length, pelvic width, etc.) little is 
known about how these variables may impact the conclu-
sions of these assessments. Such information may help re-
fine current testing protocols and increase the clinical rel-
evance of screening in assessment of baseline performance 
and injury risk. Therefore, the primary aim of this inves-
tigation was to determine the relationship between demo-
graphic and anthropometric factors such as sex, body com-
position, and skeletal dimension and scoring on YBT and 
FMS™ in male and female professional soccer athletes. The 
authors hypothesized that YBT and FMS™ scores would dif-
fer between male and female professional soccer athletes 
and that variables such as body composition and skeletal di-
mensions would correlate with test scoring and interpreta-
tion. 

METHODS 
STUDY DESIGN 

This study was a single timepoint cross sectional design 
and the following protocol was approved by the Houston 
Methodist Institutional Review Board for research involving 
human subjects. All participants provided informed consent 
prior to participation. 

PARTICIPANTS 

Professional soccer athletes (Major League Soccer, MLS®; 
National Women’s Soccer League, NWSL®) from two sepa-
rate clubs were recruited to participate in this investigation 
during each team’s preseason evaluations and screening. 
Both professional organizations were local to the research 
team. All active roster athletes without ongoing injury 
(lower extremity injury resulting in activity limitation < six 
months prior) or other limitations were offered participa-
tion to which none declined consent. These athletes were to 
undergo other preseason multidisciplinary screening mea-
sures on the same day, independent of this investigation. 
All screening took place in the same location using the 
same licensed physical therapy team during all evaluations. 

PROCEDURES 

On the morning of the study, all subjects underwent body 
composition and skeletal analysis assessed with a DEXAs-
cans (Lunar iDXA, GE®, Boston MA) scan. Full body scans 
were obtained. Imaging software (ImageJ, Version 
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Figure 1. Y-Balance test performance. 

1.8.0-172, NIH) was later used (in a similar manner to 
Stanelle et al.14) with full body DEXA scan images to quan-
tify trunk length, pelvic width, femur length, tibia length, 
shoulder width, humerus length, and radius length. Bilat-
eral measurements of the extremities were averaged and 
demonstrated interclass correlation coefficients of >0.95 for 
all measures. All measures were performed and recorded 
by the same team of three trained laboratory technicians. 
Lower body balance and stability were assessed using stan-
dard YBT and FMS™ protocols.9,15 

Dynamic balance was measured using the YBT (Figure 1) 
using the Y-Balance Test Kit™ (Functional Movement Sys-
tems, Chatham, VA). Athletes were instructed to balance 
on one leg while simultaneously reaching as far as possible 
in three different directions: anterior, posteromedial, and 
posterolateral. This was performed bilaterally, and distance 
reached in each direction was recorded. A sum of the total 
reach distance was done for each leg and normalized to the 
respective limb length to form a composite score. 

The FMS™ was then conducted with the athletes. The 
seven tasks were scored individually on a scale of 0 (worst) – 
3 (best) depending on athlete performance quality for each 
screening movement (Figure 2). Specific criteria for each 
movement have been previously published.9 A score of 3 in-
dicates that the athlete was able to perform the movement 
as directed without compensation. A score of 2 indicates 
that the athlete performed the movement but with compen-
sation or imperfection. A score of 1 indicates that the ath-
lete was unable to perform the movement. A score of 0 was 
used if the athlete experienced any pain during the move-
ment regardless of the quality. 

STATISTICAL ANALYSIS 

Independent samples two-tailed t-tests were used to com-
pare body composition, YBT score, bone length, bone 
width, and trunk length between sexes. Chi-square analysis 
was used for comparison of FMS™ test scores between 
sexes. In instances where significant pair-wise comparisons 
were observed, effect sizes were calculated using either a 
Cohen’s d statistic (t-test) or a Phi Statistic (Chi-square) 

whereby effect sizes (ES) were interpreted as follows: 
0.0-0.1, Negligible (N); 0.1-0.3, Small (S); 0.3-0.5, Moderate 
(M); 0.5-0.7, Large (L); >0.7, Very Large (VL).16 Pearson’s 
correlation analysis was used to determine if body composi-
tion and bone length was correlated with Y-balance scores. 
Spearman’s Rank Order correlation was used for the same 
analysis of ordinal FMS™ scores. Statistically significant 
correlational strength was defined as weak (r < 0.4), mod-
erate (r = 0.4-0.7), and strong (r > 0.7). Type I error for all 
analyses was set at α=0.05. Using a minimum detectable 
difference of 10% in YBT scores and 30% in FMS™ classifi-
cation frequency between sexes as well as a minimum over-
all correlation strength of 0.3 for mobility measures at a 
power of 0.80, it was determined a minimum sample size of 
15 athletes would be required per group. 

RESULTS 

Twenty-four male (27±5 y; 181.6 ± 8.1cm; 79.7 ± 8.8kg) and 
sixteen female (25±3 y; 168.1 ± 5.8cm; 63.0 ± 4.4kg) subjects 
participated. Baseline demographics are shown in Table 1 
where differences between sexes were observed for all de-
mographic variables (p<0.001) with the exception of BMI. 

SKELETAL DIMENSIONS 

Comparison of skeletal dimensions between male and fe-
male athletes are shown in Table 2 where significant dif-
ferences between sexes were observed for trunk length, 
humerus length, shoulder width, radius length, pelvic width 
below femoral head, femur length and tibia length (p<0.05). 
No differences were observed between sexes for greatest 
pelvic width. 

FUNCTIONAL MOVEMENT SCREEN 

Variables of skeletal dimensions were observed to be signifi-
cantly correlated with FMS™ scoring for the deep squat, in-
line lunge, and straight leg raise (p<0.05). Moderate nega-
tive correlations were found between the deep squat score 
and total lean mass (r = -0.43), trunk lean mass (r = -0.40), 
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Figure 2. Functional Movement Screening Tests & Scoring Criteria. 
Photo examples of each test along with scoring criteria for a top score of “3” taken on a 0 – 3 rating scale. 
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Table 1. Athlete Demographics. 

ATHLETE DEMOGRAPHICS 

Height (cm) Weight (kg) BMI (kg/m2) %Fat Lean Mass (kg) 

Male (n=24) 181.6 ± 8.1 79.7 ± 8.8 24.1 ± 1.0 14.8 ± 3.6 64.7 ± 8.1 

Female (n=16) 168.1 ± 5.8 63.0 ± 4.4 22.3 ± 1.4 21.0 ± 2.9 47.3 ± 3.7 

Data are presented as means±SD 

Table 2. Skeletal Dimensions. 

SKELETAL DIMENSIONS (cm) 

 Trunk Length Humerus Length Shoulder Width Radius Length 

Male 44.2 ± 2.2 33.1 ± 2.1 42.1 ± 2.5 25.4 ± 1.5 

Female 41.1 ± 1.5 30.6 ± 1.8 37.4 ± 1.8 22.8 ± 1.3 

p-value 
ES d 

p<0.001 
1.6 (VL) 

p<0.001 
1.3 (VL) 

p<0.001 
2.2 (VL) 

p<0.001 
1.9 (VL) 

 Greatest Pelvic Width 
Pelvic Width Below 

Femoral Head 
Femur Length Tibia Length 

Male 27.2 ± 1.7 15.3 ± 1.4 46.6 ± 2.4 40.0 ± 2.2 

Female 26.4 ± 1.6 16.8 ± 0.8 42.6 ± 1.6 35.9 ± 2.0 

p-value 
ES d 

NS 
p<0.001 
1.3 (VL) 

p<0.001 
2.0 (VL) 

p<0.001 
2.0 (VL) 

Data are presented as means±SD for skeletal dimensions assessed using ImageJ software. Type I error set at α=0.05. Sig. = Significant differences between sexes denoted with p-values. 
ES= Cohen’s d statistic for effect size calculated for significant pairwise comparisons: 0.0-0.1, Negligible (N); 0.1-0.3, Small (S); 0.3-0.5, Moderate (M); 0.5-0.7, Large (L); >0.7, Very 
Large (VL) 

Table 3. Functional Movement Screen. 

Functional Movement Screen Scoring Frequencies 
(1-3 Scale, % of Athletes Scored in Each Category) 

 
FMS™ 
Score 

Deep 
Squat 

Hurdle 
Step 

In-line 
Lunge 

Shoulder 
Mobility 

Straight 
Leg Raise 

Stability 
Pushup 

Rotary 
Stability 

Men 

1 33% 8% 0% 14% 6% 6% 6% 

2 67% 75% 100% 50% 47% 56% 94% 

3 0% 17% 0% 36% 47% 39% 0% 

Women 

1 0% 0% 0% 0% 0% 22% 11% 

2 94% 63% 28% 44% 16% 44% 79% 

3 6% 38% 72% 56% 84% 22% 0% 

Sig. 
ES φ 

P=0.021 
0.4 (M) 

NS 
P<0.001 
0.8 (VL) 

NS 
P=0.043 
0.4 (M) 

NS NS 

Data are presented as frequencies of men and women scoring in FMS™ classifications 1, 2, or 3. ES= Phi statistic for effect size calculated for significant pairwise comparisons: 0.0-0.1, 
Negligible (N); 0.1-0.3, Small (S); 0.3-0.5, Moderate (M); 0.5-0.7, Large (L); >0.7, Very Large (VL). 

and height (r = -0.40) (p<0.05). Moderate and strong neg-
ative correlations were observed between the in-line lunge 
score and height (r = -0.63), total lean mass (r = -0.77), 
trunk lean mass (r = -0.73), and leg lean mass (r = -0.70). A 
moderate positive correlation was observed between pelvic 
width and the deep squat (r = 0.40), in-line lunge (r = 0.60), 
and active straight leg raise (r = 0.45) scores (p<0.05). For 
each of the exercises mentioned (deep squat, in-line lunge, 

and straight leg raise), the female athletes were observed to 
score higher than the males (p<0.05). (Table 3). 

Y-BALANCE SCREEN 

Results for the YBT are shown in Figure 3. YBT measure-
ments were taken for reach in the anterior, posteromedial, 
and posterolateral directions. No differences in Y-balance 
measures were observed between sexes after normalizing 
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to individuals’ limb-length as is common in clinical assess-
ment. Weak negative correlations were found between an-
terior reach and height, total lean mass (r = -0.36), leg lean 
mass (r = -0.39), and trunk lean mass (r = -0.39) (all p<0.05). 
Moderate positive correlations were found between pos-
terolateral reach and pelvic width below the femoral head (r 
= 0.42), femur length (r = 0.44), and tibia length (r = 0.051) 
(all p<0.05). 

DISCUSSION 

The YBT and FMS™ are frequently used measures that have 
been suggested for use in predicting athletic injury risk of-
ten used in a one–size-fits-all manner. The primary aim 
of this investigation was to determine the relationship be-
tween demographic and anthropometric factors such as sex, 
body composition, and skeletal dimension and scoring on 
the YBT and FMS™ in male and female professional soccer 
athletes. Consistent with the hypothesis, several of these 
factors were observed to be significantly correlated with test 
performance. The findings of these study highlight possi-
ble sources of bias that may influence test scoring. Although 
further study remains needed, the findings from this inves-
tigation provide potential target variables that may be fur-
ther explored and potentially incorporated into the devel-
opment of future screening tools. 

SEX, BODY COMPOSITION, SKELETAL DIMENSIONS, AND 
FMS™ SCORING 

In this investigation, significant differences were found be-
tween male and female athletes for the FMS™ test with a 
greater percentage of female athletes scoring in a higher 
classification than male athletes for deep squat, in line 
lunge, and straight leg raise (Table 3). While female athletes 
may be scoring more favorably than their male counterparts 
in these screens of fundamental movements, the literature 
has several reports of higher rates of injury among female 
athletes in comparison to male athletes.4,17–20 Agel et. al21 

reported that women sustain ACL injuries at higher rates 
than their male counterparts in soccer, basketball, and 
lacrosse. While the cause of such injuries seems to be multi-
factorial, the Q-angle, or the angle of the femur to the tibia, 
has been loosely described as a potential contributing factor 
to knee injuries. As observed in this study, females tend to 
have greater pelvic width, resulting in greater Q-angle. Al-
though this metric may contribute to higher scores in lower 
body mobility tests, it may also contribute to risk of knee in-
jury, though the causal aspect of this relationship has yet to 
be confirmed.22 This indicates that other factors likely im-
pact scoring performance on these generalized assessments 
which in turn may explain the reduced utility of assess-
ments such as FMS™ and YBT to reliably predict injury risk 
or compare injury risk among athletes with differing mus-
culoskeletal builds. Based on the results of this investiga-
tion, the authors hypothesize that biomechanical features 
that contribute to a lower center of gravity with a wider base 
of support and lower mass represent a key source of FMS™ 
testing bias.20,23 

Expectedly, differences were observed in body composi-
tion and musculoskeletal dimensions between sexes in this 

Figure 3. Y-Balance Comparison. 
Data are presented as means±95%CI for Y-balance measures taken from both the 
male and female professional soccer athlete groups with no between-group dif-
ferences detected. 

study. Overall, the female professional soccer athletes had 
reduced height, lower body mass, lower lean mass, wider 
pelvic width, shorter femur length, and shorter tibia length 
than the male professional soccer athletes. Based on the 
given results, these factors likely contributed to a potential 
anatomical advantage that resulted in greater FMS™ test 
performance for the lower body. However, female soccer 
athlete injury rates still remain different compared to male 
athletes with non-contact injuries being more likely to oc-
cur in females and contact based injuries being more fre-
quent in males.3,21 Male athletes are also more likely to sus-
tain quadriceps strains while female athletes are more likely 
to sustain hamstring strains.3,4,18,19 Lastly, sex-based dif-
ferences in muscle activation patterns during activity have 
been previously observed.23 Padua et al.23 found that across 
two-legged-hopping conditions the women demonstrated 
46% more quadriceps muscle activity than men. Increase in 
quadricep activation could lead to increasing levels of fa-
tigue, therefore putting women at a greater risk for injury. 
Therefore, regarding the present results, rather than being 
at reduced risk of injury, there may be a scoring bias in the 
FMS™ screen that benefits female athletes due to certain 
inherent anatomical features such as pelvic width, height, 
and lean mass. 

ANATOMICAL FACTORS ASSOCIATED WITH Y-BALANCE 
PERFORMANCE 

Similar to the FMS™, the YBT measures were correlated 
with anatomical factors (lean mass and skeletal dimen-
sions) whereby less lean mass but greater pelvic widths pro-
duced higher measures (despite test measures being nor-
malized to limb length). In contrast to the FMS™ screen, 
skeletal dimensions are somewhat incorporated into the 
YBT (limb length).24,25 The authors hypothesize that this 
likely accounts for the lack of difference in YBT measures 
between men and women (Figure 3). However, the results 
still indicate that generalizing measures between those 
with different musculoskeletal builds will likely result in 
testing bias that cannot be accounted for by sex alone. In a 
recent systematic review, Plisky et al.24 echo these findings 
when assessing anterior reach and composite scores among 
multiple studies.43 However, a large variability in each sex, 
sport, and age/competition level was present in their in-
cluded studies, lending to the possibility in composite score 
variance depending on the sex, sport, and competition level 
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when considered as a whole.24 These authors suggest nor-
mative data be established based on a multitude of these 
factors, and future research should be performed using a 
wide variety of populations.24 

FUTURE DIRECTIONS 

Cumulatively, the findings of the present investigation sug-
gest that it may be of benefit for anatomical features not 
typically considered in the FMS™ or the YBT to be incor-
porated, or considered in tandem with the respective tools. 
Such factors may also be considered when tailoring exer-
cises to address mobility deficiencies as is common for 
FMS™ screening.5 Notably, data are currently conflicting 
on whether or not FMS™ scoring are predictive of future in-
jury frequency.5,26–28 For example, Moran et al.27 recently 
performed a meta-analysis of 24 investigations and re-
ported that present data suggest that the use of FMS™ for 
injury prevention in soccer athletes was ineffective and that 
its efficacy was conflicting among in the literature among 
other sports (American football, basketball, ice hockey, run-
ning, and first responders such as police and firefighters). 
Therefore, it is possible that the anatomical scoring bias ob-
served here may have contributed to some of the lack of 
predictive utility observed in other investigations. Future 
research will need to determine how any additional metrics 
may be best incorporated into algorithms to reduce scoring 
bias in these types of athletic populations and whether or 
not eliminating such bias will improve clinical utility for in-
jury risk assessment. 

LIMITATIONS & CONCLUSIONS 

This investigation is not without limitations. Data collec-
tion and access to professional athletes is often limited and, 
although powered appropriately for comparisons in this in-
vestigation, participants were included from only two in-
dividual clubs which may limit generalizability across the 
studied populations. Participants in this study ranged in 
age from 22 to 32 years of age. This is a limited age range, 
and the authors acknowledge that there may be develop-
mental differences in younger and older athletes that may 
also be associated with performance in the measures ob-
served here. Although several factors were identified to be 
associated with testing bias, it is not yet clear how or 
whether these metrics should be incorporated into current 
scoring systems for FMS™ and YBT and whether or not do-

ing so would significantly the value of these assessments 
for injury risk screening. Therefore, further study will be re-
quired to examine which factors identified here may best 
be incorporated into FMS™ and YBT to reduce scoring bias 
and better predict injury risk. For example, evaluating the 
collinearity between some of the measures (possibly due, 
in part, to differences between sexes) reported on here in a 
larger study cohort may help to reduce total number of ad-
ditional factors needed to reduce scoring bias. Lastly, while 
data exists in previous literature regarding injury frequency 
norms in male and female soccer athletes, the investigators 
in this study were not able to access injury history informa-
tion on this group of athletes. Such information may have 
assisted in determining whether FMS™ or YBT scores were 
correlated with injury history across sports seasons. 

CONCLUSION 

In summary, the results of this study indicate that sex-
based differences observed between sexes for lower body 
components of the FMS™ and YBT measures may be at-
tributed to anatomical variables such as height, lean mass, 
and skeletal dimensions that impact both FMS™ and YBT 
scoring, respectively. While the YBT and FMS™ were de-
signed to evaluate dynamic joint mobility and fundamental 
movement competency, their use for potential risk for in-
jury based on a one-size-fits-all generalized criteria is ques-
tioned. These assessments are likely better suited for use on 
a more individualized basis rather than comparing across 
groups of athletes. Further research is needed to determine 
if, and to what degree, sex, body composition, skeletal di-
mensions, and dynamic motion analysis might be incorpo-
rated in to scoring criteria or predictive modeling to en-
hance the use of these clinical assessments for predicting 
risk of injury. 
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Background 
The Star Excursion Balance Test (SEBT) has been used as a rehabilitation exercise. To 
improve its efficacy, efficiency, and method variations, the Y-Balance Test (YBT) with 
anterior (A), posterolateral (PL), and posteromedial (PM) directions of the SEBT has been 
recommended. Electromyographic activity has been reported to change when the same 
task is performed on various surfaces. 

Hypothesis/Purpose 
To compare the EMG activity of trunk and LE muscles during the performance of the YBT 
on stable and unstable surfaces. 

Study Design 
Cross-Sectional study. 

Methods 
Healthy adults with no history of chronic ankle instability were recruited for the study. 
Surface electromyography was collected for bilateral (ipsilateral [i] and contralateral [c]) 
rectus abdominis (RA), external oblique (EOB), erector spinae (ES). While, gluteus 
maximus (GMAX), gluteus medius (GMED), medial hamstrings (MH), biceps femoris (BF), 
vastus medialis (VM), rectus femoris (RF), vastus lateralis (VL), anterior tibialis (AT), and 
medial gastrocnemius (MG) on the stance leg (ipsilateral side), during the performance of 
the YBT. The unstable surface was introduced using a Thera-Band stability trainer. 
Differences in electromyography were examined for each reach direction and muscle 
between the stable and unstable surfaces (p≤ 0.05). 

Results 
Twenty (10 male, 10 female) subjects participated (age: 27.5 ± 4.0 years, height:167 ± 1.0 
cm, weight: 66.5 ± 13.0 kg, body fat: 14.1 ± 6.2%). Significantly higher muscle activity for 
the unstable surface (p<0.05) with moderate to large effect sizes were observed for the 
following muscles in the A direction: GMED, GMAX, VM, RF, and MG; PL direction: iEOB, 
iES, cES, GMED, BF, VM, RF, and MG; and PM direction iEOB, iES, GMED, BF, VM, and RF. 
Significantly higher muscle activity for the stable surface (p = 0.007) was observed in MH 
muscle in the A direction. No significant differences (p>0.05) between the stable and 

Corresponding author: 
Dr. Navpreet Kaur, PT, PhD 
Associate Professor, 
Doctor of Physical Therapy Program, 
University of St. Augustine for Health Sciences, 
5401 LaCrosse Avenue, Austin, TX, 78739 
Phone Number: 737-202-3338 
Fax Number: 512-394-9764 
Email: nkaur@usa.edu 

a 

Kaur N, Bhanot K, Ferreira G. Lower Extremity and Trunk Electromyographic Muscle
Activity During Performance of the Y-Balance Test on Stable and Unstable Surfaces.
IJSPT. 2022;17(3):483-492.

https://doi.org/10.26603/001c.32593
mailto:nkaur@usa.edu


unstable surfaces were observed in iRA, cRA, cEOB, VL, and AT for any of the directions of 
the YBT. 

Conclusion 
An increase in muscle activity was observed during YBT on unstable versus stable 
surfaces for some muscles. 

Level of Evidence 
2B 

INTRODUCTION 

The Y-Balance Test (YBT), derived from the Star Excursion 
Balance Test (SEBT), is an inexpensive and commonly used 
objective measure to assess lower extremity (LE) dynamic 
balance, functional symmetry, and stability.1–4 Due to the 
possibility of errors that may occur during the performance 
of the SEBT and the absence of a standardized protocol for 
the performance of the test, the YBT has been gaining pop-
ularity in clinical and research settings.3–5 The YBT was 
designed to standardize the SEBT test performance and to 
improve the reliability of the test. The YBT™ (Functional 
Movement Screen, Danville, VA) is an instrumented version 
of the modified SEBT that assesses an individual’s perfor-
mance in the anterior (A), posterolateral (PL), and postero-
medial (PM) directions. To perform the YBT, the individual 
stands on an elevated central plastic platform and pushes 
a rectangular reach block with the foot along a calibrated 
plastic tubing in each of the three directions. 

The YBT has been documented as a reliable tool to assess 
balance in athletes.3,6 Smith et al.7 found that A reach di-
rection asymmetry on the YBT was associated with an in-
creased risk for injury across various sports. They concluded 
that the YBT could be a valuable tool when screening ath-
letes across multiple sports. Similar results were found by 
Butler et al.8 who suggested that poor performance on the 
YBT is associated with an increased risk for LE injuries in 
college football players. Poor performance on the YBT has 
also been linked to an increased incidence of ankle injuries 
in collegiate athletes.9 Increased risk of injuries has also 
been documented in high school cross-country male run-
ners who demonstrated greater asymmetries while per-
forming the YBT.1 

It seems reasonable that identifying the risk factors as-
sociated with sports-related injuries could help clinicians/
trainers/coaches in designing programs/interventions to 
address those factors and overall decrease the injury rates. 
LE injuries have been attributed to poor neuromuscular 
(NM) control.5,7,10 Neuromuscular control is defined as the 
detection, perception, and utilization of relevant sensory 
information to perform specific tasks.11 To reduce injury 
risk, training programs should include diverse interventions 
to improve dynamic balance and control. The SEBT has 
been utilized as a training tool to improve trunk NM control 
and dynamic balance assessed by measuring trunk strength 
and endurance using a pressure biofeedback unit and with 
single leg stance time with eyes open and closed, respec-
tively.12,13 Significant improvements in these outcomes 
were seen in the subjects who were trained using the SEBT. 
No such studies have been published utilizing the YBT tool 
kit as a training instrument. 

Another way of improving dynamic balance is by intro-
ducing unstable surfaces to the training programs.14,15 Un-
stable surfaces cause a greater challenge to NM control in 
comparison to stable surfaces and hence are commonly 
used by clinicians and trainers in their protocols. While in-
troducing instability to exercises may improve stability, the 
effect on muscle activation has not been completely de-
scribed. Surface EMG has been extensively used to measure 
muscle activity (activation) during various activities. Mus-
cle activation, as measured using surface electromyography 
(EMG), has been documented to vary significantly depend-
ing on the type of surface.14–16 Adding instability may be 
effective in increasing the muscle activation in stabilizing 
muscles.15 

Rehabilitation professionals commonly use the intensity 
of exercise, defined as a given percentage of the maximal 
muscle contraction and measured by the EMG, to design 
protocols for strength and stability training.16–18 Previous 
researchers have documented parameters to determine suf-
ficient EMG activation to achieve various training ef-
fects.17,19,20 Strength gains are expected from exercises 
that cause EMG activation levels greater than 40% however, 
activation levels below 40% are still beneficial in improving 
NM control.17,19,20 Authors have found EMG activation to 
be direction-specific when measured in subjects performing 
the SEBT.19,21,22 To the authors’ knowledge, no studies 
measuring the EMG activity while performing the YBT have 
been published. Knowing the muscle activation patterns 
while performing YBT on various surfaces may assist in uti-
lizing this test as a training tool. Therefore, the purpose of 
this study was to compare the EMG activity of trunk and LE 
muscles during the YBT on stable and unstable surfaces. 

METHODS 
PARTICIPANTS 

Twenty healthy adults (10 males and 10 females) were re-
cruited via email to the university community to participate 
in the study. The study was approved by the Institutional 
Review Board of the University of St. Augustine for Health 
Sciences, Austin, TX. 

PROTOCOL 

The participants signed the informed consent before start-
ing the test protocol. The participants were screened for 
the inclusion/exclusion criteria (Table 1).19 Lange® skinfold 
calipers (model # 68902, Fitness Mart®, division of Country 
Technology, Inc. Gays Mills, WI) and three site formula re-
gression equations for men (chest, abdomen, and thigh) 
and women (triceps, supra-iliac, and abdomen) were used 
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Table 1. Inclusion/exclusion criteria of the study. 

Inclusion Criteria Exclusion Criteria 

• Age 18-40 years, 

• Age-related body composition (% body fat) between fair to very lean, as 

reported in ACSM's Guidelines for Exercise Testing and Prescription 

◦ Men: Age 20-29: 4.2 - 18.6 %body fat; 

Age 30-39: 7.3 - 21.6 %body fat. 

◦ Women: Age 20-29: 11.4 - 23.5 %body fat; 

Age 30-39: 11.0 - 24.8 %body fat 

• History of chronic ankle instability (CAI) of the stance 

leg (the leg participants would stand on to kick a ball) 

• Upper or lower extremity injury within prior 6 months 

• History of upper extremity surgery within prior 6 

months 

• Any history of neck, back, or lower extremity surgery. 

• Currently experiencing pain anywhere in the body 

• Difficulty maintaining single leg stance for 10 seconds 

on either leg 

• Visible contra-lateral pelvic drop during single-leg 

stance 

• History of head injury or any other disorder affecting 

their balance. 

to assess body composition.23 Skinfold measurements were 
taken by the guidelines provided by the ACSM’s Guidelines 
for Exercise Testing and Prescription23 at the sites mentioned 
above for both the men and the women. The body compo-
sition of the participants was assessed to achieve the most 
accurate surface EMG (sEMG) signal by reducing the effects 
of body fat on the sEMG signal by excluding participants 
with body fat percentage above the “Fair” category by age 
(Men: Age 20-29: 18.6 %body fat; Age 30-39: 21.6 %body 
fat. Women: Age 20-29: 23.5 %body fat; Age 30-39: 24.8 
%body fat).24 

The Trigno wireless EMG system (Delsys Inc. Boston, 
MA, USA) was used to collect all the EMG data. The wireless 
electrodes used measured 37mm x 26mm x 15 mm and en-
compassed a hard-wired single differential amplifier and a 
four-bar (99.9% silver) contact area, with an inter-electrode 
distance of 10 mm (Delsys Inc. Boston, MA, USA). Surface 
EMG was collected from the erector spinae (ES), external 
oblique (EOB), and rectus abdominis (RA) bilaterally (ip-
silateral and contralateral side of the stance leg). While, 
gluteus medius (GMED), gluteus maximus (GMAX), medial 
hamstrings (MH), biceps femoris (BF), vastus medialis (VM), 
rectus femoris (RF), vastus lateralis (VL), anterior tibialis 
(AT), and medial gastrocnemius (MG) on the stance leg dur-
ing the YBT. The skin was cleaned with a skin prep pad, 
and the area was shaved if body hair was present. The elec-
trodes were placed according to the procedure described 
by Cram et al.25 The participants performed light jump-
ing jacks for 30 seconds for warm-up after the electrodes 
were placed.26 For normalization of the EMG data, max-
imum voluntary isometric contractions (MVIC) were per-
formed for each muscle. The MVIC test positions were con-
sistent with those demonstrated by Kendall27 and previous 
research.17,19 Proper electrode placements were also con-
firmed by observing the EMG amplitudes during the manual 
muscle tests before testing the MVIC. The participants were 
asked to perform primary muscle action of the neighboring 
muscles to assess for crosstalk. Manual pressure was grad-
ually increased until maximum resistance was applied and 
then held for five seconds using a metronome. Each mus-
cle test was repeated three times with the thirty-second rest 
between contractions. For all subjects, MVIC was averaged 
across the three intermediate seconds for each muscle to 
calculate the mean of the peak RMS value of the three trials. 

Two minutes of rest was provided between the MVIC test-
ing of different muscles. 

Y-BALANCE PERFORMANCE 

A YBT kit™ was placed on the floor. This requires partici-
pants to stand on one limb and to perform a reaching task 
in three directions with the other lower limb while main-
taining balance on the stance leg (Figure 1).3,4,6,10 The pre-
ferred stance leg was defined as the leg participant would 
stand on to kick a ball because it would simulate unilateral 
weight-bearing activities of the participants and also to 
make comparisons with previous EMG studies performed 
during the SEBT.19 Participants were asked to place the foot 
of their stance leg behind the designated line on the cen-
tral platform on the tool kit. Participants completed the test 
barefoot. Participants were instructed to keep their arms by 
the side so their shoulder flexion and abduction did not ex-
ceed 45° while performing the YBT. No specific instructions 
were provided for trunk motion. An unstable surface was in-
troduced by placing a Theraband™ stability trainer on top 
of the central platform (Figure 2). The order of the reach 
directions and surface conditions were randomized using 
computerized random sequence generator. 

Participants were instructed to toe touch on the central 
platform before beginning to reach, marking the beginning 
of the single-leg stance phase. The toe touch event was rec-
ognized on the EMG data using a toe sensor that showed a 
signal spike on the computer screen. Participants were in-
structed to push the rectangular reach block as far as pos-
sible along the calibrated plastic tubing in one of the pre-
determined directions of the YBT with the opposite leg and 
return to the double-leg stance. They were asked to toe 
touch on the central platform before putting any weight on 
the reaching leg marking the end of the single-leg stance 
phase. A metronome was used at a rate of 30 beats/min 
(equates to two seconds) to ensure consistent timing and 
speed of each of the YBT trials where each reaching phase 
(from initial stance to maximum reach; two seconds) and 
the recovery phase (from maximum reach to bilateral 
stance; two seconds) was performed during one beat, a total 
of four seconds.19 Verbal cueing was provided to the partic-
ipants during the YBT to synchronize their toe touch with 
the metronome beat. 
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Maximum reach distances were recorded at the touch-
down point. The reach distance was normalized by par-
ticipants’ leg length measured from the anterior superior 
iliac spine (ASIS) to the distal end of the medial malle-
olus.28 Participants completed six practice trials with the 
metronome in each of the three (A, PL, PM) reach directions 
of the YBT. A five-minute break was provided between the 
practice trials and the data collection. Fifteen seconds of re-
covery time was given between test trials to reduce the risk 
of fatigue. A 60 second recovery time was utilized between 
reach directions, and the order of the reach directions was 
randomized. The trial was discarded if the heel of the stance 
leg lifted off the ground, or if the participant put weight on 
the reaching leg during maximal reach, lost balance even if 
the heel remained on the ground, could not return to the 
starting position, or did not match the metronome speed. 
If the trial was discarded, additional trials were performed 
until the participant completed three good trials in each di-
rection. 

DATA PROCESSING 

The data were collected at a sampling frequency of 1926 
Hz, common-mode reduction ratio> 80 dB@60 Hz; signal 
to noise ratio of > 750 nv, and no gain was applied to the 
signal. All collected signals were subsequently bandpass fil-
tered (between 20 and 450 Hz) with a 2nd order filter on 
the high-pass and a 4th order filter on the low-pass, then 
rectified and finally smoothed by using a root-mean-square 
(RMS) calculation. RMS was calculated using a default win-
dow length of 0.125 s with a 0.0625s window overlap. MVIC 
was used to calculate the percentage MVIC. The mean RMS 
value of the EMG signal of each muscle for each direction 
during the YBT was calculated during the two seconds 
reaching (eccentric) phase of each YBT trial. The reaching 
phase was measured from the beginning of the unilateral 
stance to the maximal reach identified by the toe sensor. 
The EMG of the reaching phase was calculated to be consis-
tent with the methods described in the prior literature.19,22 

The RMS value of the reaching phase of the three trials was 
averaged for each muscle to be normalized to its respective 
MVIC value and represented as a percentage of the MVIC 
(%MVIC). 

STATISTICAL ANALYSIS 

Paired t-tests were used to determine differences in %MVIC 
of the three reach directions A (stable vs. unstable), PL (sta-
ble vs. unstable), and PM (stable vs. unstable) for each mus-
cle. The level of significance was pre-set at p≤ 0.05, and 
SPSS version 23.0 was used for all the statistical analyses. 
The Cohens d effect size was also calculated for each com-
parison.29 

RESULTS 

Twenty (10 male, 10 female) subjects participated (age: 27.5 
± 4.0 years, height:167 ± 1.0 cm, weight: 66.5 ± 13.0 kg, 
body fat: 14.1 ± 6.2%). Significant differences with moder-

Figure 1. Participant demonstrating the Y-Balance 
Test in the posterolateral direction on the stable 
surface. 

Figure 2. Participant demonstrating the Y-Balance 
Test in the posterolateral direction on the unstable 
surface. 

ate to large effect sizes between stable and unstable sur-
faces (greater EMG values in the unstable condition) were 
observed for the following muscles in the A direction: 
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Table 2. EMG activity of each muscle presented as %MVIC (maximal voluntary isometric contraction). 

Directions A PL PM 

Muscles 

Stable 
(Mean 
± SD) 

Unstable 
(Mean ± 
SD) 

Effect 
Size 

Stable 
(Mean 
± SD) 

Unstable 
(Mean ± 
SD) 

Effect 
Size 

Stable 
(Mean 
± SD) 

Unstable 
(Mean ± 
SD) 

Effect 
Size 

iRA 
13.1 ± 
11.0 

14.2 ± 
12.4 

0.14 
7.1 ± 
6.2 

8.5 ± 9.0 0.43 
6.1 ± 
4.6 

7.2 ± 6.9 0.35 

cRA 
9.0 ± 
6.1 

8.9 ± 5.3 0.04 
5.1 ± 
3.7 

5.8 ± 5.0 0.4 
5.2 ± 
3.8 

5.9 ± 4.9 0.43 

iEOB 
18.6 ± 
15.1 

22.1 ± 
20.5 

0.4 
12.7 ± 
9.3* 

20.6 ± 
20.6* 

0.6 
10.8 ± 
9.9* 

14.0 ± 
14.1* 

0.6 

cEOB 
32.4 ± 
37.7 

40.7 ± 
53.5 

0.5 
25.0 ± 
36.8 

29.3 ± 
35.3 

0.4 
36.8 ± 
44.7 

42.0 ± 
46.8 

0.4 

iES 
19.7 ± 
17.1 

22.3 ± 
18.1 

0.25 
63.2 ± 
27.5* 

69.7 ± 
31.6* 

0.6 
27.4 ± 
13.9* 

33.1 ± 
15.5* 

0.5 

cES 
 21.2 
± 17.7 

23.9 ± 
16.7 

0.33 
27.6 ± 
12.2* 

32.4 ± 
15.6* 

0.6 
 36.1 
± 14.1 

39.0 ± 
16.5 

0.45 

GMED 
35.5 ± 
25.7* 

42.2 ± 
23.0* 

0.96 
23.4 ± 
15.1* 

27.5 ± 
18.0* 

0.6 
36.5 ± 
19.2* 

42.7 ± 
21.6* 

0.9 

GMAX 
10.5 ± 
6.4* 

12.5 ± 
9.3* 

0.5 
12.9 ± 
7.6 

13.0 ± 
7.2 

0.03 
11.8 ± 
6.0 

12.8 ± 
6.6 

0.2 

MH 
30.8 ± 
17.5* 

22.8 ± 
13.3* 

0.7 
18.1 ± 
10.4 

19.8 ± 
12.0 

0.2 
19.3 ± 
10.3 

19.2 ± 
11.2 

0.02 

BF 
19.3 ± 
10.9 

20.5 ± 
14.0 

0.2 
23.6 ± 
12.9* 

27.7 ± 
12.8* 

0.6 
15.3 ± 
8.8* 

19.2 ± 
13.2* 

0.7 

VM 
97.1 ± 
57.8* 

127.8 ± 
56.7* 

1.2 
63.2 ± 
27.2* 

73.8 ± 
30.8* 

0.9 
89.5 ± 
39.7* 

100.5 ± 
46.6* 

0.7 

RF 
32.0 ± 
22.8* 

55.5 ± 
32.0* 

1.6 
33.2 ± 
27.1* 

40.8 ± 
29.6* 

1.0 
42.4 ± 
32.8* 

51.4 ± 
30.4* 

1.1 

VL 
88.5 ± 
38.6* 

116.1 ± 
46.6* 

1.6 
65.9 ± 
32.8* 

77.4 ± 
37.8* 

1.2 
87.4 ± 
44.4* 

96.1 ± 
48.4* 

0.7 

AT 
 41.6 
± 18.5 

43.9 ± 
12.5 

0.2 
 52.1 
± 17.0 

55.3 ± 
19.2 

0.3 
 47.5 
± 19.2 

46.6 ± 
18.3 

0.08 

MG 
38.8 ± 
20.5* 

48.9 ± 
24.3* 

0.7 
47.9 ± 
27.8* 

58.3 ± 
32.7* 

0.9 
 41.2 
± 27.6 

44.8 ± 
26.1 

0.3 

SD, Standard Deviation; A, Anterior; PM, Posteromedial; PL, Posterolateral; iRA, Ipsilateral rectus abdominis; cRA, Contralateral rectus abdominis; iEOB, Ipsilateral external oblique; 
cEOB, Contralateral external oblique; iES, Ipsilateral erector spinae; cES, Contralateral erector spinae; GMAX, Gluteus maximus; GMED, Gluteus medius; MH, Medial Hamstrings; BF, 
Bicepts Femoris; VM, Vastus Medialis; RF, Rectus Femoris; VL, Vastus Lateralis; AT, Anterior Tibialis; MG, Medial Gastrocnemius. 
Bold text indicates statistically significant difference between the stable and unstable conditions. 

GMED (p < 0.001), GMAX (p = 0.04), MH (p = 0.001), VM (p 
< 0.001), RF (p < 0.001), VL (p < 0.001), and MG (p = 0.004), 
in the PL direction: iEOB (p = 0.02), iES (p = 0.003), cES (p 
= 0.015), GMED (p = 0.01), BF (p = 0.019), VM (p = 0.001), 
RF (p = 0.001), VL (p < 0.001), and MG (p = 0.001), and in 
the PM direction iEOB (p = 0.03), iES (p = 0.02), GMED (p = 
0.001), BF (p = 0.007), VM (p = 0.006), RF (p < 0.001), and 
VL (p = 0.005). No significant differences between the stable 
and unstable surfaces were observed in iRA (A: p = 0.5, PL: 
p = 0.06, PM: p = 0.12 ), cRA (A: p = 0.88, PL: p = 0.13, PM: 
p = 0.053), cEOB (A: p = 0.052, PL: p = 0.11, PM: p = 0.09), 
and AT (A: p = 0.47, PL: p = 0.14, PM: p = 0.7) for any of the 
directions of the YBT (Table 2). The reach distance between 
the two conditions for all the three directions were higher 
for the stable versus the unstable condition (Table 3). 

Table 3. Normalized reach distance during the YBT. 

Condition 
→ 

Stable 
Mean ± 
SD (% 

leg 
length) 

Unstable 
Mean ± 

SD (% leg 
length) 

% 
Difference 

Directions 
↓ 

A 63±7 60±7 4.87 

PL 82±10 78±9 5.0 

PM 89±8 87±9 2.3 

SD, Standard Deviation; A, Anterior; PL, Posterolateral; PM, Posteromedial 
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DISCUSSION 

The present study compared the muscle activation of the 
various trunk (iRA, cRA, iEOB, cEOB, iES, cES) and LE mus-
cles (GMED, GMAX, MH, BF, VM, RF, VL, AT, MG) while per-
forming the YBT on stable and unstable surfaces. Signifi-
cant differences in muscle activation were noted for eleven 
out of fifteen muscles due to the change in the surface. The 
findings of the current study may provide evidence regard-
ing utilizing the YBT as a training tool in stable and un-
stable conditions. To the authors’ knowledge, no previous 
studies have measured muscle activation during this test. In 
general, the addition of unstable surfaces while performing 
lower extremities weight-bearing exercises have been doc-
umented to either increase, decrease or cause no change in 
the muscle activation patterns.14–16,18,30–35 

Adding an unstable surface during the performance of 
the YBT resulted in significantly increased muscle activa-
tion in nine (iEOB, iES, cES, GMED, GMAX, BF, VM, RF, 
VL, MG) out of fifteen muscles in the current study. This is 
similar to the results found by other authors18,31 who in-
vestigated the effect of various surfaces while performing 
bridging exercises. To overcome the effects of instability, 
the body tends to attempt to offer stability by increasing 
the muscle activation of certain muscles. Alfuth et al.30 and 
Ridder et al.36 reported that adding unstable surfaces while 
having subjects perform a single leg stance activity caused 
an increase in the activation of the selected LE muscles. 
Increased level of external perturbations while maintain-
ing balance on the unstable surfaces requiring more co-con-
traction of the muscles has been hypothesized as one of 
the possible reasons for increased stabilizing muscle acti-
vation.32,34 Krause et al.33 also reported the variations in 
the selected LE muscle recruitment in the subjects perform-
ing a standard lunge compared to the lunge performed in 
suspension equipment. The suspension lunge condition re-
sulted in increased muscle activation requiring more stabil-
ity due to the unstable environment created by the suspen-
sion equipment. Unstable surfaces have also been reported 
to cause increased muscle recruitment in the selected LE 
muscles while performing upper extremity exercises. Shin 
et al.16 found that when subjects were asked to perform up-
per extremity exercises while standing on an unstable sur-
face, there was an increase in the activation of the selected 
muscles near the ankle joint in an attempt to maintain bal-
ance on the unstable surface using secondary to use of an 
ankle strategy by the subjects. 

A large effect size was observed for RF in all the direc-
tions, for GMED, VM, and VL in two out of the three di-
rections, and for MG, one out of two directions. A moder-
ate effect size was observed for these muscles in the other 
directions. The moderate effect size was also observed for 
the iEOB, iES, and BF for two out of the three directions 
and cES, GMAX, and MH for one out of the three directions. 
Moderate to large effect size shows that the higher muscle 
activity during the unstable surface is due to the difference 
in condition, and is likely clinically meaningful. In most di-
rections, a large effect size was observed for the quadri-
ceps and GMED muscles because they are key to maintain-
ing balance during a single-leg squat task.37 

Compared to a stable surface, performing the YBT on an 

unstable surface resulted in no significant difference in five 
muscles (iRA, cRA, cEOB, VL, AT) and a decrease in muscle 
activity for the MH muscle. These findings are also in agree-
ment with the conclusions from previous researchers inves-
tigating the effects of various surfaces on muscle recruit-
ment.15,35 Some of the proposed reasons for no change in 
muscle activation under unstable conditions included vari-
ability in the subjects’ training/activity levels, the type of 
the unstable surfaces used, the distance of the muscle from 
the unstable surface, the muscle role (prime movers ver-
sus stabilizers) in performing the exercise, and biomechan-
ical movement compensations due to added demand on the 
neuromuscular system.15,35,38,39 

The use of unstable surfaces has been proposed to place 
more demands on the neuromuscular system, which in turn 
may help to improve postural stability and endurance 
through neural adaptations.15,40–44 Basketball players, 
when trained on unstable surfaces, have shown improve-
ment in balance and stability in contrast to their controls 
who trained on a stable surface.44 Performing stabilization 
exercises on unstable surfaces have been reported to be 
more effective than stable surfaces at improving pain, sta-
bility, and disability measured using visual analog scale, 
Stork Balance Stand test, and Oswestry Disability Index, re-
spectively, in patients with lumbar pain.41 Performing ex-
ercises on unstable surfaces demonstrated greater thera-
peutic effects in comparison to stable surfaces to improve 
balance in healthy individuals. The authors suggested that 
it may be because the unstable surfaces are more effective 
in influencing the somatosensory system.43 Exercising on 
unstable surfaces has been shown to be more effective in 
improving balance and walking abilities among stroke pa-
tients than stable surfaces.40,42 Authors have also shown 
the utility of introducing unstable load during strengthen-
ing exercises to stress the neuromuscular system.45–47 The 
results of their studies showed a decrease in muscle activ-
ity for the prime movers but an increase in muscle activity 
for the stabilizer muscles. They hypothesized that an unsta-
ble load places extra demand on the body for stabilization, 
challenging balance and neuromuscular control. 

Ganesh et al.12 and Chaiwanichsiri et al.13 utilized the 
SEBT as an intervention to improve balance and proprio-
ception in their study subjects. Although the YBT is com-
monly used to measure balance and NM control, based upon 
the current results, having individuals perform the YBT on 
the unstable surface may increase muscle activity in key 
stabilizing muscles and may be considered for use as a 
training tool for improving balance and stability. However, 
if clinicians choose to use YBT to improve balance and NM 
control in their clients, another test and measure should be 
utilized for pre-post assessment to avoid a threat to con-
struct validity of the YBT via a learning effect. 

LIMITATIONS AND FUTURE SUGGESTIONS 

The use of surface EMG to describe muscular activity during 
a dynamic activity has limitations such as skin displace-
ment, movement artifact, motor unit recruitment varia-
tions, a sub-maximal effort by participants, and the pos-
sibility of cross-talk from surrounding muscles in spite of 
using methodology that is commonly cited in previous re-
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search.17,19,25,27 This study was conducted using healthy 
adults; therefore, generalizability to a population that is 
not similar to the subjects in the current study should be 
avoided. Confirmation of the findings from the present 
study is necessary for larger and more diverse populations. 
Future research should include three-dimensional analysis 
to learn more about the relationship between joint kine-
matics and neuromuscular parameters. It would be inter-
esting to investigate if any gender differences exist while 
performing the YBT. It would also be interesting to see the 
effect of various types of unstable surfaces on YBT perfor-
mance. 

CONCLUSION 

The results of this study indicate that the performance of 
the YBT on different surfaces produced a change in the ac-

tivation of many of the trunk and LE muscles, with the 
unstable surface inducing increased activation for most of 
the studied muscles. Clinically, the results from the current 
study may guide the use of the YBT with an unstable surface 
as an exercise intervention for training balance and NM 
control. 
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Background 
The test battery classically used for return-to-sport (RTS) decision-making after anterior 
cruciate ligament (ACL) reconstruction (ACLR) may not be sufficient, as it does not 
include a qualitative analysis of movement. Therefore, the Landing Error Scoring System 
(LESS) scale was adapted to a primary functional test in the typical RTS test battery: the 
single leg hop for distance (SHD). 

Hypothesis/ Purpose 
The aim of this study was to determine the intra-rater reliability of the LESS scale 
adapted to the SHD (SHD-LESS scale) in healthy young athletes. 

Study Design 
Reliability analysis 

Methods 
Nineteen healthy individuals (14 men, 5 women; mean age: 22.4 years) participated in the 
study. Participants performed the SHD tasks on both limbs (dominant and non-dominant) 
using a standardized protocol in two sessions that were one week apart (single reviewer; 
2-dimensional video). Intra-class correlation coefficients (ICC2,1) were used to measure 
the reproducibility of the scale in the dominant (dom) and non-dominant (nondom) 
limbs. Additionally, limb data (dom and nondom) were pooled and evaluated collectively 
with intra-class correlation coefficients. The Kappa coefficient was used to assess the 
reproducibility of each individual item of SHD-LESS scale. 

Results 
The intra-rater reliability was good (ICCdom = 0.77; ICCnondom = 0.87; ICCpooled = 0.87) for 
the overall SHD-LESS scale scores. Agreement of SHD-LESS individual items ranged from 
62% to 100%. Dorsiflexion at initial contact (97% agreement; kappa value=0.79) and knee 
valgus after landing (88% agreement; kappa value=0.65) had excellent agreement and 
kappa values. 

Conclusion 
The newly-adapted SHD-LESS scale showed good intra-rater reliability overall. Further 
studies should evaluate the impact of using the SHD-LESS scale within the RTS test 
battery on outcomes in patients after ACLR. 
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Level of Evidence 
3 

INTRODUCTION 

After an anterior cruciate ligament (ACL) injury, the aim 
of ACL reconstruction is to restore functional stability of 
the knee. Following surgery, a primary end goal of rehabil-
itation is to prepare the patient to resume sports-related 
activities, defined in a recent consensus statement on re-
turn-to-sport (RTS) as being a part of a continuum: return-
to-participation, return-to-sport, and return-to-perfor-
mance.1 During late-stage rehabilitation, sport-specific 
tasks such as pivoting and rapid change of directions are 
typically resumed. To start the transition toward RTS at 
the completion of rehabilitation, clinical practice guidelines 
recommend that athletes complete a RTS testing battery in 
order to evaluate readiness for the return to the field with-
out restriction and with the lowest possible risk of reinjury.2 

However, recent meta-analysis data demonstrated that the 
ACL reinjury rate (ipsilateral and contralateral) in athletes 
under 25 years of age following RTS was 23%,3 suggesting 
that currently-used RTS testing may not be comprehensive 
and may be insufficient to identify those at risk of poor out-
comes or reinjury. While RTS testing batteries often include 
measures of muscle strength and knee-related functional 
performance, such as one-leg hop for distance tests,2 a key 
measure missing from most testing batteries used in RTS 
decision-making is the assessment of movement patterns or 
movement quality.4 

One-leg hop for distance tests, such as the single leg 
hop for distance (SHD), are the most commonly-used lower 
limb functional tests after ACLR.5 The SHD remains the 
most used test because it is simple and does not require 
any equipment. In addition, the SHD allows for the evalu-
ation of the ability of the knee to absorb load during land-
ing.6 The Limb symmetry Index of SHD, a ratio of the per-
formance of the operated limb to the healthy limb, is widely 
used in return to sport test batteries.2 But SHD perfor-
mance/distance symmetry analysis (LSI of SHD) has previ-
ously been questioned due to the potential risk of masking 
information about poor or altered movement strategies to 
achieve symmetric distance.7,8 For this reason, we sought 
to combine the objective measurement of distance with a 
qualitative analysis of landing. 

The Landing Error Scoring System (LESS) was originally 
developed for a double-leg landing task by Padua and col-
leagues,9 and has a good interrater and intra-rater relia-
bility (.95 and .96 respectively).10 Recent work by O’Con-
nor11 has adapted this scale for a single-leg drop-landing 
task. However, in the scientific literature, no previous work 
has utilized a quality of movement scoring system with the 
most commonly performed functional performance task in 
the RTS test battery: the SHD.12 Additionally, because the 
SHD assesses unilateral characteristics of the lower limb, its 
use as the functional task of interest may be better suited 
for an assessment of movement quality in those with unilat-
eral injuries compared to a bilateral jump-landing-rebound 
task (such as the original LESS).11 The aim of this study was 
to evaluate the intra-rater reliability of the LESS adapted 

to the SHD (SHD-LESS) in healthy young athletes. The hy-
pothesis of this study was that the reproducibility of the 
SHD-LESS would be good or excellent (ICC > 0.75). 

METHODS 
STUDY DESIGN 

This study was an intra-rater reliability study and followed 
the “Guidelines for Reporting Reliability and Agreement 
Studies” (GRRAS) and “Quality Appraisal of Reliability 
Studies” (QAREL)13,14 during the planning and implemen-
tation of this study. Prior to the study, a declaration of con-
formity for the protection of data has been made (MR4 - 
2214186v0) to CNIL (Commission Nationale de l’Informa-
tique et des Libertés). All subjects signed written informed 
consent prior to participating in any study-related proce-
dures. 

PARTICIPANTS 

Nineteen healthy young individuals (14 men and 5 women; 
age: 22.4 ± 0.25 years; height: 175.0 ± 1.5 cm; weight: 68.2 ± 
2.0 kg) were recruited between February and May 2019 and 
participated in the study. The inclusion criteria specified 
that participants were non-professional athletes, partici-
pated in a cutting/pivoting sport (soccer, basketball, hand-
ball, rugby, budo…) with a minimum frequency of two train-
ing sessions/week and one match or game/week, and were 
between 18 and 25 years old. All participants were enrolled 
and tested during their sports season. Exclusion criteria 
were a history of knee injury (ACL or other ligaments of the 
knee joint) or a history of lower limb musculoskeletal injury 
less than three months prior to enrollment and testing. 

TESTING PROCEDURES 

Participants completed the SHD task (Figure 1) in two ses-
sions separated by six to 10 days. The general protocol con-
sisted of four consistent steps: 1) introduction to the testing 
session and tasks, 2) warm-up, 3) test set-up, and 4) task 
performance and data collection. Following a standardized 
warm-up program,15 study participants were shown a video 
demonstration of the correct SHD technique with the fol-
lowing instructions: 1) begin standing on a lower limb be-
hind the start line with arms crossed over the chest; 2) at-
tempt to jump as far forward as possible; and 3) land on the 
same lower limb while keeping the arms crossed to avoid 
upper extremity momentum assisting in jump performance 
(described previously16). Participants were informed that 
the test would be invalidated if they lost balance (inability 
to maintain balance upon jump landing for at least 3 sec-
onds) or could not control the landing. Participants were 
then allowed to ask questions to clarify their understanding 
of what was required in order to correctly perform the SHD 
and were provided three practice trials. Following practice 
trials, participants performed three trials on both the domi-
nant limb and the non-dominant limb, as described by Reid 
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Table 1. Single leg hop for distance – landing error scoring system (SHD-LESS) scale. 

Score 

Sagittal 
View 

1. Forward Trunk Flexion at IC 
Error: flexion < 5°. 

Yes = 0 
No = 1 

 

2. Knee Flexion at IC 
Error: flexion <5°. 

Yes = 0 
No = 1 

 

3. Ankle Dorsiflexion at IC 
Error: the landing is not done with the heel. 

Yes = 0 
No = 1 

 

4. Forward Trunk Flexion Displacement 
Error: Trunk DOES NOT flex more than at IC 

Yes = 0 
No = 1 

 

5. Knee Flexion Displacement 
Error: <30° more flexion after IC; F(IC)-F(displacement). 

Yes = 0 
No = 1 

 

6. Ankle Dorsiflexion Displacement 
Error: Heel DOES NOT touch the ground 

Yes = 0 
No = 1 

 

Frontal 
View 

7. Knee Valgus at IC 
Error: the vertical line passing through the center of the patella is medial to or passes 
through the big toe. 

Yes = 2 
No = 0 

 

8. Lateral Trunk Flexion at IC 
Error: the trunk is tilted by more than 10°. 

Yes = 1 
No = 0 

 

9. Knee Valgus Displacement 
A. Error: the vertical line through the big toe is outside/lateral or on the axis of the 
patella on the key frame. 
If not, 
B. Error: the vertical line through the big toe is outside or on the axis of the patella 
among all images between the IC and after displacement. 

Yes = 2 
No = 0 
if not, 
Yes = 1 
No = 0 

 

10. Contralateral Pelvic Drop Displacement 
Error: Contralateral pelvic drops below ipsilateral pelvic. 

Yes = 1 
No = 0 

 

11. Tibial Rotation Displacement 
Error: there is tibial rotation (more than 2°, included). 

Yes = 1 
No = 0 

 

Others 

12. Distance covered > 64% height 
Error: the distance is less than 64% of the subject size. 

Yes = 0 
No = 1 

 

13. Overall impression 
Error if the movement performed by the subject is "rigid/poor" at the hip, knee and 
ipsilateral ankle. 

Excellent=0 
Average=1 
Poor=2 

 

OVERALL SCORE (0-16) 

IC: initial contact; Displacement: Maximal flexion knee 

et al.17 The dominant limb was defined as “the primary foot 
used to kick a ball”. 

SHD-LESS SCALE 

An adapted LESS scale was created to evaluate the SHD 
landing: the SHD-LESS scale (Table 1). The adapted SHD-
LESS scale was developed using the same procedures as 
the single-leg drop-landing LESS scale recently described 
by O’Connor.11 All items on the O’Connor LESS scale for 
falling and landing on one leg were analyzed for their ap-
plicability to the SHD assessment. As a result of this analy-
sis, the items (items 1, 2, 3, 8 and 9) were modified to be rel-
evant to the SHD task (Table 1). 

In addition, two items have been added to the SHD-LESS. 
The first item added (item 12; Table 1) included an evalu-
ation of the jump performance (distance, cm). In complet-
ing the SHD, participants were instructed to jump as far 
as possible, and this external focus allowed participants to 
concentrate on the jumping performance and not the ex-
plicit execution of the movement/landing. Because it was 

Figure 1. Single leg hop for distance (SHD) task and 
2D camera configuration. 

possible that participants could purposefully jump a shorter 
distance to improve the overall landing movement quality 
which might affect the results,18 the jump distance criterion 
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Table 2. Intra-rater reliability of qualitative (Landing Error Scoring System scale adapted to the single leg hop 
for distance (SHD): SHD-LESS score) and quantitative (jump distance) measures between sessions 1 and 2. Data 
are shown as ICC value (95% confidence interval); ICC: intraclass correlation coefficient; dom: dominant lower 
limb; nondom: non-dominant lower limb. 

Qualitative: Quality of landing score 
Test: SHD (SHD-LESS score) 

Quantitative: Jump Performance 
Test: SHD (jump distance) 

ICCdom 0.77 (0.46 - 0.91) 0.90 (0.73 - 0.96) 

ICCnondom 0.87 (0.67 - 0.95) 0.94 (0.83 - 0.98) 

ICCpooled 0.87 (0.75 - 0.93) 0.92 (0.85 - 0.96) 

was defined as a minimum distance equal to 64% of the par-
ticipant’s height.19 If the participant was unable to achieve 
this distance, a penalty of one point was imposed (Table 
1). The second item added (item 13; Table 1) included an 
overall impression of movement quality during the SHD 
landing. This item is the same as that of item 16 of the 
original double-leg landing LESS described by Padua and 
colleagues.9 Overall landing quality were evaluated as ex-
cellent (0 points), average (1 point), or poor (2 points). 

TWO-DIMENSIONAL VIDEO ANALYSIS 

As described by Everard et al., two cameras were used to 
film the jumps from the front and the side.10 Prior to com-
pleting the video evaluation and scoring, each SHD test 
video was verified to include the necessary scoring informa-
tion (angles, distances, and key images). The cameras were 
placed on a tripod perpendicular to the frontal and sagit-
tal plane, at a height of 60 cm and a distance of 3m (Figure 
1). The video recordings were analyzed using Kinovea (Ki-
novea, www.kinovea.org, version 0.8.15). 

Markers were placed on the great trochanter, the lateral 
epicondyle of the knee, the lateral malleolus, the center of 
the patella (estimation of the center of the knee; equidis-
tant from the epicondyles of the femur), and the center of 
the line passing through the two malleoli (estimation of the 
center of the ankle joint). 

The video evaluations were scored by a single rater (AR; 
physiotherapist with 20 years of experience). After collect-
ing all data, analyses were performed first for Session 1 and 
then Session 2, consecutively. The video evaluation to score 
the SHD-LESS was completed in two parts. First, the eval-
uation of the jumping performance (item 12; distance) was 
performed, and this defined the trial that would be evalu-
ated for qualitative performance (the trial with the furthest 
distance among the 3 trials). Using this trial, the remaining 
items from the SHD-LESS were scored (items 1-11; 13). 

STATISTICAL ANALYSIS 

In order to determine intra-rater reliability of the scale, 
the overall score of the SHD-LESS was compared between 
Session 1 and Session 2 individually for each lower limb 
(dominant and non-dominant) using intraclass correlation 
coefficients (ICC2,1) with statistical adapted tests to the dis-
tribution of variables (Pearson test or Spearman test). Fol-
lowing research by Van Melick and al.,20 the dominant and 
non-dominant limbs were pooled and evaluated between 

Session 1 and Session 2. ICC2,1 values were interpreted as 
poor (<0.50), moderate (0.50-0.74), good (0.75-0.89), or ex-
cellent (0.90-1.00), according to Portney and Watkins.21 

SHD distance was compared between Sessions 1 and 2 
with statistical adapted tests to the distribution of variables 
(paired simple t test or Wilcoxon test). Statistical signifi-
cance was set at p < 0.05. To determine intra-rater relia-
bility of each individual item of the SHD-LESS scale, kappa 
coefficients were calculated. The kappa-values were inter-
preted as follows values ≤ 0 as indicating no agreement 
and 0.01–0.20 as very poor agreement, 0.21–0.40 as poor 
agreement, 0.41– 0.60 as moderate agreement, 0.61–0.80 as 
strong agreement, and 0.81–1.00 as near perfect agreement 
and =1, perfect agreement.22 Statistical analyses were per-
formed using JASP (JASP Team [2018] Version 0.9.2.0) and R 
software (version 3.4.4 [2018–03–15]). 

RESULTS 

The final sample included 17 participants that completed 
the SHD. Two outliers were excluded from analyses for the 
SHD test (SHD performance/distance difference between 
Sessions 1 and 2 >2.5 SD). For the overall SHD-LESS scale 
scores, intra-rater reliability ICC values were between 0.77 
and 0.87 (Table 2). 

For individual items within the SHD-LESS scale, kappa 
coefficients ranged from very low to almost perfect, de-
pending on the individual item evaluated (Table 3). For 
jumping performance (quantitative measure), intra-rater 
reliability of jumping performance ranged from 0.90 to 0.94, 
depending on the lower limb (dominant vs. non-dominant 
vs. pooled) (Table 3). No statistical differences were found 
between Sessions 1 and 2 for the of quality of landing scores 
(pdom=0.41 ; pnondom=0.07 ; ppooled=0.05) or for SHD jump 
distance (pdom=0.55 ; pnondom=0.53 ; ppooled=0.73). 

DISCUSSION 
MAIN RESULTS (OVERALL SHD-LESS SCORES) 

The aim of this study was to determine the intra-rater re-
liability of using an adapted version of the LESS scale for a 
new task, the SHD. For the overall scores on the SHD-LESS 
scale, we found good intra-rater reliability (ICC=0.77 and 
ICC=0.87 for the dominant and non-dominant limb, respec-
tively).21 Regarding the reproducibility of this newly-devel-
oped SHD-LESS scale, there are no previous studies with 
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Table 3. Percent agreement and Kappa coefficients for SHD-LESS (Landing Error Scoring System scale adapted to 
the single leg hop for distance) individual items. 

SHD-LESS 

Items Item description % Agreement Kappa value Interpretation 

1 
Forward Trunk Flexion at IC 

(degrees) 
94% NC NC 

2 
Knee Flexion at IC 

(degrees) 
100% NC NC 

3 
Dorsiflexion at IC 

(position) 
97% 0.79 Strong 

4 
Forward Trunk Flexion Displacement 

(degrees) 
79% 0.34 Poor 

5 
Knee Flexion after Landing 

(degrees) 
97% 0.00 Very poor 

6 
Ankle Dorsiflexion after Landing 

(position) 
71% 0.12 Very poor 

7 
Knee Valgus at IC 

(position) 
88% - 0.06 Disagreement 

8 
Lateral Trunk Flexion at IC 

(degrees) 
71% 0.30 Poor 

9 
Knee Valgus after Landing 

(position) 
88% 0.65 Strong 

10 
Contralateral Pelvic Drop after Landing 

(position) 
65% 0.02 Very poor 

11 
Tibial Rotation Displacement 

(degrees) 
62% 0.24 Poor 

12 
Distance Covered > 64% Height 

(Distance) 
97% 0.84 Almost perfect 

13 General observation 76% 0.42 Moderate 

IC: Initial Contact. 

which to compare our results. In addition, we observed dif-
ferences in ICC values between the dominant and non-dom-
inant lower limbs. The dominant limb was defined as the 
primary foot used to kick a ball. However, unilateral tasks 
were evaluated in the current study, and it may have not 
been necessary to differentiate dominant and non-domi-
nant limbs. The data could have been pooled initially.20 

When analyzing the pooled data, good intra-rater reliability 
was found (ICCpooled = 0.87), utilizing a larger sample size 
(17 subjects with 2 legs; n=34). 

SECONDARY OUTCOMES (INDIVIDUAL ITEM ANALYSES) 

In this study, percentage of agreement for individual SHD-
LESS items ranged from 62% to 100%. For tibial rotation 
(item 11), the rater (AR) of the study achieved only 62% 
agreement. Because tibial rotation is a transverse plane 
variable, it is likely that evaluating this item may be partic-
ularly difficult with cameras only in the sagittal and frontal 
planes, and may be inappropriate for a 2D assessment of 
movement. In calculating percent agreement values, Cohen 
suggests the possibility that there is the potential for false 
agreement when raters make random guesses, and Cohen’s 
kappa was developed to account for this concern.23 For in-
dividual item assessment of the SHD-LESS, the Kappa co-
efficients ranged from very poor to almost perfect for both 

scales. While overall scores for the SHD-LESS demonstrated 
good reliability, only three items (dorsiflexion of the ankle, 
knee flexion displacement, and knee valgus displacement) 
showed Kappa values interpreted as strong on the 13 items 
for this scale. Interpretation of the Kappa scores for some 
items does not seem possible, because no errors were found 
in the video analyses for some items (not allowing for cal-
culation of the Kappa score). These items may have less 
relevance for a healthy population, but could be of great 
relevance for individuals following ACL reconstruction.24,25 

Thus, future studies should evaluate the reliability (overall 
and individual item assessment) of the SHD-LESS in pa-
tients following ACL reconstruction. 

To ensure that subjects performed a reasonably similar 
task between the two sessions, jumping performance on the 
SHD (quantified as hop distance) has been investigated and 
an excellent agreement for jump performance (distance; 
item 12; Table 2) on the SHD task has been obtained. These 
findings are consistent with previous work examining the 
reliability of the SHD for jump performance (distance), 
which found excellent reliability (ICC=0.92).17 While the 
jump distances between the two sessions were highly cor-
related, recent research has shown that individuals follow-
ing ACL reconstruction with similar distance performance 
on the SHD and other dynamic tasks use varying movement 
strategies to accomplish the tasks.26,27 Thus, the landing 
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movement strategies used with similar distance jumps be-
tween the 2 trials could not be really identical, which may 
affect the reliability of the qualitative landing assess-
ment.26,27 

FURTHER APPLICATIONS 

The overall scores for the SHD-LESS scale demonstrated 
good reliability and may be an important component in fu-
ture ACL reconstruction RTS testing batteries. The SHD-
LESS scale contributes to an objective RTS evaluation, with 
an analysis of the quality of landing during the test most 
frequently used in the decision to RTS (i.e., the SHD).12 The 
SHD may also be the most relevant sport-related task to 
evaluate for quality of movement in individuals following 
ACLR. Specifically, unilateral tasks may be more relevant 
than bilateral tasks for qualitative assessment, because of 
the possibility of compensation on the healthy lower limb 
during a bilateral landing task like the drop vertical jump 
(DVJ).28 Additionally, the single-leg hop tests described 
originally by Noyes et al.29 have been used extensively and 
previously evaluated for intra- and inter-rater reproducibil-
ity.17,30 These functional tests therefore provide clinicians 
with important information in the follow-up and serial test-
ing of their ACLR patients. 

The single-leg drop landing task is also incorporated in 
RTS testing batteries following ACL reconstruction,31 and 
is associated with other important elements such as psy-
chological factors and social-contextual factors.32 Also, a 
single-leg drop landing task may be more biomechanically-
demanding26 compared to SHD and only appropriate in 
late-stage rehabilitation. The SHD is often performed ear-
lier in rehabilitation following ACL reconstruction (approx-
imately 3 months) to assist with return to running, and thus 
may have greater utility during early-to-mid rehabilitation 
progression.33,34 

Single-leg distance jump tests appear to have low sen-
sitivity in predicting injury-free return to sport, but high 
specificity,35 and providing an objective assessment of the 
patient’s functional abilities after ACLR. It should be noted 
that functional tests, although providing valuable informa-
tion, do not, on their own, indicate how well the patient is 

recovering from ACLR or how ready for return to sport they 
are. 

STUDY LIMITATIONS 

The current study, although pilot in nature, is not without 
important limitations. First, the 2D video analysis time was 
particularly long to complete the scale scoring for each task 
(30 minutes for one limb). This may limit the clinical ap-
plication of these scales in a real-time setting. Secondly, 
the current study included only a young population (20-25 
years old), with more males than females, which does not 
reflect or apply to the general population. Finally, items of 
this newly-developed SHD-LESS scale were not previously 
validated, due to the pilot nature of this study. Future re-
search should refine and validate these individual items for 
eventual applications in patient populations (such as those 
post-ACL reconstruction) for which movement quality as-
sessment may be a critical part of a multifactorial func-
tional assessment. 

Finally, it would be interesting to evaluate inter-rater re-
producibility as well as to establish a cut-off score to reduce 
the risk of (re)injury, especially after ACL reconstruction. 

CONCLUSION 

The newly-adapted SHD-LESS scale showed good intra-
rater reliability, and could be used alongside the evaluation 
of SHD performance in RTS testing following ACL recon-
struction. Further studies should evaluate the inter and in-
tra-rater reliability of the SHD-LESS in individuals follow-
ing ACL reconstruction as well as the impact of using the 
SHD-LESS scale within the RTS test battery on outcomes. 
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Background 
The number of masters females that choose long-distance running as a form of exercise is 
growing exponentially. As clinicians working with these athletes, it is important to 
understand their training habits and how these habits relate to running related injuries 
(RRI). 

Purpose 
The primary aim of this study was to identify the training behaviors and cross training 
engagement in masters female runners. A secondary aim was to determine RRI rates and 
their relationship to training behaviors. 

Methods 
A 31-question online survey was completed by 68 masters females aged 45 and older. 
Answers from 18 of the 31 questions were used to address the specific aims of the study. 
Descriptive variables and Chi Square analyses were used to synthesize the data. 

Results 
The majority of the cohort ran less than 30 miles week distributed over three days/week. 
Most participated in cross-training activity that included strength training, cycling, and 
swimming. Injury was prevalent in this group of runners with many experiencing more 
than one RRI over their running history. The area of the hip and gluteal region was the 
most common site of injury. 

Conclusion 
This cohort of runners trained in a relatively smart manner, with a moderate volume of 
running mileage, and utilization of cross-training. Many had experienced some form of 
injury that halted their running for a period of time. 

Level of Evidence 
Level 3 – Case Controlled, retrospective survey 

INTRODUCTION 

Running is one of the most popular types of physical activ-
ity and is becoming more common in the older athlete.1,2 

The benefits attributed to recreational running in the older 
individual include improvements in physical and mental 
health, all-cause mortality reduction, and social participa-
tion.3–6 After starting to run on a regular basis, runners 
report changes in their lifestyles, including more energy, 

less stress, better eating habits, and better sleep.7 Of the 
two sexes, participation by females has increased more than 
males in long distance running events and triathlons over 
the last decade.8 

A masters female is operationally defined as one that is 
aged 40 years and older and therefore, this category spans 
several decades. Key research has demonstrated that as the 
female ages there is a tendency for a decline in aerobic 
capacity,5 muscle mass,3 bone density,9 flexibility10 and 
power.11 Additionally, post-menopausal females may have 
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more drastic physiological changes due to the loss of key 
hormones, such as estrogen.12,13 Based on these findings, it 
can be speculated that masters females should train differ-
ently than their younger counterparts.10,14,15 

Additionally, injury due to running is common in long-
distance runners. It is estimated that up to 70% of en-
durance athletes sustain an injury which prevents them 
from continuing their running routine.16 Research on RRI 
most commonly involves participants that are younger run-
ners or male runners.10,17 Modifiable risk factors associated 
with RRI may include reduced flexibility and muscular 
weakness.2 It is currently unknown whether masters female 
runners that participate in cross-training activities to im-
prove strength and flexibility have a reduction in RRI. 

Little has been published on the training habits of en-
durance masters female athletes and the running related 
injuries (RRI) that may accompany their habits. The pri-
mary aim of this study was to identify the training behav-
iors and cross training engagement in masters female run-
ners. A secondary aim was to determine RRI rates and their 
relationship to training behaviors. 

METHODS 
PARTICIPANTS 

Females over the age of 45 years that participate in a consis-
tent (> 2 x weekly) running program for the prior two years 
were solicited to complete a retrospective survey. Exclusion 
criteria included runners that: 1. could not read or interpret 
the survey; 2. stopped running for more than four weeks in 
the prior two years; and 3. had sustained an injury/disease 
that significantly altered their training program. The partic-
ipants were recruited from area running clubs in a Midwest 
city through social media and word of mouth. 

SURVEY 

A 31-question Web-based survey was administered to a 
convenience sample of female distance runners in order to 
identify their typical running behavior, cross-training ac-
tivity, and injury history. The readability of the survey was 
assessed before use and deemed appropriate for individu-
als at an 8th grade reading level by a sample of older female 
runners. The response options for each question were set 
as categorical in order to improve speed of survey comple-
tion and the survey took approximately 20 minutes to com-
plete. The survey was available online for a period of six 
months (November, 2020 – April, 2021). To answer the spe-
cific aims of this study, 18 of the 31 question answers were 
used for data analysis. Of the 18 questions, two dealt with 
demographics, nine dealt with running habits, three dealt 
with cross-training habits, and four dealt with injury his-
tory. The remaining questions not used for this study were 
designed to assess more specifics about treatment for the 
runners RRI’s. 

PROCEDURE 

Before the launch of the survey, institutional level ethical 
approval was granted by the IRB at Creighton University, 
Omaha, NE. Once the subject agreed to participate in the 

study, she received the link to the survey designed in 
MailChimp (Atlanta, GA). If the participant did not com-
plete the survey within a two-week period, a reminder e-
mail was sent. Once the survey was completed the data 
was housed in MailChimp and copied to a Microsoft Excel 
spreadsheet for analysis. 

DATA AND STATISTICAL ANALYSES 

Descriptive analyses of the subject characteristics, running 
habits, cross-training participation and injury history were 
presented as mean and frequencies (%). Running years, age, 
strength training, and running volume were individually 
cross-tabulated with injury using chi-square (X2) tests of 
independence. Alpha level was p ≤ 0.05. For running years 
dichotomy was set at < 15 years and ≥ 15 years. For age, di-
chotomy was set at < 50 years and ≥ 50 years. For running 
volume, dichotomy was set at < 30 miles/wk and ≥ 30 miles/
wk. These dichotomies were set by the authors based on 
their experience with running athletes. 

RESULTS 

A total of 68 surveys were completed. For the questions 
posed for this study, there was no missing data. Most of 
the participants were between the ages of 45 – 60 years 
(80.8%). With the remaining 8.8% between 61 – 65 and 
10.3% 66 years or greater. Eighty-six percent of participants 
were white, 4.4% were African American, 1.5% Latino, 1.5% 
Asian, 1.5% American Indian and the remaining 5.9% in an-
other category. 

RUNNING HABITS 

Most participants had been running for over 15 years 
(47.8%). This cohort of runners trained at a pace of a 
9-minute mile pace or slower (96.5%) with the remainder 
training between 8:00 – 8:59 pace. Most ran at least par-
tially on the road or pavement (94.1%). Close to half also in-
corporated treadmill running (48.5%) and off-road training 
(45.6%). 

The weekly mileage was distributed from under 10 miles 
to over 40 miles per week. Figure 1 displays the range of 
mileage for the participants. Almost half the participants 
ran three times per week. Sixty-three of the 68 participants 
competed in some sort of racing from a 5k to IronMan 
triathlon distance. 

When asked why they run, the majority (30.9%) picked 
mental health as a reason to run closely followed by per-
sonal challenge and competing. Figure 2 shows the distrib-
ution of reasons. Most of those surveyed did not train with 
a group or follow a training plan. Further, the majority in-
corporated one or more different running workouts such as 
hill repeats (61.8%), speed work (73.5%), long runs (79.4%), 
and tempo runs (70.6%). 

Close to 80% of the runners participated in a warm-up 
routine. The majority (52.9%) used walking as at least one 
component followed by stretching (23.8%) and dynamic 
drills (16.2%). 
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CROSS TRAINING 

In this cohort, 97.1% cross-trained and many participated 
in more than one mode of cross training. Strength training 
(77.9%) was the most common followed by cycling (64.7%), 
swimming (47.1%), and yoga (30.9%). The frequency of the 
cross-training averaged 2.6 days/week. 

RUNNING INJURY 

In this group of master females, only 11.8% had never sus-
tained a running related injury, the majority (70.6%) had 
sustained more than one injury over their running history. 
Seventy-two percent had sustained an injury that was se-
vere enough to modify training (decrease intensity, distance 
or frequency) or stop running. The location of the injuries 
was distributed as follows: hip/gluteal region (48.5%) fol-
lowed by the foot (42.6%) then the knee (41.2%). All injury 
locations are shown in Figure 3. 

INJURY VERSUS RUNNING HABITS 

Years running and injury were not significant (X2 = 1.65, p 
= 0.199). Age and injury were not significant (X2 = .286, p 
= 0.592). Running volume and injury were significantly re-
lated (X2 = 7.41, p = 0.007). Strength training and injury 
were not significant (X2 = .659, p = 0.416). 

DISCUSSION 

This is the first published study to document the running 
habits and cross-training practices of recreational female 
master distance runners. The aims of the study were to doc-
ument the training patterns and injury history of this co-
hort. The runners included in this study are classified as de-
voted recreational runners most of whom had been running 
for numerous years.18 

RUNNING HABITS 

The volume of running for the participants varied from less 
than 10 miles per week to over 40 miles. The majority ran 
between 10 and 20 miles a week. These miles were com-
monly dispersed between three days per week. Although 
this type of mileage may seem low to a younger runner, it 
is consistent with what is seen in male masters athletes19 

as well as what is recommended for good health. Further, 
the volume and consistency found in the runners is accept-
able for significant mortality benefits as discovered by Lee 
et al.20 The female subjects exercised well above the World 
Health Organization’s recommendation of 75 minutes of 
vigorous intensity exercise per week.21 

Their running speed is relatively slow with the majority 
running at a 10 – 11 minute/mile pace, but this pace is not 
unusual for recreational women. A study by Thuany et al. 
found that pace slowed almost linearly after the age of 19 up 
to age 65 in Brazilian female runners.22 Although classified 
as recreational, most of the group participated in races and 
found that racing was a motivating factor for continuing 
to be active. Participation in mass running events fosters 
a sense of social togetherness and promotes social-psycho-

Figure 1. Mileage distribution for female runners 

Figure 2. Reasons why runners run 

Figure 3. Injury location 

logical well-being.23,24 Interestingly, in the present study 
most of the runners did not follow a formal training plan 
or run with a running group. This result is similar to what 
Krouse et al. found in female ultrarunners who chose not to 
use coaches due to cost or their ability to rely on past expe-
rience in the sport.25 

The runners in this study utilized a variety of running 
terrains, but most preferred to train at least some of the 
time on the road. The treadmill was also a common mode 
for at least half the runners for some portion of their train-
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ing. Being that the survey was given to runners in the Mid-
west, it may have been impossible to run year-round on the 
roads due to the weather. 

CROSS-TRAINING 

The survey question that asked about cross-training in-
cluded the following answer choices with the participant 
able to pick all that applied: resistance/strength training, 
cycling, swimming, yoga, other, and I don’t cross-train. Al-
most all participants (97.1%) engaged in some form of 
cross-training activities besides their weekly running. Many 
participated in more than one form of cross-training. The 
most popular activity was strength training followed by cy-
cling and swimming. Although it is questionable if the ad-
dition of cross-training improves performance,26 it is still 
advised for this cohort of runners.2 These cross-training ac-
tivities are important in this population to diminish stress 
to joints, improve neuromuscular coordination, and to help 
prevent burn-out and staleness.2 

Resistance or strength training was used in 77.9% of the 
participants. Study results are similar to a study by Blagrove 
et al. who found 76.9% of their surveyed competitive run-
ners utilized resistance training.17 Evidence suggests 
strength training or explosive training sessions twice a 
week is beneficial for improving running economy.27,28 In 
older marathon runners, resistive training improved run-
ning economy.29 The strength training performed by par-
ticipants in the present study seems to be in line with this 
recommendation because most runners reported that they 
typically performed the training on average three times per 
week. Besides performance enhancement, resistance train-
ing in the older female will help with minimizing sarcopenia 
and improve bone mineral density.30–32 

Another area of cross-training that is recommended by 
authorities is flexibility training.2,19 Loss of tissue extensi-
bility is inevitable in this group and may be associated with 
injury. Yoga, a form of flexibility exercise was utilized by 
close to 31% of the participants. Additionally, 23.5% of the 
participants used stretching as part of their warm-up. The 
authors recommend that a dedicated flexibility program be 
used five to seven times per week to maintain range of mo-
tion of critical joints such as the ankle, hip and low back. 

INJURIES 

It has been estimated that 89% of master athletes expe-
rience one sports-related injury since turning 50 years; of 
these injuries, 68% are due to repetitive overuse.13,33 Simi-
larly, in the present study, close to 88% reported a RRI that 
made them modify their training or stop running at some 
point in their running career. Many of the runners (70.8%) 
reported more than one injury and 45% reported a recurring 
injury. Injury rates tend to be higher in the masters runner 
compared to the younger runner.1 Probable explanations 
include less resilient connective tissue, lack of joint flexi-
bility and loss of stabilizing strength.19 Within the masters 
cohort, there was no statistically significant association (p 
= 0.592) between age and injury. For the Chi square analy-
sis the subjects were divided by age , those younger than 50 
(N = 20) compared to those over 50 (N = 48). It can be con-

cluded that within the masters runner category, an increase 
in age does not equate to increased injury risk. Ganse et al. 
suggest that experienced master athletes lesson their risk of 
injury by practicing injury prevention.16 

From survey results, the most common location for in-
jury was the hip/gluteal region (48.5%) followed by the foot 
(42.6%) and the knee (41.2%). Other authors have found 
somewhat different results, Matheson et al. found the knee 
as the most common injury site for both older and younger 
runners.34 Knobloch et al. found Achilles tendinopathy to 
be the most common injury, but this was in elite runners 
and the majority of subjects were males.35 

Within the studied runners, running training volume (> 
30 miles/week) was statistically related (p = 0.007) to an in-
creased number of injuries experienced by the runners. This 
result is similar to other studies.36,37 McKean et al. found 
that of the masters runners that they surveyed, the runners 
who ran more volume experienced more injuries.1 This re-
sult is a key finding and a recommendation for the mas-
ter female would be to limit weekly mileage to less than 30 
miles/week. We would also recommend that females over 50 
focus on the quality and variety of their runs, getting away 
from runs greater than 8 miles, run at a slow distance. The 
overall weekly volume and number of run days per week 
may be less, but mixing running sessions up with hill re-
peats, intervals, and fartleks, as well as mixing strength 
with run segments helps boost performance, neuromuscu-
lar patterns, and efficiency while at the same time giving 
the body adequate recovery time. Also, not running two 
days in a row gives the body a better chance to recover 
from repetitive loading forces and possibly help prevent in-
jury.2,13 

Participation in cross-training does not seem to be as-
sociated with lower self-reported injury rates. In this study, 
most runners reported a RRI and the majority participated 
in cross training and strength training, so there appears to 
be no protective effect. However, the time between injury 
and cross training were not specified so conceivably the 
runner could have been injured prior to starting a cross 
training program. Further, although the survey asked about 
RRI, it cannot be ruled-out that an injury was a result of 
the additional cross-training activity. For example, activi-
ties such as intense cycling or cross fit could cause or com-
pound an injury. 

LIMITATIONS 

A number of limitations are important to acknowledge. 
First, the survey was developed by the researchers and has 
not undergone validity or reliability testing. Some ques-
tions may have been misinterpreted, thus producing inac-
curate data. Secondly, the survey was limited by partici-
pant’s self-report (recall bias) of their training program and 
injury rates. Third, selection bias may be present, as those 
participants who chose to complete the survey may have 
different training programs than those who did not com-
plete the survey. Fourth, the survey group was geographi-
cally from the Midwest USA, and generalizability of the re-
sults to other geographical regions must be performed with 
caution. A final limitation of the study was the categori-
cal nature of the question responses which potentially lim-
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ited specificity of the answers. Future research that includes 
longitudinal studies would be informative on determining 
cause and effect relationships between training habits and 
injury. 

CONCLUSIONS 

In this original research, female endurance athletes were 
surveyed about their training habits, cross-training activity, 
and injury history. The results indicate that this cohort of 
runners trained with a moderate volume of running 
mileage, and many utilized various methods of cross-train-
ing. Many had experienced some form of injury that halted 
their running for a period of time. 
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Greater trochanteric pain syndrome (GTPS) refers to pain in the lateral hip and thigh and 
can encompass multiple diagnoses including external snapping hip (coxa saltans), also 
known as proximal iliotibial band syndrome, trochanteric bursitis, and gluteus medius 
(GMed) or gluteus minimus (GMin) tendinopathy or tearing. GTPS presents clinicians 
with a similar diagnostic challenge as non-specific low back pain with special tests being 
unable to identify the specific pathoanatomical structure involved and do little to guide 
the clinician in prescription of treatment interventions. Like the low back, the 
development of GTPS has been linked to faulty mechanics during functional activities, 
mainly the loss of pelvic control in the frontal place secondary to hip abductor weakness 
or pain with hip abductor activation. Therefore, an impairment-based treatment 
classification system. is recommended in the setting of GTPS in order to better tailor 
conservative treatment interventions and improve functional outcomes. 

Level of Evidence 
Level V, clinical commentary 

INTRODUCTION 

Greater trochanteric pain syndrome (GTPS) refers to pain in 
the lateral hip and thigh and can encompass multiple diag-
noses including external snapping hip (coxa saltans), also 
known as proximal iliotibial band syndrome, trochanteric 
bursitis, and gluteus medius (GMed) or gluteus minimus 
(GMin) tendinopathy or tearing.1,2 Although the symptoms 
associated with GTPS were previously thought to be primar-
ily the result of trochanteric bursitis, multiple histologic 
and imaging studies have identified gluteal tendinopathy 
with or without bursitis as the primary source of pain and 
dysfunction.3–5 GTPS presents clinicians with a diagnostic 
challenge as no cluster of special test exists to identify the 
specific pathoanatomical structure involved or the severity 
of its involvement. Therefore, there is a need for an impair-
ment-based classification system for GTPS to allow for tai-
lored conservative treatment interventions and improved 
patient outcomes. 

The use of the term GTPS is non-specific to pathology 
and refers to the many sources of pain in the lateral hip. 

This is similar to the use of the term “non-specific low back 
pain”, which encompasses many different pathologies in-
cluding but not limited to muscular strains, spinal steno-
sis, and intervertebral disc degeneration.2 Instead of using 
special tests to identify the specific anatomical structure 
involved, which is common practice for many peripheral 
joints, examination procedures for the low back focus on 
the identification of impairments that lead to the devel-
opment of pain.6 It has been suggested that identifying 
the specific anatomical structure involved in the onset of 
low back pain is not necessary to achieve successful reso-
lution of pain.7–9 As a result, an impairment-based treat-
ment classification approach is recommended in an attempt 
to tailor treatments to a particular subgroup depending on 
subjective and objective findings. GTPS presents clinicians 
with a similar diagnostic challenge as non-specific low back 
pain with special tests being unable to identify the specific 
pathoanatomical structure involved and do little to guide 
the clinician in prescription of treatment interventions. 
Like the low back, the development of GTPS has been linked 
to movement systems abnormalities during functional ac-
tivities. The primary movements system finding is the loss 
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of pelvic control in the frontal plane secondary to hip ab-
ductor weakness and/or pain.10,11 Therefore, conservative 
interventions should focus on the correction of these im-
pairments to reduce pain and improve movement control in 
individuals with GTPS. 

The purpose of this clinical commentary is to present an 
impairment-based classification system for GTPS to allow 
for tailored treatment interventions. Grimaldi & Fearon12 

presented a graded exercise program for the treatment of 
GTPS. Because the focus of their work was based solely on 
gluteal tendinopathy, further classification based on tissue 
irritability is warranted.12 We propose a classification sys-
tem based on findings identified during a standard phys-
ical examination coupled with findings from a movement 
system assessment. By addressing identified impairments, 
treatment will focus on correcting the faulty mechanics that 
lead to the development of GTPS rather than treatment be-
ing aimed towards a single anatomical structure. 

GREATER TROCHANTERIC PAIN SYNDROME 

GTPS has an incidence of 1.8 out of 1000 patients in the pri-
mary care setting, mainly affecting females in the 4th-6th 

decades of life.13–17 Multiple studies have demonstrated a 
higher incidence of GTPS with concomitant low back pain, 
hip osteoarthritis (OA), iliotibial band tenderness, and knee 
pain.18,19 While the majority of GTPS is observed in middle 
aged females, at a much lower rate runners, football players, 
and dancers have also shown to be affected due to high hip 
adduction moments during performance of their respective 
sport.s17,20–22 In general, abnormal forces across the hip 
secondary to faulty biomechanics are hypothesized to lead 
to GTPS. Specifically, weakness or pain in the hip abduc-
tors results in a loss of pelvic control in the frontal plane, 
presenting as a Trendelenburg or compensated Trendelen-
burg position during tasks performed on a single leg. Pelvic 
obliquity increases the compressive forces through the lat-
eral hip leading to degeneration of the GMed and GMin ten-
dons and/or inflammation of the trochanteric bursae and 
proximal iliotibial band.23 

Individuals suffering from GTPS complain of pain at the 
lateral hip, with symptoms potentially radiating distally to 
the level of the buttock and lateral thigh. Pain generally 
worsens with single limb weight bearing activities and lay-
ing on the affected side. The greatest degree of tenderness 
should specifically be located on the lateral or posterior as-
pect of the greater trochanter.3,15,24,25 Activities that exac-
erbate symptoms include walking and ascending stairs, as 
well as other single leg activities, such as putting on pants 
or getting in/out of the bathtub. Due to the high likeli-
hood of overlapping pathologies, particularly hip joint os-
teoarthritis and low back pain, it is important to first as-
sess for the presence of intra-articular hip and/or lumbar 
spine pathology. It is also important to rule out the pres-
ence of a femoral stress fracture or avascular necrosis of the 
hip which would require a physician referral.19 Individuals 
complaining of radiating pain below the knee, pain in the 
low back that increases with sitting or walking, and pain 
specifically associated with movement of the lumbar spine 
should undergo a comprehensive lower quarter screen. This 
examination should assess for myotome related weakness, 

decreased sensation in dermatomal pattern, abnormal find-
ings during lower extremity reflex testing, and lumbar range 
of motion. 

For those with groin pain and morning stiffness hip os-
teoarthritis should be considered.26 Intra-articular hip joint 
pathology should be considered with the reproduction of 
groin pain during a Flexion-Abduction-External Rotation 
(FABER) test and/or Scour test, decreased range of motion 
in a capsular pattern, and demonstration of an antalgic gait 
pattern.27 With subjective findings including a rapid in-
crease in weightbearing activities or excessive steroid or al-
cohol use, a femoral stress fracture or avascular necrosis 
of the hip, respectively, should be considered. If the ob-
jective examination is consistent with either of these diag-
noses and an immediate referral to a physician is warranted. 
A summary of differential diagnoses can be found in Table 
1. 

While special tests are frequently utilized in the clinical 
setting to identify GTPS, there is currently no test or cluster 
of tests utilized to identify which specific pathoanatomical 
structures are involved or the severity to which they are in-
volved. Some frequently utilized special tests include re-
sisted hip abduction and external rotation, FABER, the re-
sisted external de-rotational, and Trendelenburg tests. 
Ganderton et al.28 found the FABER, resisted hip abduction, 
and the resisted external de-rotational tests to have the 
highest diagnostic test accuracy in confirming GTPS. Pre-
vious research on the Trendelenburg test and the resisted 
external rotation test has reported sensitivity and speci-
ficity values in individuals with GTPS of 73% and 77% and 
88% and 97.3%, respectively.4,29 Multiple authors have also 
identified palpation of the greater trochanter and 
trochanteric bursae to be a useful tool in confirming the 
presence of GTPS.5,17,28 It should be noted, however, that 
no studies report sensitivity and specificity values for these 
palpatory tests in identifying the specific pathoanatomical 
structure involved. Therefore, it should be emphasized that 
these tests have minimal utility beyond confirming the 
presence or absence of GTPS and offer little to the clinician 
in prescribing appropriate treatment interventions. 

Given the limited clinical utility of special tests, clini-
cians should focus on examination procedures that identify 
the impairments responsible for the development and per-
sistence of GTPS. Previous research has established hip ab-
ductor weakness, loss of pelvic control in the frontal plane, 
and iliotibial band tightness and thickening as factors in-
creasing compressive forces through the bursae and GMed 
and GMin tendons.10,11 Identifying impairments in hip 
flexibility and strength will assist with identifying individu-
als who will benefit from stretching and strengthening ex-
ercises and/or manual interventions. Along with standard 
range of motion, strength, and flexibility screens, a thor-
ough analysis of the movement system should be per-
formed. Movement system assessments are evaluations of 
biomechanics during functional activities providing insight 
into faulty movement patterns allowing clinicians to tailor 
treatment interventions to address identified impair-
ments.30 
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Table 1. Differential Diagnoses: Key Subjective and Objective Findings 

Key Subjective Findings Key Objective Findings 

Lumbar Spine 
Pathology 

Hip Joint 
Osteoarthritis 

Femoral Stress 
Fracture 

Avascular Necrosis of 
the Hip 

• Pain that radiates below the knee 

• Low back pain that increases with sitting or 

walking 

• Pain that increases with movement of the lumbar 

spine 

• Pain, weakness, or altered sensation in der-

matomal or myotomal pattern 

• Abnormal findings during lower extremity reflex 

testing 

• Pain reproduced with motion testing of the lumbar 

spine 

• Pain located in the anterior hip 

• Morning stiffness that resolves in <1 hour 

• Increased pain and difficulty with weight bearing 

activities 

• Reproduction of pain during a FABER and/or Scour 

test 

• Decreased range of motion in a capsular pattern 

• Antalgic gait pattern 

• Pain located in the anterolateral hip that wors-

ens with weight bearing 

• Recent rapid increase in weight bearing activi-

ties 

• Painful and limited hip range of motion 

• Antalgic gait pattern 

• Pain located in the anterolateral hip that wors-

ens with weight bearing 

• History of excessive alcohol or steroid use 

• Painful and limited hip range of motion 

• Antalgic gait pattern 

IMPAIRMENT BASED TREATMENT 
CLASSIFICATION 

Since the mechanism for developing GTPS has been iden-
tified as strength and biomechanical deficits of and around 
the hip, an impairment-based treatment classification, sim-
ilar to those described for the low back, may be useful to 
help appropriately tailor treatment interventions.10,11 We 
recommend classifying patients presenting with GTPS into 
two categories, contractile and/or non-contractile, and then 
further sub-classifying based on irritability. 

CONTRACTILE 

A patient with a contractile presentation would report a re-
production of pain with resisted hip abduction, lengthening 
or stretching of the hip abductors, palpation of the gluteal 
muscles and/or tendons, and would demonstrate faulty me-
chanics during functional activities. Any of these findings 
would suggest the gluteal muscles, proximal iliotibial band, 
and/or tensor fascia latae are involved. However, it does not 
indicate which specific structure or the severity of involve-
ment. Therefore, we recommend identifying the irritabil-
ity of muscular involvement as high or low before prescrib-
ing interventions. Treatment for a contractile presentation 
should focus on muscle and tendon healing through soft tis-
sue mobilization (STM) and graded loading exercises. In pa-
tients demonstrating severe pain, profound weakness, and 
a significant limited ability to walk without an assistive de-
vice, a physician referral is warranted to rule out a compete 
tear of the hip abductors. 

HIGH IRRITABILITY 

Highly irritable individuals in the contractile classification 
will be unable to abduct their hip against gravity and report 
moderate to severe reproduction of pain. The patient may 
also report severe difficulty with functional tasks involving 
single leg stance (SLS) and exhibit an antalgic gait. During 

this phase, STM to the gluteal muscle bellies, tensor fascia 
lata (TFL), and/or iliotibial band (ITB) are recommended 
to facilitate healing. STM of the gluteal tendons and 
trochanteric bursae should be avoided to limit further tissue 
irritation. GMed and GMin strengthening should be initi-
ated through isometric contractions in gravity eliminated 
positions progressing to against gravity positions as toler-
ated. Low intensity isometrics have been shown to induce 
analgesic effects in individuals with patellar tendinopathy, 
however, these results are variable across populations.31 

We therefore recommend a graded exercise program pro-
gressing from isometric contractions in the high irritability 
phase progressing to isotonic contractions in the low irri-
tability phase. Core exercise should be initiated in supine 
and quadruped with a focus on proper activation of the 
lower abdominals. During this phase, all activities should 
be pain-free. Examples of gluteal and core exercise progres-
sions for the high irritability phase can be found in Figures 
1 and 2. 

Along with a tailored exercise program, extensive edu-
cation should be provided regarding activity and postural 
modifications with the goal of reducing load and compres-
sion through the lateral hip. Strategies should be given to 
help minimize time spent on a single leg during activities 
of daily living, such as sitting rather than standing to put 
on pants thereby reducing tensile load through the gluteal 
muscles. The importance of avoiding hip adduction should 
be stressed for sitting, standing, and sleeping to limit ex-
cessive compression through the lateral hip.12 For example, 
education should be provided to avoid crossing legs in both 
sitting and standing and to sleep in supine with a pillow un-
der their knees or in sidelying with a pillow between their 
legs (Figure 3). 

LOW IRRITABILITY 

Those with low irritability of the lateral hip musculature 
will be able to abduct their hip against gravity, but continue 
to complain of mild to moderate reproduction of pain. 
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Treatment recommendations for this phase include initia-
tion of pain-free stretching of the hip abductors, concentric 
and eccentric hip abductor strengthening, functional train-
ing focusing on single leg activities, and progression of core 
strengthening. STM should continue to be utilized in con-
junction with pain-free stretching if tightness was identi-
fied through muscle length testing, such as an Ober’s test. 
It should be noted that soft-tissue mobilization should be 
directed at the gluteal muscle bellies, TFL, and/or ITB, not 
at the trochanteric bursae or gluteal tendon insertions, to 
avoid further tissue irritation.19 GMed and GMin strength-
ening should be progressed to include isotonic contractions 
in the low irritability phase as the focus shifts from pain 
control and healing to restoration of function. Heavy slow 
resistance exercise has been shown to improve tendon qual-
ity and compared to eccentric exercise, heavy slow resis-
tance exercise yielded similar clinical outcomes.32–34 We 
therefore recommend a combination of concentric and ec-
centric exercise as per pain tolerance. A large focus should 
be given to weight bearing hip abductor strengthening as 
weight bearing abductor exercises demonstrate signifi-
cantly greater EMG activity than all non-weight bearing 
exercise, except sidelying hip abduction.35 If tolerated, a 
resistance band should be incorporated to increase hip ab-
ductor activation and challenge lower extremity neuromus-
cular control. A GMed and GMin strengthening progression 
for the low irritability phase can be found in Figure 4. Core 
exercises should be progressed to incorporate a plank pro-
gression as well as weight bearing functional tasks. Careful 
attention should be paid to frontal plane control of the 
pelvis during all weight bearing strengthening exercises. 

The main goal of this phase is to restore appropriate 
pelvic control during functional tasks. Similar to the 
strengthening progression, functional training should be-
gin in double leg stance progressing to the transition from 
double to SLS and finally to training on a single leg. In 
order to challenge neuromuscular control, dynamic func-
tional training should be incorporated once the patient 
demonstrates mastery of static tasks. We recommend be-
ginning the return to activity and sport progression with a 
walking program to incorporate progressive loading of the 
gluteal muscles as well as to improve cardiovascular en-
durance. Once the patient can ambulate 15-minutes with 
minimal pain and appropriate pelvic control, progression to 
sport-specific activities including running, jumping, hop-
ping, and cutting should be initiated, if necessary. Progres-
sion should be dictated by pain and frontal plane control of 
the pelvis. 

NON-CONTRACTILE 

Individuals exhibiting pain during palpation of or around 
the greater trochanter, decreased strength of the hip ab-
ductors without reproduction of pain during resisted test-
ing, and/or faulty mechanics during movement system eval-
uations would suggest a non-contractile source of GTPS. 
It should be emphasized that while these individuals may 
demonstrate weakness and functional deficiency of the hip 
abductors, these activities will not elicit pain. Clinicians 
should also evaluate for any cardinal signs of inflammation, 
including rubor, erthythema, edema, and tenderness, which 

Figure 1. Hip abductor isometric exercise (with or 
without resistance band) in a) short lever arm, 
gravity eliminated position and b) long lever arm, 
gravity eliminated position, c) short lever arm 
against gravity with towel roll to avoid hip 
abduction, and d) long lever arm against gravity 
with heel against the wall to avoid compensation. 

indicate involvement of the trochanteric bursae.36,37 Dif-
ferent from a contractile presentation, which focuses mus-
cle and tendon healing through loading exercise, primary 
interventions for a non-contractile presentation are aimed 
at reducing compressive forces over the greater trochanter 
and alleviating bursal irritation and overload of the lateral 
structures of the hip. Treatment should focus on decreasing 
inflammation, restoring flexibility of the lateral hip, par-
ticularly of the iliotibial band, improving strength of the 
hip abductors, and improving of functional movement pat-
terns. We again recommend classifying the patient into ei-
ther high or low irritability to better tailor treatment inter-
ventions. 

HIGH IRRITABILITY 

A patient with a highly irritable, non-contractile source of 
GTPS will exhibit severe signs inflammation. Modalities to 
decrease inflammation, including heat, ice, ultrasound, 
low-level laser therapy, shockwave therapy, and electrical 
stimulation can be utilized.38,39 Gentle soft-tissue mobi-
lization of the structures surrounding the greater 
trochanter is useful in improving flexibility of the lateral 
hip. Clinicians should avoid any STM of or in close proxim-
ity to the trochanteric bursae as this would increase bursal 
irritation. Much like the highly irritable contractile presen-
tation, hip abductor strengthening should begin with iso-
metric exercise progressing to concentric exercise only as 
tolerated by pain. To progressively load the hip abductors 
and endure proper control of the pelvis, we recommend be-
ginning abductor strengthening, core strengthening, and 
functional training in a non-weight bearing position and 
progressing to weight bearing as strength and movement 
patterns improve. 
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Figure 2. Transverse abdominis activation exercise with a) alternating upper extremity movement, b) bilateral 
upper extremity movement, and c) isometric lower extremity hold with alternating upper extremity 
movement. 

LOW IRRITABILITY 

A patient with low-irritability and a non-contractile pre-
sentation will exhibit mild signs of inflammation, however, 
they may continue to report reproduction of pain with pal-
pation of the greater trochanter and trochanteric bursae. 
Treatment principles should mirror those described for the 
low irritability, contractile presentation. Eccentric 
strengthening of the abductors, high-level core strengthen-
ing, and functional training including sport-specific tasks 
should be prescribed with the goal of returning the patient 
to their previous level of functioning. 

ABNORMAL FRONTAL PLANE MOVEMENT 
SYSTEM DYSFUCNTION DURING SINGLE LEG 
TASKS 

Development of GTPS is thought to result from faulty me-
chanics during functional activities, mainly the loss of 
pelvic control in the frontal place secondary to hip abductor 
weakness or pain with hip abductor activation.10,11 The 
GMed and GMin are responsible for maintaining pelvic con-
trol in the frontal plane during single leg weight bearing 
activities and are the tendons most implicated in GTPS.40 

From the bottom up, these hip abductors also control the 
hip adduction moment resulting from the external ground 
reaction force medial to the hip.41 Any deviation in frontal 
plane control, due to either pain or weakness, increases the 
compressive forces of the GMed and GMin tendons on the 
greater trochanter and trochanteric bursae as well as in-
creases the tension through the iliotibial band. Individuals 
with GTPS frequently complain of pain and difficulty while 
completing tasks requiring single leg support as these tasks 
stress the hip abductors. Given the large role faulty biome-
chanics plays in the development of GTPS, clinicians must 
thoroughly evaluate movement patterns through move-
ment system dysfunction assessments. Movement system 
dysfunction assessments allow for identification of biome-
chanical deviations during functional activities. In the set-
ting of GTPS, clinicians should evaluate pelvic control dur-
ing a 30-second SLS, stair ascent, and the stance phase of 
the gait cycle. 

Figure 3. Sleeping modifications in a) supine and b) 
sidelying 

Figure 4. GMed and GMin strengthening progression 
(with or without resistance band) for the low 
irritability phase including a) bridge, b) single leg 
bridge, c) standing hip abduction, and d) side 
stepping. 

SINGLE LEG STANCE 

Assessing pelvic control during a 30-second SLS provides 
information on the function of the GMed and GMin as they 
are responsible for maintaining a level pelvis during single 
leg activities.28,40,41 The SLS task should be broken down 
into the transition phase, going from double to SLS, and 
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the stance phase, when only one foot is on the ground. The 
transition phase requires hip abductor activation to assist 
with the lateral translation of the pelvic girdle while stance 
phase requires the hip abductors to control pelvic tilt.42 In 
the setting of hip abductor weakness or pain with activa-
tion of the hip abductors, an individual may exhibit a Tren-
delenburg sign, meaning the contralateral hip will drop to-
wards the floor, or a compensated Trendelenburg, meaning 
the patients trunk leans ipsilaterally to the stance leg (Fig-
ure 7).43,44 Allison et al.42 found individuals with gluteal 
tendinopathy exhibit greater hip adduction and ipsilateral 
pelvic shift in preparation for leg lift and greater hip ad-
duction and less control over the pelvis during the stance 
phase. Other signs of hip abductor dysfunction include the 
need for upper or lower extremity support during the SLS 
task. To get a complete picture of SLS performance, a con-
tralateral SLS should be assessed to highlight side-to-side 
differences in pelvic control. 

STAIR ASCENT 

The ability to negotiate stairs is critical for maintaining 
independence and is required to complete many activities 
of daily living. Compared to walking on level ground, the 
strength required to negotiate stairs is significantly 
higher.45–47 Individuals with GTPS frequently complain of 
pain during stair ascent or the inability to complete the stair 
task, greatly reducing their quality of life. During stair as-
cent, the hip abductors are responsible for maintaining a 
level pelvis as the body moves vertically to reach the next 
stair.45 When compared to level ground walking, stair as-
cent requires greater hip flexion, hip adduction, and knee 
internal rotation moments which in turn increases the ten-
sion through the iliotibial band. Additionally, stair ascent 
requires activation of the tensor fascia lata, gluteus max-
imus, and the vastus lateralis, all which have attachments 
to the iliotibial band.48–50 This increase in tension on the 
iliotibial band leads to even greater compression over the 
greater trochanter.45,46 Allison et al.51 reported individuals 
with gluteal tendinopathy were 4.5 times more likely to 
exhibit a large hip adduction moment and greater pelvic 
translation at heel strike during stair ascent than healthy 
controls.51 Additionally, the presence of a contralateral 
trunk lean was observed in those with gluteal tendinopa-
thy.51 When assessing the movement system during stair 
assent, clinicians should evaluate the frontal plane me-
chanics during the stance phase, meaning when the lower 
extremity being assessed is on the ground. Poor perfor-
mance of the hip abductors during stair ascent can manifest 
through a pelvic drop, pelvic translation, and/or trunk lean. 
The individual may also exhibit a step to gait pattern or ex-
cessive use of upper extremity support on a handrail. 

GAIT 

SLS comprises 40% of the gait cycle, potentially aggravating 
the symptoms of GTPS as there is a higher load through 
the hip abductor tendons compared to the swing phase.19,30 

Compared to healthy controls, those with gluteal 
tendinopathy were found to have a greater hip adduction 
moment during the stance phase.52 A Trendelenburg gait 

Figure 5. Core progression for the low irritability 
including a) bird dog, b) transverse abdominis 
activation on physioball with alternating upper and 
lower extremity movement modified plank, c) 
modified plank, and d) modified side plank. 

Figure 6. Functional squat progression (with or 
without resistance band from a) bilateral stance, b) 
staggered stance, and c) unilateral stance to 
improve lower extremity neuromuscular control and 
hip abductor strength. 

Figure 7. Single leg stance with a) normal frontal 
plane mechanics, (b) a Trendelenburg, and (c) a 
compensated Trendelenburg. 

pattern, with or without the complaint of pain, may be an 
indication of gluteal dysfunction. In the case of a mild gait 
deviation, a 30-second SLS test should also be performed in 
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Table 2. Impairment-Based Treatment Classification for GTPS 

CLASSIFICATION 

Contractile Non-Contractile 

↓ ↓ 

High Irritability Low Irritability High Irritability Low Irritability 

↓ ↓ ↓ ↓ 

TREATMENT 

Goal: Muscle and tendon healing Goal: Reducing inflammation 

• Pain with palpation of the muscle belly or tendon of the GMed or GMin 

• Pain with palpation of the proximal iliotibial band 

• Pain and weakness during strength testing of the hip abductors 

• Decreased flexibility of the iliotibial band 

• Poor frontal plane control and reproduction of pain during single leg ac-

tivities 

• Signs of inflammation including rubor, erthythema, 

oedema, and tenderness 

• Pain with palpation of the greater trochanter or 

trochanteric bursae 

• Weakness of the hip abductors without reproduc-

tion of pain 

• Decreased flexibility of the iliotibial band 

• Poor frontal plane control during single leg activi-

ties without reproduction of pain 

• Unable to abduct hip against gravity 

with moderate to severe pain 

• Poor frontal plane control and diffi-

culty completing single leg tasks 

due to moderate to severe pain 

• Antalgic gait secondary to pain 

• Able to abduct hip against 

gravity with mild to moderate 

pain 

• Poor frontal plane control 

and difficulty completing sin-

gle leg tasks due to mild pain 

• Severe rubor, 

erthythema, oedema, 

and tenderness 

• Unable to abduct hip 

against gravity with 

no reproduction of 

pain 

• Poor frontal plane 

control during single 

leg tasks 

• Mild rubor, 

erthythema, oedema, 

and tenderness 

• Able to abduct hip 

against gravity with 

no reproduction of 

pain 

• Poor frontal plane 

control during single 

leg tasks 

• STM of the hip abductors and ili-

otibial band to facilitate tendon 

healing 

• Submaximal isometric hip abductor 

exercises 

• Initiation of core strengthening 

• Heavy loading and eccentric 

strengthening of the hip ab-

ductors 

• Progression of core strength-

ening 

• Functional training and re-

turn to sport 

• Modalities to reduce 

inflammation 

• STM of the hip abduc-

tors and iliotibial band 

to improve flexibility 

• Stretching of the lat-

eral hip 

• Pain free stretching 

of the lateral hip 

• Concentric and ec-

centric strengthen-

ing of the hip abduc-

tors 

• Core strengthening 

• Functional training 

and return to sport 

order to better assess the functional performance and en-
durance of the abductors. With severe gluteal dysfunction, a 
compensatory trunk lean to balance out the center of grav-
ity may be observed.53 

In order to appropriately tailor treatment interventions, 
findings of the physical examination and movement assess-
ments should be utilized to appropriately categorize the pa-
tient into a contractile or non-contractile presentation. Im-
pairment-based treatment can then be utilized based on 
irritability to address muscle strength, flexibility deficits, 
and motor control impairments during functional activities. 
The goal of treatment is to improve motor patterns to re-
duce the compression of the gluteal tendons on the 
trochanteric bursae and greater trochanter and ultimately 
reduce pain and improve function. A summary of the rec-
ommended treatment algorithm for GTPS can be found in 
Table 2. 

CONCLUSION 

GTPS is a term utilized to describe pain in the lateral hip 

and can include external snapping hip (coxa saltans), 
trochanteric bursitis, and gluteal tearing and tendinopa-
thy.1,2 Individuals suffering from GTPS complain of lateral 
hip, thigh or buttock pain that worsens with single leg ac-
tivities and lying on the affected side. Currently, there are 
no tests or cluster of tests to identify the involved 
pathoanatomical structure or the severity of dysfunction. 
Therefore, an impairment-based treatment classification 
system is recommended, delineating patients into two cat-
egories: contractile or non-contractile. Once the patient is 
categorized into contractile or non-contractile based on 
physical examination findings and assessments of the 
movement system, impairment-based treatments can be 
utilized to appropriately tailor interventions to improve 
functional outcomes. Treatment of contractile sources of 
GTPS should focus on muscle and tendon healing through 
STM and loading exercises whereas treatment of non-con-
tractile sources of GTPS should focus on reducing compres-
sive forces over the greater trochanter and alleviating bursal 
irritation and overload of the lateral structures of the hip. 
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Traumatic injuries of the acromioclavicular joint result in pain and potentially long-term 
alterations in scapulohumeral rhythm that occurs due to disruption of the clavicular strut 
function which is integral to scapular kinematics. Nonoperative treatment remains a valid 
option in most acromioclavicular joint injuries with the potential of minimizing pain and 
restoring scapulohumeral rhythm. However, few studies have provided nonoperative 
treatment details. Therefore, the purpose of this clinical commentary is to discuss the 
rationale, indications, and techniques of nonoperative treatment and present an 
organized approach for evaluating and managing such patients based on the best 
available evidence. Attention will be focused on identifying the treatment methods 
employed and the results/outcomes of such treatments. 

Level of Evidence 
5 

INTRODUCTION 

Nonoperative treatment of acromioclavicular (AC) joint in-
juries has been reported in numerous cohorts with varying 
results based on the severity of injury.1–5 Nonoperative 
treatment of AC joint injuries has proven benefits based 
on the similar outcomes identified in comparative studies 
of nonoperative and operative treatment.3,4,6–39 The con-
sistent summation of findings has identified that operative 
treatment is better suited for reducing the separated joint 
per 2-dimensional radiographic assessments while nonop-
erative approaches typically result in quicker return to ac-
tivities of daily living, work, and/or sport activities. How-
ever, although a reduction of symptoms can be achieved 
through nonoperative treatment methods for low-grade in-
juries,40 residual deficits in function can remain from six 
months to five years following injury.41 Similarly, others 
have revealed that patients undergoing nonoperative care 
for low-grade injuries could expect symptoms to resolve by 
12 months; however, patients with lingering symptoms at 
six months correlated with those who were symptomatic 
beyond one year.42 

Conversely, other investigators have identified a higher 

incidence of unfavorable outcomes with nonoperative 
treatment, which led them to suggest that adverse out-
comes were likely underestimated.43 A long-term follow-up 
study found that more than half of patients treated non-
operatively experienced symptoms and obtained noticeably 
lower functional scores when compared with the uninjured 
shoulder approximately 10 years after sustaining Rockwood 
Type I or II injuries (Table 1).44 While differences in joint 
dimensions were detected by ultrasonography, radiographic 
degenerative changes were not observed.44 This suggests 
that although joint health appeared relatively unaffected 
from a 2-dimensional radiographic assessment, 3-dimen-
sional function remained negatively affected. Deficiencies 
in 3-dimensional function would have consequences for re-
habilitation protocol design as exercise selection would 
need to be re-evaluated. The use of 2-dimensional align-
ment as an outcome overlooks the complexities of 3-dimen-
sional shoulder function including: 1) possible alterations 
of scapulohumeral rhythm (SHR) defined as the coupled se-
quenced motion of the scapula and humerus in all phases of 
arm motion and 2) the re-establishment of AC and coraco-
clavicular (CC) load transfer. 

Despite the existence of numerous case series comparing 

Corresponding author: 
Aaron Sciascia PhD, ATC, PES, SMTC, FNAP 
Institute Clinical Outcomes and Research, Lexington Clinic, 1221 South Broadway, Lexington, KY 40504 
ascia@lexclin.com 

a 

Sciascia A, Bois AJ, Kibler WB. Nonoperative Management of Traumatic
Acromioclavicular Joint Injury: A Clinical Commentary with Clinical Practice
Considerations. IJSPT. 2022;17(3):519-540.

https://orcid.org/0000-0002-5518-4615
https://doi.org/10.26603/001c.32545
mailto:ascia@lexclin.com


Table 1. Rockwood Classification of Acromioclavicular Joint Injuries 

Injury 
Type 

Acromioclavicular 
Ligament 

Coracoclavicular 
Ligament 

Trapezoid and Deltoid Muscles 

I Partial tear No tear No tear 

II Complete tear Partial tear No tear 

III Complete tear Complete tear No tear 

IV Complete tear Complete tear Distal end of the clavicle is displaced posteriorly into or through 
the trapezius muscle 

V Complete tear Complete tear Detachment from distal part of clavicle 

VI Complete tear Complete tear Inferior displacement of the clavicle beneath the coracoid 
process 

operative to nonoperative interventions,3,4,6–39 no study 
has identified the frequency and type of nonoperative treat-
ment methods utilized in each study. Considering evidence-
based rehabilitation would likely be based on the efficacy 
of the interventions examined in the literature, it would 
be helpful for clinicians to know which nonoperative treat-
ments have in fact been compared against operative treat-
ments. Therefore, as part of this clinical commentary, the 
authors systematically reviewed the literature to identify 
which nonoperative interventions for AC joint injuries have 
been utilized in empirical studies as well as the parameters 
of application. This information could serve as the foun-
dation for developing evidence-based recommendations for 
clinical practice. 

ACROMIOCLAVICULAR JOINT FUNCTION AND 
INJURY 

Efficient upper limb mechanics requires coupled motions 
of the clavicle and acromion, with the AC joint acting as a 
stable articulation. The S-shaped clavicle acts as a 1) strut, 
maintaining length and stiffness,45,46 2) crank handle, al-
lowing large amounts of distal rotational arcs of motion for 
small amounts of proximal rotation,47–49 and 3) the only 
bony attachment of the upper extremity to the axial skele-
ton. The clavicle has minimal muscular attachments with 
most of the clavicular long axis rotation, anterior/posterior 
motion, and elevation/depression occurring through the in-
fluence of scapular motion. 

The AC joint is a relatively stiff structure, with strong 
posterior, superior, and anterior ligament components that 
are thicker on their acromial insertions than their clavicular 
insertions.50 Individual AC joint motions average 5° of 
acromial elevation and 8° of acromial rotation.51,52 A 3-di-
mensional kinematic analysis of the AC joint, demonstrated 
that the scapula rotated 35° on an axis (termed the ‘screw 
axis’) that passed through the insertions of the AC and CC 
ligaments, and that with abduction, the lateral clavicle 
translated 3.5mm in the anterior/posterior direction and 
1mm in the superior direction.53 This stiffness creates a 
strong link that allows rotational and elevation motions 
produced by the scapula or clavicle to be efficiently trans-
mitted to the other bone of the articulation.54,55 Interrup-
tions of the normal integrity of the AC and CC ligaments 
change the normal linkage between the scapula and the 

clavicle and can result in dyskinetic motion patterns during 
limb movement. In addition, indirect AC joint stability and 
stiffness is maintained by the CC ligaments. An uncompro-
mised clavicle and AC joint are imperative components to 
maintaining scapular integrity. Injury to any of the static 
restraints can cause the scapula to become unstable which 
in turn will negatively affect arm function. Thus, intact AC 
joint anatomy is the basis for optimal arm and shoulder me-
chanics as it creates the most efficient screw axis and allows 
efficient SHR. 

INJURY MECHANISMS, PATHOMECHANICS AND 
INCIDENCE 

The mechanism of traumatic AC injury is a progression of 
loading due to imposed trauma, such as a fall onto the 
shoulder. Studies have demonstrated the progression of the 
initial anatomic disruption from the posterior and superior 
AC ligaments to the anterior AC ligaments.49,56–58 These 
ligaments are avulsed off their clavicular attachments and 
create horizontal and rotational laxity,57,58 and the loss of 
the lateral tension band. Progression of the disruption can 
occur through the inferior capsule into the substance of the 
trapezoid and conoid ligaments.59 This creates the verti-
cal instability and the loss of the optimal force and motion 
transfer between the scapula and clavicle. 

The deformity that occurs because of AC joint sublux-
ation or dislocation results from the dissociation of the 
scapula from the supporting strut of the clavicle.46,49,60 

Gravity displaces the scapula downward and there is a con-
comitant scapular protraction and internal rotation such 
that the scapula is displaced medial to the AC joint.60 With 
displacement of the scapula there are significant functional 
consequences in the biomechanics of the shoulder. There 
is an uncoupling of the scapulohumeral complex such that 
the scapular stabilizing muscles are not able to maintain 
appropriate positioning of the glenohumeral and acromio-
humeral joints.61 This uncoupling creates an alteration in 
SHR. There is also a subsequent loss of rotator cuff strength 
and function that can only be restored by retraction of the 
scapula and restoration of the pivot point of the AC 
joint.62,63 The malposition of the scapula may also lead to 
impingement of the rotator cuff.64,65 As the arm is elevated 
the orientation of the acromion remains in an anteriorly 
tilted position relative to the humerus. In the acute injury 
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there may be inhibition of shoulder function due to pain 
initially; however, as the acute symptoms resolve there can 
be chronic dysfunction of the shoulder that occurs due to 
the anatomical disruption.50 This is due to the loss of the 
strut function of the clavicle and loss of appropriate scapu-
lohumeral orientation. This results in pain at the AC joint, 
external impingement, and loss of function during work and 
recreational activities that require forward elevation. The 
inability to adequately retract the scapula leads to an ap-
parent loss of rotator cuff strength and loss of cocking or 
the ability to appropriately position the arm for overhead 
athletic and work activities. 

The incidence of AC joint separations or dislocations 
ranges from 1.7 to 9.2 per 10,000 individuals.66–69 In ath-
letes such as collegiate and professional football players as 
well as military cadets, the incidence increases to 3.3 to 
26 per 10,000 exposures.70–73 The literature demonstrates 
that males sustain anywhere from 2.2 to 8.5 more AC joint 
separations than females.66,72,73 Low-grade separation 
(Rockwood Types I and II) occur more often compared to 
high-grade separations (Rockwood Types III and higher), 
ranging from 4-11%.70–72 

LITERATURE ASSESSMENT (NONOPERATIVE 
TREATMENT) 

To provide nonoperative treatment recommendations, the 
literature was systematically searched for articles based on 
the following inclusion criteria: English language only; co-
hort studies that compared nonoperative to operative treat-
ment methods or cohort studies/case series with exclusive 
description of nonoperative treatment only. The focus was 
on identifying the treatment methods employed and the re-
sults or outcomes of the treatments. Articles were excluded 
if the treatment methods were not described or able to be 
discerned based on the provided descriptions. Articles de-
termined to be literature reviews (nonsystematic reviews), 
current concepts/opinion papers, or single patient case 
studies were also excluded due to the level of evidence being 
below Level 4. Additionally, abstracts published in peer-re-
viewed journals as special editions or supplements or any 
non-published data were not included. 

The results of the review were compiled and tabulated 
through a standard frequency analysis to identify the com-
monly used nonoperative treatment components. Reported 
outcome measures and outcome results were summarized 
and reviewed for commonalities between reports. The 
Joanna Briggs Institute Critical Appraisal Checklist for Case 
Series was utilized to assess the quality of each article re-
tained for the review.74 The assessment sheet was com-
prised of 10 questions where each question could receive 
an answer ranging from yes, no, unclear, or not applicable. 
This scoring sheet was modified to a binary (“yes” = 1 or 
“no/unclear/not applicable” = 0) scoring system yielding a 
possible 10 points, to better illustrate commonalities be-
tween retained studies. One of the authors (ADS) with over 
20 years clinical and research-related experience individu-
ally reviewed and appraised each retained article. 

Figure 1. Flow chart for selecting articles to be 
included in the commentary 

LITERATURE RESULTS 

A total of 61 articles were identified via the search strategy 
for possible retention (Figure 1). After applying the inclu-
sion criteria, 33 articles were excluded, and 28 articles were 
retained for review. All details specific to the nonoperative 
treatment components of retained studies are summarized 
in Appendix A. Twenty-three articles (82%) compared oper-
ative to nonoperative treatment while five articles (18%) ex-
clusively employed nonoperative treatment. The most uti-
lized nonoperative interventions across all 28 studies were 
immobilization (i.e., sling) (100%), shoulder motion (61%), 
and general shoulder strengthening (50%). Medication was 
prescribed in 29% of studies. Ice and scapular strengthening 
were mentioned in 18% and 14% of studies, respectively. 
Few studies (18%) reported on rehabilitation parameters 
(i.e., frequency, intensity, sets/repetitions). 

All outcome measures and results are summarized in Ap-
pendix B. Of the 23 studies that compared operative to non-
operative treatments, review of the outcomes revealed 
three commonalities: 1) nonoperative treatment permitted 
earlier improvements in subjective outcomes, but no dif-
ferences occurred at long-term follow-up after six 
months,9,13,26–29,31–35 2) operative treatment resulted in 
better joint reduction,9,27,30,31,34,38 and 3) nonoperative 
treatments resulted in faster return to activities, but resid-
ual symptoms such as pain and joint instability may per-
sist.7,25,36,37 

Of the five studies that exclusively utilized nonoperative 
treatments, the nonoperative treatment components (Ap-
pendix A) and outcomes (Appendix B) varied between the 
studies. The nonoperative treatment components included: 
immobilization,24,42–44,75 medication,42–44 ice,43 mo-
tion,24 scapular strengthening,24,44 and shoulder strength-
ening.24,43,44 Exercise details were provided for one study 
only.24 Carbone et al.,24 reported 78% of patients had no 
scapular dyskinesis and improved subjective functional out-
comes (Constant and Subjective Shoulder Value) at one-
year follow-up. Similarly, Mouhsine et al.,43 reported 52% 
of patients were asymptomatic at six-year follow-up. Ver-
stift et al.,75 reported a significant reduction in Constant 
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score in the involved arm compared to the contralateral 
arm as well as substantial radiographic changes such as 
an increase in AC joint space, osteolysis, ligament ossifica-
tion, and distal clavicle deformity at an average follow-up 
of seven years. However, this same group reported Simple 
Shoulder Test (SST) and Disabilities of the Arm, Shoulder, 
and Hand scores for the involved arm that were “acceptable” 
compared to the contralateral arm.75 Conversely, Mikek44 

reported decreased Constant, SST, and University of Cali-
fornia Los Angeles scores at long-term follow-up (average 
10.3 years) while Shaw et al.,42 found significant correlation 
between high levels of pain/restricted movement and high 
levels of disability as well as significant correlation between 
symptoms at six months and symptoms one month prior to 
one-year follow-up. 

Critical appraisal of the retained studies revealed an av-
erage score of 6/10 (Appendix C). While all articles reported 
follow-up outcomes and utilized appropriate statistical 
analyses, two articles did not report patient demographic 
information.21,22 Eight articles (30%) did not have clear in-
clusion criteria,12,14,24,25,28,32,35,38 nine articles (33%) did 
not clearly report if AC injuries were identified in a stan-
dardized way or if the methods used for identification were 
valid, 7,14,31,32,35,37,38,43,44 and nine articles (33%) did not 
provide clear reporting of the presenting site/clinical demo-
graphic information.9,14,21–26,30 The three items with the 
lowest reporting were consecutive inclusion of participants 
(30%),7,12,21,25,35,42–44 complete inclusion of participants 
(14%),7,13,25,42,75 and clear reporting of clinical information 
(39%).22,24,26,30–32,34,36,38,39,44,75 

INTERPRETATION OF THE LITERATURE 

Following further review of the included studies, concerns 
were raised regarding a large number of methodological 
inconsistencies between studies. First, the surgical tech-
niques were highly variable with fixation methods including 
hook plates26,27,30,33; screws or pins7,12,14,29,37–39; wire, 
graft, tape, or suture9,13,21–23,25,28,31,32,34,36,39; and bio-
logic allograft.35 Second, a variety of outcome measures 
were used in isolation or in combination such as subjective 
patient ratings, subjective physician ratings, radiographic 
assessments, and impairment measures. Finally, a lack of 
robust details regarding nonoperative interventions such as 
specific exercises, frequency, duration, intensity of exercise, 
number of visits, or when to progress a patient through the 
program were not reported by most studies. 

The variation in surgical and rehabilitation technique is 
likely rooted in clinical philosophies and views about how 
the AC joint functions as part of arm function as described 
above. Traditional views of injury to the AC or CC ligaments 
was based on restoring the disrupted anatomy from a cos-
metic perspective as evidenced by the seminal injury clas-
sifications systems76,77 and the variation in surgical tech-
niques that aimed to reduce or eliminate the disarticulated 
joint with various materials.7,9,12–14,21–23,25–34,36–39,39 

However, more recent work has identified that AC joint in-
jury can have profound 3-dimensional functional conse-
quences such as alterations in SHR also known as scapular 
dyskinesis.24,78 

Scapular dyskinesis can occur as part of high-grade AC 

joint injuries due to the disruption of both the AC and CC 
ligaments and subsequent vertical and horizontal instabil-
ity and loss of optimal force and motion transfer between 
the scapula and clavicle.79 The disrupted scapular function 
is a primary component of the residual impairment re-
ported in most studies and can be clinically observed as 
scapular dyskinesis. 

The identification of 3-dimensional scapular dysfunction 
as part of AC injury led to the development of an alternative 
AC joint injury classification system that expands and mod-
ifies the traditional 2-dimensional Rockwood system76 by 
allowing clinicians to consider 3-dimensional functional 
consequences as part of the injury.60,80 The International 
Society of Arthroscopy, Knee Surgery, and Orthopaedic 
Sports Medicine (ISAKOS) created an algorithmic classifi-
cation system that discerns the type of AC joint injury by 
whether or not scapular dyskinesis is present.60 This was 
done due to the ongoing debate that has existed regarding 
whether or not to operatively or nonoperatively manage 
Rockwood Type III injuries.1,81,82 The debate has existed 
because many AC joint injuries that have been classified as 
Rockwood Type III due to visual prominence of the distal 
clavicle, have complete tears of the trapezoid ligament but 
intact conoid ligaments. Since the Type III classification en-
compasses both incomplete and complete CC ligament in-
juries, both altered or normal scapular kinematics can ex-
ist under the same injury classification.78,83 This may be 
why minimal correlation of imaging and symptoms with 
the traditional classification systems or with published out-
comes occurs.2,60,84–86 As such, injuries where partial CC 
ligament injury exists have been re-classified in the ISAKOS 
system as Type IIIA, which accounts for CC ligament in-
volvement but without functional consequence to scapulo-
humeral rhythm. Those injuries with complete disruption of 
both CC ligaments have a greater frequency of associated 
scapular dyskinesis.24,78 Thus, higher grades of AC joint in-
jury (Rockwood/ISAKOS IIIB-V) create more alterations in 
normal scapulohumeral rhythm, with potential for larger 
amounts of dysfunction due to a greater disruption of the 
anatomy. Considering that many articles retained in this re-
view included Rockwood Type III injuries and that surgical 
techniques that simply aim to realign the clavicle with the 
acromion do not fully account for the 3-dimensional me-
chanics of the upper limb, the variation in surgical tech-
nique selection and the reported outcomes found in this re-
view is not completely unexpected. 

The most concerning finding of this review is that several 
of the comparative studies provided a wealth of information 
regarding surgical treatment yet did not provide the im-
portant details that are pertinent for analyzing the effec-
tiveness of conservative management. In most cases, the 
comparison to surgical stabilization was the use of a sling 
with no other use or standardization of rehabilita-
tion.7,9,12–14,21–39,42–44 Occasionally, administration of 
“mild” analgesics9,23,25,26,30,42–44 and application of 
ice9,23,25,35,43 was permitted, but dosage information was 
not provided. As noted earlier, when additional rehabilita-
tion interventions that could be classified as therapeutic 
exercise were included such as progressive mo-
tion,9,13,21,23–31,34–38 scapular strengthening,24,26,35,44 

and/or shoulder strengthening9,21,24,27–29,33–36,38,43,44 de-
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tails related to the exercise parameters were insufficient or 
not described at all. For example, when details were pro-
vided for motion, a wide range of methods including pas-
sive, active-assisted, and active shoulder range of motion 
were employed yet no sets and repetitions or criteria to 
progress were described. In some cases, time of initiation 
of motion or formal rehabilita-
tion9,13,21,23,24,26,28,31,32,34–38,44 was mentioned but rarely 
were all necessary program details included. This included 
four of the five articles that exclusively utilized nonoper-
ative treatments.42–44,75 Furthermore, quality of evidence 
surrounding this topic has been described as low-quality by 
previous authors3 as well as the current study, and as a re-
sult, it is understandable why clinical decision-making has 
been difficult as to how to best manage AC joint injuries 
conservatively. 

Using the current literature as a guide, there are two 
nonoperative treatment case series that provide some guid-
ance regarding therapeutic intervention programming. 
First, Carbone et al.,24 described a program based on the 
combination of mobility, scapular strengthening, shoulder 
strengthening, and kinetic chain-based exercises. The pro-
gram was supervised and administered by a physiotherapist 
a minimum of three hours per week for the first six weeks, 
then 1.5 hours per week until the final follow-up. Second, 
Petri et al.,35 described a program with similar components 
as Carbone et al.,24 except the program was performed two 
to three times per week for six weeks and it was separated 
into three progressive phases. Although neither program 
provided sets and repetitions, intensity, or criteria to 
progress the patient, both provide specific exercises that 
could be attempted, thus providing some assistance to re-
habilitation practitioners. An additional resource for AC 
joint injury treatment program development would be the 
guidelines developed by Reid et al.,87 which were compiled 
from common interventions identified in the literature. The 
guidelines divide treatment into categories (acute phase, 
recovery phase, and return-to-sport), which follow estab-
lished philosophies and reports that incorporate mobility, 
scapular strengthening and control, and the kinetic chain 
into shoulder rehabilitation.88–90 

CLINICAL RECOMMENDATIONS FOR 
NONOPERATIVE TREATMENT 

Combining the above mentioned studies24,35 as well as the 
authors’ clinical experience, it is believed that if the focus of 
treatment were to shift from cosmetic reduction of the sep-
arated acromion and clavicle to strategies that restore dy-
namic shoulder function via the re-establishment of scapu-
lar control, post-treatment outcomes for all types of AC 
joint injuries may become optimized. Rehabilitation mea-
sures may not fully realign the dissociated acromion and 
clavicle, depending on the amount of combined ligament 
disruption. Although the deformity may persist, scapular 
control (or lack thereof) and patient feedback can serve 
as useful benchmarks for determining if the outcome is 
acceptable. Therefore, a rehabilitation program that uses 
scapular control as the primary metric should be employed 
(Table 2).91 

A focused AC joint rehabilitation program should differ 
from traditional general glenohumeral joint strengthening 
programs in several key areas. First, while seminal studies 
have identified exercise maneuvers that can activate high 
amounts of electrical activity in shoulder and scapular mus-
cles (arm elevation to shoulder height and above, prone 
horizontal abduction, internal/external rotation at shoulder 
height, etc.) the foundational work was performed on 
asymptomatic individuals.92–96 It is possible that the disso-
ciated AC articulation in both low- and high-grade injuries 
may not tolerate such high demand maneuvers. Second, the 
identified maneuvers were often performed in a uniplanar 
manner with the body in vertical or horizontal (prone or 
supine) stationary positions. Considering the scapula as a 
‘link’ within the kinetic chain, these isolated maneuvers 
may not re-establish scapular mobility and control in the 
necessary motor patterns that require integrated use of the 
majority of the kinetic chain segments (i.e., using the legs 
and trunk to facilitate scapular and shoulder movement and 
muscle activation). Failure to incorporate the kinetic chain 
throughout the rehabilitation process, (i.e., both early and 
late phases), could lead to a less than optimal rehabilitation 
outcome likely due to the encouragement of inefficient or 
improper motor patterns.65,97–101 In some instances, the 
scapula and arm can be overtly dysfunctional. In these in-
stances, minimizing the degrees of freedom via the elim-
ination of gravity dependent positions may be necessary, 
such as placing the patient in a seated position.91,102 How-
ever, the authors contend that most AC joint injuries with 
concomitant scapular dysfunction should benefit from the 
incorporation of sitting or standing positions in the early 
phases of rehabilitation as these positions most closely 
mimic kinetic chain function. 

After rest and activity modification recommendations 
have been initiated and symptoms have been reduced (and 
possibly eliminated), an attempt at rehabilitation can be 
initiated. Physiological deficits and/or impairments 
(strength, flexibility, endurance, etc.) identified on physical 
examination may be addressed; however, a progressive pro-
gram should be employed. This often begins with increasing 
mobility to assure the scapula and humerus move fluidly 
throughout arm motion (Figures 2-Figures 6). Next, avoid-
ing maneuvers that will excessively load, stress, or move 
the compromised AC joint is recommended. This can be 
achieved using short-lever exercises that can be performed 
with the arms in an adducted position (i.e., the arms posi-
tioned against the thorax) (Figures 7-Figures 9) rather than 
positions that require the arms to be in the forward elevated 
or abducted positions (i.e., long-lever exercises). Examples 
of exercises and the rationale for their use have been pro-
vided in Table 3. Although short lever by design, maneuvers 
such as scapular shrugging or elevation and scapular pro-
prioceptive neuromuscular facilitation should be avoided 
in the first two phases of rehabilitation (approximately the 
first 3-6 weeks) because of the excessive movement and 
stress that occurs at the AC joint during their performance. 
Once the patient has demonstrated that the initial exercises 
can be performed without exacerbating the previous symp-
toms, progression into more dynamic motions that require 
some degree of arm elevation or abduction (approximately 
30-45°) may be added to the treatment progression (see 
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Table 2. Sample Rehabilitation Progression for Acromioclavicular Joint Injury 

Stages Estimated Weeks 

Acute Phase Recovery Phase Functional Phase 

1 2 3 4 5 6 7 8 9 10 11 12 

Proximal segment control 

Step-up/step-down X X X 

4-way hip X X X X X 

Squat X X X X X X X X 

Lunge X X X X X X X X 

Mobility interventions 

Anterior and posterior muscle 
stretching (Figures 2a-f) 

X X X X X 

Exercise ball motion/mobility 
(Figure 3a-d and 4a-f) 

X X X 

Weight shifting (Figure 5a-c) X X 

Closed chain pendulums (Figure 
6a-e) 

X X X 

Short lever interventions 

Conscious correction (Figure 7a-
b) 

X X X 

Sternal lift (Figure 8a-b) X X X 

Robbery (Figure 8c) X X X X X X 

Low Row (Figure 9a-b) X X X X X X 

Lawnmower: arm close (Figure 
9c-d) 

X X X X X X X 

Long lever interventions 

Lawnmower: arm away (Figure 
10a-b) 

X X X X X 

Fencing (Figure 10c-d) X X X X X X 

Wall washes (Figure 10e-h) X X X X 

Standing rotator cuff exercises 
(Figure 11a-d) 

X X X X X X X X 

Rotator cuff exercises with trunk 
rotation (Figure 11e-h) 

X X X X X X X 

Weight training X X X 

Note: Weeks for individual patient progressions may vary 

short-lever and long-lever intervention examples in Table 
2) (Figures 10-Figures 11). The authors suggest patients be 
provided an exercise regimen that begins with 1-2 sets of 
5-10 repetitions with no external resistance. Additional sets 
and repetitions can be added based on symptoms and exer-
cise tolerance, with a goal of 5-6 sets of 10 repetitions being 
able to be performed without an increase in symptoms. 

Resistance may be added next beginning with light free 
weights (2-3 pounds maximum) and then progressing to 
elastic resistance. Although effective at increasing scapular 
muscle activity103, elastic resistance has high variability 
when used by patients, especially when arm position is pro-
gressed throughout a treatment program.104 Elastic resis-
tance can be monitored and progressed when using per-
ceived exertion scales105; however, the authors recommend 
beginning with free weights as those devices allow for more 
stability and fulfillment of isotonic contractions. Longer 

lever maneuvers can then be incorporated into the treat-
ment program in the later phases of rehabilitation but only 
when the previous maneuvers have been mastered by the 
patient and have demonstrated little to no symptom exac-
erbation (Figures 11a-11h). 
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Figure 2a-f. Anterior muscle stretching is performed utilizing a bolster (a) and the patient in a supine position 
with the bolster aligned with the vertebral column (b). The patient places the arms into external rotation at 
the side of the body (c). Manual overpressure can be applied by the clinician for a more intense stretch (d). 
Latissimus dorsi stretch can be performed with the patient side-lying and the arm in maximal abduction while 
the clinician stabilizes the scapula and applies overpressure to the humerus (e). The posterior muscle stretch 
is performed with the patient supine. The lateral border and body of the scapula is manually stabilized against 
the table while the arm is passively moved across the body (f). 

Figure 3a-d. Exercise ball mobility can be performed seated (a) with the trunk being actively flexed and 
extended to move the arm through the sagittal plane (b), the scapular plane (c), and the frontal plane (d). 
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Figure 4a-f . The exercise ball exercises can be advanced to a standing position (a) with both arms moving in 
the sagittal plane (b). Additional advancements can include single arm sagittal plane movement (c-d) and 
frontal plane movement (e-f). 
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Figure 5a-c. Weight shifting begins with the patient placing both hands on a firm surface (a). Body weight is 
then shifted laterally to the right (b) and left (c). This can be performed rhythmically or with brief pauses in 
each terminal position. 

Figure 6a-e. Closed chain pendulums are performed standing (a) and hip lateral movements to allow the arm 
to gain abduction (b), adduction (c), flexion (d), and extension (e). 
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Figure 7a-b. Conscious correction of scapula begins with the patient standing (a) and being instructed to 
actively “squeeze your shoulder blades together” (b). Utilization of mirrors or mobile devices can assist 
patients with visualizing correct scapular positioning. 

Figure 8a-c. Sternal lift begins with the knees and trunk flexed and the arms held away from the body (a) and 
the patient is instructed to lift the chest using extension of the hips and trunk (b). The Robbery maneuver is 
the advancement of the Sternal Lift where the patient is instructed to “place the elbows in the back pockets” 
(c). 
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Figure 9a-d. The low row in the starting position (a) and with extension of the hips and trunk to facilitate 
scapular retraction (b). Lawnmower with arm close to body begins with the patient standing and the arm close 
to the body as if supported by a sling (c). The patient is instructed to extend the hips and trunk followed by 
rotation of the trunk to facilitate scapular medial translation and retraction (d). 
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Table 3. Exercise Examples and Rationale for Employment* 

Guidelines Goal(s) Examples Rationale 

Establish proper 
postural alignment 
and proper motion. 

Eliminate postural deficiencies: rounded 
shoulders, forward head, thoracic 
kyphosis, and lumbar lordosis. 
Improve motion deficiencies in 
glenohumeral, scapular, spinal, and lower 
extremity segments. 

Programs designed to target all kinetic chain segments using 
manual therapy such as joint mobilization, passive stretching, 
active stretching using an exercise ball, and/or massage as well as 
home-based patient programs. 
Following immobilization, do not immediately mobilize the AC 
joint. 

Malalignment and limitation of fluid motion 
throughout the kinetic chain can place loads and 
stresses in areas where excessive or repetitious 
loading is not tolerated. 

Facilitation of 
scapular motion via 
exaggeration of lower 
extremity/trunk 
movement. 

Use of the legs and trunk to perform trunk 
rotation or move from flexion to extension 
to gain scapular retraction. 

Lawnmower with arm close to body 
Low row (seated or standing) 
Sternal lift 
Robbery 

Using larger muscles and motions to facilitate smaller 
muscles and motions aim to decrease loads and 
stresses at smaller joints. Also, these movements 
mimic kinetic chain functioning. 

Exaggeration of 
scapular retraction in 
controlling excessive 
protraction. 

Assure the scapula is retracted or able to 
be easily retracted when performing arm 
movements. 
Limit the amount of protraction that 
occurs early which can decrease the 
function of the rotator cuff muscles. 

Low row standing 
Wall washes 

Assists with realigning the acromion and clavicle and 
establishes a firm foundation for rotator cuff muscle 
activation. 

Utilize closed chain 
exercise before 
advancing to open 
chain exercise. 

Decrease the forces acting on the arm and 
increase sensory feedback by utilizing 
closed chain exercise 

Lawnmower with arm away from the body 
Fencing 

Decreases traction on the arm and lessens the risk of 
‘anterior-inferior-medial’ motion of the acromion in 
relation to the clavicle. 

Work in multiple 
planes. 

Utilize the previously established motion 
and strength to work on advanced motor 
control using open chain exercise(s) in 
multiple planes of motion. 

Standing abduction 
Internal rotation and external rotation at 0°and 90°of abduction 
Standing forward elevation 
Standing elevation in plane of the scapula 

Permits the introduction of longer levers and open 
chain movements in a controlled manner. 

Incorporate long lever 
maneuvers. 

Build muscle endurance and higher levels 
of strength utilizing maneuvers that 
require the arm to be further away from 
the body. 

Perform challenging yet functional exercises that 
simulate activities of daily living and work/sport 
maneuvers. 
Incorporate trunk rotation with arm motion to 
increase shoulder and scapular muscle activation. 

*Adapted from Sciascia and Cromwell Rehabil Res Pract 201291 
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Figure 10a-h. Lawnmower with arm away from body is the advancement of the previous lawnmower exercise with the arm in a slightly flexed position to begin (a) 
but the same hip extension and trunk rotation components (b). The Fencing exercise begins with the arm elevated to 90° in the frontal plane (c) and performed by 
side stepping and simultaneously retracting the scapula and adducting the arm (d). Wall washes are performed with the patient standing with the scapulae in a 
retracted position and the arm placed on the wall holding a towel or similar soft object (e). The patient is instructed to step forward while simultaneously sliding 
the hand across the wall (f). This maneuver can be performed vertically moving from a squat position (g) to an erect position (h). 
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Figure 11a-h. Standing rotator cuff exercises begin with the patient in an upright position (a) with the arms transitioning through forward elevation (b), elevation 
in the plane of the scapula (c), and abduction (d). Standing rotator cuff exercises with trunk rotation begin with the patient upright (e) then performing 
synchronous glenohumeral external rotation and trunk rotation (f) followed by other maneuvers such as forward elevation with trunk rotation (g=beginning 
position, h=terminal position). 
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It is important to appreciate that the moderate to high 
degree of AC joint instability that is often associated with 
traumatic high-grade injuries may not achieve complete 
symptom resolution with rehabilitation. Muscle optimiza-
tion has a ceiling effect, as the loss of skeletal stability of 
the scapula and clavicle and the resulting alteration of op-
timal SHR can be an obstacle too difficult to overcome with 
conservative measures. The likelihood of regaining higher 
degrees of function is greater in cases where only one set of 
ligaments has been compromised (Rockwood/ISAKOS Types 
I-IIIA) rather than both sets of ligaments (Rockwood/
ISAKOS Types IIIB-V),1 yet it is still possible to have linger-
ing symptoms with all types of low-grade and high-grade 
injuries. This confounding concern should be discussed 
with patients prior to initiating a conservative treatment 
program. 

To summarize the kinetic chain-based treatment ap-
proach, the authors suggest the following as guidelines to 
be followed for managing AC joint injuries nonoperatively: 
1) prescribe rest and activity modification as needed to de-
crease acute symptoms (approximately 1-2 weeks); 2) begin 
incorporating therapeutic exercise for addressing proximal 
segment control (exercises designed for leg and trunk/core 
strengthening); 3) employ exercises for scapular and shoul-
der mobility and/or lower extremity mobility as needed 
(mobility can be addressed simultaenously with proximal 
segment control interventions); 4) progress to short-lever 
interventions beginning with maneuvers that utilize trunk 
and leg motion to facilitate more optimal scapular position-
ing and mobility; and 5) phase out short-lever interventions 
and phase in long-lever maneuvers (begin with maneuvers 
requiring the arm to be slightly flexed or abducted then 
transition to maneuvers with the arm at or above shoulder 
height). 

RETURN-TO-ACTIVITY 

One of the challenges with rehabilitating the upper extrem-
ity following injury is selecting interventions that optimally 
prepare the patient for return-to-activity. Progression of 
the treatment plan for AC joint injury to higher-level/de-
manding exercises can be difficult due to: 1) the anatomical 
disruption has not been restored following supervised 
treatment, 2) AC joint injuries primarily occur via traumatic 
mechanisms and despite best efforts to prepare individuals 
for the risks of physical activity, traumatic events cannot 
be completely prevented, and 3) the literature being void 
of empirical studies that provide a detailed therapeutic ap-
proach and a summation of the results of that approach for 
its effectiveness for returning patients to activity following 
AC joint injury. The existing return-to-activity literature 

has mostly focused on the rate of return following surgical 
intervention with a recent meta-analysis on the topic iden-
tifying a 94% return for a variety of sports for patients who 
sustained a Rockwood Type III or higher injury.106 How-
ever, the authors noted that methodological heterogene-
ity resulted in low quality evidence for the studies retained 
in their review. Two recent reports centered on nonoper-
atively managed AC joint injury noted return-to-activity 
time frames ranging from three to four weeks (professional 
hockey players)107 and five to seven weeks (professional 
soccer players).108 However, the treatment details were not 
reported in either study and the classification of the AC in-
juries sustained in the soccer players was not reported.108 

Due to the lack of key information surrounding treatment 
of the AC injuries from those works, there is a need for re-
search aimed at identifying higher intensity sport-specific 
movements and exercises in athletic populations who have 
sustained AC joint injury. 

CONCLUSIONS AND RECOMMENDATIONS 

Although a number of comparative treatment studies exist 
for the management of AC joint injuries, the large amount 
of methodological differences that exist between these re-
ports do not permit definitive nonoperative treatment rec-
ommendations to be made. Using the evidence-based med-
icine approach which combines the best available evidence 
with clinician experience and patient values, the following 
conclusions can be offered: 1) variation in outcomes are 
possibly due to using 2-dimensional AC joint alignment 
rather than 3-dimensional shoulder function; and 2) a 
treatment program that is functionally-based rather than 
cosmetically-based could provide nonoperative treatment 
guidance as it allows for dynamic scapular and shoulder 
motion to be addressed to optimize arm function due to the 
demonstrated relationship between scapular position and 
motion and varying amounts of AC injury. The strength of 
these recommendations are level B as per the Strength-of-
Recommendation Taxonomy as the evidence is inconsistent 
in methodological design and limited in regards to treat-
ment methods and details reported.109 
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Introduction 
Knee range of motion is a critical measure of progress after knee injury and knee surgery. 
However, many patients do not understand the importance of knee range of motion and 
most do not have a way to self-monitor their knee range of motion at home. The patient 
being able to measure their own range of motion can provide improved access to this 
critical health metric, and could improve adherence with their daily knee range of motion 
exercises. The purpose of this technical report is to determine if a mobile app, Curovate, 
can provide reliable measures of knee range of motion compared to standard goniometric 
measurements. 

Procedures 
There were four positions of knee flexion and four positions of knee extension each 
measured twice with a standard goniometer and four different mobile devices with the 
app Curovate. The reliability and validity of the Curovate app was tested across mobile 
devices and operating systems and compare to goniometric knee range of motion 
measurements. A total of 80 measurements were taken. All testing was completed on a 
healthy 23-year-old male with no knee pathology. 

Results 
A strong positive correlation, Pearson’s r > = 0.9985, for all positions of knee flexion and 
extension across all four mobile devices as well as each mobile device compared to 
standard goniometric measurements. 

Conclusions 
This article presents a unique method for patients to measure their knee range of motion 
using the mobile app Curovate. Overall, the mobile app, Curovate, was found to have a 
strong positive correlation across four mobile devices with varying operating systems and 
compared to goniometric measurements. 

Level of evidence 
4 
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INTRODUCTION 

The ability of clinicians and patients to obtain accurate 
joint angle measurements of the knee joint is key to mon-
itoring progress following surgical repair or arthroplasty.1 

Adequate knee range of motion is a necessary component 
of many activities of daily living, including walking, climb-
ing stairs and entering a bathtub.2 However, patients rarely 
have access to their own knee range of motion measure-
ments. Typically, the physical therapist measures the pa-
tient’s knee extension and flexion at a healthcare facility 
with a standard goniometer and explains this measurement 
to the patient. The physical therapist utilizes these mea-
sures to monitor patient progress, documents the measure-
ments, and reports these values back to the patient.3 The 
patient may not always understand these measures, do not 
remember the actual numbers, and most do not have a reli-
able way to measure this on their own. Previous researchers 
have reported that patients who are disengaged with their 
home rehabilitation have lower rates of rehabilitation ad-
herence.4,5 Digital methods exist for measuring knee range 
of motion. Hancock et al. demonstrated that goniometric 
measurements using digital inclinometer technology are 
more accurate than both manual goniometry and clinician 
estimation for full knee flexion, full knee extension and 
three other angles of knee flexion on six knees for a total 
of 300 measurements.6 However, many physical therapists 
and most patients do not have access to digital inclinome-
ters. This disconnect between an important clinical mea-
sure that is inaccessible by the patient may contribute to 
poor patient adherence and lower levels of patient engage-
ment and participation in rehabilitation exercises aimed at 
restoring knee range of motion. 

The explosion of mobile health technology has made it 
possible for health metrics to be accessed by patients in 
their home. In addition, various forms of mobile health are 
aimed at improving patient adherence with health behav-
iours such as smoking cessation, taking prescription med-
ications and improving adherence to exercise all while be-
ing patient-centric and at a lower cost than conventional 
healthcare.7 

There are various apps that are capable of measuring 
knee range of motion. One such smartphone mobile app, 
Curovate, can be used by both the patient and the physical 
therapist is capable of measuring knee flexion and exten-
sion. Curovate is available for download in the Apple App 
Store and the Google Play Store. 

Curovate is a subscription-based mobile application in-
tended for patients following anterior cruciate ligament 
(ACL) reconstruction or injury, total knee replacement and 
total hip replacement. In addition to providing daily video 
guided exercises specific for each surgery or injury stage, 
progress tracking, and in-app chat with a licensed physical 
therapist it also functions as a digital knee range of motion 
measurement tool. Curovate is free for a five-day trial and 
then requires either a monthly ($8.99 USD) or an annual 
($45.99 USD) subscription paid through either the App 
Store or Play Store. 

The purpose of this technical report was to determine if a 
mobile app, Curovate, can provide reliable measures of knee 
range of motion compared to standard goniometric mea-

Figure 1. Demonstrating how one angle of knee 
flexion (F1) was measured and sustained. In this 
case, the participant’s foot is resting on a wedge on 
a non-slip mat on top of a plinth. A permanent 
marker was used to delineate bony landmarks for 
standard goniometric measurements. Two pieces of 
athletic tape were used to stay consistent when 
placing the various mobile devices on the leg. 

surements. 

PROCEDURES 

The participant used during data collection for this techni-
cal report was a 23-year old individual with no previous or 
current pathologies of the knee joint. A healthy subject was 
chosen for this technical report in order to test the reliabil-
ity of the mobile app measurement. In future studies sub-
jects with knee injury and pathology will be tested utilizing 
the mobile app. Data collection presented no identifiable 
risk to the participant. Additionally, no confidential infor-
mation was collected about the participant during data col-
lection. The participant signed a photograph release form 
and consented to all testing and images taken for the pur-
pose of this submission. 

All goniometric measurements were completed by a li-
censed physical therapist, with 21 years of clinical expe-
rience in orthopaedics and sports medicine with extensive 
experience measuring knee range of motion in clinical prac-
tice. The primary author first manually located the bony 
landmarks for knee range of motion. Specifically, the mid-
point of the lateral malleolus, the lateral aspect of the lat-
eral femoral condyle and the midpoint of the greater 
trochanter. The bony landmarks were marked with a perma-
nent marker on the participants body for consistency. In ad-
dition, the primary author placed two strips of athletic tape 
above and below the participant’s knee with a line on each 
to consistently place each mobile device on the same spot 
for all measurements (See Figures 1 & 2). 

To test range of motion, four angles of knee flexion 
(F1-F4) and four angles of knee extension (E1-E4) were 
measured on the same subject and then repeated (Appen-
dix). Images of all eight angles of knee flexion and exten-
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Table 1. Correlation between goniometric measurements and Curovate mobile app knee range of motion 
measurements on four mobile devices. 

Goniometer 
Samsung S7 

Android 
iPhone 11 

iOS 
iPhone XR 

iOS 
iPad Pro 

iOS 

Goniometer 1 

Samsung S7 Android 0.9991 1 

iPhone 11 0.9985 0.9997 1 

iPhone XR 0.9991 0.9998 0.9996 1 

iPad Pro 0.9989 0.9997 0.9998 0.9998 1 

sion can be found in the Appendix. 
In all measurements the participant was supine on a 

plinth with a non-slip exercise mat placed under his torso 
and leg. Each position of knee flexion or extension was sus-
tained with the use of a foam roll, a hard-plastic wedge or 
the participants foot being in contact with the non-slip mat. 
During pilot testing it was determined that this allowed the 
participant to be able to sustain the position consistently 
without changing the joint angle between measurements. 

All knee range of motion measurements were first com-
pleted using a standard, long arm, goniometer produced 
by CME Corporation (Warwich, RI), according to Clarkson, 
2020 clinical guidelines.8 The mobile app Curovate allows 
the individual to measure, store and track their knee flexion 
and extension measurements (Figures 3 & 4). 

Once the patient has completed the self-measurement 
they are presented with their current range of motion and 
they can also view their previous measures within the app 
(See Figure 4). Previous authors have noted that smart-
phone-based knee range of motion measures lack reliability 
on various devices and operating systems.9 To test this lim-
itation this technical report tested using an iPad Pro (op-
erating system 14.8), iPhone 11 (operating system 14.8), 
iPhone XR (operating system 14.4.2) and a Samsung S7 An-
droid mobile device (operating system 8.0.0). Goniometric 
measurements were taken first followed by each mobile de-
vice and then repeated the measures again at the same knee 
angle with the goniometer and then with all four mobile de-
vices. 

Pearson’s correlation coefficient was used to determine 
the correlation between all of the measures. Microsoft Excel 
(2018, v 16.16.27, Microsoft Corporation) was utilized to 
calculate Pearson’s r. 

RESULTS 

The correlational results of the 80 measurements taken 
with a standard goniometer and the four different operating 
systems/devices are presented in Table 1. Strong positive 
correlations are demonstrated across all mobile devices as 
well as mobile device measurements compared to standard 
goniometric measurements. Please refer to the Appendix to 
see the table of raw measurements for each measurement 
method (Appendix). 

Figure 2. In this case a hard-plastic wedge was used 
to simulate a patient who is lacking terminal knee 
extension. This was one of the positions used to 
measure knee extension (E2) with all four mobile 
devices and standard goniometric measurement. 

DISCUSSION 

Patients who have had an anterior cruciate ligament injury 
or surgery, total knee replacement, or various other knee 
injuries and surgeries are always advised by their physical 
therapist to perform daily knee range of motion exercises. 
The loss of knee range of motion can have detrimental ef-
fects on a patient’s functional abilities.2 Daily life activities 
such as walking, using the stairs and getting in and out of 
a seated position all require an adequate amount of knee 
range of motion.2 In most cases clinicians have various 
methods to measure knee range of motion in the clinical 
environment but patients have no way to measure their own 
range of motion. This lack of independence and poor un-
derstanding of range of motion may be possible to address 
through mobile health technology. This would provide the 
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patient with access to information regarding range of mo-
tion measures at home and could motivate them to adhere 
to their range of motion exercises. 

This technical report provides preliminary information 
regarding the reliability of a mobile app, Curovate, for mea-
surement of knee range of motion. This preliminary testing 
demonstrated a high degree of positive correlation using 
Pearson’s r to compare across all mobile devices and oper-
ating systems for all angles of knee flexion and extension 
measured when compared to standard goniometric mea-
surement in a single subject. Based on these preliminary 
findings the authors suggest that a patient can effectively 
measure their knee flexion and extension at home indepen-
dently. This would provide the patient with critical range 
of motion measures at home which could motivate them to 
adhere to their home range of motion program. 

The limitation of this technique of measurement in-
cludes the need for a smartphone and the mobile app 
Curovate. This limitation is becoming less relevant as 
smartphone ownership increases globally. Current esti-
mates suggest that 4.92 billion people or 66% of the world 
population own a mobile device.10 Another potential limi-
tation is that a patient may not place the smartphone on the 
same area of their lower leg for subsequent measures which 
would reduce the reliability of the measure. In this report a 
piece of athletic tape was used to reproduce the placement 
of the mobile devices for each measurement. A patient at 
home would be less consistent and therefore this may re-
duce the overall reliability and validity of the measure taken 
by the patient. To address this limitation, a YouTube video 
guide can be used by a patient to measure their range of mo-
tion at home (YouTube link: https://youtu.be/kzYKnLlxEFA 
Supplementary Video #1). Another potential solution would 
be for the patient to be carefully instructed by their physical 
therapist on how to place the mobile device to obtain reli-
able measures of knee range of motion. The additional time 
spent by the physical therapist would benefit both the pa-
tient as well as the physical therapist who could review the 
patient’s range of motion measures at subsequent appoint-
ments. As this is a single subject technical report these re-
sults are not generalizable to patient with knee injury and 
surgery. Future research will be focused on testing the reli-
ability and validity of this measure taken independently by 
patients with knee pathology in their home setting as this 
is the intended use of the mobile app and comparing these 
measurements to those obtained by physical therapists in 
a clinical setting. Further research is required with a large 
sample size to test the reliability, validity and clinical ap-
plicability of this smartphone-based measurement. 

This preliminary study for a technical note could have 
been strengthened by making the range of motion measure-
ments blinded, as well as testing inter-rater reliability with 
a novice physical therapist and a patient conducting the 
app measurement. As physical therapists continue to im-
prove patients’ independence with range of motion mea-
surements, a future direction of research could be how self-
measurement contributes to patient adherence to range of 
motion home exercises. Another area of future research is 
how this home measurement can be integrated with tele-
health visits, video check-ins, and remote patient monitor-
ing. There is a possibility for cost savings and improving 

Figure 3. This image shows how a patient would 
independently measure their knee extension (E4) 
and knee flexion (F3) range of motion along with 
the app screen that is presented in each case. 

timeliness of care if such measures could automatically 
trigger clinician alerts while the patient utilizes the app for 
home rehabilitation. 

To provide data transparency, the authors have provided 
raw values for each measurement in the supplementary 
table and as much detail as possible to allow other clinicians 
and researchers to test and evaluate these findings. 

CONCLUSIONS 

The results of these preliminary tests demonstrate strong 
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positive correlations across mobile devices and compared 
to standard goniometric measurements. This simple and 
unique mobile app can provide patients with an effective 
method to measure of their knee range of motion at home. 
Further study using larger sample sizes is warranted. 

CONFLICTS OF INTEREST 

The primary author (NS) has a conflict of interest as he is 
the CEO of Curovate. The second and third authors have no 
conflicts of interest to declare. 

Figure 4. This image shows the results and 
measurements as they are presented to the patient 
once they have completed the process of measuring 
their range of motion as depicted in Figure 3. 
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