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CHAPTER ONE 

INTRODUCTION 

Running is one of the most widely engaged in forms of exercise throughout the 

world, and its applicability to almost all forms of sport makes running an essential 

component of athletic strength and conditioning programs.95,119 Yet, the value of running 

does not lie exclusively within training for athletic performance. Running is also an 

important tool in addressing the large-scale health concerns and associated financial costs 

with the increasing emergence of chronic diseases such as obesity.7 However, in order to 

reduce the prevalence of these issues people must not be prevented from running. One of 

the primary barriers restricting people from regular running is injury. For example, Van 

Gent et al. estimated that 19.4 – 79.3% of runners will experience injury during any given 

one-year period.118 Further, a more recent review of the running literature found that 

novice runners were more than twice as likely to develop injury per 1,000 hours of 

running compared to recreational runners.119 Many of the most common running injuries 

like patellofemoral pain,116 Iliotibial Band Syndrome88 and Achilles Tendonitis4 have 

been linked to specific kinematic or kinetic patterns in running. Common running injuries 

have been retrospectively and prospectively linked to specific running mechanics. 

However, a gap still exists in the ability to predict said mechanics. 

In order to reduce injury rates, it is important to identify individuals at risk prior to 

injury occurrence. Two-dimensional (2-D) analysis can be used to accurately identify 

biomechanical patterns associated with injury,79 yet, it has several limitations. First, 

clinicians often have limited time with patients and may not have time to perform more 
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detailed diagnosing methods such as 2-D analysis. Second, 2-D analysis only allows for 

evaluation of a single plane at a time. 3-D kinematic and kinetic analysis is currently the 

gold standard for evaluating risk factors for running injuries in gait. However, the 

equipment and expertise required to utilize these tools are not readily accessible to lower-

level sports teams or the general population, leaving a majority of those participating in 

exercise and sport at a disadvantage for injury prevention. While 3-D gait analysis may 

remain out of reach for those without the financial means or expertise to use it, a solution 

may lie within a variety of tests called clinical movement screens.  

Clinical movement screens were developed to provide a measure or estimate for 

dynamic stability, strength and neuromuscular coordination, and are frequently used to 

evaluate injury risk.11,14,16,37,94 One of the most well-known movement screens is the Star-

Excursion Balance Test (SEBT), a test often used in both athletic40,100 and clinical34,38 

populations. However, a modification to the SEBT eventually gave rise to a new test, the 

Y-Balance Test (YBT). The YBT is similar to the SEBT but addressed a previous 

limitation in order to increase inter rater reliability.14,99 Since its inception, the YBT has 

also been used to evaluate lower extremity strength, balance and neuromuscular control 

in a variety of athletic25,46 and clinical52 populations. Additionally, the YBT has been 

proposed as a valid tool for injury prediction across a range of sports.37,100,107 To date, 

however, most research on the SEBT and YBT has focused on multisport 

populations107,130 or multidirectional sports such as basketball,100 baseball11 or soccer.37 

Hip strength has been identified as an essential component of YBT performance, 

with studies showing that increased strength of the muscle groups surrounding the hip is 
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related to greater reach distances.122,129 Likewise, retrospective31,91 and prospective71,104 

studies have demonstrated a relationship between deficits in hip strength and several 

common running injuries. These connections suggest that YBT performance may be able 

to predict kinematic and kinetic patterns associated with hip weakness and, subsequently, 

greater risk of running injury. Investigation into whether YBT performance can reliably 

predict injury-linked running mechanics would clarify potential links between a well-

known clinical movement screen and one of the world’s most popular forms of exercise. 

Should the YBT be predictive of injury-linked running mechanics, it could provide a 

useful tool for runners, coaches and clinicians to identify and mitigate injury risks. 

It is well-known that running long distances95 or to volitional fatigue10,20,63,126 can 

lead to alterations in running mechanics. This implies that any associations between YBT 

performance and running mechanics will likely change along the course of a fatiguing 

run. Other clinical movement screens have previously been used to predict injury risk in 

distance runners.53 Yet, no studies have evaluated the potential relationship between YBT 

performance and running mechanics. Additionally, no studies have examined whether 

YBT performance may predict changes in injury-related mechanics following a run to 

fatigue. While the YBT may be used to establish a baseline for return-to-sport readiness, 

it may also be able to provide an easy and inexpensive means to identify runners with 

particular mechanics that pose a greater risk for certain injuries. Thus, the purpose of this 

thesis is to examine the relationship between YBT performance and running mechanics 

previously linked to injury, and to determine if that relationship changes with fatigue.  
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CHAPTER TWO 

LITERATURE REVIEW 

Running, YBT performance and Injury 

 Proponents claim that YBT performance is sensitive to deficits in strength,129 

dynamic joint stability96 and neuromuscular control,5,11,25 but the primary claim of the 

YBT is its ability to predict risk of subsequent injury.37 To our knowledge, no studies 

have examined the ability of the YBT to predict injury in runners. Running injuries are 

primarily overuse in nature, and result from the cyclic application of loads combined with 

specific kinematic and kinetic patterns.82,125 Many studies have established relationships 

between common running injuries and specific running mechanics, though relatively few 

of these relationships were established through prospective studies. Studies have also 

demonstrated that running mechanics linked to injury may also be related to deficits in 

strength or neuromuscular control of the lower extremities. Thus, YBT performance may 

be able to predict certain injury-linked running mechanics given the similarities between 

the two tasks. This review will highlight running mechanics that have been linked to 

common running injuries while relying heavily on prospective studies. An examination of 

commonly used clinical movement screens including a detailed background on the YBT 

will follow. 
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Figure 1. Running variables that have been previously associated with common running 
injuries (see Study 1 for citations). Kinetic variables reflect internal joint moments and 
impulses. Image views are front, right side and back (left to right). 

Running Kinematics 

 The hip is one of the three major joints in the lower extremity and has tremendous 

influence over balance, especially during dynamic tasks such as running. Altered 

mechanics at the hip are often linked to running-related injuries, with excessive hip 

adduction and internal rotation cited as some of the most common causes of injury.90,101 

A prospective study by Noehren et al. examined potential links between running 

kinematics and one of the most common running-related injuries, Iliotibial-Band 

Syndrome (ITBS).88 Noehren et al. found that runners who developed ITBS over the two-

year period demonstrated greater hip adduction during testing. ITBS has been defined as 

pain on the lateral aspect of the knee, and is hypothesized to result from friction or 

compression of the IT-Band on the lateral femoral epicondyle following heel strike.3,88 

Noehren et al.’s findings support the theory that excessive adduction of the hip increases 

IT-Band strain on the lateral femoral epicondyle44 and, with repetitive application of 

loads, can eventually lead to ITBS. 
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A second study by Noehren et al. examined 400 experienced female runners 

averaging 20 miles of running per week. It was hypothesized that runners who displayed 

greater hip adduction, internal rotation and rear foot eversion would develop 

patellofemoral pain (PFP).89 However, the study found that those who went on to develop 

PFP only showed higher peak hip adduction during stance phase. Runners with PFP tend 

to have increased contact stresses on the lateral aspect of the patella,27 and excessive hip 

adduction has been shown to increase this stress.89 Ferber et al. also found that runners 

previously diagnosed with ITBS displayed greater hip adduction.28 Additionally, 

transverse plane kinematics have been implicated in running injury. A retrospective study 

by Souza et al. found that runners with PFP displayed greater hip internal rotation 

compared to healthy controls.109 Though the Ferber et al. and Souza et al.’s studies were 

retrospective, these results combined with Noehren et al.’s findings provide strong 

evidence suggesting that abnormal hip kinematics may create a predisposition to running 

injuries. 

 There are fewer prospective studies examining the role of knee kinematics in the 

development of running injury. However, the knee is by far the most commonly injured 

site for runners,82,113 and abnormal knee mechanics have frequently been cited as 

contributors to running injury.28 The same prospective study by Noehren et al. which 

linked hip adduction to ITBS also found that runners who developed ITBS displayed 

greater knee internal rotation.88 Further, the retrospective study by Ferber et al. also 

compared knee kinematics between runners with and without a history of ITBS, and 

Ferber et al. also found that runners diagnosed with ITBS displayed greater knee internal 
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rotation.28 Baker et al. also found further implications for knee kinematics in the 

development of running injury.3 In Baker’s study runners with ITBS demonstrated 

increased knee adduction compared to runners without a history of ITBS.  

 Kinematics at the ankle have also been implicated in the origin of various running 

injuries. A study by Dudley et al. prospectively compared the running kinematics of 

cross-country runners throughout their season.22 Of the 31 participants, 12 were injured, 

and Dudley et al. found that the injured runners demonstrated greater peak ankle eversion 

velocity compared to non-injured runners. However, this is in direct contradiction to a 

previous study by Kuhman et al. who found that un-injured runners had greater eversion 

range of motion and eversion velocity, but reduced peak eversion angle.65 Though these 

studies appear to contradict one another, both sets of study participants experienced 

different injuries, which may explain the variations in kinematic differences between 

injured and uninjured runners. A retrospective study by Becker et al. found greater 

eversion duration, but no differences in eversion velocity between runners currently 

symptomatic with either Achilles Tendinopathy or Medial Tibial Stress Syndrome and 

healthy controls.4 More prospective studies should be conducted on the relationships 

between ankle kinematics and running injury, but it appears that kinematics at the hip and 

knee play a greater role in the development of running related injuries such as ITBS and 

PFP compared to the ankle. 

Running Kinetics and Injury 

Segment orientation and joint angles are intrinsically related to the kinetic forces 

experienced by the joints that contribute to injury. The involved tissues are subject to 
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these repetitive stresses over time and can lead to various types of running injuries. A 

prospective study by Eskofier et al. observed that runners with higher peak internal hip 

abductor moments developed PFP in the six months following the study.26 Another 

prospective study by Stefanyshyn et al. examined frontal plane knee kinematics in 

runners with PFP compared to asymptomatic controls.110 The study was unique in that it 

was divided into prospective and retrospective components. According to the results, 

runners who either developed or possessed PFP had greater internal knee abduction 

impulses. Stefanyshyn et al. proposed that greater hip adduction causes a larger internal 

abduction moment, which places more stress on the lateral aspect of the patella by 

overpowering its medial stabilizers, leading to PFP. These results were further confirmed 

by Dudley et al. who conducted a prospective study on collegiate cross-country runners. 

Dudley et al. found that runners who displayed larger peak external knee adduction 

moments were more likely to become injured in the subsequent season.22 However, the 

runners in this study sustained a variety of injuries. Thus, no direct relationship can be 

established between greater external knee adduction moments and the development of 

PFP. 

There is some evidence that increased loading rates and braking forces may also 

contribute to the development of running injury. A prospective study by Thijs et al. found 

that recreational runners who went on to develop PFP displayed greater rates of force 

production under the lateral heel during heel strike, as well as higher peak vertical 

propulsive forces under the 2nd – 3rd metatarsals.116 In contrast, Davis et al. conducted a 

study where they found no differences in impact-related variables between injured and 
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un-injured runners over the two-year study period.18 Participants of the Davis et al. study 

self-reported injuries via surveys and not all injuries were medically diagnosed. Though, 

of the injuries that were medically diagnosed all impact-related variables were higher. 

Napier et al. also conducted a prospective study on 65 recreational runners and found that 

those who became injured demonstrated higher peak braking forces.86 However, there 

were no differences in loading rates between injured and un-injured subjects. Finally, 

Milner et al. observed that female runners with a history of tibial stress fractures 

displayed greater vertical loading rates compared to healthy controls.84 Though there is 

mixed evidence for the influence of kinetic factors on injury risk, it appears that frontal 

plane kinetics are most implicated in the development of running injury. 

Strength in Runners 

The ability to resist cyclic loads and maintain the forward momentum during 

running requires strength, and deficits in strength have long been theorized to contribute 

to the development of running injuries. Literature examining strength in runners has 

primarily focused on the musculature surrounding the hip and thigh. A variety of risk 

factors have been proposed in the development of running injury including weakness 

and/or tightness of the quadriceps97 and weakness of the hip musculature.58,61 For 

example, a cross-sectional study by Noehren et al. found that male runners with ITBS had 

weaker hip external rotators compared to healthy controls.91 However, there have been 

conflicting results between studies that have examined relationships between strength of 

the musculature surrounding the hip and running injury. Piva et al. found no difference in 

external rotation or abduction strength between runners with and without PFP.97 
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In novice runners, Thjis et al. conducted a prospective study where 77 female 

subjects without a history of PFP participated in a 10-week “start to run” program.117 

Isometric strength of the hip muscle groups were taken prior to the program and injured 

runners were diagnosed by an orthopedic surgeon. 16 of the runners were diagnosed with 

PFP, but the study did not find any differences in strength between the runners who did 

or did not develop PFP. A later study by Ramskov et al. followed 629 novice runners for 

a year and found that runners with weaker hip adductors had an increased likelihood of 

developing patellofemoral pain.104 The Ramskov et al. study also utilized eccentric 

contractions, which are more similar to the types of muscular contractions used while 

running. The differences between the results of Thijs et al. and Ramskov et al. may be 

explained by the type of muscle contraction used for strength testing. It is also worth 

noting that both the Ramskov et al. and Thjis et al. studies utilized novice runners. Thus, 

these results may not apply to experienced distance runners.  

There is some evidence that strength training may be linked to the alleviation of 

pain from common running injuries. Fredericson et al. placed 24 distance runners with 

ITBS on a six-week training program targeting the Gluteus Medius.31 After the program, 

22 of the 24 runners experienced complete resolution of their pain and were able to return 

to running. It is unknown, however, whether improvements in strength led to decreased 

hip adduction during running as kinematics were not evaluated. Earl et al. later conducted 

a similar study where 19 women with PFP completed an eight-week program designed to 

improve strength and neuromuscular control of the hip.23 Findings from Earl et al.’s study 

revealed improvements in hip abduction and external rotation strength, as well as pain. 
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Runners also experienced reduced internal knee abduction moments following the 

rehabilitation program. However, Earl et al. reported no differences in hip abduction 

range of motion. It is interesting that improvements in pain were only related to increased 

muscle strength, and not improvements in hip abduction. One explanation may be that 

while abduction range of motion remained the same, peak abduction may have been 

reduced. It is also possible that the strengthening program caused neurological 

adaptations that increased the ability to withstand pain. While there is still much research 

to be done in this area, both Fredericson and Earl’s studies provide powerful evidence for 

the role of strength in mitigating pain from running-related injuries.   

Strength training has been shown to improve gait in some clinical populations17 

but may not change gait in runners.127 Willy et al. performed a study where 20 healthy 

female athletes with excessive hip adduction (defined as at least 20°) underwent a hip-

strengthening program.127 After a six-week training program hip adduction, internal 

rotation and contralateral pelvic drop during running all remained the same. The 

interesting result, however, was that these variables all decreased during single-leg squat 

performance. The Single-Leg Squat uses many of the same muscles and coordination 

patterns as running. Further, the Single-Leg Squat also uses eccentric contractions for 

stabilization similar to running. Thus, it is uncertain whether strength training alters 

kinematics, increases the tissues’ ability to withstand stress or incites some other 

neurological response that improves pain. 
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Clinical Movement Screens 

While balance and strength have long been noted as primary determinants of 

athletic performance, evaluations of clinical movement screens such as the YBT only 

began appearing in the literature roughly 20 years ago.24,62 Clinical movement screens are 

tests designed to provide a measure for balance, strength and neuromuscular control, and 

have been suggested to predict injury risk across a variety of sports.37,40,74 However, few 

studies on clinical movement screens have specifically studied distance runners. This 

section will briefly review several well-known clinical movement screens including the 

Single-Leg Step Down (SLSD), Single-Leg Squat (SLS) and Functional Movement 

Screen (FMS), while a detailed review of both the SEBT and YBT will follow. 

One of the most common movement screens used to evaluate strength, balance 

and neuromuscular coordination in runners is the SLSD, also known as the Step-Down 

Test. The SLSD is primarily used to evaluate strength and dynamic coordination of the 

muscles surrounding the hip.77 During this test the patient is asked to maintain a single-

leg stance on a 20 cm box – or a box approximately 10% of the patient’s height – and 

gently touch the non-stance heel to the ground. During the test the clinician, coach or 

investigator visually assesses performance by looking for specific criteria that may 

indicate dysfunction including, but not limited to: arm or trunk movement to recover or 

maintain balance, imbalances in pelvic rotation or elevation, medial knee collapse and 

inability to maintain unilateral stance.77 Any of the designated movements are said to be 

indicative of dysfunctions in strength and neuromuscular control of the lower extremity.51 
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A similar movement screen called the SLS is also used to test the ability to 

progressively load the lower limbs.77 This loading analyzes the ability of the quadriceps 

to eccentrically bear the load applied during running, as well as the ability of the hip 

muscles to stabilize the pelvis and thigh. Inability to perform these tasks may indicate 

muscular weakness and a predisposition to injury-related running mechanics.128 The 

clinical significance of this test is not limited to the hip but also extends to the ankle, and 

is used to assess dorsiflexion range of motion. Limited dorsiflexion may cause 

compensatory increased pronation, potentially placing runners at greater risk of injuries 

such as medial-tibial stress syndrome.77 

Another clinical movement screen that has gained popularity in recent years is the 

FMS. The FMS is used to evaluate stability and range of motion of the major joints.14 

However, the test is unique in that it is a full-body screen, requiring the participant to 

perform movements using all of the major joints including the hip, knee, ankle and 

shoulder. Each movement is given a score based on the participant’s performance which 

are summed to yield a composite score. The FMS is one of the few movement screens 

that have been evaluated in runners. Hotta et al. conducted a prospective study on 18 – 24 

year-old competitive runners and found that FMS performance was significantly 

associated with injury in the following season.53 However, there has been criticism in 

recent years regarding the ability of movement screens – specifically the FMS – to 

predict injury risk.85 One of the main criticisms is the inconsistent definition of injury 

utilized in movement screen research, which may prohibit researchers from determining 

the true validity of these tests in predicting injury risk. A second criticism attacks the 
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main metric of interest, the composite score. Historically, the composite score has been 

heavily relied upon as a predictor of injury risk. However, recently, the individual 

components of these tests have been suggested to be more useful than the composite 

scores themselves.40,107 This claim is supported Hotta et al.’s findings that the Deep Squat 

and Active Straight Leg Raise components of the FMS were associated with subsequent 

injury, but not the FMS composite score.53 

Clinical movement screens have been widely used as a measure of strength, 

muscular coordination and dynamic balance of the lower extremity. These tests have also 

been frequently suggested to be reliable predictors of injury risk. However, there has 

been conflicting evidence regarding the relationship between movement screen 

performance and injury risk. The umbrella of clinical movement screens includes a wide 

variety of tests that cannot be addressed within the limits of this manuscript. Thus, the 

remainder of this paper will focus on the SEBT and its derivative, the YBT. 

Star-Excursion Balance Test  

It is unknown when the SEBT was first created, but Kinzey et al. conducted the 

first known study specifically investigating the SEBT in 1998.62 The study examined the 

SEBT’s reliability by measuring the ability of healthy subjects to demonstrate 

consistency in performance. Kinzey’s pre/post-test design found that the SEBT was only 

moderately reliable, even after several practice sessions. Kinzey concluded that the 

unreliability of the SEBT was reflected as “a change in score due to some unmeasurable 

circumstance, a random movement pattern, or any other possible influence, including 

mental state,” leading to the conclusion that the SEBT may not be a useful clinical 
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measure.62 However, Kinzey et al.’s protocol differed significantly from the current 

SEBT in several ways. First, Kinzey used four of the reach directions (resembling an “X” 

pattern) instead of the traditional eight-direction star-pattern.14 Second, Kinzey did not 

include the anterior reach direction, which is often cited as the most important reach 

direction in relation to injury prediction.98,107 Third, subjects in Kinzey et al.’s study were 

not allowed to touch down with the reach foot at maximal reach. Lastly, the subjects 

performed the test with shoes on, while it is commonly accepted that movement screens 

should be performed barefoot to accurately measure dynamic balance and muscular 

coordination. However, there is some question as to whether these tests should be 

performed in sport-specific footwear. Nonetheless, the current version of the SEBT has 

evolved significantly since Kinzey et al.’s study, hence, their findings should not be 

applied to the modern version. 

The original SEBT protocol utilized an eight-arm star pattern.14 To perform the 

test the participant is asked to stand in the center of the star and reach as far as they can in 

each of the eight directions while maintaining single-limb balance. Most studies have 

allowed the subject to return to bi-lateral stance between each reach,29,33,62,93 while others 

do not specify this parameter. Each reach distance is then used to calculate a composite 

score, with a higher score proposed to indicate greater stability and neuromuscular 

control.14 Greater dynamic stability and strength is suggested to be associated with a 

reduced risk of injury. However, the eight direction SEBT was found to be redundant 

when Hertel et al. compared performance between individuals with chronic ankle 

instability and healthy controls. Hertel et al. only finding differences in SEBT 



20 
 
performance in the anterior-medial, medial and posterior-medial directions.47 These 

findings catalyzed the development of the “modified” SEBT by trimming eight directions 

down to three: anterior (A), posterior-medial (PM) and posterior-lateral (PL). The 

validity of the three-direction test was further supported by Hubbard et al. who observed 

that individuals with chronic ankle instability displayed greater deficits in between-limb 

performance in the ANT and PM directions compared to healthy controls.56 Additionally, 

Hale et al. found that participants with CAI that completed a rehabilitation protocol only 

improved in the PL, PM and lateral directions of the 8-direction SEBT.42 

Studies examining the SEBT have primarily focused on clinical evaluations of 

those with and without a history of ankle injury.19,41,47,49,57 Several studies have also 

established prospective links between SEBT performance and injury risk in athletic 

populations.40,100,112 Despite this the SEBT has experienced various criticisms, mainly 

directed towards the validity of  composite scores in predicting injury risk. However, the 

SEBT protocol requires the stance foot to maintain full contact with the ground and does 

not allow for heel lift. The ability of the rater to reliably distinguish heel lift was called 

into question,14 and was later addressed by the proposal of a new movement screen called 

the Y-Balance Test (YBT). 

Y-Balance Test  

The YBT was modified from the SEBT to allow for stance foot heel lift,14 

pioneering the development of a proprietary YBT device (Functional Movement 

Systems, Chatham, VA). The YBT device is constructed of a platform with three 

polyvinylchloride pipes, and reaches are performed by pushing a block along each of the 
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pipes as far as possible while maintaining single-limb stance. During the test participants 

must keep their hands on their hips and cannot use the reach foot for support. High inter 

and intra-rater reliability have been reported for the YBT,99 with some reporting even 

higher reliability compared to the SEBT.39 

 
Figure 1. Y-balance Test reaches performed in the anterior, posterior-medial and 
posterior-lateral directions (left to right) 

Validity of the Y-Balance Test 

While the YBT device is considered a reliable substitute for the SEBT, there are 

several factors that can result in slight differences in performance. It has been shown that 

allowing for heel lift contributes to the kinematic changes that can result in slight 

differences in reach performance; and these changes are suggested to stem from 

differences in neuromuscular demands.33 Another factor, however, that may contribute to 

differences in performance is focus of attention. It has been shown that foci of attention 

can significantly impact performance and may lead to differences in task outcomes.75 The 

YBT device relies on an external focus of attention – instructing the subject push a block 

as far as possible – whereas the SEBT relies on an internal focus of attention, instructing 

the participant to reach as far as possible. Coughlan et al. found that subjects reached 



22 
 
farther in the ANT direction of the SEBT compared to the YBT, proposing that 

differences in focus of attention and neural feedback contributed to differences in 

performance.16 Fullam et al. confirmed the results of Coughlan et al., finding that subjects 

reached farther and had increased hip flexion during the ANT reach of the SEBT 

compared to the YBT.33 Though it appears that focus of attention can result in slight 

variations in performance between the two tests, one would expect differences in all three 

reach directions if focus of attention were a primary influencer. Despite slight differences 

in performance it is generally accepted that the YBT can be performed with or without 

the YBT device, so long as the main criteria are fulfilled.121 

 The YBT has previously been used in a variety of settings to identify deficits in 

neuromuscular coordination, strength and dynamic joint stability. Research on the SEBT 

has historically focused primarily on clinical populations such as those with CAI,21,34,49,56 

and several studies have also evaluated the YBT in clinical settings. Payne et al. 

conducted a study involving male soccer athletes with and without CAI and found that 

the healthy group reached farther in the ANT direction.96 Subjects also currently 

symptomatic with or possessing a history of low back pain showed reduced PM and PL 

reach performance compared to healthy controls.52 These results would be expected 

because the posterior reach directions require much greater amounts of hip flexion and 

forward trunk lean, increasing the torque on the lumbar spine.60 While some research has 

studied the YBT in clinical populations, a majority of the YBT literature focuses on the 

ability to predict injury in athletic populations. 
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A major claim of YBT proponents is that the test is a measure of neuromuscular 

coordination. Benis et al. tested this claim by conducting a study where female basketball 

players underwent an 8-week neuromuscular training intervention.5 YBT reach in the 

PM/PL directions and CS all improved following the intervention, providing support for 

the YBT’s validity as a measure of neuromuscular control. A similar study by Vitale et 

al. also found that an eight-week neuromuscular training program improved YBT 

performance in elite junior skiers.120 Several studies have also compared YBT 

performance between various levels of athletes, or between athletes and the general 

population. Butler et al. found differences in YBT performance between different levels 

of soccer players, providing evidence that greater levels of strength and coordination can 

lead to increases in YBT performance.12 Between high school, collegiate and professional 

soccer players, the collegiate and professional groups demonstrated greater normalized 

PM/PL reaches and CS. Butler et al. conducted a similar study on baseball players, again, 

finding a trend towards increased YBT performance in higher-level athletes.11 Engquist et 

al. also found that collegiate athletes performed better than the general student population 

on the YBT.25 Engquist et al. observed that only female athletes performed better 

compared to female non-athletes, these results still lend credit to the YBT’s validity in 

measuring strength and neuromuscular coordination. 

Though no studies have evaluated muscle activation patterns of the YBT, several 

have investigated these differences in the SEBT. Norris et al. found that the activation 

levels of Gluteus Maximus and Vastus Medialis were similar in all three directions of the 

SEBT, but Gluteus Medius activation was lower in the PM direction.92 Earl et al. found 
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that Biceps Femoris activity was greatest in the posterior reach directions of the SEBT.24 

These results confirm that different reach directions of the YBT require various muscle 

coordination patterns. Thus, specific reach directions may be used to isolate a particular 

muscle group during screening or rehabilitation. 

Y-Balance Test Performance and Strength: Proponents also claim that the YBT is 

a valid – yet, indirect – measure of lower-extremity strength. McCann et. al. previously 

supported this claim by demonstrating that hip strength is essential to SEBT 

performance.80 Lawrence et al. also found that YBT performance was positively 

correlated with vertical jump height, concluding that it is a valid measure of strength and 

muscular coordination.67 More recently, Wilson et al. demonstrated a positive correlation 

between hip abduction, extension and external rotation strength and YBT performance.129 

It has also been shown that adolescent soccer players with symptoms of hip or groin 

injury demonstrated reduced PL and PM reach compared to healthy controls.74 However, 

the YBT may only be a reliable indicator of strength of the muscle groups surrounding 

the hip and thigh, as Hall et al. saw no increases in performance after subjects with   

completed rehabilitation protocols designed to improve strength of the musculature 

surrounding the ankle.43 

Y-Balance Test Performance and Injury: Because the YBT is considered a valid 

measure of strength, dynamic joint stability and neuromuscular coordination, the majority 

of studies have assessed the YBT’s ability to predict injury in athletics. One of the most 

common sport populations the YBT has studied in is soccer. In prospective a study by 

Gonell et al. 74 professional make soccer players completed a preseason YBT 
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screening.37 Gonell et a. reported that those with a CS below the population average were 

two times more likely to experience injury. Players with a PM asymmetry greater than 4 

cm were also four times more likely to experience non-contact injury. However, Gonell 

et al. did not allow for stance foot heel lift during the YBT. Less common sport 

populations such as netball have also been studied. Lee et al. compared YBT scores with 

knee valgus moments during unplanned sidestepping, a common scenario for ACL 

injury.69 PL reach and CS were negatively correlated with peak knee valgus moments 

and, thus, may indicate a reduced risk of ACL injury according to Lee et al. A majority of 

studies on the YBT in athletics have also examined multisport populations. Chimera et al. 

found that injury history did not affect YBT performance in Division-I athletes.13 Hartley 

et al. also performed a prospective study on Division-I athletes and found that the 

combination of high Body-Mass Index and low ANT reach were associated with a greater 

risk for ankle injury.46 

The YBT is most often used to predict injury in athletic populations but is also 

used in rehabilitation to gauge return to sport readiness.121 A study by Garrison et al. 

divided 43 participants that were currently rehabilitating from ACL reconstruction into 

two groups: traditional rehabilitation and rehabilitation plus a hip-specific strengthening 

program.35 After 12 weeks, the group that participated in the hip-strengthening protocol 

had smaller ANT reach asymmetries as measured from the YBT, and according to 

Garrison et al., improved dynamic balance. However, it is difficult to determine whether 

the improvement in dynamic balance was due to strengthening or neural adaptations as 

Garrison et al. did not measure strength.  Conversely, Mayer et al. conducted a study 
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comparing YBT performance between patients released or not released to return to sport 

following ACL reconstruction surgery and did not find differences in YBT or FMS 

performance.78 Mayer et al. argues that these results indicate movement screens may not 

be able to detect the neuromuscular imbalances that may predispose athletes to re-injury. 

Additional studies have found the YBT to be ineffective in establishing a link 

between performance and subsequent injury. A prospective study by Lai et al followed 

294 Division-I athletes throughout the course of their respective seasons and found no 

correlation between side-specific reach asymmetry and injury for all three reach 

directions.66 However, Lai et al. did find a very weak correlation between CS and number 

of injuries to the corresponding limb. It is generally accepted that a reach asymmetry of 

greater than 4 cm is associated with greater risk of injury in either the SEBT100 or 

YBT.37,107 However, Lai et al. only found that an ANT reach asymmetry greater than 2 

cm and PL reach asymmetry greater than 3 cm were associated with a lower number of 

injuries. A similar study was conducted by Wright et al. with 189 Division-I athletes.130 

The study also found no relationship between YBT performance and subsequent injury. 

Further research is needed to confirm the YBT’s validity in detecting neuromuscular 

deficits or predicting injury risk. But a new perspective may soon provide the insight 

needed to clarify the YBT’s usefulness in the clinic and sport. 

Running and Fatigue 

A number of studies have demonstrated that kinematic and kinetic changes can 

occur along the course of a fatiguing run. Paquette et al. conducted a study to investigate 

the effects of a long treadmill run on running mechanics previously linked to injury.95 
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Out of the 12 kinematic and kinetic variables analyzed only vertical loading rate was 

different, being slightly higher after the fatiguing run. A study by Giandolini et al. 

examined distance runners before and after a 110 km race.36 Giandolini et al. noted that 

runners altered foot strike along the course of the run and that alterations were correlated 

with plantar-flexor fatigue. This suggests that muscular fatigue leads to kinematic 

changes which could alter kinetics and, subsequently, injury risk. Radzak et al. also found 

that a fatiguing run led to increased biomechanical asymmetries between limbs; 

specifically in knee internal rotation, knee stiffness, vertical loading rate and adduction 

free moment.103 However, the fatigue protocol was a high-intensity run with a mean time 

to exhaustion of roughly six minutes. These findings may not be applicable to fatigue 

experienced by longer, lower intensity runs.  

While several studies have found differences in kinematics and kinetics between 

fresh and fatigued states, others provide evidence suggesting that fatigue may not 

influence running mechanics. Brown et al. found no differences in running kinematics or 

kinetics between pre and post a fatiguing run; also noting no differences between 

dominant and non-dominant limbs.9 A study by Abt et al. also found no differences in 

knee flexion, pronation or shock absorption after a fatiguing run.1 Mean time to 

exhaustion for these studies were 24 minutes and 17 minutes, respectively. Thus, results 

from these studies may be more applicable to the distance running population. Some 

studies have also contradicted the theory that increased hip adduction is associated with 

running injury.88,89 A later study by Brown et al. examining female distance runners 

found that those with ITBS had reduced hip adduction, abductor moments and external 
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rotator moments following fatigue but noted no other changes in kinematics, kinetics or 

joint coupling in either group.10 Brown et al., however, point out that decreasing hip 

adduction could be a method of dealing with the pain from ITBS, reducing strain on the 

IT-Band. Yet, this suggests that runners with ITBS may not have hip abductor weakness, 

indicating that weakness in these muscles may not play a role in fatigue-induced 

alterations in kinematics. This also contradicts previous findings that strengthening the 

hip abductors can reduce pain in injured runners.23,31 

Summary 

Injuries in runners are primarily overuse in nature and occur due to repetitive 

stress on the involved tissues. Relationships between strength and neuromuscular control 

– primarily of the hip and thigh – and YBT performance have been well established. 

Deficits in strength, dynamic joint stability and neuromuscular control of the muscles 

surrounding the hip and thigh may compound over time and potentially accelerate injury 

in runners. Thus, a test that can reliably detect the existence of such deficits could be 

useful in the prevention of running injuries. The YBT has been studied in a variety of 

athletic populations. Yet, research has not specifically evaluated the YBT in relation to 

one of the world’s most popular forms of exercise, distance runners. The following 

manuscripts will evaluate the relationship between YBT performance and running 

mechanics linked to injury. Further, the effect of fatigue on these relationships will be 

examined.  
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ABSTRACT 

Background: Running is a popular form of exercise and sport. Yet, unfortunately, 
running injuries are also highly common. The Y-Balance Test (YBT) has been used to 
measure strength, stability and neuromuscular control in multiple athletic populations. 
However, to our knowledge, it has not been evaluated in a population of distance runners. 
Purpose: To examine the relationship between YBT performance and injury-linked 
running mechanics. 
Study Design: Cross-sectional study. 
Methods: 21 distance runners attended a single lab visit where kinematics of the YBT, 
and running kinematics and kinetics were recorded. 12 running variables previously 
linked to injury risk and YBT were calculated. Both sets of variables were compared 
using univariate and multivariate analysis. 
Results: Linear regressions revealed no significant relationships between YBT composite 
score (CS) and running mechanics. However, multivariate analysis revealed a strong 
positive relationship between individual YBT reach directions and running mechanics. 
The running mechanics variables with the greatest contribution were the moments and 
impulses about the hip and knee. The remaining kinematic and kinetic variables 
displayed little to no contribution to the correlation. 
Conclusion: YBT CS was not predictive of running mechanics previously linked to 
injury. However, individual reach directions may reflect abnormalities in frontal plane 
kinetics at the hip and knee. 
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Introduction 

 An estimated 40 million Americans participate in running at least one time each 

year, and up to 20 million run at least three days per week or more.82 Unfortunately, up to 

79% of runners experience an injury within any one-year period,118 and over 50% of 

runners report experiencing multiple injuries.82 The majority of running injuries are 

overuse in nature, resulting from loads below the absolute strength threshold of a given 

tissue but applied repeatedly with insufficient recovery time between loading bouts.54 

Prospective studies have shown that many common running injuries are linked to specific 

kinematic or kinetic patterns such as increased hip adduction,88,89 knee internal rotation,88 

hip and knee abduction moments and impulses,26,110 and vertical loading rates.8,18 

Reducing the overall incidence of running related injuries requires identifying individuals 

who display these movement patterns, and thus may be at a higher risk for injury, prior to 

injury occurrence. Currently, three-dimensional gait analysis is the gold standard for 

evaluating a runner’s running mechanics. However, such analyses are not widely 

available due to facility costs and expertise or time required to perform such an analysis.  

 An alternative approach is to use clinical movement screens to evaluate a runner’s 

overall neuromuscular control of their lower extremity. Clinical movement screens were 

developed to provide measures of strength, dynamic stability, and neuromuscular control 

of the lower extremity, and are easily performed in clinical or field settings.11,13,93 One of 

the most popular movement screens is called the Y-Balance Test (YBT),46,66 a derivative 

of the Star-Excursion Balance Test with improved inter and intra-rater reliability.14,99 

Performing the YBT requires a participant to balance on one limb while the non-stance 
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limb reaches as far as possible anteriorly (ANT), posterior medially (PM), and posterior 

laterally (PL). The primary outcome is the distance reached in each direction, which can 

be normalized by leg length and used to calculate a composite score. While several 

studies have prospectively identified a relationship between YBT performance and injury 

across a variety of athletic populations,37,46,70,107 others have reported no relationships 

between YBT performance and subsequent injury.66,130 These discrepancies suggest 

additional work is needed to clarify relationships between YBT performance and injury. 

Performance on the YBT is measured by a composite score that is calculated by 

taking the sum of the three reach distances and normalizing it to limb length.13 However, 

this method assumes that each reach direction carries equal weight in the evaluation of 

injury risk, and such oversimplifications have been criticized.85 It has already been shown 

that different reach directions require different kinematic33 and muscular coordination92 

patterns. Several studies have also demonstrated that analyzing individual reach 

directions rather than composite score may be more useful in predicting injury.66,100 Thus, 

analyses of clinical movement screen performance should reflect the unique contributions 

of each component of the test. However, the statistical procedures used by many of the 

studies examining the relationship between YBT performance and injury do not consider 

the magnitudes of the contribution from each reach direction.60,66,96 

 To date, most studies on the YBT have focused on multi-directional sports such as 

football,40 or soccer,37 but have not focused on unidirectional sports such as running. 

However, the YBT may be especially appropriate for assessing runners, given that high 

levels of performance on both the YBT and while running require neuromuscular control 
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of the hips and pelvis. Previous studies have shown strong positive correlations between 

YBT performance and strength of the muscle groups around the hip and knee in both 

healthy,122,129 and clinical47,80 populations. Neuromuscular control of the hip and pelvis 

are also essential for running, as weakness in the hip musculature has been associated 

with an increased risk of developing running related injuries in both retrospective31,91 and 

prospective studies,71,104 and is an important factor in optimizing running 

performance.48,83 

These similarities suggest the YBT may be an especially good screen for 

assessing runners’ neuromuscular control of their lower extremity. If associations 

between performance on clinical movement screens such as the YBT and running 

mechanics were known, then this would allow clinicians to use a clinical movement 

screens to evaluate running biomechanics in settings where a full gait analysis is not 

available. Therefore, the purpose of this study was to describe the relationship between 

performance on the YBT and injury-related running mechanics in distance runners. More 

specifically, this study describes the association between performance on the individual 

reach directions of the YBT and the kinematic and kinetic variables which have been 

prospectively linked to development of running injuries. It was hypothesized that runners 

who performed worse on the YBT, as measured by reduced reach distances, would 

display greater magnitudes of injury-related running mechanics. 
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Materials and Methods 

Participants 

21 individuals volunteered to participate in this study (sex: 12M, 9F; age: 24.33 ± 

7.61 years; mass: 61.32 ± 10.14 kg; height: 172.46 ± 9.30 cm) and were enrolled between 

August 2018 and March 2019. Participants were all highly trained runners (mean weekly 

running mileage: 50.76 ± 21.92 miles) from a collegiate Division I track and field team 

and from the surrounding community. All participants self-reported no injuries within 

three months prior to testing, maintained a running volume of at least 20 miles per week, 

and reported no injuries in the three months prior to data collection. Prior to participating 

all participants were provided written informed consent, and all procedures for this study 

were reviewed and approved by the Institutional Review Board of the affiliated 

university. 

Experimental Protocol  

This study was performed in a biomechanics laboratory containing two 

simultaneous data capture spaces immediately adjacent to each other. In one space, whole 

body kinematics were recorded using a 6-camera motion capture system (Motion 

Analysis Corp., Rohnert Park, CA) sampling at 200 Hz while participants ran on an 

instrumented treadmill (Treadmetrix, Salt Lake City, UT) sampling at 1000 Hz. In the 

second space, kinematics during the YBT were recorded using a 10-camera motion 

capture system (Motion Analysis Corp., Rohnert Park, CA), also sampling at 200 Hz. The 

order in which participants performed YBT and running trials was randomized to control 

for fatigue.  
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For the running trials, participants first completed a five-minute warmup at a self-

selected pace. Sixty seconds of kinematic and kinetic data was then collected while 

participants ran at a pace matching their self-reported easy training run pace. Participants 

wore their personal running shoes for the study. All participants wore shoes which would 

be classified as traditional running shoes, with no participants using minimalist or 

maximalist shoes. For the YBT trials, participants were provided with verbal instructions 

and a visual demonstration of how to perform the test. Following these instructions, 

participants were permitted two practice trials. Corrective feedback was provided if 

needed. Participants then performed the YBT on the dominant limb, which was identified 

by asking the participant which limb they would use to “kick a ball.” The YBT was 

performed using a taped outline on the floor to specify the reach directions (Figure 1). 

 

 
Figure 1. YBT reaches performed in the anterior (ANT), posterior-medial (PM) and 
posterior-lateral (PL) directions (left to right). 

For both YBT and running trials reflective markers were placed bilaterally on the 

following bony landmarks: acromion process, medial and lateral humoral epicondyles, 

radial and ulnar styloid processes, anterior and posterior superior iliac spines, medial and 
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lateral femoral epicondyles, and medial and lateral malleoli. Additional tracking markers 

were placed on a headband worn by participants, the sternal notch, C7 spinous process, 

iliac crests, and clusters of four markers on the thigh and shank. The running trials were 

performed in the participants’ shoes while the YBT trials were performed barefoot. 

Therefore, the marker placements were slightly different. For running trials three markers 

were on the heel counter, one on the lateral aspect and two on the vertical bisection. 

Additional tracking markers were placed on the heads and bases of the 1st and 5th 

metatarsals and the head of the 2nd metatarsal. For YBT trials foot markers were placed 

on the 1st, 2nd, and 5th metatarsal heads, and posterior aspect of the calcaneus. Prior to 

both running and YBT, a static trial was recorded after which the medial malleoli and 

femoral epicondyle markers were removed.  

Data Analysis 

All raw data was exported to Visual 3D (C-Motion, Inc., Germantown MD) for 

processing. For both running and YBT trials, marker trajectories were filtered using 4th-

order, zero lag Butterworth filters, with cutoff frequencies of 8 Hz and 6 Hz, respectively. 

Ground reaction forces during running trials were filtered twice, also using 4th order, zero 

lag Butterworth filters, with the first filter having a cutoff frequency of 25 Hz and the 

second frequency of 15 Hz. The first was used to calculate loading related variables while 

the second was used to calculate joint moments.64 Segment anatomic coordinate systems 

were established according to conventions from the International Society of 

Biomechanics131 and joint angles were calculated using a Cardan rotation sequence 

corresponding to flexion/extension, ab/adduction, and axial rotation. Joint moments were 
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calculated using Newtonian/Euler inverse dynamics and expressed as internal joint 

moments in the coordinate system of the proximal segment. Twenty consecutive gait 

cycles from the middle of the trials were extracted for analysis, with stance phase being 

defined using a 50 N threshold in the vertical ground reaction force. Twelve kinematic 

and kinetic variables previously linked to running injuries (Table 1) were calculated for 

each stance phase and then averaged within each participant. 

Table 1. Kinematic and kinetic running gait variables of interest. Variables were 
selected based on being previously linked to running injuries in the cited studies. 

Kinematic Variables Kinetic Variables 
Peak hip adduction (°)87 Peak vertical loading rate (BW•s-1)84 
Peak hip internal rotation (°)87 Peak hip abductor moment (Nm/kg)26 
Peak knee flexion (°)95 Peak hip abductor impulse (Nm/kg*s-1)26 
Peak knee adduction (°)91 Peak knee abductor moment (Nm/kg)110 
Peak eversion (°)4 Peak knee abductor impulse (Nm/kg*s-1)110 
Peak eversion ROM (°)65  
Peak eversion velocity (m/s)65  

 

 YBT trials were also processed in Visual 3D. The distance between the 2nd 

metatarsal head markers were used to calculate maximum reach distances in the ANT, 

PM, and PL directions. A YBT composite score was then calculated by normalizing the 

average of the three reach directions to stance limb length. Stance leg length was 

measured as the distance from the anterior-superior iliac spine to the medial malleolus 

when standing fully upright in the static trials. YBT performance data were derived from 

reach distances measured during a successful YBT trial. However, if participants did not 

maintain hands on the hips, touched down with the reach foot prior to maximal reach or 

used the reach foot for support the trial was discarded and repeated. 
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Statistical Analysis  

Data were analyzed using univariate and multivariate analyses. The univariate 

analyses consisted of linear regressions between YBT composite scores and each of the 

12 running gait variables. To control for Type I error the Benjamini-Hochberg procedure 

was used to calculate critical alpha values for each regression.6 Canonical correlation 

analysis (CCA) was used to describe the relationships between the three YBT reach 

directions and the 12 running gait variables for the dominant limb. 

 CCA was appropriate for the multivariate analysis as it describes the linear 

relationship between the multivariate measurements in two sets, here Balance and 

Mechanics. The Balance set of variables were comprised of the three YBT reach 

directions, each normalized to limb length, and the Mechanics set of variables were the 

12 running gait variables. CCA finds “a pair of linear combinations—one from each of 

the two sets—such that the correlation between the two combinations is as large as 

possible.”106 CCA describes the correlation between two sets of variables. Thus, the 

linear combinations associated with each set of variables contributes toward the canonical 

variable for that set. A CCA also maximizes not only the linearity between two canonical 

variables, but also between each canonical variable and its own subset of variables. The 

variables of each set were centered (to have a mean of 0) and scaled (to have a standard 

deviation of 1) prior to the CCA. The correlation between the resulting canonical 

variables was calculated using Pearson’s correlation coefficient. All statistical analyses 

were performed in R (R Core Team, 2020). 
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Results 

 Descriptive statistics for running and YBT variables are shown in Table 2. The 

univariate regressions revealed no statistically significant relationships between YBT 

composite score and any of the running mechanics variables (Figure 2). 

Table 2. Descriptive statistics for YBT and running mechanics variables 
Variable Mean ± standard deviation 
Peak hip adduction (°) 10.72 ± 3.24 
Peak hip internal rotation (°) 9.87 ± 6.72 
Peak knee flexion (°) 34.85 ± 5.88 
Peak knee adduction (°) 4.05 ± 3.05 
Peak eversion (°) 9.11 ± 3.10 
Peak eversion ROM (°) 11.56 ± 3.97 
Peak eversion velocity (m/s) 260.13 ± 65.62 
Peak vertical loading rate (BW*s-1) 79.52 ± 23.22 
Peak hip abductor moment (Nm/kg) 1.75 ± 0.52 
Peak hip abductor impulse (Nm/kg*s-1) 0.20 ± 0.08 
Peak knee abductor moment (Nm/kg) 0.85 ± 0.49 
Peak knee abductor impulse (Nm/kg*s-1) 0.12 ± 0.12 
  
YBT ANT reach (% limb length) 0.85 ± 0.06 
YBT PL reach (% limb length) 0.84 ± 0.10 
YBT PM reach (% limb length) 0.94 ± 0.07 
YBT Composite score (% limb length) 0.88 ± 0.07 
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Figure 2. Individual regressions of YBT composite score as percent of leg length (x axis) 
and individual running gait variables. Top row from left to right: hip adduction (HAd), 
hip internal rotation (HIR), peak knee flexion (PKF), peak knee adduction(KAd), peak 
rearfoot eversion (PEv), peak eversion range of motion (PEvROM), peak eversion 
velocity (PEvV), peak vertical loading rate (VLR), peak hip abductor moment (HAb 
Moment), peak hip abductor impulse (HAb Impulse), peak knee abductor moment (KAb 
Moment), peak knee abductor impulse (KAb Impulse). 
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The CCA revealed a strong positive relationship between the Balance and 

Mechanics variables (r = 0.94). Both ANT and PL reach distances contributed positively 

to the Balance canonical variable, while the PM reach distance contributed negatively. 

For the Mechanics canonical variable, there was minimal to no contribution from 

kinematic variables (CCA coefficients ranged from -0.03 to 0.052). From the kinetic 

variables, HAb Impulse was the largest positive contributor to the Mechanics canonical 

variable. Both HAb Moment and KAb Moment were negative contributors to the 

Mechanics variable while the remaining kinetic variable (VLR) did not contribute. CCA 

determines the weighted contribution of each individual variable to the canonical 

variable, even if that variable has little to no influence on the canonical variable. Thus, 

variables with a coefficient less than 0.1 were excluded from discussion. 

 

 
Figure 3. Graphical depiction of the final CCA model. The model only included 
variables with CCA coefficients greater than 0.1. Abbreviations are as follows: 
HAbMom: hip abductor 

Discussion 

 The purpose of this study was to evaluate the relationship between YBT 

performance and running mechanics which have been previously linked to injury in 
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distance runners. Strength and neuromuscular control of the hip and pelvis are essential 

for both YBT performance and running injury prevention. Kinematic and muscular 

coordination patterns have also been shown to differ between reach directions. Thus, it 

was hypothesized that the individual reach directions of the YBT would display unique 

relationships to injury-linked running mechanics. Univariate linear regressions revealed 

no relationships between YBT composite score and any of the running mechanics. 

However, the multivariate CCA did reveal a strong relationship between YBT 

performance and injury-linked kinetics at the hip and knee while running.  

The strongest contributors to the Mechanics canonical variable were the abductor 

moments and impulses at the hip and the abductor moment at the knee, suggesting that 

YBT performance is related to these variables while running. It is surprising that 

kinematics of the hip and knee did not contribute to the Mechanics canonical variable, 

given that hip and knee kinetics were such large contributors. The CCA indicated that 

further reaches in the ANT and PL directions were associated with an increase in the 

Balance canonical variable, with PL reach contributing two times as much compared to 

ANT. Considering that HAb Moments and KAb Moments were negative contributors to 

the Mechanics canonical variable, this suggests that greater ANT and PL reach is 

associated with a greater Mechanics variable, and thus lower peak HAb Moments and 

KAb Impulses while running, all other variables held constant. Higher values of these 

two variables have been reported in runners who prospectively develop patellofemoral 

pain syndrome, one of the most common running injuries.26,110 However, further research 

on these relationships is needed as external forces do not always correspond to in vivo 
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joint loads.32,123 Kinematic analysis of the YBT60 and similar movement screens33 have 

shown that control of the hip is critical for achieving larger reach distances in the PL and 

ANT and directions. Neuromuscular control at the hip is also critical during running to 

reduce the hip and knee abductor moments, as prospective studies have shown higher 

amounts of hip adduction in runners who subsequently get injured,88,89 and that high 

levels of eccentric hip abductor strength is protective against injury in novice runners.104 

Thus, the YBT may be a useful clinical screen to identify runners who may have 

difficulty controlling hip adduction during running and be at elevated risk for hip 

adduction related injuries. However, additional prospective studies are needed to further 

evaluate this hypothesis.  

 Previous studies have reported positive relationships between hip abductor, 

external rotator, and knee flexor strength and YBT performance, with stronger 

individuals having greater reach distances in ANT, PM, and PL directions, as well as 

higher composite scores.68,129 There are also relationships between hip abductor and 

external rotator strength and hip kinematics while running, with stronger runners 

displaying less hip adduction and hip internal rotation.45,114 Yet, the current study 

observed no relationships between YBT composite scores and hip adduction or internal 

rotation while running. Similarly, there were no relationships between YBT composite 

scores and of the ankle kinematic measures. Yet, performance on the YBT and similar 

movement screens identifies athletes who sustain ankle sprain injuries,40,46 differs 

between individuals with and without chronic ankle instability,47,80 and is better in those 

who use greater ankle frontal plane motion when performing the PL reach.60 
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 Several factors may explain the lack of relationships between YBT composite 

score and running kinematics. First, it may be that while the muscle groups utilized for 

neuromuscular control of the hip and pelvis during the two activities are similar, the task 

themselves are too different. Running is a dynamic task that requires the ability to resist 

cyclic ground reaction forces and impulses while continuing forward momentum. While 

the YBT also requires dynamic joint stability and eccentric strength, similar to running, 

the YBT is not repetitive in nature, does not require resisting cyclic loads, and is 

performed at much slower velocities. Thus, the movement strategies during the YBT may 

not necessarily carry over to running. Alternatively, the lack of relationships may be due 

to the use of the single composite score in the regressions. While single composite scores 

are common in several clinical movement screens, there is a growing body of evidence 

suggesting that individual reach scores are more informative for detecting variations in 

coordination patterns or predicting injury in multidirectional sports.85,107 The results of 

this study suggest this may also be true for unidirectional sports such as running. 

However, whether there are relationships between individual YBT reach directions and 

any running mechanical variables requires further investigation. 

 While the univariate analyses did not suggest relationships between YBT 

performance and running mechanics, the multivariate CCA displayed a strong positive 

relationship between Balance and Mechanics canonical variables. The PM reach 

direction was the greatest contributor to the Balance canonical variable, but was 

associated with a decrease in Balance. The opposite was seen for the ANT and PL reach 

directions as they contributed positively to the Balance canonical variable. One possible 
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explanation for the different relationships between reach directions is that muscular 

activation and coordination differs between the directions. Specifically, activation of the 

vastus lateralis and vastus medialis are greatest in the ANT reach direction, while 

semitendinosus and biceps femoris activity is greatest in the posterior directions, and 

gastrocnemius activation is similar between directions.24 Additionally, activation of the 

gluteus medius is lowest in the PM direction while gluteus maximus activation is not 

different across directions.92 These differences in muscle activity between reach 

directions suggest that muscles are contributing differently to controlling the whole body 

center of mass motion based on the direction of the reach. While this requires further 

investigation to confirm, it may explain the opposing contributions of the ANT, PL, and 

PM direction to the Balance canonical variable. and their subsequent relationship to 

running mechanics. 

There are several limitations to consider when interpreting the results of this 

study. First, and perhaps most importantly, is that all participants in the current study 

were healthy at the time of testing. Thus, we cannot determine whether the relationships 

between YBT performance and running mechanics identified in the current study are 

predictive of injury or would be similar if injured participants were evaluated. While 

previous studies have shown that injured individuals perform differently on the YBT than 

healthy controls,47,49,52,80 the participants in these studies were already injured at the time 

of testing. Thus, it is unclear whether the differences in YBT performance caused or were 

an accommodation to the injury. Second, beyond not being currently injured or having a 

lower extremity injury in the three months prior to testing, we did not control for injury 
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history. Previous studies have shown that injury history also influences YBT 

performance,13 and thus may have influenced the relationships observed in the current 

study.  

 There are also methodological limitations to consider. Participants performed the 

running trials in their own shoes but completed the YBT trials barefoot. This was done 

because the YBT was part of a larger preseason clinical assessment. While there is a large 

body of literature demonstrating that footwear influences running mechanics,30,115 it is 

currently unknown whether footwear influences performance on the YBT. If so, then the 

relationships observed in the current study may only be true if the YBT is performed 

barefoot and differ if the YBT is performed in shoes. Second, although the order in which 

participants ran or performed YBT was randomized, they all performed the YBT in a 

relatively fresh state, and, given their training history, the amount of running performed 

was not likely to overly fatigue them. It has been shown that performance on the YBT 

worsens when performed in a fatigued state.59 Thus, whether the relationships observed 

in the current study remain if the YBT is performed in a fatigued state requires further 

investigation. Foot strike pattern was not controlled, and different foot strike patterns can 

influence ground reaction forces.105 Finally, we also did not control running speed during 

the trials, allowing participants to run at a pace they felt matched their easy training run 

speed. Many of the kinematic and kinetic variables assessed during the running trials vary 

with speed, and thus the relationship between YBT and running mechanics may depend 

on running speed. Lastly, the participants in this study were well-trained runners from the 

surrounding community and were not randomly selected. Thus, these results may only 
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apply to runners of a similar age range and training status in the region. Further, due to 

the observational nature of the study we cannot infer that the kinetic variables at the hip 

and knee while running were directly related to YBT performance. 

Conclusions 

 In summary, this study evaluated the relationships between performance on the 

YBT and running kinematics and kinetics. Our results show that when evaluated using a 

single composite score, YBT performance does not provide insight into running 

mechanics. However, multivariate analysis using individual YBT reach directions 

revealed a strong relationship between YBT performance and running mechanics. 

Specifically, abductor moments and impulses at the hip and knee contributed the greatest 

to the Mechanics canonical variable, which was strongly correlated with the Balance 

canonical variable. Prospective studies have also shown these variables are related to the 

development of running injuries. Thus, the YBT may be a useful clinical screen for 

identifying runners who have difficulty control hip motion while running. However, 

prospective studies are required to determine whether YBT performance is predictive for 

the development of running injuries. 
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ABSTRACT 

Background: Running is a popular form of endurance exercise. However, fatigue-related 
changes in running mechanics may increase the risk of injury. The Y-Balance Test (YBT) 
has been used to predict injury in various athletic populations. Yet, to our knowledge, no 
studies have examined the relationships between YBT performance and changes in 
injury-linked running mechanics. Purpose: To examine the relationship between YBT 
performance and changes in injury-linked running mechanics at the hip along the course 
of a fatiguing run. Study Design: Cross-sectional study. Methods: 16 distance runners 
attended a single lab visit where YBT kinematics were recorded in a fresh state, while 
running kinematics and kinetics were recorded prior and following a run to volitional 
fatigue. Percent change was then calculated for the four running variables at the hip. 
Paired t-tests were used to compare running mechanics between pre and post fatigue 
conditions. Percent change in the running mechanics variables was compared with 
performance on individual YBT reach directions and composite score (CS) using 
univariate analyses. Results: Running mechanics did not significantly change between 
the pre and post fatigue conditions. Linear regressions did not reveal any significant 
relationships between YBT performance and percent change in any of the kinematic or 
kinetic variables at the hip. Conclusion: Neither individual reach directions nor YBT CS 
predicted percent change in running mechanics. 
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Introduction 

Running is a popular form of exercise with more than 20 million Americans 

regularly participating each year.18 Unfortunately, running injuries are common with 19.4 

– 79.3% of runners experiencing injury in any given one-year period,118 and many 

runners experiencing multiple injuries.82 Most running injuries result from overuse82,125 

and occur due to the repetitive applications of loads below the absolute strength threshold 

of a given tissue without sufficient time for recovery.55 Abnormal kinematics and kinetics 

at the hip have been linked with several common running injuries. Specifically, increased 

hip adduction has been prospectively related to iliotibial-band syndrome88 and 

patellofemoral pain,89 while greater hip abductor moments have also been prospectively 

linked to patellofemoral pain.26 Identification of these biomechanical patterns prior to 

injury may allow clinicians or coaches to design prevention programs that minimize 

injury risk. Currently, 3-D kinematic and kinetic analysis is the gold standard for 

evaluating running mechanics. However, access to such analyses are often limited by 

material cost, expertise and time. While 2-D gait analysis can be used to measure single-

plane movement with high accuracy,79 these analyses still require the presence of 

equipment such as a treadmill enough space to establish a sufficient field of view, and 

time for a clinician to perform the analysis. Clinics or coaches may not always have these 

resources at their disposal. 

In contrast, clinical movement screens, are relatively inexpensive, require little 

space and can be performed in less time than it would take to conduct a 2-D analysis. 

Clinical movement screens provide measures of strength, dynamic joint stability and 
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neuromuscular control of the lower extremities.11,13,40,93 The Y-Balance Test (YBT) is 

one commonly used movement screen.37,46,66 Performing the YBT requires the participant 

to maintain a single-limb stance while reaching in the anterior (ANT), posterior-lateral 

(PL) and posterior-medial (PM) directions. A normalized composite score (CS) is 

calculated by dividing the sum of the reach distances by the stance-limb length. Studies 

have identified relationships between YBT performance and subsequent injury across a 

variety of sports. Gonell et al. reported that soccer players with a ³ 4 cm difference in PM 

reach were almost four times more likely to sustain a non-contact injury.37 Smith et al. 

also found that an ANT reach asymmetry ³ 4 cm predicted injury in NCAA Division-I 

athletes.107 Greater YBT reach scores have also been related to reduced peak knee valgus 

moments during sidestepping, suggesting that higher YBT performance may be 

associated with a reduced risk for anterior cruciate ligament injury.69 Yet, to date, 

research on the YBT has predominantly involved multidirectional sports such as 

football,40 soccer37 or basketball100, and it is unclear whether similar relationships would 

extend to uni-directional sports such as running. 

The YBT may be an appropriate tool for evaluating runners since good YBT 

performance requires substantial strength and neuromuscular control of the hips. Wilson 

et al. reported that YBT performance was positively corelated with strength of the hip 

abductors, extensors and external rotators,129 while Linek et al. reported that injury of the 

musculature surrounding the hip significantly impaired YBT performance.74 Kang et al. 

showed that higher YBT reach scores were correlated with greater sagittal plane range of 

motion at the hip, but reduced frontal and transverse plane motion.60 Further, 
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interventions designed to improve strength and neuromuscular control of the lower 

extremities have been demonstrated to increase YBT performance.5,120 Weakness of the 

muscles surrounding the hip have been linked to the development of common running 

injuries. Specifically, runners with iliotibial-band syndrome demonstrate weaker hip 

abductors31 and external rotators.91 Luedke et al. also found that high school runners with 

reduced isometric hip abductor strength were more likely to develop patellofemoral pain 

in the subsequent cross country season.71 Running relies on eccentric muscular strength 

to resist the loads applied during stance phase, and greater eccentric strength has also 

been linked to a lower risk of injury in runners. A prospective study by Ramskov et al. 

showed that runners with greater eccentric strength of the hip abductors had a reduced 

risk of developing patellofemoral pain.104  

Reduced hip strength may contribute to the development of abnormal mechanics 

along the course of a fatiguing run. Running long distances or to volitional fatigue can 

lead to biomechanical changes that may increase the risk of injury. Specifically, hip 

adduction angle95 and hip angular impulse126 have both been shown to increase following 

a fatiguing run. Runners with poor strength or neuromuscular control of the hip may 

experience larger changes, and thus be at higher risk of injury during fatiguing runs.26,88,89 

However, to date, it is unknown whether YBT performance may predict changes in 

running mechanics during a fatiguing run. Therefore, the purpose of this study was to 

evaluate whether YBT performance in a fresh state could predict changes in injury-

related running mechanics at the hip following a fatiguing run in distance runners. It was 

hypothesized that runners who perform worse on the YBT would display greater changes 
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in injury-linked kinematics and kinetics at the hip following a run to fatigue. The ability 

of the YBT to predict changes in running mechanics at the hip could provide a valuable 

tool for coaches and clinicians to use in prospectively mitigating injury risk. 

Materials and Methods 

Participants 

16 individuals volunteered to participate in this study (sex: 9 M, 7 F; age: 28.75 ± 

9.17 years; mass: 69.09 ± 9.83 kg; height: 172.56 ± 8.47 cm) and were enrolled between 

August 2019 and March 2020. Participants were experienced distance runners (mean 

weekly running mileage: 28. 43 ± 15.64 miles) from the surrounding community. All 

participants self-reported no injuries and maintained a running volume of at least 20 

miles per week within three months prior to testing. Prior to participating all participants 

were provided written informed consent, and all procedures for this study were reviewed 

and approved by the Institutional Review Board of the affiliated university. 

Experimental Protocol  

Upon arrival at the laboratory participants completed a short questionnaire 

detailing their history of running training. The questionnaire also identified the dominant 

limb which was described as the preferred limb used to “kick a ball.” Following the 

questionnaire subjects completed a five-minute warm-up run at a self-selected easy pace. 

After the warm-up participants were given verbal and visual demonstration of the YBT 

and subsequently performed two practice trials. Participants then completed two pre-run 

YBT trials, during which kinematic data were recorded. The YBT was performed on the 
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dominant limb, and the average of the two trials was used to calculate the YBT reach 

scores. If participants removed hands from the hips, touched down more than once during 

a reach or used the reach limb for significant support the trial was discarded and repeated. 

A taped outline of the YBT was used to specify the reach directions (Figure 1). Following 

the YBT trials participants ran at their self-selected easy pace while 30 seconds of 

kinematic and kinetic data were collected. Participants were then familiarized with the 

Borg 6-20 Rate of Perceived Exertion (RPE) scale and asked to run at a self-selected race 

pace until they reached a 17 (Very Hard). Similar running protocols have shown that 

kinematic or kinetic changes in running mechanics occur  within 15 – 20 minutes of 

running.20,63 In order to stay within these time parameters the runners were asked to run at 

a pace estimated between their 3k and 5k race pace, and were allowed to incrementally 

increase their speed as needed. Following the run an additional 30 seconds of kinematic 

and kinetic data were collected at the participants’ easy pace. Participants wore their 

personal running shoes for the running trial while the YBT was performed barefoot. 

Both the YBT and running trials utilized a reflective marker set consisting of 

bilateral placements on the acromion process, anterior and posterior superior iliac spines, 

medial and lateral femoral epicondyles, and medial and lateral malleoli. Additional 

tracking markers were placed on the sternal notch, C7 spinous process, iliac crests and on 

the thigh and shank as four-marker clusters. The foot markerset for both running and 

YBT trials also included three markers on the heel counter, one on the lateral aspect and 

two on the vertical bisection. Additional tracking markers were placed on the heads and 

bases of the 1st and 5th metatarsals and the head of the 2nd metatarsal as well as the 
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navicular. Static trials were recorded for both the running and YBT trials after which the 

medial malleoli and femoral epicondyle markers were removed. 

 
 

Figure 1. Visual depiction of the Y-Balance Test reach 
directions performed with right limb stance.  
 

Data Analysis 

Whole body kinematics for running were recorded using a 6-camera motion 

capture system (Motion Analysis Corp., Rohnert Park, CA) sampling at 200 Hz while 

participants ran on an instrumented treadmill (Treadmetrix, Salt Lake City, UT) sampling 

at 1000 Hz. Kinematics during the YBT were also recorded using the 6-camera motion 

capture system (Motion Analysis Corp., Rohnert Park, CA) sampling at 200 Hz. All raw 

kinematic was processed using Cortex (Motion Analysis Corp., Rohnert Park, CA). 

Marker trajectories were filtered using 4th-order, zero lag Butterworth filters with cutoff 

frequencies of 8 Hz and 6 Hz73 for the running and YBT trials, respectively. Kinematic 

and kinetic data were then exported to Visual 3D (C-Motion, Inc., Germantown MD) for 
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further processing. To reduce artifacts in joint moments, ground reaction forces during 

running trials were filtered using a 4th-order, zero lag Butterworth filter at 8 Hz prior to 

calculating joint moments.64 Segment anatomic coordinate systems were established 

according to conventions from the International Society of Biomechanics and joint angles 

were calculated using a Cardan rotation sequence corresponding to flexion/extension, 

ab/adduction, and axial rotation.131 Joint moments were calculated using 

Newtonian/Euler inverse dynamics and expressed as internal joint moments in the 

coordinate system of the proximal segment. Twenty consecutive gait cycles from the 

middle of the trials were extracted for analysis, with stance phase being defined using a 

50 N threshold in the vertical ground reaction force. The running variables selected for 

analysis included peak hip adduction,88,89 peak hip internal rotation,91 peak hip abductor 

moment26 and peak hip abductor impulse76 during stance phase. Variables were selected 

based on being previously linked to running injuries in prospective studies. Percent 

change was calculated for each of the running variables by subtracting the post-fatigue 

measure from the pre-fatigue measure, then dividing the value by the pre-fatigue 

measure. The resulting value was then multiplied by 100. 

Distance between the dominant and non-dominant 2nd metatarsal head markers 

were used to calculate maximum reach distances in the ANT, PM and PL directions. A 

composite score was calculated by normalizing the sum of the three reach directions to 

stance leg length. Leg length was measured as the distance from the anterior-superior 

iliac spine to the medial malleolus when standing fully upright in the static trials.  
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Statistical Analysis 

Paired t-tests were used to compare running mechanics between the pre and post 

run conditions. A total of 16 linear regressions were used to compare the relationships 

between YBT performance and percent change of each of the running mechanics 

variables. The Benjamini-Hochberg procedure was applied to the regression outputs to 

control for Type I error.6 

Results 

Descriptive statistics for the running and YBT variables are summarized in Tables 1 and 

2, respectively. Average run time to reach a 17 on the Borg RPE scale was 16.58 ± 6.23 

minutes, and average starting pace during the fatigue protocol was 3.22 ± 0.33 m/s. 

Paired t-tests indicated that running mechanics did not significantly change between the 

pre and post conditions. The linear regressions revealed no statistically significant 

relationships between YBT performance and percent change of any of the running 

mechanics variables. 
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Table 1. Descriptive statistics for running mechanics variables. 
Percent change reflects the difference in running variables 
between pre and post run conditions. 
Variables Mean ± standard deviation 
Pre-fatigue  
Peak hip adduction (°) 10.13 ± 3.75 
Peak hip internal rotation (°) 7.01 ± 6.61 
Peak hip abductor moment (Nm/kg) 1.83 ± 0.29 
Peak hip abductor impulse (Nm/kg*s-1) 0.25 ± 0.06 
  
Post-fatigue  
Peak hip adduction (°) 10.02 ± 4.25 
Peak hip internal rotation (°) 6.58 ± 7.20 
Peak hip abductor moment (Nm/kg) 1.81 ± 0.48 
Peak hip abductor impulse (Nm/kg*s-1) 0.24 ± 0.12 

 

Table 2. Percent change in running mechanics between pre and post-fatigue conditions. 
 Percent change (%)  
Variables Mean ± standard deviation Cohen’s d 
Peak hip adduction (°) -3.29 ± 19.00 0.07 
Peak hip internal rotation (°) -1.50 ± 64.26 0.33 
Peak hip abductor moment (Nm/kg) -0.73 ± 22.59 0.05 
Peak hip abductor impulse (Nm/kg*s-1) -5.67 ± 31.20 0.10 

 

Table 3. Descriptive statistics for the dominant limb YBT. 
Variables Mean ± standard deviation 
YBT ANT reach (% limb length) 0.68 ± 0.06 
YBT PL reach (% limb length) 0.83 ± 0.10 
YBT PM reach (% limb length) 0.95 ± 0.07 
YBT CS (% limb length) 0.81 ± 0.07 
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Figure 2. Individual regressions of YBT reach scores as percent of leg length (x axis) and 
percent change in running gait variables. YBT variables include anterior (ANT) reach, 
posterior-lateral (PL) reach, posterior-medial (PM) reach and composite score (CS). 
Running variables include peak hip adduction (HAD), peak hip internal rotation (HIR), 
peak hip abductor moment (Hmom), peak hip abductor impulse (Himp). 

Discussion 

The purpose of this study was to evaluate the relationship between YBT 

performance and changes in injury-linked running mechanics at the hip following fatigue. 

Strength and neuromuscular control of the muscles surrounding the hip are necessary to 
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both YBT performance and running. Greater strength of the hip musculature has been 

associated with increased YBT performance,68,129 and has also been linked to a reduced 

risk of developing running injuries.31,104 Fatigue has also been shown to increase the 

prevalence of injury-related running mechanics.95,126 These associations led to the 

hypothesis that YBT performance may predict changes in injury-related running 

mechanics at the hip following a run to fatigue.  

There were no significant differences in the selected running mechanics between 

the pre and post-fatigue conditions. This was surprising as similar protocols using the 

Borg RPE scale have reported changes in running mechanics using fatigue protocols of a 

similar length.20,63 However, there were several differences between the protocols of the 

previously cited studies and this study. The participants in both the Derrick et al. and 

Koblbauer et al. studies used the same running shoe,20,63 whereas our participants were 

allowed to use their personal running shoes. Several studies have reported that orthoses 

can cause changes in plantar pressures81 and joint kinetics72 relative to those experienced 

from a participant’s normal footwear. Orthotics are often used to achieve clinically 

oriented alterations in gait. However, the use of standardized shoes in the Koblbauer et al. 

and Derrick et al. studies may have significantly altered the participants’ running 

mechanics prior to the fatigue protocols. The burden of running in these conditions may 

have led the participants in Koblbauer et al. and Derrick et al.’s studies to fatigue quicker, 

resulting in alterations between the pre and post conditions.  Koblbauer et al. also 

recruited from a novice population that ran fewer than 30 km per week while this study 

required participants to run at least 20 miles per week.63 Thus, fatigue may have had a 
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greater influence on running mechanics in the Koblbauer et al. study as participants may 

not have been as highly conditioned as participants in the current study. The effect sizes 

in the present study were negligible for the all of the running mechanics variables except 

for a small to moderate effect on peak hip internal rotation. This suggests that the fatigue 

protocol may have had an effect on transverse plane hip mechanics, but the sample size 

was underpowered.  

Linear regressions revealed no statistically significant relationships between YBT 

performance and percent change of any of the running mechanics variables. These results 

were surprising as both the YBT and running rely on strength and control of the hip 

musculature. Performing the YBT relies heavily on eccentric movements during each 

reach, and increased eccentric hip strength may also prevent running injuries.104 

Specifically, higher eccentric strength of the hip abductors in runners has been 

prospectively linked with a reduced risk of developing patellofemoral pain.104 While the 

muscles utilized during the YBT and running may be similar, the way in which the 

muscles are utilized are very different. The YBT is performed by slowly reaching in each 

direction as far as possible while maintaining stability. In contrast, running is 

characterized by the repetitive application and resistance of cyclic loads over short 

periods of time. The motion of the lower extremities during the stance phase of running 

and while performing the YBT are highly similar in that they both rely on eccentric 

strength to resist flexion, adduction and eversion of the hip, knee and ankle. However, 

running requires the resistance of these forces at impulses much greater than those 
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experienced during the YBT. Therefore, the YBT may not be applicable to runners 

because the muscular stressors of running and the YBT are too different. 

The objective of the YBT is to reach as far as possible with the non-stance limb, 

requiring the participant to reach outside the base of support. During running, however, 

runners typically maintain the lower extremities directly underneath the center of mass 

(or relatively close) and do not reach outside the base of support. This requirement of the 

YBT may also be too dissimilar to the movements experienced while running, potentially 

requiring different levels of strength and endurance of the pelvic and hip musculature. 

Due to the use of similar muscles the authors hypothesized that the pelvic control 

required for the YBT would directly translate to pelvic control during running. However, 

in addition to pelvic control, the YBT also requires much greater ranges of motion of the 

hip than running. Runners are known to have reduced flexibility, especially in the 

posterior muscle groups of the lower extremity.124 It may be that runners are not used to 

the ranges of motion required of the YBT. Indeed, YBT scores of multisport populations 

tend to be much higher than the values in the present study.66,107 This suggests that 

limited flexibility and range of motion may leave the YBT ineffective for running 

populations. 

Running is also a semi-elastic activity that relies partially on musculotendinous 

elasticity to preserve energy and generate forward propulsion.108 This is vastly different 

compared to the YBT, which is performed too slowly to rely on this biological 

mechanism. While a level of musculotendinous stiffness may be beneficial for running 

economy, this may also limit the ability to perform the YBT movements. This may also 
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partially explain the reduced reach distances relative to multisport populations mentioned 

above. However, the previously cited studies examining YBT performance of multisport 

populations utilized NCAA Division I athletes, whereas the mean age of participants in 

this study was 28.75 ± 9.17 years and included participants up to age 44. Given that 

flexibility generally declines with age it may be that the YBT is more useful in younger, 

more flexible athletes who can move through the full ranges of motion required of the 

YBT.2 However, this hypothesis should be further investigated. 

There were several limitations which need to be considered when interpreting the 

results of this study. While runners ran in their preferred shoe during the gait analysis the 

YBT was performed barefoot. Differences in shod versus barefoot YBT performance 

have yet to be investigated as the YBT is traditionally performed barefoot. However, 

many prospective studies identifying a relationship between performance on the 

YBT37,46,107 and injury during the following sport season were performed barefoot, 

indicating the validity of comparing barefoot YBT performance to shod sports. Foot 

strike pattern was not controlled, and differences in foot strike may have influenced the 

kinetic variables in this study.105 The dominant limb, defined as the limb utilized to “kick 

a ball,” was also selected for this study. While there is some evidence that dynamic 

postural control is different between dominant and non-dominant limbs,102 other evidence 

suggests that it does not differ.50 Further, Brown et al. showed that running mechanics did 

not differ with limb dominance in either a fresh or fatigued state.9 The average starting 

pace for the fatigue protocol in this study was 3.22 ± 0.33 m/s. Many of the runners, 

however, did not regularly train on a treadmill. Thus, they may have underestimated their 
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initial self-selected race pace. To adjust for this the runners were allowed to increase their 

pace as needed.  

The relatively small sample size of this study may explain the lack of 

relationships observed. However, other studies have used similar63 and significantly 

smaller20 sample sizes to demonstrate fatigue-related changes in running mechanics. 

Additionally, the runners in this study may have been too highly conditioned for the 

fatigue protocol to significantly change their running mechanics. The intensity during the 

fatigue protocol was designed to simulate race conditions, but the runners were 

conditioned to running for much longer amounts of time than the average time to 

volitional fatigue observed in this study. Other studies utilizing fatigue protocols of 

similar times but higher intensities have also observed no changes in running mechanics,1 

suggesting that alterations may be more strongly related to run time rather than intensity 

in distance runners. Thus, the average length of time running may not have been enough 

to significantly influence their running mechanics. 

Conclusions 

This study evaluated the relationship between YBT performance and changes in 

injury-linked running mechanics at the hip following a run to fatigue. Selected running 

mechanics at the hip did not change between the pre and post-fatigue conditions. Linear 

regressions also showed no significant relationship between YBT performance and any of 

the four running mechanics variables that have been previously linked to injury. This was 

likely due to the differing neuromuscular demands of the two activities. Both activities 

require muscular stability of the hip and pelvis. However, running requires the repetitive 
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resistance of cyclic loads under small ranges of motion, while the YBT requires larger 

ranges of motion but does not require the resistance of cyclic loads. Thus, the YBT may 

not be a useful screen to identify changes in injury-linked running mechanics at the hip in 

distance runners following fatigue. Future research should examine whether YBT 

performance relates to additional running variables at the knee and ankle that have been 

linked to injury under fresh or fatigued conditions. 
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CHAPTER FIVE 

DISCUSSION AND CONCLUSIONS 

The YBT is a widely known clinical movement screen used to measure strength, 

dynamic stability and neuromuscular control in a variety of athletic and clinical 

populations.11,93 The YBT is also used to predict injury risk across a range of 

sports.37,100,107 Strength and neuromuscular control of the muscles surrounding the hip are 

strong predictors of YBT performance.129 These same variables are also essential for 

running performance48,83 and the prevention of injury.71,104 Changes in injury-related 

running mechanics have been shown to occur along the course of a fatiguing run.95,126 

Thus, the purpose of this thesis was twofold: 1) to evaluate the relationship between YBT 

performance and running mechanics and 2) to evaluate whether YBT performance can 

predict changes in injury-linked running mechanics after a run to fatigue. For the 

remainder of this paper the previous manuscripts will be referred to as Study 1 (A 

Multivariate Analysis of the Relationships Between Y-Balance Test Performance and 

Running Mechanics) and Study 2 (The Relationship Between Y-Balance Test 

Performance and Running Mechanics at the Hip Following Fatigue). 

Univariate analysis from Study 1 found no significant relationships between YBT 

CS and any of the 12 individual running gait variables. However, multivariate analysis 

identified a strong positive relationship between the two canonical variables, Balance and 

Mechanics. The Balance variable included all three YBT reach directions while 

Mechanics included the 12 running variables that have been previously linked to injury in 

runners. The ANT and PL reach directions were positive contributors to Balance, while 
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PM reach was a negative contributor. Further, the PL direction contributed twice as much 

to the Balance canonical variable as ANT. Frontal plane kinetics at the hip and knee were 

the greatest contributors to the Mechanics variable, while the remaining kinematic and 

kinetic variables exhibited little to no contribution. Integrating these findings suggests 

that reaching farther in the ANT and PL directions may be associated with lower peak 

HAb moments and KAb Impulses while running, all other variables held constant. 

Conversely, a greater PM reach may be associated with lower peak HAb Impulses, all 

other variables held constant. The vastly different contributions of reach directions 

emphasize the diversity of neuromuscular control required to perform each reach.60 Study 

1 also supports the argument that individual reach directions may be more useful than CS 

in predicting running mechanics. The findings from Study 1 suggest that YBT 

performance is most closely related to frontal plane kinetics. This makes sense as strength 

of the hip abductors are predictive of YBT performance.129 However, it was interesting 

that frontal plane kinematics did not have a greater contribution to the Mechanics 

variable given the contribution of frontal plane kinetics. 

Study 2 explored the relationships between frontal plane mechanics and the YBT 

in further detail. Specifically, Study 2 examined whether YBT performance was 

predictive of changes in frontal plane kinematics and kinetics at the hip following a run to 

volitional fatigue. Running mechanics did not significantly change between the pre and 

post fatigue conditions. Univariate analysis also revealed no significant relationships 

between individual YBT reach directions and percent change in any of the four running 

mechanics variables. These results suggest that the YBT may not be a useful movement 
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screen to identify changes in injury-related mechanics at the hip in distance runners 

following fatigue. This may be partially explained by the different neuromuscular 

requirements between the YBT and running. While similar muscle groups are used to 

perform both tasks, the way in which the muscles are utilized are completely different. 

Performing the YBT requires slow, controlled movements to achieve maximal reach 

while maintaining stability. Contrarily, running requires the resistance of cyclic loads 

over short periods of time. Further, running and the YBT have vastly different 

requirements for flexibility and ranges of motion. Limited flexibility can actually enhance 

running economy through the elastic storage and return of energy, but may harm YBT 

performance. The YBT also requires participants to reach far outside their base of 

support. This is in direct contrast to distance running where the feet generally stay almost 

directly under the center of mass. 

Frontal plane kinetics at the hip were the largest contributors to the correlation 

between Balance and Mechanics in Study 1. Therefore, it is reasonable to ask why this 

relationship was observed in Study 1 but not in Study 2. A CCA condenses two sets of 

variables onto a single vector, and each vector is then loaded onto its own canonical 

variable. The CCA maximizes the correlation between the two canonical variables and 

calculates the weighted contribution of each variable  in the vectors to the overall 

canonical variable. The goal of a CCA is to maximize the correlation between two sets of 

variables and does not reflect a direct relationship between any of the variables in either 

set of vectors. A CCA is not a test of statistical significance but an exploratory analysis. 

Thus, a CCA will weight the input variables in order to maximize the correlation between 
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two canonical variables, regardless of whether the sub-variables are directly related. 

Though the results of Study 1 indicated that frontal plane kinetics at the hip were the 

greatest contributors to the correlation between the Balance and Mechanics canonical 

variables, this does not necessarily reflect a direct relationship between YBT performance 

and hip mechanics. 

Both studies contained several limitations that should be considered. The 

participants in both studies were free from injury within three months prior to testing. 

However, we did not otherwise control for injury history. Several studies have shown that 

previous injury can impair dynamic balance and neuromuscular control,52,93 and such 

deficits may even remain following return to sport.111 The studies here also compared 

barefoot YBT performance to shod running mechanics. While this may appear to be a 

limitation, many studies have identified relationships between barefoot YBT performance 

and injury risk in the subsequent sport season.37,46,107 This provides evidence for the 

validity of comparing barefoot YBT performance to shod sports. It should also be noted 

that running mechanics did not significantly change between the pre and post fatigue 

conditions in Study 2. Thus, if a relationship between YBT performance and changes in 

injury-linked running mechanics does exist the runners may not have been fatigued 

enough to identify this relationship. It may also be difficult to directly compare the results 

from Studies 1 and 2 because of differences in population. Roughly half of the 

participants in Study 1 were currently athletes on a Division-I track and field team 

whereas all participants in Study 2 were from the surrounding community. Even though 
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participants from both studies met the minimum threshold of 20 mi./week there may be 

differences in running mechanics between recreational and competitive runners.15 

Results suggest that the YBT may not be useful for predicting the specific running 

mechanics variables measured here or alterations in those variables in distance runners. 

However, this may differ between YBT performance metrics. The calculation of a CS can 

easily camouflage deficiencies in specific muscle groups or ranges of motion, as both 

differ between reach directions.60,92 The results from Study 1 provide evidence for this 

through the differing contributions of individual reach directions to the Balance canonical 

variable – and in their magnitudes in the relationship between Balance and Mechanics – 

and should be further evaluated in running populations. However, these judgements are 

bound by the conditions and limitations of the two studies, and the YBT may still be 

useful outside of these conditions. Additionally, these conclusions are based purely on 

quantitative measurements. Exclusively focusing on the score may not yield sufficient 

information regarding an individual’s running mechanics, even considering individual 

reach directions. However, this limitation may be mitigated by the expertise of a 

clinician. The knowledge and experience of physical therapists, athletic trainers and other 

clinicians allow for a supplementary qualitative evaluation of YBT performance, and may 

provide great benefit. Further, the YBT may also be used to prospectively establish a 

baseline for rehabilitation in the case of injury during the sport season.  

It is also important to consider the specificity of the YBT, and that development 

of YBT-specific skill may not directly translate to the improvement of running 

mechanics. Thus, one could theoretically improve YBT performance without showing 
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concurrent improvements in injury-related running mechanics. A better solution for 

quantifying the prevalence of injury-linked running mechanics may be to develop or 

utilize tests that more directly measure the mechanisms associated with running injuries. 

However, this is outside the scope of the current thesis and should be further investigated. 

Both studies here also compared YBT performance in a fresh state to running mechanics, 

and it has been demonstrated that dynamic balance can change with fatigue.111 It may be 

that YBT performance in a fatigued state is more directly related to injury-linked running 

mechanics or changes in those mechanics after fatigue, and future studies should evaluate 

this hypothesis. 

The studies here found that YBT CS was not predictive of select injury-related 

running mechanics in a fresh state in distance runners. There were also no relationships 

identified between individual reach directions and percent change in running mechanics 

after a run to volitional fatigue. However, results from Study 1 showed that performance 

on the individual reach directions contribute differently to the relationship between YBT 

performance and running mechanics. The discrepancies between Study 1 and Study 2 

may be partially explained by slight differences between subpopulations of runners and 

should be further investigated. Additionally, these relationships may also depend on 

whether the YBT is performed in a fresh or fatigued state. Until future studies examine 

these hypotheses, the YBT may still be utilized by clinicians to evaluate deficits in 

strength and neuromuscular control of particular muscle groups – though, not necessarily 

in relation to running mechanics – range of motion, and to serve as an additional metric 

to gauge return to sport readiness.  
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