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GENERAL INTRODUCTION

1  Introduction

Impaired core stability has been hypothesized to contribute to the development of 

lower extremity injuries (LEI). However, there is only limited or contradictory 

evidence to support this hypothesis, and further research to investigate this 

relationship is needed. Therefore, the general aim of this dissertation is to provide 

an insight into the role of core stability in the development of LEI. The general 

introduction of this dissertation will provide a deeper look into the concept of core 

stability with regards to the definition, anatomy and functioning. The current 

literature will be discussed to procure a definition of core stability which will be 

used throughout the dissertation. Next, assessment methods for core stability will 

be discussed with regard to the existing measurement methods and their 

reliability and validity. Furthermore, the relationship between core stability, 

lower extremity functioning and lower extremity (overuse) injury (LEOI) will be 

explored. Finally, the background and different aims of this dissertation will be 

explained more in detail at the end of the general introduction.

2  Core stability

2.1  An overview of the concept

Since the use of core stability and core stability training has been widely accepted 

in the area of clinical rehabilitation, sports medicine and athletic training, 1,85,107 

it is reasonable to expect that the definition and the components, which contribute to 

core stability have been well established. However, many synonyms and descriptions 

exist in current literature to address this concept. Furthermore, various anatomical 

structures and working mechanisms for this concept are used interdependently in 

scientific research. In an attempt to reach expert consensus on the concept of core 

stability, a Delphi-Study was set up by Majewski-Schrage et al.64 In their study, core 

stability was defined as the ability to achieve and sustain control of the trunk 

region at rest and during precise movement. Furthermore, different trunk muscles 

were agreed upon as essential for stability of the core and, neuromuscular control 

was suggested as the main factor for optimal functioning of these muscles to 

provide core stability. However, set against present literature and own expertise, 

the flaws in this operational definition are exposed. Only including the abdominal 

and lumbar musculature as anatomical aspects which contribute to core stability 

and, proposing neuromuscular control as the only component to regulate core 

stability can be considered as being too limited and uncomprehensive. As such, 

the core stability definition and components as described by Majewski-Schrage  

et al.64 was merely used as a starting point for further exploration. The aforementioned 

definition was used as a starting point and the prominent current literature was 
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consulted alongside the expertise and experience of the research group, involved 

in the realization of this project, in order to formulate a comprehensive description 

of core stability which will be used throughout this dissertation.

Definition 
In early research,79 core stability was defined as ‘the ability of the lumbopelvic hip 

complex to prevent buckling of the vertebral column and return it to equilibrium 

following perturbation.’ Panjabi75 defined it as ‘the capacity of the spinal stabilizing 

system to maintain the intervertebral neutral zones within physiological limits 

through functional integration of three subsystems (the passive spinal column, 

the active spinal muscles and the neural control unit).’ Liemohn et al.62 elaborated 

on this concept by defining core stability as ‘the functional integration of these 

three subsystems in a manner that allows for an individual to maintain the 

intervertebral neutral zones within physiologic limits while performing activities 

of daily living.’ These early studies focused on the concept of core (or spinal) 

stability and how it relates to low back pain. 

 Kibler et  al.56 identified the importance of this functional integration of the 

three subsystems during upper and lower extremity kinetic chain activities and 

athletic performance. The functioning of the kinetic chain during athletic tasks 

was described as the coordinated, sequenced activations of body segments that 

place the distal segment in the optimum position at the optimum velocity with 

the optimal timing to produce the desired task.80 As such, Kibler et al.56 defined 

core stability as ‘the ability to control the position and motion of the trunk over 

the pelvis and leg to allow optimum production, transfer and control of force and 

motion to the terminal segment in integrated kinetic chain activities to provide 

proximal stability for distal mobility.’

Functional anatomy 
The anatomical elements contributing to what is described as the core vary from 

study to study, depending on whether it is used in the context of rehabilitation or 

athletic performance.92 In the context of low back pain rehabilitation, the core has 

been described as a box or a double-walled cylinder with the abdominals as the 

front, paraspinal and gluteal musculature as the back, the diaphragm as the roof 

and the pelvic floor and hip girdle musculature as the bottom.19,27,47 Meanwhile, 

other researchers focusing on sports performance have defined the core as 

including all anatomical structures between the sternum and the knees with a 

focus on the abdominal region and low back, whereas others conclude that the 

core musculature should also include the muscles in the shoulder and pelvic 

regions as they are critical for the transfer of energy from the larger torso to the 

smaller extremities, which may be more involved in athletic movement rather 

than everyday tasks.56,92,99 Whether or not the musculoskeletal structures of the 
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hip are part of the core is often discussed. Although some authors imply that hip 

musculature is not an integral aspect of core stability,14 most researchers agree 

upon the importance of hip muscle capacities in providing core stability. Hip 

muscles are stabilizers of the trunk over the planted leg and provide power for 

forward locomotion.56 They play a significant role within the kinetic chain, 

particularly for all ambulatory activities, in stabilizing the trunk and pelvis  

and, in transferring force between the lower extremities and the pelvis and 

spine.23,56,60,80,115 For example, van Wingerden et al.103 showed that the biceps 

femoris and gluteus maximus can increase sacroiliac joint stabilization through 

their specific and massive attachments to the sacrotuberous ligament. Their study 

also indicated that the erector spinae and hip extensor muscles clearly interact to 

provide lumbopelvic stabilization. In conclusion, hip musculature is generally 

considered as a part of the core anatomy since these muscles connect the lower 

extremities to the pelvic girdle, allowing force to be transferred throughout the 

kinetic chain.11

 The complex integration of the anatomical elements of the core and, the 

separate processes that work together to bring about core stability to provide 

proximal stability for distal mobility have also been described extensively. Besides 

postulating an early operational definition of core stability, Panjabi75 also provided 

a fundamental insight into the anatomical structures to achieve core stability. He 

attributed the integration of the passive spinal column, active spinal muscles and 

neural control unit to achieve sufficient stability of the spine, without defining 

which specific anatomical structures. Cholewicki and VanVliet21 reported that all 

trunk muscles, including abdominal as well as back musculature, contribute to 

core stability. These different muscles each provide a functional contribution 

towards core stability and they have been shown repeatedly to be the most 

important structures in maintaining core stability under various conditions.19,32 

No single muscle possesses a dominant responsibility in providing core stability.21 

However, a functional core musculature classification, based on their anatomical 

positioning and physiology, is often used to describe their contribution to 

stability.12,24 Core muscles can be classified into a global system and a local system. 

The smaller deepest layer muscles that originate and insert segmentally are the 

main contributors to the local system and, the larger superficial or outer layer 

muscles of the trunk lacking segmental vertebral insertions are the major 

contributors to the global system. The local system plays a major stabilizing role in 

providing proprioceptive input for coordination and segmental movement control.  

On the other hand, the muscles of the global system can either have a stabilizing 

function where they generate force in order to control range of motion (ROM) 

during movement or, they can have a mobilizing function where they generate 

large torque to produce movement in daily living or athletic activities.24 Research 

has identified the multifidus, transversus abdominis and the internal obliques as 
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part of the local system, whereas the longissimus thoracis, rectus abdominis, 

external obliques and hip musculature are part of the global system. It is suggested 

that global musculature facilitates force production and transfer throughout the 

kinetic chain since these global muscle groups are interconnected with each 

other, as one muscle insertion is connected to the next muscle’s origin via a 

common structure, such as the iliac crest (visualized in Figure 1).12,74,105 The role 

of core musculature in providing core stability is best understood as the 

pre-programmed integration of local, single-joint muscles and multi-joint muscles 

to provide proximal stability for distal mobility.56 

Core stability functioning
Optimal functioning of these anatomical structures to provide core stability relies 

on different musculoskeletal capacities.8,19,26,30,33 It requires substantial core muscle 

strength, endurance, proprioception and neuromuscular control. Core muscle 

strength can be defined as the ability of the muscles to exert or withstand force  

to create stability through contractile forces and intra-abdominal pressure.20,36 

Greater core muscle activation leads to greater stability, however, too much 

strength or force could possibly be the cause of more instability if not directed 

correctly.36 Besides core muscle strength, another component of core stability is 

represented by core muscle endurance or the ability to maintain the generated 

force.60 

Figure 1   Ventral and dorsal view of global core musculature and the trunk-lower 

extremity interconnectivity (Adapted from Page et al.74)
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Although core strength contributes significantly towards core stability and is 

important for improvements in sports related performance measures,66 it is 

suggested that core muscle endurance is more important to stability than muscle 

strength.67 Stability of the core requires that the musculature be co-contracted for 

substantial durations but at relatively low levels of contraction.65 It is this 

co-contraction of many muscles, required at relatively low activation levels, which 

optimizes stability of the spine and tissue load. This combination of low activation 

and recruitment of many muscles optimizes the compressive loading of the spine 

with stiffness to maximize spine resilience for extended time periods.19,66 

 The importance of sensorimotor control in providing core stability, besides 

core muscle strength and core muscle endurance, has also been described extensively. 

There is an increasing emphasis on sensorimotor control or the integrated actions of 

the muscle system in maintaining stability. Efficient movement and the maintenance 

of dynamic stability are more complex than merely adequate force production 

from the muscles.14 The muscular activity must be precisely coordinated to occur 

at the right time, for the correct duration and with the right combination of 

forces.24 This coordinated action occurs within groups of synergistically acting 

muscles and is also important in the interactions between agonist and antagonist 

muscles since it increases stability.20 The sensorimotor control system is generally 

described as the sensory, motor, and central integration and processing components 

involved in maintaining joint homeostasis during bodily movements and this 

system relies on afferent proprioceptive input and the following efferent neuro- 

muscular dynamic response for maintaining functional joint stability.15,45,84 

Based on current literature and own expertise on core stability, its anatomy and 

functioning, the following description will be used throughout this dissertation 

to address core stability and, its components needed for optimal functioning are 

visualized in Figure 2: 

Core stability is the foundation of trunk, lumbopelvic and hip dynamic control 

that allows for optimal production and control of force and motion, which is 

transferred throughout the kinetic chain.51,56 Core stability relies on different 

musculoskeletal capacities for efficient functioning and, achieving core 

stability requires optimal employment of core muscle strength and endurance, 

proprioception and neuro muscular control.5,19,32,40,46,60 From an anatomical 

point of view, the musculoskeletal core of the body refers to the osseous and soft 

tissue structures of the lumbopelvic, abdominal and hip regions.12,14,23,46,56 

Core stability results in safe and controlled movement local and distal to the 

core, and is considered as an important contribution in maintaining dynamic joint 

stability throughout the kinetic chain during functional movement.2,10,14
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2.2  Assessment of core stability

Introduction
Since core stability is a complex interaction of musculoskeletal components that 

work synergistically, there is no single test that accurately measures the ability of 

an individual to exert this skill.115 Consequently, each component should be 

evaluated in order to obtain a complete representation of core stability.73 In 

general, a specific assessment method to evaluate core stability is often selected 

based on the component of core stability of interest or the goal of the study. 

However, these tests are often used interchangeably for the single purpose of 

measuring core muscle capacity.115 In current literature, a multitude of tests to 

evaluate the different components of core stability are described. The different 

components are sometimes evaluated in lab situations with expensive equipment 

or with the use of not commercially available devices. As such, there is limited use 

for these devices in clinical practice when compared to clinical screening tests to 

measure core stability.62,104,120 However, a frequently encountered issue in studies 

using such clinical screening measures is the insufficient reliability and/or validity 

of these tests.35,42 In general, reliability refers to the reproducibility, consistency, 

or repeatability of a measure or test.42,50 When reliability of human observations 

is determined, two forms of reliability are generally discussed: intra-tester 

reliability (the degree to which measurements taken by the same observer are 

consistent) and inter-tester reliability (the degree to which measurements taken 

Figure 2  The core stability model with the components needed for optimal functioning
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by different observers are similar).30 Better reliability implies better precision of 

single measurements.50 Furthermore, adequate reliability contributes to responsiveness 

of a measure for better tracking of changes in measurements in research or 

practical settings. On the other hand, validity is generally defined as the degree to 

which a meaningful interpretation can be inferred from a measure or test or in 

other words, the degree to which a test measures what it is supposed to measure. 

Both reliability and validity are important since a clinical measure can be reliable 

without being valid; however, reliability is in general considered a prerequisite for 

validity.42 Due to the vast amount of tests used to evaluate different components 

of core stability and the often contradicting evidence with regards to reliability 

and validity, a brief overview on core stability testing will be presented below.

Core muscle strength
Trunk flexion, extension and rotation strength have been hypothesized to 

contribute to core stability by generating and controlling forces along the kinetic 

chain to maximize stability and even athletic function.56 Furthermore, an optimal 

trunk extension/flexion strength ratio has been described as essential for control 

of dynamic joint stability during functional movement.82 Different aspects of 

muscle strength can be evaluated with a myriad of measurement methods. 

Stationary dynamometers (for isometric, isoinertial, or isokinetic strength testing), 

manual muscle testing (MMT) and handheld dynamometry (HHD) have been 

described as available methods to evaluate muscle strength.6 For example, 

isokinetic tests measure muscle work performed at a constant velocity. This sort of 

testing is unique because it measures muscle torque at constantly changing joint 

angles, which presumably resembles a dynamic activity more closely.115 However, 

the use of these dynamometers in clinical practice is limited since they are 

expensive, not easy to use and, training of the administrator is required. On the 

other hand, HHD provides a quantified measurement of strength and its ease of 

use, low cost and convenient size may justify a widespread clinical use.91 

Furthermore, it has been described extensively as a valid and reliable measurement 

method for evaluating upper and lower extremity muscle strength in a healthy 

population, provided the same participant position and the same standardized 

test method is used for every test.91 HHD to assess maximal isometric hip muscle 

strength has already been established to be reliable and valid.69,97 Although HHD 

has already been proven to be a reliable and valid test method and it has already 

been used to measure trunk muscle strength in previous research, there is 

currently no scientific evidence for HHD as a reliable and valid test to accurately 

measure maximal isometric trunk muscle strength.70,82 Therefore, research into 

reliability and validity of HHD to measure maximal isometric trunk muscle 

strength is needed in order to gain insight into the strength capacities of these 

core muscle groups.
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Core muscle endurance 
The majority of measures to identify deficiencies in core muscle performance are 

clinical isometric trunk holding tests which are commonly used to measure the 

endurance capacity and fatigability of the core musculature.13,25,60,67 These tests 

require minimal, inexpensive equipment and are safe and simple to perform in a 

clinical environment where endurance capacity is evaluated by recording the 

maximum time a subject can maintain a correct test position. Compared to core 

muscle strength tests, endurance tests have been suggested to be more reliable.106

 These tests can be divided into tests that measure endurance capacities of the 

dorsal core musculature (trunk extension muscles), the ventral core musculature 

(trunk flexion and rotation muscles) or the lateral core musculature (trunk lateral 

flexion and rotation muscles). Endurance capacity of the trunk extensor muscles is 

often measured with the Biering-Sørensen test,13 or an adapted version of this 

test.25 This test is typically performed with the subject in a prone position with  

the pelvis on the edge of a treatment table and the legs strapped to this table.  

A horizontal position of the trunk is held as long as possible, with the arms crossed. 

Good to excellent reliability for this test has been calculated for healthy subjects 

as well as for patient populations.35,55,59,93 Furthermore, validity for this test has 

been established based on EMG-analysis in a healthy population.25 Variations in 

fixation methods have been described and dynamic versions of this test have also 

been used in research, however, the latter test variation is believed to measure 

submaximal dynamic muscle strength instead of muscle endurance.70,83 

 The side-bridging test, as described by McGill et al.,67 is commonly used to 

measure lateral and ventral core muscle endurance. Reliability for this test has 

been shown to be excellent.35,55 On the other hand, there is only limited evidence 

for validity of this test in current literature. Construct validity of this test was only 

suggested in one study in which subjects reported the reason for termination of 

the side-bridging test was fatigue of the lateral trunk musculature.38 In another 

study, content validity of this test to measure physical capacity was approved by an 

expert panel.58 

 Abdominal core muscle endurance capacity is often measured using the flexor 

endurance test, as described by McGill et al.,67 or with variations on this test.52 

Good to excellent reliability values for these tests have been established.35,52,93 

However, validity of these tests has not yet been examined. The prone bridging 

test, an isometric holding test in prone position, is also commonly used to measure 

the endurance capacity of the abdominal core muscles and has been theorized to 

be a more functional test for abdominal core muscle endurance compared to the 

flexor endurance test.4,106,108 Reliability and especially validity of the prone 

bridging endurance test in a healthy population have not yet been researched 

thoroughly. Studies researching the reliability of the prone bridging test report 

conflicting results. Low, moderate as well as excellent reliability values have all 
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been reported.26,88,108 On the other hand, research into the validity of the prone 

bridging test is sparse and often applied to modified versions of this test.98 

Therefore, research into reliability and validity of prone bridging test to measure 

abdominal muscle endurance capacity in a healthy population is needed in order 

for this test to be used for screening purposes.

Core sensorimotor control 
The sensorimotor system relies on the afferent proprioceptive input and the 

following efferent neuromuscular output.15,45,84 The need to assess proprioceptive 

ability and neuromuscular control accurately is widely accepted, however, there is 

great disagreement to the most appropriate and accurate method and the best 

measurement technique has yet to be determined.45 Ideally, proprioception is 

measured in three planes for passive motion threshold, directional motion perception 

and repositioning accuracy.76 However, only evaluating a subjects spinal repositioning 

capacities is commonly used to measure core proprioception.45 Repositioning 

capacities of the trunk are often measured with the use of self-fabricated lab 

equipment on which a subject can sit or lay down.76,95,121 The subject is passively 

rotated on these machines or is able to actively rotate the trunk with the aim of 

replicating a predefined lumbopelvic position. Even though validity for some of 

these methods has been established, their use in clinical practice is very limited since 

they are not readily available to clinicians for the identification of proprioceptive 

deficits. In one clinical study, subjects were placed in a sitting positing with a 

neutral spine and were asked to reposition themselves into this position after 

having actively moved the trunk.93 However, to quantify the repositioning 

capacities, 3D lab generated data were used, again limiting its use for clinical 

practice. There seems to be need for a method to evaluate core proprioception 

without the use of equipment, which is based on lumbopelvic position- reposition 

capacity and can be used in clinical practice. 

 Different methods to identify deficits in core neuromuscular control have 

been described. Ideally, deficits in neuromuscular control of the core should be 

diagnosed based on controllability, or lack hereof, of global movement during 

athletic maneuvers.119 This can be accomplished by performing athletic movement, 

such as a drop jump or sprinting movements, while 3D movement analysis is 

performed.90,104 Neuromuscular control is also often quantified by measuring 

muscle activation patterns (coordination) during movement by using electro-

myography (EMG).14 Radebold et al.,81 for example, used a sitting apparatus with  

a quick force release after isometric trunk exertions against trunk flexion, 

extension and lateral flexion while measuring EMG activity of the trunk muscles 

as a measure of neuromuscular control. This method of measuring core muscle 

activation patterns can also be applied during functional movements, such as 

sprinting.89 It is clear that the aforementioned methods of measuring core 
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neuromuscular control have limited use in clinical practice. More recently however,  

a clinical test to evaluate core neuromuscular control was specifically developed 

for use in clinical practice. Elgueto-Cancina et al.33 assessed core neuromuscular 

control by evaluating a repeated lumbopelvic movement on five categories: quality 

of the lumbopelvic motion, control of the adjacent areas, preference of motion 

direction, breathing, and the amount of good quality repetitions. The five criteria 

were evaluated afterwards using a rating scale. Test scoring for this lumbopelvic 

control test has been shown to be reliable,24 and validity of this test in a healthy 

population is supported.34

Dynamic core stability testing
Since core stability is important for providing dynamic joint stability during 

functional movement, it has been suggested that besides evaluation of the separate 

components of core stability, assessment of core stability should also be dynamic, 

and should include tests which evaluate specific functions and directions of three 

planar movement in an upright position.56,110 To assess dynamic core control, 

Kibler et al.56 suggested six positions and movements for a subject to perform in 

order for the investigator to look for movement pattern deviations. However, these 

tests are based on empirical evidence and, only low to moderate reliability was 

shown for these tests based on test evaluation with a 4-point scale for movement 

quality.108

 Assessment of postural stability has been suggested as an indicator for the 

product of adequate core stability since dynamic balance is reliant on the different 

components of core stability (strength, neuromuscular control and proprioception) 

to develop internal muscle moments to counteract the external moments generated 

by body mass displacement.23,55,62 Postural stability is often measured with the 

use of reliable and validated equipment such as the Neurocom Balance Master.55,93 

Liemohn et al.62 developed a measurement device to measure core stability 

through balance tests in which actual core stability training postures were 

replicated. For this purpose, a stability platform was used on which balance had to 

be maintained in three different functional positions. As with many tests which 

employ mechanical equipment, the use of these methods is limited in clinical 

practice. Other tests to measure dynamic postural stability without the use of 

equipment, such as the Star Excursion Balance Test (SEBT), have been shown to be 

reliable and valid in a healthy population.39,78 Another widely used dynamic test 

which requires optimal integration of different core stability components is the 

lateral step down test and has already been suggested as a functional core stability 

test for patients with nonspecific low back pain.55 This test incorporates different 

components needed for core stability such as core muscle strength, neuromuscular 

control and proprioception. Therefore, this test can also be viewed as an indicator 

for the cooperation between different core stability components.68,72 Validity has 



21

GENERAL INTRODUCTION

not yet been established, excellent reliability has only been demonstrated in 

patient populations and,55,77 only low to moderate reliability was shown in a 

healthy population.18 The protocol for this test needs to be adapted with regards to 

test standardization and test scoring in order for it to be used in clinical practice 

for identifying deficiencies in movement control and movement pattern deviations.

There is not one single appropriate test to evaluate core stability given its complex 

nature. Various methods and tests exist to evaluate different components of 

core stability. 

 A recent study suggested that in order to gain insight into core stability as a 

whole and for it to be used in the fields of injury prevention, rehabilitation and 

athletic training, assessment of core stability should be based on a comprehensive 

test battery where the different components of core stability are evaluated. In order 

to be clinically relevant, these tests should be valid, reliable, feasible and easy to 

perform.28 To assess core stability with the goal of investigating its role in the 

development of lower extremity injuries, established valid and/or reliable clinical 

tests from current literature will be complemented with novel tests for which 

validity and/or reliability will be evaluated.

 Further research is needed to investigate validity and/or reliability in a healthy 

population of the prone bridging test to evaluate abdominal core muscle endurance, 

HHD to measure trunk flexor/extensor strength, the lumbopelvic position- 

reposition test to evaluate core proprioception and the lateral step down test 

as a dynamic core stability test.
 

2.3  The core stability - lower extremity link

Core stability and lower extremity functioning
Core stability has been implied numerous times to influence lower limb 

functioning.29,43,65  Besides its local functions of stability and force generation, 

core activity is believed to be involved in almost all extremity movement.14 Early 

research to propose the relationship between core stability and lower extremity 

functioning was executed by Bouisset.16 The author suggested that stabilization of 

the pelvis and trunk must occur before the initiation of voluntary extremity 

movements. In addition, the support must vary according to the parameters of the 

planned movement, posture, and the uncertainty about the upcoming tasks. These 

principles were further explored by Hodges & Richardson.49 Based on EMG 

analysis, these authors found that abdominal and multifidus muscles contract  

in anticipation of reactive forces produced by lower limb movement. It was 

hypothesized that co-contraction of these muscles helped in creating a rigid 

cylinder by increasing abdominal pressure and, that it occurred in order to stiffen 

the lumbar spine before initiation of large movements of the limbs.14,56 On the 
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contrary, further research established that three-dimensional preparatory trunk 

motion preceded unilateral limb movements.48 These preparatory movements 

were opposite in direction to those caused by the reactive moments resulting from 

movement of the limb. These results confirmed that anticipatory postural 

adjustments involve movements and not rigidification of the trunk.48 This 

relationship has also been demonstrated in more functional situations. For 

example, Saunders et al.87 found an association between altered lumbopelvic 

motion and trunk muscle activity during locomotion at different speeds and 

modes of locomotion. In conclusion, in the temporal sequence of many dynamic 

tasks, core muscle activity precedes lower extremity muscle activity and provides 

a stable foundation, which allows for safe and controlled movement distal to the 

core, and is considered as an important contributor in maintaining dynamic joint 

stability in the kinetic chain during locomotion.2,9 The core is connected to the 

lower extremity anatomically as well. The thoracolumbar fascia covers the deep 

muscles of the back and the trunk, has three discernible layers and connects the 

lumbar vertebrae with the lower extremity through the latissimus dorsi, psoas 

major, and gluteal muscles (as visualized in Figure 1 above)32 and creates a 

stabilizing effect by forming a corset around the abdomen together with the 

multifidus muscles posteriorly, the abdominal fascia anteriorly and the oblique 

muscles laterally.3 Furthermore, the hip musculature acts in conjunction with the 

quadratus lumborum muscle to stabilize the trunk over the lower limb and 

transfers force from the lower extremities to the pelvis and spine.3 The apparent 

link between core stability and lower extremity functioning has been confirmed 

since the association between core stability measures and lower extremity 

kinematics has been established and,116 core training has been proven to influence 

lower extremity biomechanics and,31,86 it was found to modify and enhance sports 

performance.17,53,110 

Core stability and lower extremity injury
Numerous musculoskeletal injuries occur each year caused by sports, resulting in 

decreased physical activity and work time lost in addition to medical costs.71 The 

most common injury sites of these musculoskeletal injuries in collegiate athletes 

are located on the lower extremity, including hip, knee, lower leg, and ankle 

injuries.71 One study reported a total number of 4350 musculoskeletal injuries in 

collegiate athletes during one academic year, of which 2298 (52.8%) LEI (injury rate 

of 1.33 per 1000 athletic exposures).37 A crucial step towards injury prevention is 

establishing the etiology and mechanisms of the injury, by means of risk factor 

assessment.101 Many injury risk factors, both extrinsic and intrinsic, for the 

development of LEI have already been suggested.114 Extrinsic risk factors refer to 

environmental variables and are considered to determine the load which makes 

the individual susceptible to injury, whereas intrinsic risk factors are related to 
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the individual biological and psychological characteristics and determine the load 

tolerance.100 Furthermore, all risk factors can be divided into modifiable and 

non-modifiable factors.8 With regards to research into risk factor identification 

and injury prevention, it has been suggested that non-modifiable risk factors such 

as gender and age may be of interest, it is however important to study factors 

which are potentially modifiable through physical training or behavioral 

approaches, such as strength, balance, or flexibility.8  Research into modifiable 

intrinsic risk factors for LEI often focusses on locally situated risk factors (risk 

factors situated at the site of the injury). For example, inadequate neuromuscular 

control of musculature surrounding the knee has been associated with the 

development of anterior cruciate ligament injury and,44 decreased ankle muscle 

strength and altered foot biomechanics, including excessive and prolonged foot 

pronation, are associated with inversion ankle sprains.111,113

 However, there is an increase in research investigating non-locally situated 

risk factors as they might also play an important role in the development of LEI 

and, these non-local risk factors can be located proximally or distally from the 

injury site.22 Inadequate core stability is suggested to influence lower extremity 

kinematics and is proposed as a contributor in the proximal-to-distal directed 

mechanism in the development of LEI.28 Strength of core musculature for example 

is proven to be essential to control hip abduction, subsequent internal rotation of 

the femur, and potentially more distal movement,51,60 which could increase 

susceptibility for injury since distal movement, such as prolonged foot pronation, 

has been implicated in numerous functional changes to the lower limb.22 In 

addition, suboptimal endurance of the core musculature results in inhibition of 

specific lower extremity muscles, resulting in kinetic and kinematic changes 

during dynamic tasks.40,41,94 Therefore, it is hypothesized that impaired core 

stability increases vulnerability in the development of LEI through uncontrolled 

joint displacements or accessory movements throughout the kinetic chain.22,56 

This hypothesis is supported with evidence that core muscle endurance is 

effectively linked with running kinematics.57

 A significant share of LEI are lower extremity overuse injuries (LEOI) and are 

traditionally defined as injuries that occur with gradual onset over time and are 

thought to be the predominant injury type as a result of repetition of similar 

movement patterns such as running, jumping, landing and cutting.7,61 It is 

believed that a large proportion of lower extremity sports injuries are LEOI, since 

popular sport (e.g. recreational sports, gymnastics, basketball, football and 

volleyball) and recreational physical activities are often associated with running 

and/or jumping.54 For example, one study with a multisport cohort reported a 

total of 1317 injuries in 573 collegiate male and female athletes of which 386 

(29.3%) overuse injuries.118 LEOI have even been reported as being as high as 68% of 

all registered LEI in runners.96 The etiology of overuse injuries remains largely 
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unknown,102 and local intrinsic factors have already been suggested.63,112,117 

Bearing in mind the link with lower extremity functioning, core stability, as a 

non-local risk factor, could have a crucial role in developing LEOI. 

There is currently a lack of studies investigating core stability and its role in the 

development of LEI.22,28 As such, the lack of transparency in the concept of core 

stability as a risk factor and, the absence of valid and/or reliable assessment 

methods to describe different aspects of core stability in a homogenous 

population might have led to suboptimal implementation of core stability as a 

preventative screening tool in clinical practice. As it is still unclear to this day 

how impaired core stability could lead to injuries, researching and identifying 

the relationship between impaired core stability and LEI could have important 

implications in the fields of injury prevention and rehabilitation.

 Furthermore, the lack of evidence for core stability as a risk factor for the 

development of LEOI has already been highlighted and further research to 

establish the association between the different components of core stability and 

overuse injuries is warranted as such.28 

3  Background and aims

Core stability has been implied to influence lower extremity functioning. Therefore, 

inadequate core stability, as a non-local, modifiable, intrinsic risk factor, could play a 

role in the development of lower extremity injuries (LEI). Inadequate core stability 

is believed to increase uncontrolled joint displacements or accessory movements 

throughout the kinetic chain and could therefore increase susceptibility for the 

development of injuries.22,104,109   

 Based on current literature, there seems to be limited proof for the role of core 

stability in the development of LEI.28 Furthermore, there is no single measure for 

determining core stability since it relies on different musculoskeletal capacities.28 

As such, the lack of transparency of the concept of core stability as a risk factor 

and, the absence of valid and/or reliable assessment methods to describe different 

aspects of core stability in a single population have led to suboptimal implementation  

of the assessment of core stability as a screening tool in clinical practice.

Specific aims of this dissertation are: 

1. Providing an overview of current evidence for core stability as a risk factor for 

lower extremity injuries.

2. Investigating reliability and/or validity of existing or novel clinical tests to evaluate 

components of core stability in a healthy population. In order to complement 
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other valid and reliable tests, certain tests will be investigated with regards to 

standardization, test protocol and scoring methods.

3. To prospectively investigate the different components of core stability as a risk 

factor for the development of lower extremity overuse injuries (LEOI).

AIM I: Providing an overview of current evidence for core stability as a risk 

factor for lower extremity injuries

A first step towards gaining insight into the association between core stability and 

the development of LEI is to gather the current knowledge from present literature. 

Therefore, the main purpose of chapter I is to summarize the available literature 

on the role of core stability as an intrinsic risk factor in the development of LEI in 

a healthy athletic population. In order to achieve this goal, a systematic review of 

the literature will be performed. This review will present the reader with an 

overview of current knowledge and will discuss these findings and explore the 

association between various components attributed to core stability and LEI.

AIM II: Investigating reliability and/or validity of clinical tests to evaluate 

components of core stability in a healthy population

Accurate measurement of core stability could prove beneficial in the fields of mus-

culoskeletal injury prevention and athletic training. No single test is available to 

evaluate core stability in an individual since it is a complex interaction of muscu-

loskeletal capacities that work synergistically. In current literature, there is a 

multitude of tests to evaluate the different components of core stability. Laboratory 

tests often have limited use in clinical practice because of high costs or low 

availability of the testing equipment. Easy to use clinical tests on the other hand 

often have low reliability and/or validity. In addition to clinical core stability tests 

for which reliability and/or validity has already been established, in chapter II, 

reliability and/or validity of clinical tests to measure core muscle strength, core 

muscle endurance and sensorimotor control of the core will be investigated and 

will be discussed in three parts. In part I, reliability and validity of the prone 

bridging test to measure abdominal core muscle endurance capacities will be 

examined. In part II, reliability and validity of two clinical tests to measure trunk 

flexor and trunk extensor strength will be examined and in part III, reliability of 

two functional clinical tests to evaluate trunk and lumbopelvic neuromuscular 

control and proprioception will be explored. Reliability and/or validity of these 

tests will be investigated in order for them to be used complementary with other 

reliable and/or valid tests to measure the different components of core stability.
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AIM III: To prospectively investigate the different components of core stability 

as a risk factor for the development of lower extremity overuse injuries

Proximally located intrinsic risk factors have already been suggested and 

investigated in the development of distally located LEI. Impaired core stability has 

been associated with acute LEI.28,82 However, there is a lack of research investigating 

core stability and its role in the development of LEOI. Therefore, in chapter III, 

a prospective study was set up to investigate the association between different 

components of core stability and LEOI. Risk factors are typically examined in 

prospective cohort studies in which the characteristics of an injured individual 

can be compared with non-injured individuals and, all data are collected 

prospectively in time which means that potential risk factors are measured before 

the actual injury occurs during the follow-up period. The aim of this prospective 

study was to investigate the different components, necessary for adequate core 

stability, as possible risk factors in the development of LEOI in an active population. 

These components include core muscle strength, core muscle endurance, core neuro- 

muscular control and proprioception and, dynamic core stability performance.
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Abstract 

Objectives: To research and summarize the literature regarding the role of core 

stability as a risk factor in the development of lower extremity injuries in an 

athletic population.

Methods: Pubmed, Web of Science and Embase were searched in August 2016 to 

systematically review studies, which related core muscle functioning and core 

stability to lower extremity injuries. 

Results: Nine articles were included in the systematic review. Various components  

of core stability were found to be related to lower extremity musculoskeletal 

injuries in healthy athletic populations. Core strength, core proprioception and 

neuromuscular control of the core were found to be a risk factor in the development 

of lower extremity injuries. However, conflicting evidence was found for core 

endurance as a risk factor for lower extremity injuries.

Conclusion: This systematic review provides preliminary evidence for the association 

between impaired core stability and the development of lower extremity injuries 

in healthy athletes. Deficits in various aspects of core stability were identified as 

potential risk factors for lower extremity injuries. As such, core stability needs to 

be considered when screening athletes. 

Key words: Injury screening; Lumbopelvic hip complex; Trunk stability; ACL injuries; 

Overuse injuries
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1  Introduction

Participation in sports and physical activity entails a considerable risk for musculo-

skeletal injury for both elite and recreational athletes.3 Athletic injuries generally 

affect the lower extremity, including hip, knee, lower leg and ankle injuries.34  

A clear understanding of intrinsic risk factors, extrinsic risk factors and injury 

mechanisms is essential for providing successful injury prevention.3,16,32,40 Many 

risk factors for lower extremity injury have already been studied thoroughly.  

For example, altered biomechanics including increased knee abduction angle and 

knee abduction moment during movement are found to be predictors for anterior 

cruciate ligament injuries in female athletes.20

 In addition to these locally defined biomechanical alterations, the role of  

core stability related factors in the altered function of the lower extremity and  

the development of injuries has gained widespread attention over the last 

decade.9,36,43,49 From an anatomical point of view, the musculoskeletal core of the 

body refers to the osseous and soft tissue structures of the spine, pelvis, and the 

abdomen.5,6,27 Numerous muscles cross the spine and abdomen and contribute to 

core stability.10 Core stability is generally defined as the foundation of lumbopelvic 

dynamic control that allows for optimal production, transfer and control of force 

and motion, which is transferred throughout the kinetic chain during functional 

movement..8,14,17,21,28 Core stability is instantaneous and efficient functioning 

requires the successful integration of adequate muscular characteristics defined by 

strength and endurance and sensorimotor control, which relies on proprioception 

and neuromuscular control.6,28,50,51 This integration is essential to guarantee 

sufficient core stability.8,14,17,21

 Core stability has been implied numerous times to influence lower limb 

functioning.12,19,30 Abdominal and multifidus muscles are proven to contract in 

anticipation of reactive forces produced by lower limb movement,22 and preparatory 

motion of the trunk was demonstrated prior to asymmetric limb movement.23 As such, 

core musculature could provide a stable foundation, which allows for safe and 

controlled movement distal to the core, and is considered as an important contributor 

in maintaining dynamic joint stability in the kinetic chain during locomotion.1,4,6,,27 

Furthermore, core training has been established to influence lower extremity 

biomechanics,13,38 and it was found to modify and enhance sports performance.7,26,45 

Therefore, it is hypothesized that impaired core stability increases vulnerability in 

the development of general lower extremity injuries through uncontrolled joint 

displacements or accessory movements throughout the kinetic chain.9,27 

 As it is still unclear to this day whether impaired core stability could lead to 

injuries, researching and identifying the relationship between impaired core 

stability and lower extremity injuries could have important implications in the 

fields of injury prevention and rehabilitation. A first step towards gaining insight 
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into this relationship is to research whether core stability can be considered as a 

risk factor in the development of lower extremity injuries. As of this day, an 

overview of the current existing evidence for core stability as a risk factor for these 

injuries is lacking. Therefore, the main purpose of this systematic review is to 

summarize the available literature on the role of core stability as a risk factor in 

the development of lower extremity injuries in a healthy athletic population. 

Secondary to this main purpose, this review will discuss the findings and explore 

the association between various aspects attributed to core stability and lower 

extremity injuries.

2  Methods

This review follows the PRISMA (Preferred Reporting Items for Systematic reviews 

and Meta-analyses) guidelines. Literature search, screening, data collection and 

quality assessment was performed by 2 researchers independently at the University 

of Ghent, Belgium. Afterwards, the results were compared and differences were 

discussed to reach consensus. If no agreement could be reached, a third researcher 

would ultimately decide on the outcome.

2.1  Eligibility criteria, information sources and search strategy

Potential eligible articles were identified by consulting the electronic database 

Web of Science (www.webofknowledge.com/), the MEDLINE database (www.ncbi.

nlm.nih.gov/pubmed/) and the Embase Library (www.embase.com) in August 2016. 

To answer our research question, a modified PICO – framework (Patient, Intervention, 

Comparison, and Outcome) was developed in which the control group (C) was not 

determined. Studies evaluating core stability measures as a risk factor (I) in the 

development of lower extremity injuries (O) in a population of healthy, athletic 

subjects (P) were systematically identified. The search algorithm was derived from 

this modified PICO - framework and was based on a combination of the following 

free text words, search terms and the accompanying MeSH terms for Pubmed, and 

EMTREE terms for Embase: (core stability OR lumbopelvic hip complex OR 

“lumbopelvic control” OR “lumbopelvic stability” OR “spinal stability” OR “trunk 

stability” OR “lumbar stability” OR “core muscles” OR “core musculature” OR “core 

strength” OR “core endurance” OR “core proprioception”) AND (injury). 

 In addition, hand searching was performed by looking at relevant studies that 

were cited in other studies. To be eligible for inclusion, (1) studies had to report on 

core stability, neuromuscular control of the core/lumbopelvic complex or at least 

one objective measure of core stability. Any study describing measures of core 

stability, spinal stability, trunk stability, lumbar stability, lumbopelvic control, 

core musculature, core strength, core endurance or core proprioception, was 
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accepted. Interventional studies investigating only the influence of core stability 

training were excluded. (2) Injuries were defined as any acute or overuse injury of 

the lower extremity musculoskeletal system. (3) Subjects needed to be healthy and 

take part in competitive sports, collegiate sports or collegiate physical education 

studies. (4) Articles had to be in Dutch, French or English to be included. An article 

was excluded when one of the four inclusion criteria was not fulfilled. Furthermore, 

expert opinions, case reports and reviews were also excluded.

2.2  Study selection

The selection criteria had to be fulfilled to be included in the review. Two assessors 

performed eligibility assessment independently in a blinded standardized manner. 

In the first phase, the selection criteria were only applied to the title and abstract 

of all potential studies. For all possible eligible studies, full texts were retrieved 

after first screening. In the second phase, selection was based on the full text 

articles. If any of the selection criteria were not fulfilled, the article was excluded 

from the systematic review. Disagreements were discussed and consensus was 

obtained for all articles included.

2.3  Data collection process and data items

The data from each included study was extracted and merged afterwards into an 

evidence table. Authors (1), type of study (2), sample size (3), mean age in years (4), 

measured aspects of core stability (5), measurement technique (6), follow-up period 

(7), injury type (8), injury rate (9) and main results, including effects estimates (10) 

were extracted from the included studies. 

2.4  Quality assessment (Risk of Bias)

All included cohort studies were assessed using the Newcastle-Ottawa quality 

assessment scale for cohort studies (NOS, http://www.ohri.ca/programs/clinical_

epidemiology/oxford.asp) in order to determine the methodological quality of the 

individual studies. The eight items on the NOS for cohort studies are divided into 

three subcategories (selection, comparability, and outcome) with a maximum 

attainable score of nine points, representing the highest methodological quality. 

Both researchers agreed on the interpretation of the different items that were 

scored. Item two of the selection category (1 point) and item one of the comparability 

category (2 points) were excluded because these items were not applicable for the 

included studies and were not accounted for in the end score. In order to detect 

articles with high risk of bias in this review, a quality score of 3/6 or 4/6 was 

considered as moderate quality, whereas studies scoring 5/6 or 6/6 were considered 

as high quality. The researchers reached a definitive score during a consensus 

meeting. In the end, articles with a high risk of bias were excluded from the review 

(methodological quality < 3/6). 
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Based on study design and methodological quality, each study received a level of 

evidence according to the 2005 classification system of the Dutch Institute for 

Healthcare Improvement CBO (Table 1).33 Furthermore, a level of conclusion was 

determined after clustering studies with comparable methods and taking into 

account the level of evidence of the clustered studies and the consistency of the 

reported results (Table 2).33 The levels of conclusion range from 1-4 and correspond 

with a high (1), moderate (2), low (3) strength of conclusion or no strength of 

conclusion at all (4).

Table 1   Levels of evidence for studies investigating harm,  

etiology or prognosis (CBO)

Harm, etiology or prognosis 

A1 Systematic reviews and meta-analyses, based on minimally 2 independent  
A2 studies.

A2 Prospective cohort studies with sufficient sample size and follow-up; adequately 
controlled for confounding factors; and precluding selective loss-to-follow-up.

B Prospective cohort studies, but lacking the quality criteria of A2.  
Retrospective cohort studies and case-case control studies.

C Non-comparative studies

D Expert opinion

Table 2  Levels of conclusion (CBO)

Strength of conclusion 

1 1 A1 or at least 2 independent A2 studies (high strength of conclusion)

2 1 A2 or at least 2 independent B studies (moderate strength of conclusion)

3 1 B or C study or conflicting evidence (low strength of conclusion)

4 Expert opinion (no strength of conclusion)
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3  Results

3.1  Study selection

The search of PubMed, Web of Science and Embase databases provided a total of 

1580 citations. After deduplication, 1253 citations remained. After selection on 

title and abstract based on the modified – PICO criteria, fourteen full texts were 

withheld. Four studies were discarded based on intervention; one study was 

discarded based on outcome. No extra studies were identified from the reference 

lists using the systematic search strategy. This lead to a total of nine studies used 

for data extraction. The flowchart in Figure 1 shows the process of study selection 

and the main reasons for exclusion. 

Figure 1  Flowchart of the conducted search

Records identified through
database searching

(n = 1580)    

Records screened 
(n = 1253) 

Records after duplicates removed 
(n = 1253) 

Records excluded 
(n = 1239) 

Additional records identified through
other sources

(n = 0)   

Studies included in qualitative 
synthesis 

(n = 9) 

Full – text articles 
assessed for eligibility 

(n = 14) 

Full – text articles 
excluded, with reasons 

(n = 5) 
Intervention: 4 

Outcome: 1 

Id
en

ti
fi

ca
ti

o
n  

Sc
re

en
in

g
 

In
cl

u
d

ed
 

E
li

gi
b

il
it

y  



42

CHAPTER 1

3.2  Study characteristics

All included studies had a prospective cohort design. Seven studies used logistic 

regression to determine risk factors for the development of injuries,28,36,37,43,44,50,51 

and two studies used Cox regression.41,42

 The study population varied between 32 and 370 subjects. Three studies 

investigated core endurance,28,43,44 one study investigated core strength,36 one 

study investigated proprioception of the core,51 and the four remaining studies 

investigated neuromuscular control of the core.37,41,42,50

 Regarding injuries, one study reported on anterior cruciate ligament (ACL) 

injuries,36 two studies reported on knee injuries including ligament/meniscal and 

ACL injuries,50,51 two other studies on the development of exertional medial tibial 

pain (EMTP),41,42 and the four remaining studies reported on the development of 

lower extremity injuries in general.28,37,43,44 Injury follow-up period varied 

between six months and 10 years. Table 3 (Appendix) provides full information on 

the included studies.

3.3  Quality assessment (Risk of bias)

Results of quality appraisal are presented in Table 4 (Appendix). Quality of the 

studies was high with two studies scoring 5/6 points and moderate with six studies 

scoring 4/6 points and one study 3/6. The observed agreement between both raters 

on all items was 96,3% (52/54). Most methodological deficits were obtained on the 

items “representativeness of the exposed cohort” and “adequacy of follow up of 

cohorts”. 

 The assessment of the level of evidence of the included studies showed a 100% 

agreement between both assessors during the consensus meeting. All studies are 

situated at level B (= Prospective cohort studies, but lacking the quality criteria of 

A2. Retrospective cohort studies and case-case control studies). No articles were 

discarded based on quality of the study. Level of conclusion is placed between 

brackets when describing the results.

3.4  Synthesis of results

Differences in core stability measures between injured and uninjured athletes 

were investigated and the evidence was summarized for which core stability 

measure could be considered as a risk factor for lower extremity injury in healthy 

athletic subjects.

Core Muscle Endurance 
Three studies investigated the relationship between core muscle endurance and 

injuries, regardless of the injury location on the lower extremity.28,43,44 No 

significant differences were found on holding times for anterior, posterior and 

lateral core muscle endurance tests in injured compared to uninjured collegiate 
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basketball players and track athletes.28 Furthermore, none of these measures were 

considered a risk factor for sustaining an injury. Two other studies also found 

non-significant differences in endurance times for posterior and lateral core 

muscle endurance tests in injured compared to uninjured collegiate football 

players.43,44 However, they did find significantly lower (P = 0.034) endurance times 

for the anterior endurance test in injured athletes. Based on an injury prediction 

model, they also found reduced anterior core muscle endurance to be a modifiable 

risk factor for lower extremity injuries. In conclusion, no evidence was found for 

differences in performance on posterior and lateral core muscle endurance tests 

between injured and uninjured collegiate athletes (level of conclusion 2). 

Furthermore, conflicting evidence exists of anterior core muscle endurance being 

worse in subjects who developed injuries and there is inconsistent evidence on 

core muscle endurance being a risk factor for lower extremity injury (level of 

conclusion 2).

Core Muscle Strength 
One study investigated the relationship between core muscle strength and ACL 

injuries.36 Maximum absolute (Newton) and maximum relative (Newton/kg) isometric 

strength was measured for both trunk flexion and extension. Furthermore, trunk 

strength balance was calculated as the index of the ratio of absolute flexion to 

extension strength. They found differences in absolute strength, relative strength 

and strength balance in injured versus uninjured athletes. Some evidence was 

found for significantly lower relative flexion and extension strength (P = 0.013) and 

a significantly different strength balance (P = 0.007) in injured compared to 

uninjured male ski racers and all were identified as risk factors for ACL injuries 

(level of conclusion 3). Significantly lower absolute flexion and extension strength 

(P = 0.009) was found in injured compared to uninjured female ski racers and were, 

together with strength balance, identified as a risk factors for ACL injuries (level of 

conclusion 3). 

 

Core Proprioception 
Proprioception of the core, measured by active and passive repositioning sense of 

the lumbar spine, was investigated in only one study.51 The difference between 

starting position and ending position of the trunk during an active and passive 

repositioning task was measured in degrees. A deviation from 0° was described as 

a deficit in repositioning sense. Significant deficits (P ≤ 0.05) for active proprioceptive 

repositioning (APR) were found in knee injured female, but not in injured male 

collegiate athletes. No difference in passive proprioceptive repositioning (PPR) was 

found in knee injured versus uninjured athletes. Furthermore, APR was found to 

be a risk factor for the same injuries in female athletes. As such, there is evidence 

for greater deficits in APR in female athletes who developed knee injuries and 
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evidence exists for deficits in APR of the core being a risk factor for knee injuries 

in female collegiate athletes (level of conclusion 3).

Neuromuscular Control of the Core
Four studies evaluated neuromuscular control of the core by evaluating movement 

control of the lumbopelvic region during specific tasks.37,41,42,50 Two studies 

investigated uncontrolled displacement of the lumbopelvic region, measured in 

degrees, during a single leg drop jump landing.41,42 Some evidence exists for an 

increased displacement in the transverse plane of the ipsilateral, but not 

contralateral hip, pelvis and trunk as a risk factor in female physical education 

(PE) students who developed exertional medial tibial pain (EMTP) (level of 

conclusion 3).

 In another study, a quick force release after isometric trunk exertions against 

trunk flexion, extension and lateral flexion was used for calculating angular 

displacements of the trunk, as a measure of neuromuscular control of the trunk, 

in reaction to sudden unloading.50 Total displacement of the trunk (three 

directions combined) after sudden force release was significantly greater (P < 0.001) 

in collegiate athletes who developed a knee injury. Based on an injury prediction 

model, coronal and sagittal displacements of the trunk were predictors of knee 

injuries in female but not male athletes, with lateral displacement of the trunk as 

the strongest predictor. Therefore, some evidence exists for increased trunk 

displacement in collegiate athletes who developed knee injuries (level of conclusion 

3). Since these results are in agreement with the study of Verrelst et al.,41 there is 

moderate evidence for trunk displacement during specific tasks as being a risk 

factor in lower extremity injuries (level of conclusion 2).

 One last study examined lumbopelvic movement control by evaluating the 

athletes’ ability to control movement of the lumbopelvic region while performing 

specific dynamic tests.37 There is some evidence for the outcome of lumbopelvic 

movement control tests, signifying reduced movement control in dancers, as 

being associated with an increased risk for developing extremity injuries (level of 

conclusion 3).

4  Discussion

To the authors’ knowledge, this is the first systematic literature review regarding 

the link between core stability and lower extremity injury. The hypothesis for this 

review was that impaired core stability is associated with lower extremity injuries 

and consequently, that core stability could be considered as risk factor for muscu-

loskeletal injuries. This review revealed that various core stability related 

components can be considered as risk factors in the development of different types 



45

AN OVERVIEW OF CURRENT LITERATURE ON CORE STABILITY

1

of injuries. Core strength, core proprioception and neuromuscular control of the 

core were found to be a risk factor in the development of lower extremity injuries. 

However, conflicting evidence was found for core endurance as a risk factor for 

lower extremity injuries. Preliminary evidence for the association between core 

stability and lower extremity injury has been established.

 Only anterior core muscle endurance was significantly lower in injured 

athletes.43,44 Furthermore, there was conflicting evidence on whether or not these 

measures could be considered as a risk factor for lower extremity injuries in 

athletes. However, a possible explanation for an increased risk for lower extremity 

injury is that suboptimal endurance of the core musculature results in inhibition 

of specific lower extremity muscles,17,18,39 resulting in kinetic and kinematic 

changes during dynamic tasks, which in turn could predispose a subject to injury. 

Furthermore, low endurance capacity in lumbopelvic musculature was linked to 

the inability to avoid excessive hip adduction, knee valgus movement and femoral 

internal rotation during dynamic tasks.43,48 Nevertheless, due to contradictory 

results in this review, it is hard to formulate a straightforward conclusion on the 

association between core endurance and lower extremity injury. 

 Core strength, rather than core endurance was hypothesized to be a better 

predictor for injury risk in an athletic population.28 In the current study, some 

evidence was found for lower core strength measures in male and female ski racers 

being a risk factor in the development of ACL injuries.36 The importance of trunk 

flexion to extension strength ratio has already been established in the prevention 

and rehabilitation of low back pain.31 However, it has never been studied in 

relationship to lower extremity injuries. Significantly higher or lower strength 

ratios and low core strength in the study of Raschner et al.36 were hypothetically 

associated with knee valgus collapse, leading to an instable, injury prone knee 

position during movement. This corresponds with the results of Willson et al.49 

They found that core strength was directly correlated with lower extremity alignment 

during weight bearing exercises, confirming the hypothesis that subjects with 

lower core strength were less able to resist hip internal rotation moments, resulting  

in excessive knee valgus movement.  Since there is only one study investigating  

the relationship between core strength and lower extremity injury, these results 

cannot be compared and extrapolated to other athlete groups. However, these 

results do indicate an association between core strength and lower extremity 

injuries, which requires further research.

 Decreased active core proprioception, measured in absolute degrees of movement 

during a repositioning task, predicted knee injury risk in female athletes.51 For 

each degree increase in average repositioning error, a 2.9 - fold increase in the odds 

of knee injury was observed. Proprioception has been established as a primary 

sensory mechanism in the sensation of position and movement of joints during 

dynamic activities.15 As such, proprioceptive deficits in the core may contribute to 
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decreased active motor control of the lower extremity, which may lead to increased 

knee valgus angulation during movement, possibly leading to injuries.19,20,50 

 Four studies in this review investigated the influence of neuromuscular control  

of the core on lower extremity injuries.37,41,42,50 Formulating an unambiguous 

conclusion with regards to neuromuscular control is difficult since there was 

variation present in measurement techniques and outcome measures in the 

included studies. Nevertheless, there was some evidence for displacements of the 

hip, pelvis and trunk during movement as predictors for lower limb overuse injury 

risk.41,42 Furthermore, coronal and sagittal displacements of the trunk after 

sudden force release were an injury risk for knee injuries in female athletes.50 

Finally, there was limited evidence for lumbopelvic movement control as a risk 

factor for injuries in dancers.37 Many athletic maneuvers, such as running, 

jumping, and cutting, depend on accurate sensory input and appropriate motor 

responses.50 They are inherently unstable for which they require neuromuscular 

control throughout the kinetic chain to maintain stability. Neuromuscular control 

of the core is based on adequate feedback control,50 and impaired control of the 

core affects neuromuscular control of adjacent joints down the kinetic chain, 

which may compromise dynamic stability of the knee and result in increased 

valgus positioning of the knee during movement, possibly resulting in injury.29,50 

Further down the kinetic chain, impaired neuromuscular control was linked to 

an increase in eccentric activity of lower leg musculature to control altered 

movement patterns. This could lead to excessive traction to the lower leg, possibly 

leading to exercise related, lower leg overuse injuries.41,42

 When studying the results of this systematic review, a distinct trend can be 

noticed. Independent of which core stability measure is researched, the results of 

these studies suggest that kinematic changes occurring with core dysfunction 

support a pathomechanical model of femoral adduction and internal hip rotation 

with a valgus knee position and excessive knee valgus movement during single leg 

weight bearing activities. This hypothesis is being supported by current literature, 

in which the influence of core stability on kinetic and kinematic changes of the 

lower limb functioning is studied.13,19,24,35 This is an important consideration to 

take into account when screening athletes in the context of injury prevention and 

rehabilitation.

  

Limitations and recommendations for future research
It is important to highlight some methodological limitations. First, it should be 

noted that the methodological quality of the included studies was moderate to 

high, with a limited level of evidence B. Secondly, there were differences seen in 

measurement techniques, outcome parameters and athlete populations in the 

studies that researched the same core stability measure. Furthermore, due to the 

relatively low amount of included studies, some core stability measures were 
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discussed in only one study. Statistical pooling of results was impeded due to this 

low amount of studies and the substantial heterogeneity across studies for methods 

used for exposure assessment, data analysis and outcome measures. As such, no 

meta-analysis was performed.

 The term core stability is commonly used, however, there is no single accepted 

definition and there exist many different synonyms to address this concept. 

Consequently, this could have led to an incomplete retrieval of suitable articles. 

Nevertheless, our search was deliberately kept broad and included many possible 

synonyms of core stability to identify as many studies of interest as possible.

 More high quality prospective research in different athlete groups is definitely 

needed in future research. It would be interesting to see whether core stability as 

a whole, with inclusion of the different aspects that build core stability, could be 

considered as a risk factor for certain injuries. In order to do so, there should be an 

agreement on how these different aspects could be evaluated. As such, the 

assessment of core stability should be based on a comprehensive test battery where 

these different aspects are evaluated. In order to be clinically relevant, these tests 

should be valid, reliable, feasible and easy to perform. This could eliminate the 

need for expensive and complicated laboratory testing and could be used in the 

fields of athletic training, injury prevention and rehabilitation.

5  Conclusion 

The results of this systematic review provide preliminary evidence for the 

association between impaired core stability measures and the development of 

lower extremity injuries in healthy athletes. Deficits in aspects of core stability 

such as core strength, core endurance, core proprioception and neuromuscular 

control of the core were identified as potential risk factors for lower extremity 

injuries. The results could have an important impact in the field of injury 

prevention and rehabilitation. When screening an athlete in the context of injury 

prevention, core stability measures should be considered. More high quality 

research is needed for further insight and future research should focus on the use 

of a comprehensive test battery that includes all aspects of core stability.
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Appendix

Table 3   Summary of the evidence for the association between core stability  

and lower leg injuries

Authors Type  
of study

Sample size Mean age  
in years (±SD)

Measured aspect  
of core stability

Measurement  
technique

Follow-up  
period

Injury  
type

Injury  
rate (n)

Main results*

Leetun  
et al. (2004)

Prospective 
study

140 (80 , 60 ) 
collegiate 
basketball and 
track athletes

 (19.1 ± 1.37) ; 
 (19.0 ± 0.90)

Core muscle 
endurance

Hold times (s) of: 

-PCME: Biering-
Sørensen test

-LCME: Side bridging 
test

-ACME: Flexor 
endurance test

1 playing season General lower 
extremity 
injuries

48 (34%)  
(13 males,  
28 females)

a) Lower holding times on all endurance tests in injured 
subjects compared to uninjured subjects (P = 0.22 – 
0.43).

b) Lateral core muscle endurance is not a risk factor for 
lower extremity injuries, OR = 1.01 (0.99, 1.02) (P = 0.46). 

Posterior core muscle endurance is not a risk factor for 
lower extremity injuries, OR = 1.00 (0.99, 1.01) (P = 0.44).

Raschner  
et al. (2012)

Prospective 
study

370 (195 , 175 ) 
competitive ski 
racers

/ Core muscle 
strength

-Maximal isometric 
core strength 
parameters measured 
with a force transducer
-Measured parameters: 
ABS FF, ABS EF, REL FF, 
REL EF, FLE:EXT R

Prospective study 
for a 10 year 
follow-up period

ACL injuries 57 (15%)  
(18 males,  
39 females)

a) FLE:EXT R was different (P = 0.007) and REL FF/EF are 
lower (P = 0.013)  for the injured male subjects compared 
to uninjured subjects. 
ABS FF/EF is lower (P = 0.009) for the injured female 
subjects compared to uninjured subjects.
b) Reduced core strength is predictive for ACL injuries. 
FLE:EXT R, OR = 0.24 (0.10, 0.57) (P = 0.001)  and REL FF/
EF, OR = 0.45 (0.21, 0.95) (P = 0.035)  are risk factors in 
male subjects.
FLE:EXT R, OR = 0.54 (0.31, 0.94) (P = 0.028)  and ABS FF/
EF, OR = 0.26 (0.13, 0.51) (P < 0.001)  are risk factors in 
female subjects.

Roussel  
et al. (2009)

Prospective 
study

32 (6 , 26 ) 
competitive 
dancers

(20 ± 2) Neuromuscular 
control of the 
core

-Lumbopelvic 
movement changes 
during ASLR; BKFO; 
KLAT measured with 
pressure biofeedback
-Lumbopelvic 
movement changes 
in SB measured with 
visual inspection

6 – month period General lower 
extremity 
injuries

19 (59%) b) Results of KLAT, OR = 0.59 (0.38, 0.9) (P = 0.015) and SB, 
OR = 8.79 (1.24, 62.09) (P = 0.029) are predictive of lower 
extremity injury.

Verrelst  
et al. (2013)

Prospective 
study

86  physical 
education 
students

 (19.38 ± 0.85) Neuromuscular 
control of the 
core

Kinematic measures 
of trunk/ lumbopelvic 
hip complex measured 
during a single leg 
drop jump landing

1-2 academic 
years (depending 
on the year of 
enrollment)

Exertional 
medial tibial 
pain (EMTP)

22 (26%) b) Increased ROM values of ipsilateral hip and thorax in 
the transvers plane are risk factors in developing EMTP, 
HR = 1.093 – 1.150 (P = 0.010 – 0.045). 

Verrelst  
et al. (2015)

Prospective 
study

81  physical 
education 
students

Uninjured 
 (19.33 ± 0.81) / 

Injured 
 (19.27 ± 0.90

Neuromuscular 
control of the 
core

Kinematic measures 
of trunk/ lumbopelvic 
hip complex measured 
during a single leg 
drop jump landing

1-2 academic 
years (depending 
on the year of 
enrollment)

Exertional 
medial tibial 
pain (EMTP)

11 (14%) a) No significant differences found in contralateral 
kinematic measures of thorax/lumbopelvic hip complex 
in injured compared to uninjured subjects (P = 0.096 – 
0.796).
b) No risk factors were determined from these 
contralateral kinematic measures



51

AN OVERVIEW OF CURRENT LITERATURE ON CORE STABILITY

1

Table 3   Summary of the evidence for the association between core stability  

and lower leg injuries

Authors Type  
of study

Sample size Mean age  
in years (±SD)

Measured aspect  
of core stability

Measurement  
technique

Follow-up  
period

Injury  
type

Injury  
rate (n)

Main results*

Leetun  
et al. (2004)

Prospective 
study

140 (80 , 60 ) 
collegiate 
basketball and 
track athletes

 (19.1 ± 1.37) ; 
 (19.0 ± 0.90)

Core muscle 
endurance

Hold times (s) of: 

-PCME: Biering-
Sørensen test

-LCME: Side bridging 
test

-ACME: Flexor 
endurance test

1 playing season General lower 
extremity 
injuries

48 (34%)  
(13 males,  
28 females)

a) Lower holding times on all endurance tests in injured 
subjects compared to uninjured subjects (P = 0.22 – 
0.43).

b) Lateral core muscle endurance is not a risk factor for 
lower extremity injuries, OR = 1.01 (0.99, 1.02) (P = 0.46). 

Posterior core muscle endurance is not a risk factor for 
lower extremity injuries, OR = 1.00 (0.99, 1.01) (P = 0.44).

Raschner  
et al. (2012)

Prospective 
study

370 (195 , 175 ) 
competitive ski 
racers

/ Core muscle 
strength

-Maximal isometric 
core strength 
parameters measured 
with a force transducer
-Measured parameters: 
ABS FF, ABS EF, REL FF, 
REL EF, FLE:EXT R

Prospective study 
for a 10 year 
follow-up period

ACL injuries 57 (15%)  
(18 males,  
39 females)

a) FLE:EXT R was different (P = 0.007) and REL FF/EF are 
lower (P = 0.013)  for the injured male subjects compared 
to uninjured subjects. 
ABS FF/EF is lower (P = 0.009) for the injured female 
subjects compared to uninjured subjects.
b) Reduced core strength is predictive for ACL injuries. 
FLE:EXT R, OR = 0.24 (0.10, 0.57) (P = 0.001)  and REL FF/
EF, OR = 0.45 (0.21, 0.95) (P = 0.035)  are risk factors in 
male subjects.
FLE:EXT R, OR = 0.54 (0.31, 0.94) (P = 0.028)  and ABS FF/
EF, OR = 0.26 (0.13, 0.51) (P < 0.001)  are risk factors in 
female subjects.

Roussel  
et al. (2009)

Prospective 
study

32 (6 , 26 ) 
competitive 
dancers

(20 ± 2) Neuromuscular 
control of the 
core

-Lumbopelvic 
movement changes 
during ASLR; BKFO; 
KLAT measured with 
pressure biofeedback
-Lumbopelvic 
movement changes 
in SB measured with 
visual inspection

6 – month period General lower 
extremity 
injuries

19 (59%) b) Results of KLAT, OR = 0.59 (0.38, 0.9) (P = 0.015) and SB, 
OR = 8.79 (1.24, 62.09) (P = 0.029) are predictive of lower 
extremity injury.

Verrelst  
et al. (2013)

Prospective 
study

86  physical 
education 
students

 (19.38 ± 0.85) Neuromuscular 
control of the 
core

Kinematic measures 
of trunk/ lumbopelvic 
hip complex measured 
during a single leg 
drop jump landing

1-2 academic 
years (depending 
on the year of 
enrollment)

Exertional 
medial tibial 
pain (EMTP)

22 (26%) b) Increased ROM values of ipsilateral hip and thorax in 
the transvers plane are risk factors in developing EMTP, 
HR = 1.093 – 1.150 (P = 0.010 – 0.045). 

Verrelst  
et al. (2015)

Prospective 
study

81  physical 
education 
students

Uninjured 
 (19.33 ± 0.81) / 

Injured 
 (19.27 ± 0.90

Neuromuscular 
control of the 
core

Kinematic measures 
of trunk/ lumbopelvic 
hip complex measured 
during a single leg 
drop jump landing

1-2 academic 
years (depending 
on the year of 
enrollment)

Exertional 
medial tibial 
pain (EMTP)

11 (14%) a) No significant differences found in contralateral 
kinematic measures of thorax/lumbopelvic hip complex 
in injured compared to uninjured subjects (P = 0.096 – 
0.796).
b) No risk factors were determined from these 
contralateral kinematic measures
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Table 3   Continued

Authors Type  
of study

Sample size Mean age  
in years (±SD)

Measured aspect  
of core stability

Measurement  
technique

Follow-up  
period

Injury  
type

Injury  
rate (n)

Main results*

Wilkerson  
et al. (2012)

Prospective 
study

83  collegiate 
football players

 (20.0 ± 1.5) Core muscle 
endurance

Hold times (s) of: 
-PCME: Biering-
Sørensen test
-LCME: Side bridging 
test
-ACME: Flexor 
endurance test

1 playing season General lower 
extremity 
injuries

32 (39%) a) Significant lower anterior core muscle endurance 
in injured subjects compared to uninjured uninjured 
subjects (P = 0.034).
b) Poor anterior core muscle endurance is a modifiable 
risk factor in the development of lower extremity 
injuries, OR = 4.17 (1.52, 11.45) (P = 0.004).

Wilkerson  
et al. (2015)

Prospective 
study

152  collegiate 
football players

 (19.7 ± 1.5) Core muscle 
endurance

Hold times (s) of: 
-PCME: Biering-
Sørensen test
-LCME: Side bridging 
test
-ACME: Flexor 
endurance test

1-3 playing 
seasons 
(depending on 
the year of initial 
participation)

General lower 
extremity 
injuries

132 (87%) b) Poor anterior core muscle endurance is a modifiable 
risk factor in the development of lower extremity 
injuries, OR = 2.27 (1.47, 3.67) (P = 0.001)

Zazulak  
et al. (2007)a

Prospective 
study

277 (137 , 140 ) 
collegiate athletes

 (19.4 ± 1.0) ; 
 (19.3 ± 1.8)

Neuromuscular 
control of the 
core 

Displacement of the 
trunk after sudden 
force release, measured 
in the amount of 
movement in the 
sagittal and coronal 
plane

3 years of 
collegiate 
athletics

Knee injury/
knee ligament 
or meniscal 
injuries/ ACL 
injuries

25 (9%)   (14 
males, 11 
females)

a) Displacements of the trunk after sudden force release 
are greater in injured subjects (P < 0.001 – 0.05).
b) Coronal and sagittal displacements of the trunk after 
sudden force release are predictors for knee injury in 
female, OR = 1.35 – 2.33 (P = 0.024 – 0.084), but not male 
subjects. 
Increased lateral trunk displacement is the strongest 
predictor of knee injuries, OR = 2.33 (P = 0.024).

Zazulak  
et al. (2007)b

Prospective 
study

277 (137 , 140 ) 
collegiate athletes

 (19.4 ± 1.0) ; 
 (19.3 ± 1.8)

Core 
proprioception 

Active and passive 
repositioning of the 
trunk, measured in 
absolute degrees of 
movement

3 years of 
collegiate 
athletics

Knee injury/
knee ligament 
or meniscal 
injuries/ ACL 
injuries

25 (9%)   (14 
males, 11 
females)

a) Significant deficits (P ≤ 0.05) for active proprioceptive 
repositioning (APR) in knee injured female, but not in 
male subjects.
b) Impaired proprioception of the core, measured 
by active proprioceptive repositioning of the trunk, 
predicts knee injury risk in female, OR = 2.91 (P = 0.005), 
but not male subjects.

*Main results: a) Differences between the injured and uninjured subjects are presented with the significant 

level set at P < 0.05. b) Risk estimates (Odds Ratio/Hazard Ratio) are presented with corresponding  

95% confidence interval and corresponding P – value (if sufficient data were available from the original 

publication).

PCME: Posterior core muscle endurance; LCME: Lateral core muscle endurance; ACME: Anterior core 

muscle endurance; ABS FF: Absolute flexion force; ABS EF: Absolute extension force; REL FF: Relative 

flexion force; REL EF: Relative extension force; FLE:EXT R: Ratio of absolute flexion to extension ratio; 

ASLR: Active straight leg raise; BKFO: Bent knee fall out; KLAT: Knee lift abdominal test; SB: Standing bow
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Table 3   Continued

Authors Type  
of study

Sample size Mean age  
in years (±SD)

Measured aspect  
of core stability

Measurement  
technique

Follow-up  
period

Injury  
type

Injury  
rate (n)

Main results*

Wilkerson  
et al. (2012)

Prospective 
study

83  collegiate 
football players

 (20.0 ± 1.5) Core muscle 
endurance

Hold times (s) of: 
-PCME: Biering-
Sørensen test
-LCME: Side bridging 
test
-ACME: Flexor 
endurance test

1 playing season General lower 
extremity 
injuries

32 (39%) a) Significant lower anterior core muscle endurance 
in injured subjects compared to uninjured uninjured 
subjects (P = 0.034).
b) Poor anterior core muscle endurance is a modifiable 
risk factor in the development of lower extremity 
injuries, OR = 4.17 (1.52, 11.45) (P = 0.004).

Wilkerson  
et al. (2015)

Prospective 
study

152  collegiate 
football players

 (19.7 ± 1.5) Core muscle 
endurance

Hold times (s) of: 
-PCME: Biering-
Sørensen test
-LCME: Side bridging 
test
-ACME: Flexor 
endurance test

1-3 playing 
seasons 
(depending on 
the year of initial 
participation)

General lower 
extremity 
injuries

132 (87%) b) Poor anterior core muscle endurance is a modifiable 
risk factor in the development of lower extremity 
injuries, OR = 2.27 (1.47, 3.67) (P = 0.001)

Zazulak  
et al. (2007)a

Prospective 
study

277 (137 , 140 ) 
collegiate athletes

 (19.4 ± 1.0) ; 
 (19.3 ± 1.8)

Neuromuscular 
control of the 
core 

Displacement of the 
trunk after sudden 
force release, measured 
in the amount of 
movement in the 
sagittal and coronal 
plane

3 years of 
collegiate 
athletics

Knee injury/
knee ligament 
or meniscal 
injuries/ ACL 
injuries

25 (9%)   (14 
males, 11 
females)

a) Displacements of the trunk after sudden force release 
are greater in injured subjects (P < 0.001 – 0.05).
b) Coronal and sagittal displacements of the trunk after 
sudden force release are predictors for knee injury in 
female, OR = 1.35 – 2.33 (P = 0.024 – 0.084), but not male 
subjects. 
Increased lateral trunk displacement is the strongest 
predictor of knee injuries, OR = 2.33 (P = 0.024).

Zazulak  
et al. (2007)b

Prospective 
study

277 (137 , 140 ) 
collegiate athletes

 (19.4 ± 1.0) ; 
 (19.3 ± 1.8)

Core 
proprioception 

Active and passive 
repositioning of the 
trunk, measured in 
absolute degrees of 
movement

3 years of 
collegiate 
athletics

Knee injury/
knee ligament 
or meniscal 
injuries/ ACL 
injuries

25 (9%)   (14 
males, 11 
females)

a) Significant deficits (P ≤ 0.05) for active proprioceptive 
repositioning (APR) in knee injured female, but not in 
male subjects.
b) Impaired proprioception of the core, measured 
by active proprioceptive repositioning of the trunk, 
predicts knee injury risk in female, OR = 2.91 (P = 0.005), 
but not male subjects.
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Table 4   Quality assessment of cohort studies using a modified  

Newcastle – Ottawa scale

Study

Se
le

ct
io

n

C
o

m
p

ar
ab

il
it

y

O
u

tc
o

m
e

Cohort 1 2 3 4 5 7 8 9 Total LOE

Leetun et al. (2004) 1 / 0 1 / 1 1 1 5/6 (83%) B

Raschner et al. (2012) 0 / 1 1 / 1 1 0 4/6 (67%) B

Roussel et al. (2009) 0 / 1 0 / 1 0 1 3/6 (50%) B

Verrelst et al. (2013) 0 / 1 1 / 1 1 1 5/6 (83%) B

Verrelst et al. (2015) 0 / 1 1 / 1 1 0 4/6 (67%) B

Wilkerson et al. (2012) 0 / 1 0 / 1 1 1 4/6 (67%) B

Wilkerson et al. (2015) 0 / 1 0 / 1 1 1 4/6 (67%) B

Zazulak et al. (2007a) 1 / 0 1 / 1 1 0 4/6 (67%) B

Zazulak et al. (2007b) 1 / 0 1 / 1 1 0 4/6 (67%) B

LOE: Level of Evidence, / = not applicable
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Abstract

Objectives: The aims of present study were to research the amplitude and median 

frequency characteristics of selected abdominal, back and hip muscles of healthy 

subjects during a prone bridging endurance test, based on surface electromyography 

(sEMG), (1) to determine if the prone bridging test is a valid field test to measure 

abdominal muscle fatigue, and (2) to evaluate if the current method of administrating 

the prone bridging test is reliable. 

Methods: Thirty healthy subjects participated in this experiment. The sEMG activity  

of seven abdominal, back and hip muscles was bilaterally measured. Normalized 

median frequencies were computed from the EMG power spectra. The prone bridging 

tests were repeated on separate days to evaluate inter- and intra-tester reliability. 

Results: Significant differences in normalized median frequency slope (NMFslope) 

values between several abdominal, back and hip muscles could be demonstrated. 

Moderate to high correlation coefficients were shown between NMFslope values and 

endurance time. Multiple backward linear regression revealed that the test 

endurance time could only be significantly predicted by the NMFslope of the rectus 

abdominis. Statistical analysis showed excellent reliability (ICC = 0.87-0.89) for 

intra –and inter-tester reliability based on prone bridging holding times.

Conclusion: The findings of the present study support the validity and reliability 

of the prone bridging test for evaluating abdominal muscle fatigue.

Keywords: Muscle endurance; Core stability; Screening; Injury prevention; Field 

test; Planking
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1  Introduction

Numerous clinical tests have been suggested to help evaluate and identify 

deficiencies in core muscle performance.5,24,31 Many of these tests are isometric 

trunk holding tests, commonly used to measure the endurance capacity and 

fatigability of the core muscles.12,21,30 Evaluating core muscle capacity is clinically 

relevant since it is considered to be related to low back pain,1,21 musculoskeletal 

injury risk,24,41 and even athletic function.22,25 Typically, these tests require 

minimal, inexpensive equipment, and are safe and simple to perform in a clinical 

environment where performance and endurance capacity is evaluated by recording 

the maximum time a subject can maintain a correct test position.17 The prone 

bridging test, an isometric holding test in prone position, is commonly used to 

purportedly measure the endurance capacity of the abdominal core muscles.2,16,39,40  

It has been theorized to be a functional test for abdominal core muscle endurance, 

since endurance is measured during an activity requiring simultaneous activation 

of the anterior core musculature.6

 A frequent issue encountered in studies using such clinical screening 

measures is the insufficient validity and reliability of these tests.17,18 Validity in 

general is defined as the degree to which a meaningful interpretation can be 

inferred from a measure or test whereas reliability refers to the consistency or 

repeatability of a measure or test.37 Validity and reliability of certain isometric 

trunk holding tests have already been discussed and established. The frequently 

used Biering-Sørensen test, for example, has been deemed a valid and reliable test 

to measure back muscle endurance.12,17,34 However, reliability and especially 

validity of the prone bridging endurance test has not yet been researched 

thoroughly. Studies researching the reliability of the prone bridging test report 

conflicting results. Low, moderate as well as excellent reliability values have all 

been reported.13,15,33,40 These diverse outcomes might be the result of 

methodological limitations of these particular studies such as a limited recovery 

time between test repetitions or the use of video camera footage to evaluate 

reliability.15,33,40 Furthermore, differences in testing protocol for the prone 

bridging test, such as varying termination criteria for the test, could also result in 

discrepant reliability results. 

 On the other hand, research into the validity of the prone bridging test is 

sparse and often applied to modified versions of this test. Tong et al.,36 for example, 

investigated the validity of a sport specific, dynamic version of the prone bridging 

test where different levels of difficulty were added to the test in order to target a 

specific athletic group. Furthermore, research on the validity of the prone bridging 

test, using electromyography (EMG) as reference method, is often based on the 

evaluation of parameters that do not specifically represent muscle fatigue. 

Schellenberg et al.,33 for example, only investigated relative muscle activation 
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during a prone bridging test in order to ascertain validity. However, electromyo-

graphic (EMG) spectrum analysis has been generally used to monitor the 

development of localized muscle fatigue, since fatigue causes a decrease of the 

frequency content of the EMG signal, usually described as a decline of the median 

frequency parameters of the EMG spectrum.4,12,27 Furthermore, it has been proven 

that local muscle endurance is associated with fatigue-based changes in EMG 

properties.3

 The aims of the present study therefore were to investigate both the amplitude 

and median frequency characteristics of the surface electromyographic (sEMG) 

signals recorded from different abdominal, back and hip muscles of healthy 

subjects during the prone bridging endurance test, (1) to determine whether the 

prone bridging endurance test based on visual inspection and tactile feedback is a 

valid test for specifically measuring abdominal muscle fatigue and (2) to research 

if this current method of administrating the prone bridging test is reliable.

2  Materials and methods

2.1  Participants 

A total of 30 healthy subjects voluntarily participated in this study. Measurement 

data from 1 subject were discarded due to drop out on account of an injury between 

test moments. The eventual group consisted of 15 women and 14 men (mean age 

25.5 ± 2.1 years; mean height 170 ± 7.9 cm; mean weight 65.6 ± 13.1 kg; mean BMI 

22.5 ± 3.2 kg/m2). All participants were over the age of 18, had no prior history of 

low back pain, had no known pathology, and were habitually active. The subjects 

also needed to be able to assume the correct test position. The local University 

Hospital’s ethics committee approved the study protocol. Subjects gave their 

written informed consent prior to participation.

2.2  Study design 

The prone bridging tests were supervised by 2 examiners. They were both extensively 

trained to ensure standardized testing procedures.

 Validation and reliability of the prone bridging test were conducted in separate 

phases. The first phase examined the validity of the prone bridging test and 

consisted of analyzing the sEMG activity of 3 abdominal, 2 back and 2 hip muscles 

during the prone bridging test. Only examiner 1 evaluated this trial.  The second 

phase evaluated the reliability of the prone bridging test and consisted of 

comparing the results of the tests executed on two separate days. On day 1, two 

prone bridging tests were executed without the use of sEMG. On day 2, one week 

later, the same protocol was repeated. A randomization protocol was used to 

determine whether the first trial was evaluated by either examiner 1 or 2. Between 
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the two tests each day, a resting period of 1 hour was given to each subject. The 

same warm-up protocol was utilized for each test. All the subjects refrained from 

participating in strenuous physical activity for at least one day before the test days.

2.3  Prone bridging protocol

Figure 1 shows the correct position during the prone bridging test. The subjects 

had to maintain a prone position propped on the forearms with shoulders and 

elbows in 90° flexion with both arms shoulder-width apart. Both feet were placed 

at hip-width. Forearms needed to remain in a neutral position, halfway between 

pronation and supination with the fists clenched. The pelvis was raised from the 

floor. A straight line was formed between the most lateral point of the acromion, 

the greater trochanter and the lateral malleolus. The subjects were instructed to 

look downward at a visual fixation point during the test in order to maintain a 

neutral position of the head. During the test, the examiner instructed the subjects 

to maintain this position as long as possible until fatigue or pain prevented the 

continuation of the test. The subjects were allowed a pre-test familiarization 

attempt. During the performance, the examiner gave the same verbal instructions 

and standardized encouragement for every subject. Tactile feedback to correct the 

position was given either at the anterior superior iliac spine (ASIS) or posterior 

superior iliac spine (PSIS) when the pelvis respectively lowered to the ground or 

elevated itself from the ground. When the corrected position could not be held for 

2 seconds, the subject was instructed to halt the test.  The endurance time was 

recorded manually from the moment when the correct position was assumed 

until the test was terminated by the examiner or subject. Instructions on the 

correct position, test administration and feedback during the test were the same 

for each test.

Figure 1  Prone bridging test position



64

CHAPTER 2

2.4  Equipment, data registration and signal processing

The EMG signals were recorded with a 16-channel surface EMG system (MyoSystem 

1400, Noraxon USA Inc., Scottsdale, AZ). All raw EMG signals were analogue band-

pass-filtered between 10 and 500 Hz, amplified (common mode rejection ratio >100 

dB, overall gain 1000, noise <1µv RMS), analogue-to-digital converted (12-bit) at a 

sampling rate of 1000 Hz. Fourteen pairs of circular surface electrodes with an 

electrical surface contact of 1 cm2 (Ag/AgCl, BlueSensor P, Ambu A/S, Denmark) 

were bilaterally attached on selected abdominal, back and hip muscle sites, which 

are described below. The electrodes were placed within the borders of the muscles, 

parallel to the muscle fibers and with an interelectrode distance of 25 mm. Before 

attaching the electrodes, the skin was shaven, scrubbed and cleaned with alcohol 

in order to decrease impedance of the skin-electrode interface. Following electrode 

locations were used: rectus abdominis (RA) (two cm lateral from the umbilicus),34 

external oblique (EO) (parallel to the line extending from the most inferior point 

of the costal margin to the opposite pubic tubercle, 14 cm lateral to the median 

line, lower 1 cm above umbilicus, 1 cm or more above iliac crest),7 internal oblique 

(IO) (2cm lower the most prominent point of the ASIS, just medial and superior to 

the inguinal ligament),7 rectus femoris (RF) (halfway between ASIS and patella),19 

iliocostalis lumborum pars thoracis (ILT) (midway between the lateral palpable 

border of the erector spinae and a vertical line through the PSIS),26 multifidus (MF) 

(two cm lateral of the spine at the height of PSIS)14 and the biceps femoris (BF) 

(halfway between ischial tuberosity and the lateral fibular epicondyle)19. Cables 

were attached and taped to the body in order to guarantee minimal interference 

and prevent unintentional removal of the electrodes. Preparation of the skin and 

placement of the electrodes was performed by the same examiner.

 A 5-second maximum voluntary isometric contraction (MVIC) of all these 

muscles was performed against a manual resistance for 3 repetitions. A resting 

period of 15 seconds was given between each repetition. Standardized verbal 

encouragement was provided during the testing. Testing positions for the 

administration of the MVIC are described by Cholewicki et al.10 and Konrad.23 

EMG signal registration and processing was done in Noraxon’s Myoresearch v3.6 

(Noraxon USA Inc., Scottsdale, AZ) and Matlab R2015a (MathWorks USA Inc., 

Natick, MA). 

2.5  Data analysis

The raw data of the EMG signals were ECG reducted, full-wave rectified and 

smoothed using a root mean square (RMS) with a moving average window of 

100ms. The mean amplitude during the MVIC trials was determined for each 

individual muscle, and subsequently, the mean of the three MVIC trials was 

calculated. Normalization of the EMG amplitude data, collected from each muscle 

during the prone bridging test, was executed by expressing the mean amplitude of 



65

RELIABILITY AND VALIDITY OF CLINICAL ASSESSMENT TOOLS TO EVALUATE CORE STABILITY

2

the EMG signal during the length of the test as a percentage of the mean MVIC 

value of the corresponding muscle. Normalization of the EMG amplitude data 

allowed for comparison of the relative EMG activity between the different muscles 

during the prone bridging test. Pooled data from all subjects gave an average 

percentage of the normalized EMG amplitude of each muscle.

 The normalized median frequency slope (NMFslope) of the EMG signal of every 

muscle during the prone bridging test was calculated. Each recorded EMG signal 

during the prone bridging test was divided in intervals of 1 second. The median 

frequency of the EMG power spectrum was calculated in each 1 second interval 

with fast Fourier transforms (FFT) also using both Noraxon’s Myoresearch and 

Matlab. The median frequency was defined as the frequency that divides the power 

spectrum into two equal areas. Median frequency slope was used to represent 

muscle fatigue since fatigue causes a decrease of the frequency content of the EMG 

signal, often described as a decline of the median frequency parameters of the 

EMG power spectrum.12,28 Therefore, linear regression analyses were performed 

on the calculated median frequencies of the EMG signal of each prone bridging 

test as a function of time. The initial median frequency (MFinit) was determined as 

the intercept of the regression line. The median frequency slope (MFslope) was 

defined as the slope of the regression line. Because EMG parameters can be affected 

by differences in subcutaneous tissue layers (between muscle locations of the same 

subject), the MFslope was automatically normalized with respect to the intercept of 

the regression with the formula MFslopeMFinit x 100.12 We thus further refer to 

the NMFslope. 

2.6  Statistical analyses 

Validity
The following methods were used to determine and reinforce the validity for the 

prone bridging test based on sEMG amplitude and median frequency characteris-

tics. In a first step towards validating the test, a non-parametric Friedman ANOVA 

test was used to examine differences in normalized EMG amplitude between the 

different muscles. Post hoc Wilcoxon signed rank tests with Bonferroni correction 

were performed to compare the means of the normalized EMG amplitude data of 

the different muscles to investigate which muscles are relatively more active 

during the prone bridging test. Next, a one-way repeated measures ANOVA design 

was conducted to investigate the main effect of the independent variable muscle 

on the dependent variable NMFslope and post hoc pair-wise comparisons were 

made with Bonferroni correction to compare the mean NMFslopes of each muscle 

with each other. Pearson correlation coefficients were calculated between 

NMFslopes of the different muscles and the endurance time to evaluate their 

relationship. The interpretation of the correlation coefficients (r) was set in 

accordance with Cohen11 (1988): low = 0.10-0.30, moderate = 0.30-0.50 and high > 
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0.50. The same ranges are applicable for negative correlation coefficients.11 Finally, 

multiple backward linear regression analyses were performed to assess which 

NMFslope best predicted the endurance time. Statistical significance for all tests 

was accepted at the 5% level. All statistical analyses were conducted with the 

statistical software package SPSS v23.0 (SPSS Inc., Chicago, IL, USA).

Reliability
Both intra-tester (tester 1, between 2 days) and inter-tester reliability (between 

tester 1 and 2, the same day) based on the endurance times of the prone bridging 

test were assessed. Intraclass correlation coefficients (ICC) with 95% confidence 

intervals (CI) were used to assess reliability by utilizing a two-way random effects 

model with single measure reliability (ICC (2,1)). The interpretation of the ICC was 

in accordance with Cicchetti & Sparrow9 with low reliability identified as a value 

< 0.40, moderate reliability 0.40 – 0.59, good reliability 0.60 – 0.75 and excellent 

reliability > 0.75. The standard error of measurement (SEM), a reliability index that 

indicates the extent to which a score varies on repeated measurements, was 

calculated (SEM=SD 1–ICC).

3  Results

3.1  Validity

Differences in normalized EMG amplitude between muscles
A non-parametric Friedman ANOVA test indicated a significant difference in 

normalized EMG amplitude between the different muscles during the prone 

bridging test (χ2 (6) = 117.47, p < 0.001). Post hoc Wilcoxon signed rank tests with 

Bonferroni correction (and a significance level established at the 0.0023 level) 

demonstrated significantly higher activated abdominal core muscles (RA, OE and 

OI, ranging from 58.32 % to 63.56 % of MVIC) compared to the back and hip muscles 

(ILT, MF, RF and BF, ranging from 11.7 % to 33.93 % of MVIC). Furthermore, the RF 

was significantly more activated than the ILT, MF and BF, but still significantly less 

activated than the abdominal muscles. The normalized EMG amplitude data is 

presented in Figure 2.

Differences in NMFslope values between muscles
Sphericity was not assumed in the one-way repeated measures ANOVA but after a 

Huynh-Feldt correction, the main effect of the independent variable muscle 

demonstrated a significant effect on the dependent variable NMFslope (p < 0.001). 

The NMFslope values with standard deviations for the abdominal, back and hip 

muscles are shown in Figure 3. Significant differences between the NMFslope values 

of these muscles after pair-wise comparison with Bonferroni correction are 
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presented as well. The RA showed a significantly greater NMFslope (p < 0.05) than 

all muscles, except for the ILT. The lowest NMFslope  is presented by the BF, but 

differs only significantly from the RA and EO (p < 0.05). The same can be said from 

the RF. There was no significant difference between the 2 back muscles, the ILT 

and MF (p > 0.05). Furthermore, both EO and IO were not significantly different 

from each other as well (p > 0.05).

Correlation coefficients of NMFslope values and endurance time
The Pearson correlation coefficients (r) between the endurance time and the 

NMFslope of the muscles are shown in Table 1. Significant correlation coefficient 

for the RA, EO, IO and ILT could be demonstrated with r ranging from 0.410 to 

0.591.  IO had the largest correlation coefficient (r = 0.591) which was high according 

to Cohen11 (1988), however it did not differ greatly from the high correlation 

coefficient of the RA (r = 0.587). The moderate correlation coefficients of the EO (r = 

0.410) and ILT (r = 0.425) were also significant. The RF (r = 0.081) and BF (r = -0.046) 

demonstrated low, non-significant correlation coefficients that were lower than 

the abdominal and back muscles. 

Figure 2   Normalized EMG amplitude of the 7 abdominal, back and hip muscles 

obtained during a prone bridging test.

(RA = rectus abdominis, EO = external oblique, IO = internal oblique, ILT = iliocostalis lumborum pars thoracis, 

MF = multifidus, RF = rectus femoris, BF = biceps femoris. The error bars indicate the standard deviations). 

* = Significant differences after post hoc Wilcoxon signed rank tests with Bonferroni correction (p < 0.0023)
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Which muscles predict test endurance time?
Multiple backward linear regression analyses, with all NMFslope values as 

independent variables and endurance time as dependent variable, revealed that 

endurance time could only be significantly predicted by the NMFslope of the RA  

(p < 0.05). The resulting regression equation could be written as:

endurance time = 194.914 + 269.611 x NMFslope of the RA (Adjusted R2 = 0.261).

Figure 3   NMFslope values (%/s) of the 7 abdominal, back and hip muscles 

obtained during a prone bridging test. 

(RA = rectus abdominis, EO = external oblique, IO = internal oblique, ILT = iliocostalis lumborum pars thoracis, 

MF = multifidus, RF = rectus femoris, BF = biceps femoris. The error bars indicate the standard deviations). 

* = Significant differences after post hoc pair-wise comparison with Bonferroni correction (p < 0.05)

Table 1   Pearson correlation coefficients (r) between NMFslope values  

and endurance time

Muscle RA EO IO ILT MF RF BF

Pearson correlation coefficient (r) 0.587** 0.410* 0.591** 0.425* 0.196 0.081 -0.046

RA = rectus abdominis, EO = external oblique, IO = internal oblique, ILT = iliocostalis lumborum pars 

thoracis, MF = multifidus, RF = rectus femoris, BF = biceps femoris. *significant correlation at the 5% level. 

**significant correlation at the 1% level
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3.2  Reliability

The overall mean of all endurance times was 140.5 ± 59.7 s. The minimum recorded 

endurance time was 42.9 s and the maximum recorded endurance time was 270.7 

s. Physical discomfort at test termination was pain (17,2%), fatigue (81%) or other 

(1,8%). Body regions where this was felt the most were the arms/shoulders (15,5%), 

abdominal region (60.3%), back (17,2%), legs (6%) or other (1%).

 Intra-tester and inter-tester reliability assessment for the prone bridging test 

was conducted with 29 subjects. Two raters evaluated the prone bridging tests 

without the use of sEMG. The endurance times of tester 1, day 1 (mean time: 149.7 

± 69.1 s), tester 1, day 2 (mean time: 146.8 ± 53.2 s) and tester 2, day 2 (mean time: 

138.8 ± 60.4 s) were used to calculate reliability. Excellent ICC-values for both 

intra-tester and inter-tester reliability were obtained. Table 2 shows an excellent 

intra-tester reliability with ICC = 0.89 with a SEM of 20.9 s and an excellent 

inter-tester reliability with ICC = 0.87 and a SEM of 20.75 s.

4  Discussion

The prone bridging test has been frequently used to evaluate core stability, and 

more specifically abdominal core muscle endurance in clinical settings.2,16,39,40 

However, no consistent data with regard to validity and reliability of this test exist 

to this day. Therefore, the purpose of this present study was to examine, by means  

of researching the validity and reliability, whether a prone bridging test until 

failure with visual evaluation by an examiner and with tactile feedback to adjust 

the subject when the correct position was lost, can indeed be administered to 

specifically evaluate or measure abdominal core muscle fatigability.

4.1  Validity

Three methods were used to investigate the validity of this test using sEMG 

properties of the different muscles during the prone bridging test. First, mean 

relative muscle activity of the different muscles during the test were compared  

to each other. Second, differences in NMFslope values between muscles were 

Table 2   Intra-tester and inter-tester reliability of the prone bridging test

N (ICC 2,1) 95% CI SEM (s)

Intra-tester (tester 1) 29 0.89 0.78 - 0.95 20.9

Inter-tester (tester 1 & 2) 29 0.87 0.73 - 0.93 20.75

N = number of subjects; CI = Confidence Interval; SEM = Standard Error of Measurement
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investigated and last, assessment of which muscles limit performance in terms of 

test endurance time was performed by calculating correlation coefficients between 

NMFslope values and endurance time, and a multiple stepwise linear regression was 

executed.

 First, the results acquired with regards to the normalized EMG amplitude 

data support the validity and the claim that abdominal core musculature is more 

active than back and hip musculature during a prone bridging test. The present 

study showed a significantly higher activation of the abdominal core musculature 

during the test (RA = 58.32 % MVIC, EO = 63.56 % MVIC and IO = 61.83 % MVIC) 

than the back and hip musculature (ILT = 11.7 % MVIC, MF = 13.71 % MVIC,  

RF = 33.93 % MVIC and BF = 16.82 % MVIC). Abdominal as well as back and hip 

musculature are all recruited during the test, however, the challenges to the RA, 

EO an IO were markedly greater than those to the ILT, MF, RF and BF. Lower activity 

of the IO was expected considering that the more internal muscles, particularly 

the IO and the transverse abdominis, normally behave in an anticipatory manner, 

irrespective of loading condition, suggesting a subtle, pro-active control of spinal 

stability.20 The IO and transversus abdominis are co-activated during an abdominal 

hollowing maneuver that requires a deep abdominal contraction.32 However, 

these authors suggested that subjects use an abdominal bracing strategy, better 

known as a global abdominal co-activation, during the prone bridging test. The 

study of Vera-Garcia et al.38 showed that the activity of the RA, EO and IO is 

significantly higher when bracing instead of hollowing. The findings of the present 

study are in agreement with Schellenberg et al.,33 who reported very similar mean 

relative muscle activity during an identical prone bridging test (RA = 52.2 % MVIC, 

EO = 59 % MVIC, erector spinae = 10.6 % MVIC and hamstrings = 4.3 % MVIC). Tong 

et al. (2014) also found a clear difference between RA and EO activation (respectively 

32.7 % and 31.7 % MVIC) and erector spinae activation (3.3 % MVIC). Though these 

values are clearly lower than the values found in the present study, this could be 

explained by the fact that the subjects in the study of Tong et al.36 only needed to 

maintain a static prone bridging position for a set period of time (60 s) during their 

modified version of the prone bridging test.

 Second, post hoc one-sample t-testing on all NMFslope data revealed that all 

slopes differed significantly from zero (p < 0.05), signifying fatigue for these 

muscles. However, pair-wise comparisons between NMFslope values showed 

significant as well as non-significant differences between the different muscles. 

The RA had the greatest decline in median frequency and differed significantly 

from all the other muscles except for the ILT. The BF showed the least rapid decline 

in median frequency of all the muscles, which differed only significantly from the 

RA and EO. Clear signs of fatigue were apparent in all abdominal muscles. The 

back muscles also show fatigue with more fatigability in the ILT than the MF. 

Fatigue in the hip musculature was significantly lower than in the RA and EO but 
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not-significantly lower for the IO. Lower values of NMFslope of the ILT were expected 

in this study, especially since lower levels of activation (% of MVIC) during a 

holding test is associated with a less rapid decline of median frequency.28 There is 

no direct explanation for these contradictory results. However, not only fatigability 

and levels of activation can account for differences in EMG median frequency 

slopes. Other factors such as fiber-type characteristics, the load the muscles 

experience and muscle length throughout the test all influence the median 

frequency characteristics.27,29

 Finally, correlation coefficients between NMFslope values and endurances 

times were calculated, and a multiple stepwise linear regression was performed to 

see which muscles limit performance in terms of endurance time. A moderate to 

high degree of correlation was found between the endurance time of the prone 

bridging test and the NMFslope of the RA (r = 0.587), EO (r = 0.410), IO (r = 0.591) and 

ICLT (r = 0.425). Low correlations were found for the MF (r = 0.196), RF (r = 0.081) and 

BF (r = -0.046). The results indicated a higher correlation for the ICLT compared to 

the MF. These correlation coefficients support validity of the prone bridging test 

for evaluating abdominal muscle fatigue since earlier research have reported 

similar high correlations between the objective sEMG spectral characteristics of 

different back muscles and the subjective measurements of recording endurance 

times in isometric holding tests for measuring back muscle fatigue.12, 27 Multiple 

backward linear regression to determine which NMFslope best predicted the 

endurance time was executed and showed that, of all the abdominal, back and hip 

muscles, only the NMFslope of the RA could significantly predict the endurance 

time. The finding that muscle fatigue of the back and hip musculature cannot 

explain the test endurance time also supports the validity of the prone bridging 

test. These results are in accordance with the results of Mannion and Dolan,27 who 

concluded that the most fatigable muscle best predicted the endurance time 

during an isometric trunk holding test until failure.

 Overall, when interpreting these sEMG measurements, an important clinical 

conclusion can be made. Although, all abdominal and back muscles clearly 

fatigued during the test and the NMFslope values of RA, EO, IO and ILT were all 

significantly correlated with the endurance time, only the RA ultimately seemed to be 

responsible for limiting performance in terms of endurance time during the prone 

bridging test. Combined with the highly activated RA, EO and IO during the test, 

these findings strongly support the validity of the prone bridging endurance test.

 Nonetheless, following limitations need to be taken into account. Because 

bipolar sEMG recordings from several muscles were measured to investigate the 

EMG power spectra, crosstalk, a signal detected over a muscle but generated by 

another muscle close to the first one, may have influenced the results in the 

current study. In this study, the electrode locations of the several muscles were 

accurately determined, based on anatomical studies, and the guidelines of the 
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SENIAM project were followed in electrode placement and configuration.19 The 

presence of crosstalk is however inherently associated with sEMG recordings. Even 

if great precautions were taken, as mentioned above, crosstalk cannot be ruled 

out. Furthermore, Mannion et al.29 stated that endurance time might be influenced 

by other factors such as motivation, tolerance of the discomfort of the fatiguing 

muscles, and especially in a clinical situation, pain or fear of pain. As such, future 

studies could focus on the influence of these parameters on the performance of the 

prone bridging test.

4.2  Reliability

The current method for administering the prone bridging test until failure, based 

on visual inspection and tactile feedback showed excellent intra-tester (ICC = 0.89) 

as well as excellent inter-tester (ICC = 0.87) reliability. Contrary to the validity of 

this test, reliability has already been researched. Three studies used a protocol for 

the prone bridging test similar to the one used in present study. Dennis et al.15 

obtained comparable intra-tester reliability (ICC = 0.89) and inter-tester reliability 

(ICC = 0.89) results. Schellenberg et al.33 reported a correlation coefficient of 0.74, 

signifying a good intra-tester reliability. However, the authors employed a work to 

rest ratio of 1:4 between the different prone bridging tests, concluding that the 

second test was partly compromised due to inadequate recovery time. Boyer et al.8 

found an excellent intra-tester reliability (ICC = 0.83) and a good inter-tester 

reliability (ICC = 0.62) in their study with children aged 8 – 12 years old. Other 

studies also researched reliability, however, these studies used a modified version 

of the prone bridging test which makes comparison with current study 

inappropriate. Tong et al.36 found an excellent intra-tester reliability (ICC = 0.99) 

for their sport-specific, dynamic version of the prone bridging test, especially 

designed for an athletic population. The study of Weir et al.40 was the only one 

which showed low intra- and inter-reliability (respectively ICC = 0.21 and ICC = 

0.36). Prone bridging in this study however was scored on quality of the test 

position with a 4-point scale. The poor reliability could be interpreted as a loss of 

important visual information by observing and evaluating the subjects two-di-

mensionally and only from one viewpoint in a video-analysis study. The results of 

these previous comparable studies and the result of present study indicate excellent 

reliability of the prone bridging test. A plausible explanation for this good 

reliability might be a superior efficacy of static endurance testing compared to 

more difficult to administer and evaluate dynamic tests.35 The prone bridging test 

is simple to administer as it is initiated with a confirmed starting position and test 

failure is determined when technique sufficiently deviated from the established 

norm or when the subject could no longer hold the correct test position. Compared 

with dynamic endurance testing, there are fewer directions and increased tester 

objectivity in the ability to define proper and improper technique. It could be 
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argued therefore that fewer subjective determinations need to be made in the 

prone bridging test, which promotes greater reliability.

 In conclusion, to determinate if trunk muscle endurance testing is appropriate 

from an injury prevention, screening and/or performance perspective, the chosen 

test needs to be validated as well as provide good reliability. Both factors are 

important since a measure can be reliable without being valid, however, the 

reverse is not true.18 This study strongly supports the validity of the test and the 

excellent reliability that has been established. The use of this test for these 

purposes is warranted as such and could provide an important benefit in the field 

of injury prevention and/or athletic training. Additionally, in order to help 

interpret the results of the prone bridging test and assist in setting training 

targets, normative data for both male and female healthy non-athletic as well as 

athletic subjects have already been established based on an identical prone 

bridging protocol.35 With a comparable subject group, comprised of young male 

and female adults with a diversity in activity level, our results can be placed in the 

60th percentile of this normative dataset.

4.3  Perspective

This study is the first to support the validity as well as report the excellent 

reliability of the prone bridging endurance test until failure, even though this test 

has already been used extensively in this capacity.2,16,39,40 These results justify the 

use of this easy to administer, cost-effective test on a healthy population as a 

screening tool to detect abdominal core muscle deficiencies and can be used in the 

fields of injury prevention and athletic training, amongst others. Furthermore, 

administering this test using the present protocol allows for evaluation and 

quantification of abdominal core muscle endurance capacity, based on endurance 

time. Because significant differences in trunk muscle endurance have been 

demonstrated between healthy subjects and patient populations, the results of 

this study cannot be extrapolated to these populations. Future studies therefore 

should research the validity and reliability of this test in specific patient 

populations.
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Abstract

Objectives: To investigate reliability and validity of handheld dynamometry (HHD) 

strength tests to accurately measure isometric trunk flexion and extension strength.

Methods: Test-retest design and comparative analysis to investigate reliability and 

validity respectively. Isometric trunk flexion and extension strength, measured 

with a handheld dynamometer, was compared to isometric strength testing on a 

stationary isokinetic dynamometer. Different test positions were examined for the 

HHD measurements for trunk flexion and extension strength.

 Trunk muscle strength was calculated in newton metres (Nm) for both devices. 

Results of both devices were compared with Pearson correlations and agreement 

between both methods was explored with Bland-Altman plots. ICC values were 

calculated to assess HHD intra- and inter-tester reliability.

Results: Reliability was good to excellent for all HHD tests (ICC = 0.67 – 0.93). High 

correlations were found between the HHD tests and stationary dynamometer tests 

(r = 0.65 – 0.86). Bland-Altman plots showed agreement between both methods for 

the trunk flexion test, supported in 30° trunk flexion and for the trunk extension 

test in a prone position in 0° trunk flexion. 

Conclusion: Handheld dynamometry is reliable and a clinically applicable valid 

method to evaluate maximal isometric trunk flexion strength and maximal 

isometric trunk extension strength.

Keywords: Core strength; Isometric contraction; Abdominal muscles; Back muscles
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1  Introduction

Core strength is considered as a crucial factor for general physical activities and 

for optimal performance in sports.6,15,33 Adequate core strength contributes to 

core stability and allows for optimal production, transfer and control of force and 

motion throughout the kinetic chain during functional movement.19,21 Conversely, 

decreased core muscle functioning can lead to overcompensation of other 

musculature affecting athletic performance.31 Inadequate core muscle functioning 

can also predispose individuals to injuries such as low back pain35 and increases 

overall musculoskeletal injury risk.12,24,27 Therefore, evaluating core strength 

could be valuable in the context of primary and secondary injury prevention.28 

 Several reliable and validated, easy to use methods are being utilized to assess 

core musculature characteristics.26 However, the majority of these tests are endurance 

based evaluation methods and are not appropriate for determining muscle 

strength.9,18,32 To evaluate back muscle endurance for example, the frequently 

used Biering-Sörensen test has been deemed a valid and reliable test.9 Similarly, 

the prone bridging test has proven to be both valid and reliable to establish 

abdominal muscle endurance capacity.11 On the other hand, to determine strength  

of these trunk flexor and extensor muscle groups, no clinical measurement tool is 

described as both valid and reliable in current literature. To evaluate muscle strength, 

isokinetic dynamometers, manual muscle testing and handheld dynamometry (HHD) 

have been described as available methods.3 Handheld dynamometry provides a 

quantified measurement of strength and its ease of use, low cost and convenient 

size may justify a widespread clinical use.29 Furthermore, it has been described 

extensively as a valid and reliable measurement method for evaluating upper and 

lower extremity muscle strength. Although HHD has already been used to measure 

trunk muscle strength in previous research, there is currently no scientific 

evidence for HHD as a valid and reliable test to accurately measure maximal 

isometric trunk flexion and trunk extension strength in a healthy population.25,34 

 Therefore, the main goal of this study is to determine the validity of HHD to 

measure maximal isometric trunk flexion and trunk extension strength accurately 

and to examine the intra-tester and inter-tester reliability in a healthy athletic 

population. Since there is currently no standardized testing position available, 

validity and reliability were investigated for different test positions. It was 

hypothesized that the measurements using HHD would show valid force outcomes 

compared to a commercially available stationary isokinetic dynamometer, which 

is often used as a reference standard for muscle strength measurements.1 

Furthermore, it was hypothesized that trunk flexion and trunk extension strength 

measurements by means of HHD would be reliable. 
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2  Methods

2.1  Participants

A convenience sample of thirty healthy subjects voluntarily participated in this 

study. All participants were required to be over the age of 18, and needed to 

perform competitive sports activities associated with a professional organization 

that regularly provides training sessions. The following exclusion criteria were 

used: A history of traumatic trunk or pelvic injury; a history of acute, sub-acute or 

chronic low back pain or neurological diseases or disorders; exclusively participating 

in some form of non-competitive physical activity on a regular basis. All participants 

refrained from participating in strenuous physical activity for at least one day 

prior to the test days. The local University Hospital’s ethics committee (Ghent 

University Hospital) approved the study protocol. Participants gave their written 

informed consent prior to participation.

2.2  Study design & equipment

Validation and reliability procedures for the HHD tests, using a MicroFET 2 

handheld dynamometer (Hoggan Scientific LLC, Salt Lake City), were conducted in 

two phases. In the first phase, validity of the maximal isometric HHD tests was 

investigated via comparison to maximal isometric contractions on a reliable, 

commercially available isokinetic dynamometer (BioniX Sim 3 Pro, NiniX 

Technologies NV, Belgium), which is specifically designed to measure trunk muscle 

strength. Each participant was required to perform both the isometric BioniX 

protocol and the isometric HHD protocol in a randomized test order to avoid 

systematic error. In the second phase, two weeks later, intra-tester and inter-tester 

reliability of the HHD protocol were investigated. On the first day of reliability 

testing, each participant performed the same HHD protocol twice, once with each 

of the two testers. This process was repeated again one week later to prevent 

learning effects. The tester order was randomized, and it was counterbalanced on 

the second day of reliability testing. Between two isometric test protocols 

performed on the same day, in both phases, a resting period of one hour was given 

to each participant.

2.3  Test protocol

Four different testing positions were adapted from the current literature for the 

HHD protocol (Figure 1 a-d).10,23,30 Isometric trunk flexor strength was measured 

in a supine, straight-knee position and in a supine, straight-knee position with the 

hips flexed in 30° and the trunk supported in this 30° angle. The dynamometer 

was placed on the sternum, below the suprasternal notch. Participants were 

instructed to place their hands on the opposing acromion processes. Isometric 

trunk extension strength was measured in a prone position and in a prone position 
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with the hips flexed in 30° and the trunk supported in this 30° angle. The dynamo - 

meter was placed at the height of T4 and the participants were instructed to place 

the back of their hands on the forehead during the test. Participants were fixated 

to the table using a strap 10 cm above the lateral malleolus and a strap to prevent 

pelvic rotation at the height of the ASIS when measuring trunk flexion strength 

and at the height of the PSIS when measuring trunk extension strength. For all 

tests, force was applied perpendicular to the trunk. Participants were instructed 

to gradually build up isometric trunk flexion or trunk extension strength during 

2 seconds, followed by a 5-second maximal isometric hold.5 Prior to contraction, 

participants were requested to take a normal inhalation and slow expiration 

during the maximum voluntary contractions. To ensure maximal contraction, 

one submaximal tryout was performed to familiarize the participants with the 

testing procedure for each testing position. Furthermore, standardized commands 

and encouragement were given for each trial. Afterwards, participants were asked 

if they gave their maximal effort and in case of a non-maximal trial, this repetition 

was discarded and a re-trial was allowed. Three correctly performed trials were 

Figure 1   Participant and tester position for the isometric trunk strength testing 

using handheld dynamometry in (a) the supine position, (b) the supine 

position with the trunk supported in 30° flexion, (c) the prone position 

and (d) the prone position with the trunk supported in 30° flexion

a

c

b

d
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used for data analysis. Fifteen seconds of rest was given between each separate 

trial.  A 5-minute resting period was given between changing of test positions to 

prevent fatigue from affecting the outcome measures. Termination criteria for all 

tests were failure to maintain the correct test position, any pain or discomfort 

experienced, or voluntary discontinuation of the test by the participants. A similar 

protocol was performed on the BioniX apparatus in an upright position. Fixations 

on the BioniX were similar to the HHD protocol and the dynamometer was 

adjusted according to the manufacturer’s recommendations.

2.3  Data analysis

Peak torque values from all BioniX trials were measured in newton metres (Nm) 

and, the mean peak torque value (Nm) over three trials for each test position was 

calculated. Similarly, peak force values in newton (N) for the HHD protocol were 

measured with the handheld dynamometer for each trial and were converted into 

torque values (Nm) by taking into account the individual moment arm length. The 

moment arm length was calculated as the distance between the proximal anterior/

posterior fixation point (ASIS for the trunk flexion strength tests and PSIS for the 

trunk extension strength tests) and the center of the HHD. Consequently, peak 

torque values (Nm) (the mean from three maximum trials for each position of the 

HHD protocol) were calculated and used for statistical analysis. 

2.4  Statistical analysis

Both intra-tester (tester 1, between 2 different days of the reliability testing) and 

inter-tester reliability (between tester 1 and 2, the same day of reliability testing) 

of the peak torque values of the HHD protocol were assessed. Intraclass correlation 

coefficients (ICC) with 95% confidence intervals (CI) were used to assess reliability 

by utilizing a two-way random effects model with single measure reliability (ICC 

(2,1)). The interpretation of the ICC was in accordance with Cicchetti and Sparrow7 

with low reliability identified as a value <0.40, moderate reliability 0.40- 0.59, good 

reliability 0.60- 0.75, and excellent reliability >0.75. SEM values (Nm) were derived 

by dividing the standard deviation of the mean differences between two 

measurements by 2 .13 MDC values were calculated as SEM*1.96*2.

 Based on comparison with the stationary dynamometer, the following methods 

were used to determine the validity of the HHD tests. First, Pearson product-moment 

correlation coefficients between the two methods were calculated. The interpretation  

of the correlation coefficients (r) was set in accordance with Cohen.8 Second, 

Bland-Altman plots with 95% limits of agreement (LoA) (mean difference ± 1.96 SD) 

were generated to visualize the degree of agreement between the HHD and BioniX 

measurements and as such ascertain validity.4 Based on the measured data and 

the Bland-Altman plots, one sample t-tests were performed to verify whether the 

mean difference between the HHD tests and BioniX tests differed significantly 
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from zero, which is considered a systematic error or bias. Subsequently, linear 

regression analysis was performed to investigate proportional bias between the 

two methods to see whether a positive or negative trend for the differences 

between the two methods was present throughout the range of measurements. 

Normality of all the data was verified using the Shapiro-Wilk test. Statistical 

significance for all tests was accepted at the 5% level. 

3  Results

Measurement data from one participant were discarded due to drop out because of 

an injury between test moments, which was unrelated to the current study.  

The definitive group consisted of 14 women (21.6 ± 1.4 years, 169.5 ± 4.4 cm, 63.3 ± 

5.1 kg) and 15 men (21.9 ± 1.1 years, 180 ± 6.6 cm, 72.2 ± 5.7 kg). Participants were 

recruited from the following sports: Athletics (9), cycling (5), football (4), dance (4), 

gymnastics (3), swimming (3) and basketball (1) and performed and average of  

5.5 ± 1.7 hours of sport per week. Detailed descriptive statistics of the HHD and 

BioniX measurements are presented in Table 1. 

Table 1   Descriptive statistics of HHD and BioniX measurements and  

results of one sample t-tests for comparison of the mean difference 

(BioniX – HHD) between protocols to zero

N Mean  
(Nm)

SD  
(Nm)

Mean diff  
(Nm)

SD  
(Nm)

p-value

BioniX trunk flexion (0°)
HHD trunk flexion (0°)

29 
29

123.47 
104.86

±46.97
±27.4

18.61 ±28.8 0.002*

BioniX trunk flexion (30°)
HHD trunk flexion (30°)

29 
29

136.79 
128.01 

±45.8
±41.77

8.78 ±23.85 0.057

BioniX trunk extension (0°)
HHD trunk extension (0°)

29 
29

195.37 
195.19

±57.01
±43.86

0.18 ±44.05 0.982

BioniX trunk extension (30°)
HHD trunk extension (30°)

29 
29

218.41 
223.19

±76.15
±44.63

-4.79 ±52.45 0.627

N = number of subjects; SD = standard deviation; * = significant difference at the 5% level
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Intra-tester and inter-tester reliability values with 95% confidence intervals and 

accompanying SEM values are presented in Table 2. Excellent intra-tester and 

inter-tester reliability values were found for all tests (ICC = 0.76 – 0.93) except for 

the intra-tester reliability of the maximal isometric trunk flexion test starting in 

0°, which was good (ICC = 0.67).

 As hypothesized, high Pearson product-moment correlations were found between 

the HHD measurements and the BioniX measurements for the flexion strength 

tests in 0° (r = 0.827) (p < 0.001) and the tests in 30° (r = 0.856) (p < 0.001). For the 

extension strength tests, a high correlation was found for the tests in 0° (r = 0.647) 

(p < 0.001) as well as for the tests in 30° (r = 0.741) (p < 0.001). 

Bland-Altman plots are presented in Figure 2 (a & b). Regarding the trunk flexion 

strength tests starting in 0°, the one sample t-test concludes that the mean of 

differences between BioniX and HHD measurements differs significantly from 

zero (p = 0.002), as shown in the Bland-Altman plot. This systematic difference of 

18.61 Nm indicates significantly higher BioniX measurements compared to the HHD 

measurements in this position. Furthermore, linear regression of the differences 

Table 2   Intra-tester and inter-tester reliability of the HHD tests for trunk flexor 

and extensor strength and corresponding SEM values (Nm)

N ICC (2,1) 95% CI for ICC SEM (Nm) MDC (Nm)

Intra-tester 
Trunk flexion (0°)

29 0.67 0.4 – 0.83 26.41 73.2

Intra-tester 
Trunk flexion (30°)

29 0.9 0.8 – 0.95 17.69 49.03

Intra-tester 
Trunk extension (0°)

29 0.93 0.92 – 0.98 14.42 39.97

Intra-tester 
Trunk extension (30°)

29 0.8 0.16 – 0.93 33.02 91.53

Inter-tester 
Trunk flexion (0°)

29 0.78 0.28 – 0.91 17.98 49.83

Inter-tester 
Trunk flexion (30°)

29 0.93 0.82 – 0.97 16.45 45.6

Inter-tester 
Trunk Extension (0°)

29 0.76 0.56 – 0.88 20.88 57.88

Inter-tester 
Trunk extension (30°)

29 0.82 0.17 – 0.94 31.53 87.4

N = number of subjects; CI = confidence interval; SEM = standard error of measurement (Nm); MDC = 

minimal detectable change
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between the methods on the average of the methods shows a slope (B = 0.57) 

significantly different from zero (p < 0.001). This implies proportional bias for this 

position and indicates that the difference between the methods unequally varies 

throughout the range of measurements. For these tests, the 95% limits of agreement 

ranged between -37.84 Nm and 75.06 Nm. The Bland-Altman plot for the flexion 

strength tests in 30° flexion also shows higher values for the BioniX measurements 

compared to the HHD measurements, however, this difference (8.78 Nm) was not 

significantly different from zero (p = 0.057). Visual inspection and linear regression 

could not point out proportional bias with a regression slope not significantly 

differing from zero (p = 0.363). The 95% limits of agreement varied between -37.97 

Nm and 55.53 Nm. For the trunk extension tests in 0° the mean difference (0.18 

Figure 2   Bland-Altman plots for (a) the trunk flexion strength tests in 0°  

and 30° and (b) the trunk extension strength tests in 0° and 30°.  

Mean difference between the both methods and 95% limits of 

agreement are visualized with horizontal lines

a

b
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Nm) between both methods was not significantly different from zero (p = 0.982),  

as shown in the Bland-Altman plot. The regression slope was not significantly 

different from zero (p = 0.082), indicating the absence of proportional bias and the 

95% limits of agreement varied between -86.16 Nm and 86.52 Nm. Lastly, the 

Bland-Altman plot for the extension strength tests in 30° also shows a mean 

difference (-4.78 Nm) which was not significantly different from zero (p = 0.627). 

However, regression analysis did show proportional bias between the two methods 

with a regression slope (B = 0.59) significantly differing from zero (p < 0.001), 

indicating a non-uniform variability of the paired differences along the range of 

measurements. The 95% limits of agreement for these tests varied between -107.58 

Nm and 98.02 Nm. 

4  DISCUSSION

The main goal of this study was to investigate whether handheld dynamometry to 

measure isometric trunk flexion and trunk extension core strength is a reliable 

and valid method. Good to excellent reliability was found for all HHD tests and a 

high correlation was found between these tests and the reference method. 

Furthermore, the trunk flexion HHD test supported in 30° and the trunk extension 

HHD test in 0° showed agreement compared to the reference method for measuring 

trunk strength. Based on current results, the tests in these two positions are 

considered as reliable and valid tests and these positions are considered to be 

appropriate to measure isometric trunk muscle strength with the use of a HHD.

 Many different positions to measure trunk muscle performance are described 

in current literature and no standardized protocol for HHD trunk strength testing 

was available to adapt for this study. Therefore, the positions and testing protocols 

for the current study were based on recent literature describing maximal voluntary 

isometric contraction (MVIC) testing for trunk musculature.10,23,30 The clinical 

feasibility and the possibility for optimal test standardization in these positions, 

with regards to patient fixation and examiner positioning, were taken into account 

when choosing the appropriate test positions. Besides the trunk flexion strength 

test in a neutral position, a sit-up style position for trunk flexion strength testing 

was used based on the study protocols of Danneels et al.10. and Stevens et al.30, 

with the trunk supported in a 30° trunk flexion, as suggested by Konrad.23 

Moreover, the use of a straight-knee position enables a high abdominal trunk 

flexor synergy, compared to a bent-knee position.2  Similar to the flexion strength 

protocol, isometric trunk extension strength was evaluated in the neutral prone 

position, as well as in a supported 30° trunk flexion position.27,23,30

 A test-retest study design was implemented to investigate intra-tester and 

inter-tester reliability for measuring maximal trunk muscle strength using the 
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HHD. The current standardized protocol showed overall excellent intra- and 

inter-tester reliability, except for the intra-tester reliability for the trunk flexion 

test in 0°, which was good. These results for HHD are comparable with the 

manufacturer established excellent test-retest reliability of the BioniX apparatus 

for isometric trunk flexion and extension strength tests in different positions (ICC 

(3,1) = 0.95 – 0.99). Furthermore, these results are in accordance with a systematic 

review on HHD reliability for measuring maximal muscle strength in general 

(Stark et al., 2011).29 These authors concluded that a HHD is a reliable instrument 

for muscle strength assessment in a clinical setting, provided the same participant 

position and the same standardized test method is used for every test. However, 

Moreland et al.25 observed poor inter-rater reliability for isometric trunk strength 

tests, measured with HHD, for flexion strength (ICC = 0.25) as well as extension 

strength (ICC = 0.24) tests. As test standardization is considered crucial for good 

reliability, variability could have been high in this study as no straps were used for 

participant fixation, prohibiting optimal force production. Additionally, they used 

a modified Biering-Sörensen position to measure trunk extension strength, failing 

to provide a support surface for the trunk during isometric testing. 

 To examine validity, the agreement between the isometric HHD protocol and 

the stationary dynamometer protocol was examined. A first step towards validation 

was to investigate the correlation between the HHD tests and BioniX tests. High 

correlations were found between the measurements of each HHD test and the 

corresponding BioniX test, indicating a strong relationship between both methods 

for measuring isometric trunk muscle strength. However, since both these 

methods supposedly measure strength in a similar condition, a high correlation 

coefficient can be expected, independently from the amount of agreement between 

both methods. Therefore, Bland-Altman plots were generated, since it is a method 

often used to determine validity of a new measurement method based on 

agreement with a reference method.4 

 Although the plot for the trunk flexion test in 30° showed a non-significant 

systematic error, an equal scatter around the line of equality with no obvious 

trends of the data points was seen, which suggests an equal difference between 

the two methods throughout the range of strength measurements. This is a 

prerequisite for agreement between two methods.16 Furthermore, a relative small 

range of 95% limits of agreement was present, compared to the method in 0°. On 

the other hand, the plot for the trunk flexion test in 0° showed a significant 

systematic error, suggesting overall lower HHD strength measurements compared 

to the BioniX reference measurements. More important, the plot did not display an 

equal scatter of data points around the line of equality. Rather, a positive linear 

association was seen between the average measurements and differences between 

the measurements. This implies proportional bias and both methods in the 0° 

position do not agree equally throughout the range of measurements, contrary to 
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the test position in 30°. This results from unequal differences between the test 

methods through the range of measurements. These variable differences between 

methods might be the result of inefficient force generation of the abdominal 

muscles for the HHD measurements in the supine position in 0°. Indeed, an 

increased external moment of the gravitational force acting on the trunk, as a 

result of a supine position, creates a mechanical disadvantage for generating 

force.2 Furthermore, Keller and Roy20 concluded that, based on the length-tension 

relationship of the abdominal muscles, the posture for optimal muscle strength is 

a 20° to 30° trunk flexion position. These factors could lead to a possible inefficient 

abdominal force generation in a supine position. This hypothesis is corroborated 

with the fact that in general the HHD measurements are significantly lower than 

the BioniX measurements in this position. The ineffecient force generation could 

cause meaningful variability between both methods and, combined with the 

systematic error, results in disagreement between both methods in the 0° position. 

In conclusion, there is an overall agreement between both methods in the 30° 

position but not in the 0° position, reinforcing the validity for the supine trunk 

flexion strength test in 30°.

 For the trunk extension strength test in 0° there was no significant difference 

between the HHD method and BioniX method on average, no proportional bias 

could be discerned and, compared to the method in 30°, a relative small 95% limits 

of agreement was present. The trunk extension strength test in 30°, however, did 

not display agreement with the BioniX test. Although there was no significant 

absolute bias between the two methods, a linear relation was seen between the 

difference of the methods and the average, signifying proportional bias as a result 

of unequal differences between the methods through the range of measurements. 

It can be hypothesized that maintaining isometric resistance in this position is 

difficult for the rater in high strength participants due to additional hip extensor 

muscle activity. Indeed, Kocjan and Sarabon22 concluded that performing 

isometric trunk extension with hip flexion leads to higher force output compared 

to a neutral position as a result of an optimal length-tension position for the hip 

extension muscles. In conclusion, an agreement was obtained between the two 

methods in the 0° position but not in the 30° position, reinforcing the validity for 

the prone trunk extension strength test in 0°.

 The following considerations need to be taken into account when interpreting 

the results. Although the HHD protocol and the BioniX protocol were adapted to 

one another as well as possible, they did differ in terms of testing positions since 

the HHD tests in a supine or prone position were compared to the validated upright 

position in the BioniX.17 However, the main goal of our study was to investigate 

whether a novel, clinically feasible HHD method for measuring isometric trunk 

flexion and extension strength in a supine or prone position could produce similar 

strength measurements compared to a reliable reference method for measuring 
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trunk strength, which is generally performed on a stationary dynamometer in an 

upright position, in order to investigate agreement between both methods and 

consequently validity of the novel HHD method.

 Second, the arrangement of the 95% limits of agreement is used for visual 

interpretation of the agreement between two methods. A smaller range implies 

better agreement, however, considering whether two methods have a high degree 

of agreement depends on the clinical context.16 Since there are no studies available 

comparing results of HHD and stationary dynamometry for trunk strength 

measurements and normative data for HHD trunk strength measurements are not 

available, a clear interpretation of the range of 95% limits of agreement within 

this study is challenging. Therefore, while agreement between the HHD and the 

stationary dynamometer was established and, HHD is considered a valid method 

for measuring isometric trunk strength, it is not advised to use both methods in-

terchangeably when performing assessment of isometric trunk flexion or extension 

strength within a group or when performing assessment and re-assessment of 

trunk strength within the same subject.  Furthermore, based on the MDC values, 

a HHD might not be the most sensitive instrument for monitoring true changes in 

isometric trunk flexion and trunk extension strength although these measurements 

were proven to be reliable.

5  Conclusion

Based on the results of this study, the isometric trunk flexion test with the trunk 

supported in 30° flexion and the isometric trunk extension test in 0° are reliable 

HHD tests which are in agreement with the reference BioniX measurements. As 

such, they are considered a valid and reliable alternative to specifically measure 

trunk muscle strength in a clinical practice setting and are easy to use, portable 

and cost-effective in comparison with the BioniX reference method. The use of 

these tests is warranted as such and could provide an important benefit in 

screening for injury prevention and rehabilitation in athletes.
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Abstract

Objectives: The need to accurately assess trunk and lumbopelvic proprioception 

and neuromuscular control is widely accepted. However, based on current 

literature, there is a lack of reliable clinical tests to evaluate these aspects in 

clinical practice. The objective of this study is to investigate intra-tester and 

inter-tester reliability of the lateral step down test and the lumbopelvic position-re-

position test in a healthy population.

Methods: Protocol and scoring methods were developed for the lateral step down 

test and lumbopelvic position-reposition test,  used to assess trunk and lumbopelvic 

neuromuscular control and proprioception respectively. Each test was performed 

once by thirty healthy participants and video analysis for test scoring was 

performed. Three items on the lateral step down test were scored to evaluate 

neuromuscular control and, four items on the lumbopelvic position-reposition 

test were scored to evaluate proprioception. Aggregate scores for each test were 

calculated based on the separate item scores. Intraclass correlation coefficients 

and linear weighted Kappa coefficients were determined for intra- and inter-tester 

reliability. 

Results: Based on the aggregate score, excellent intra- and inter-tester reliability 

(ICC(2,1) = 0.73–0.88) was found for both tests. Moderate/almost perfect intra-and 

inter-tester agreement (K = 0.62–0.91) was found for the separate items of the 

lateral step down test and fair/substantial agreement (K = 0.25 – 0.76) for the items 

of the lumbopelvic position-reposition test.

Conclusion: Current testing protocol and scoring method for the lateral step down 

test is reliable. Adjustments for the scoring method of the lumbopelvic position-re-

position test is warranted to improve reliability.

Keywords: Reliability; Proprioception; Injury prevention; Screening; Lumbopelvic 

hip complex; Core stability
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1  Introduction

Assessment of core stability has gained widespread attention over the last decade 

since it is associated with low back pain, musculoskeletal injury risk, and athletic 

function.11,14,15,18,28 Core stability is defined as dynamic trunk and lumbopelvic 

control that allows for production and regulation of force, which is transferred 

throughout the kinetic chain during movement.11 Core stability requires the 

integration of core muscle strength, endurance, neuromuscular control and 

proprioception.14,21,30 Neuromuscular control is the ability to produce efficient 

movement during task performance as a result of precisely coordinated muscular 

activity at the right time, for the correct duration and with the right combination 

of forces.4 Proprioception is the ability to sense joint position and movement based 

on afferent sensory input from joints, tendons, and associated deep tissue proprio-

ceptors.8 

 Inadequate core neuromuscular control and proprioception have been proven 

to be risk factors for lower extremity injuries since they compromise dynamic 

joint stability and lead to altered movement patterns.26,30 In general, neuro- 

muscular control is assessed by evaluating motion quality and control during a 

specific movement whereas proprioception of a segment can be assessed with 

motion detection threshold testing or through evaluating the ability to position 

and reposition the segment in a specific posture.8,29 These aspects are often evaluated  

in lab situations with expensive or not commercially available equipment and 

have a limited use in clinical practice compared to clinical screening tests.

 The lateral step down test2,19,20 and the lumbar position-reposition test23 are 

suggested as feasible clinical tests to evaluate trunk and lumbopelvic neuro -

muscular control and proprioception respectively and, they require a minimal 

amount of equipment to perform. Adequate reliability of such clinical screening 

tests is relevant since it is a prerequisite for test validity.6,7,24 Although evaluation 

of reliability of these tests has been performed in current literature, there is 

contradictory evidence for reliability of the lateral step down test and, reliability 

of the lumbar position-reposition test was based on a scoring method using 

laboratory equipment.2,19,20,23

 In conclusion, reliable tests with feasible scoring methods to measure trunk 

and lumbopelvic neuromuscular control and proprioception are lacking. The 

available protocols for the lateral step down test and the lumbar position-reposi-

tion test were adapted into novel test protocols and scoring methods and, scoring 

criteria and video based test assessment were developed. The aim of this study is to 

investigate the intra- and inter-tester reliability of the novel lateral step down test 

and lumbopelvic position-reposition test, which evaluate trunk and lumbopelvic 

neuromuscular control and proprioception respectively, by comparing video based 

test scores in a healthy population.
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2  Methods

2.1  Participants 

Sixty healthy participants over the age of 18, enrolled in teacher training studies 

at the Artevelde University College and the University College Ghent, voluntarily 

participated and were randomly assigned to perform one of both tests. Thirty 

participants (17 , 13 ; age: 19.38 ± 1.04 years; BMI (body mass index): 22.34 ± 2.25 kg/m2) 

were selected for the lateral step down test and thirty participants (15 , 15 ; age: 

19.5 ± 1.5 years; BMI: 21.44 ± 1.94 kg/m2) were selected for the lumbopelvic position- 

reposition test. The following exclusion criteria were used: A history of traumatic 

pelvic and/or trunk injury; a history of acute, sub-acute or chronic low back pain 

or neurological diseases or disorders. 

2.2  Study design 

Tests were performed in a controlled clinical setting and, video based test scoring 

was independently performed after test completion by two examiners. The same 

examiner provided test instructions and supervised all test performances. Intra- 

tester reliability was investigated by comparing two test scores of the same examiner 

(given two weeks apart to prevent recall bias). Inter-tester reliability was investigated by 

comparing test scores given independently by 2 different examiners. The examiners 

are experienced physical therapists (6 and 13 years) and were trained to standardize 

test scoring. One training session was held to familiarize the examiners with the 

scoring protocols. Afterwards, both examiners scored 15 test subjects for each test 

and a consensus meeting was held to compare scores and fine-tune scoring methods. 

The local commission for Medical Ethics (UZ Ghent) approved the study and 

participants gave their written informed consent prior to participation.

2.3  Test protocol and scoring method development

Development of the test protocols and scoring methods involved a combination of 

judgment and expert consensus opinion methodology. 

 An extensive literature search was performed on the topic of neuromuscular 

control, proprioception and the possible assessment methods. Investigator agreement 

was reached on a dynamic movement control test and an active position-reposition 

test as appropriate clinical assessment tools to measure trunk and lumbopelvic 

neuromuscular control and proprioception respectively. Existing tests were used 

as basis for protocol development and were adapted with regards to standardization. 

 Items for scoring, item scoring descriptions and scoring methods were determined 

for each test and a consensus opinion method was used in which a panel of expert 

clinicians (n = 3; between 13 and 25 years of experience in motor control, low back 

pain and musculoskeletal rehabilitation) was involved in testing and commenting 

on the appropriateness of the items, their descriptions and the scoring methods.
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2.4  Test protocols

Lateral step down test protocol
The current protocol was based on existing tests.2,19,20 Participants stood on the 

edge of a 30 cm high box (25 cm for people shorter than 170 cm) in unipodal stance 

(foot pointed forward) and were asked to perform a series of lateral step downs, 

which were executed at a self-chosen, comfortable speed with the contralateral 

knee extended and contralateral hip slightly flexed. The correct test performance 

was demonstrated by the same examiner while the following instructions were 

given for standardization: “Cross arms at the chest and don’t use them to keep 

balance. Keep looking forward. Bend the knee and lower the free leg towards the 

ground in a controlled manner. Keep the trunk upright. Keep the pelvis horizontal. 

Keep the knee of the stance leg on a line which connects the hip with the second 

toe of the stance leg. When the opposite heel touches the ground, do not transfer 

weight and return to the initial position. Repeat this sequence 5 times.”

 Two practice trials were allowed to provide feedback in case of a faulty test 

performance, followed by the actual execution of five consecutive lateral step 

downs. Trials were repeated if the subject failed to touch the ground with the 

contralateral heel or stepped off the box. For this study, only one leg was tested in 

a randomized order. 

Lumbopelvic position-reposition test protocol
The protocol was based on the study of Stevens et al.23 Proprioception was evaluated 

by determining the repositioning accuracy of the trunk and lumbopelvic regions 

into a reference position, after having actively moved from full spinal flexion to 

extension during sitting. The participant was seated with 85 degrees of knee 

flexion, feet placed at hip width and arms hanging freely alongside the trunk. The 

participant was placed in a neutral spine reference position. The neutral position 

was halfway between full extension and a flat position of the spine.5 The participant 

was then asked to perform three movements between spinal flexion and extension 

at a self-chosen, comfortable speed. After performing these movements, the 

participant was asked to accurately reassume the reference position. 

2.5  Test scoring 

Tests were filmed using a video camera (Canon Legria hfG10, Canon Inc., Tokyo, 

Japan; 25 frames/second; effective resolution: 1.56 pixels). For both tests, the 

camera was placed at a distance of 3 m and a height of 50 cm. The camera was 

placed in line with the stance leg for the lateral step down test and filmed the test 

in the frontal plane. It was placed in line with the lumbar spine for the lumbopelvic 

position-reposition test and filmed the test in the sagittal plane.  
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Lateral step down test scoring
Movement patterns of the trunk, pelvis and lower extremity during the step down 

were evaluated in three items: dynamic balance (1), knee valgus/hip internal 

rotation (HIR) (2) and pelvic control (3). A score of 0, 1, 2 or 3 could be attributed to 

each item. Item scores were combined into an aggregate  score with a minimum of 

0 and a maximum of 9 points with 9 the best possible score. An open source video 

editing program for analyzing kinematics (Kinovea, Version 0.8.15) was used for 

test scoring. This program enabled the examiners to indicate reference points, 

draw lines between body segments and calculate angles in order to quantify 

movement pattern deviations. In general, examiners were instructed to score the 

items with as few as possible video playback repetitions, however, repeated viewing 

was allowed when in doubt. An overview of the scoring method is given in 

Appendix Table 1.

For ‘dynamic balance’, movements of the trunk and free leg were evaluated during 

step downs. ‘Dynamic balance’ was evaluated in general for the 5 consecutive 

trials with normal video playback speed. Perfect balance (no movement of the 

trunk or free leg for 5 repetitions) received a score of 3. Small movement of trunk 

or free leg in 2 or more repetitions received score 2. Score 1 corresponded with 

moderate movement of trunk or free leg in 2 or more repetitions. Score 0 was given 

in case of large movement of the trunk or free leg in 2 or more repetitions or when 

the hands were not held on the shoulders during the execution of the test. In case 

of doubt between two scores the lower score was given.

Scoring the items ‘knee valgus/HIR’ and ‘pelvic control’ was performed on one and 

the same of the 5 step downs. It is the objective of the scoring for these items to 

assess the best representative of the 5 repetitions. The examiner viewed 5 consecutive 

repetitions and was instructed to choose the best one for scoring if 5 similar 

repetitions were observed. However, if variability between the different repetitions 

was seen, the best and the worst quality repetitions were left out and the best 

repetition of the remaining repetition was chosen as the best representative.  

A good performance on the lateral step down test was in accordance with the 

standardized instructions given to the subject as described above. 

For the item ‘knee valgus/HIR’, the video was slowed down to half speed with 

Kinovea and paused at the moment of heel-contact of the contralateral leg for the 

chosen repetition. The amount of knee valgus was measured to evaluate medial 

knee collapse and consequently the amount of functional hip internal rotation.9 

Therefore, a line was drawn from the hip towards the second metatarsal (Figure 1). 

If this line passed through the centre of the patella , the participant scored 3 or 2. 

Differentiation between a score 2 and 3 was based on normal speed video playback: 
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score 2 if the knee made small oscillating movements around the neutral line 

during the step down; score 3 if a perfect steady step down was performed with no 

oscillating movements. If the centre patella was not in line with the second 

metatarsal and the hip joint at the moment of heel-contact, the participant scored 

1 or 0: score 1 if the middle of the patella was above or lateral of the hallux 

(evaluated with a vertical line drawn upwards from the hallux); score 0 if the 

centre patella was medial of the hallux. 

‘Pelvic control’ was assessed by evaluating the height difference of the left and 

right ASIS in Kinovea. The video was slowed down to half speed with Kinovea and 

paused at the moment of heel-contact. The left and right ASIS were connected with 

Figure 1   Screenshot with reference lines and angle calculation for the items 

‘knee valgus/HIR’ and ‘pelvic control’ of the lateral step down test
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a line and the angle with the horizontal plane was calculated (Figure 1). Score 3 

was given when the line connecting both ASIS was horizontal. An angle between 

0° and ≤ 10° received score 2. An angle between 10° and ≤ 20° resulted in score 1. 

Score 0 was given with an angle > 20° or in case of explicit weight transfer on the 

contralateral leg. 

Lumbopelvic position-reposition test scoring
A scoring method was developed based on repositioning of the trunk and 

lumbopelvic regions. The recording of this test was viewed once and a screenshot 

of the neutral reference position and a screenshot of the repositioning into the 

reference position after three movement cycles were compared. Four items were 

evaluated: position of the pelvis (1), lumbar spine curvature (2), thoracic spine 

curvature (3) and inclination of the thorax (4). Item scores were combined into an 

aggregate score ranging from 0 to 10, with 10  being the best score. Possible scoring 

options for the first two items were: score 3: repositioning = original position 

(perfect repositioning, no differences between the two screenshots for this region); 

score 2: small deviation (near perfect repositioning, small difference discernible 

between the two screenshots for this region); score 1: large deviation (undeniable 

difference between the two screenshot for this region); score 0: impossibility to 

reposition (repositioning is impossible due to obvious coordination dysfunction). 

Possible scoring options for item 3 and 4  were: score 2: repositioning = original 

position (perfect repositioning, no differences between the two screenshots for 

this region); score 1: small deviation (near perfect repositioning, small difference 

discernible between the two screenshots for this region); score 0: large deviation 

(undeniable difference between the two screenshot for this region). An overview of 

the scoring method is presented in Appendix Table 1.

2.6  Statistical analyses 

Intra- and inter-tester reliability, based on the aggregate scores of the lateral step 

down test and the lumbopelvic position-reposition test were calculated. Intraclass 

correlation coefficients (ICC) with 95% confidence intervals (CI) were calculated 

with a two-way random effects model with single measure reliability (ICC (2,1)). 

Interpretation of the ICC values was in accordance with Cicchetti and Sparrow.3 

Standard error of measurement (SEM) was calculated (SEM=SD 1–ICC). Minimal 

detectable changes (MDC), based on the 95% confidence intervals, were calculated  

with 1.96 x √2 x SEM.

 Intra- and inter-tester reliability of the ordinal scores on the separate test 

items of both tests was investigated with linear weighted kappa coefficients and 

the corresponding percentage agreement. Interpretation of the kappa coefficients 

was in accordance with Landis and Koch.13 For each separate item, the percentage 

agreement between two given scores was calculated. Sample size requirements to 
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achieve a significance level of 0.05 with a power of 0.8 were calculated based on the 

study of Walter et al.27 Statistical analyses were conducted with the statistical 

software package SPSS (v25.0).

3  Results

Descriptive statistics for both tests are presented in Table 2. ICC values with 95% 

confidence intervals and accompanying SEM and MDC values are presented in 

Appendix Table 3. Good to excellent intra- and inter-tester reliability values were 

found for the aggregate scores for both tests.

Kappa coefficients with 95% confidence intervals and accompanying percentage 

agreement are presented in Appendix Table 4. Intra-tester agreement for the items 

‘dynamic balance’ and ‘knee valgus/HIR’ of the lateral step down test revealed 

almost perfect agreement and, substantial intra-tester agreement was found for 

the item ‘pelvic control’. Inter-tester agreement for all three items of the lateral 

step down test was substantial. 

 Intra-tester agreement for the lumbopelvic position-reposition test was 

substantial for the items ‘position of the pelvis’, ‘lumbar spine curvature’ and 

‘inclination of the thorax’ and moderate for the item ‘thoracic spine curvature’. 

Inter-tester agreement for the item ‘position of the pelvis’ and ‘lumbar spine 

curvature’ was substantial. Inter-tester agreement for the items ‘thoracic spine 

curvature’ and ‘inclination of the thorax’ was fair.

Table 2   Descriptive statistics of the lateral step down test and lumbopelvic 

position-reposition test

N Mean SD Min - Max

Lateral step down test (Examiner 1)
Lateral step down test (Examiner 2)

30 
30

4.5/9
4.4/9

±1.2
±1.4

1/9 – 7/9
0/9 – 8/9

Lumbopelvic position-reposition test (Examiner 1)
Lumbopelvic position-reposition test (Examiner 2)

30 
30

6.9/10 
7.3/10 

±1.8
±1.4

2/10 – 10/10
5/10 – 10/10

N = number of subjects; SD = standard deviation
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4  Discussion

Based on the ICC value (with 95% CI) of the aggregate scores on the lateral step 

down test, good to excellent intra- and inter-tester reliability can be expected.  

The separate items showed substantial to almost perfect intra- and inter-tester 

agreement. The lowest kappa coefficient was shown for the intra-tester agreement 

of the item ‘pelvic control’, but was nonetheless above 0.61, which is used as 

clinically acceptable agreement.1,10,12,16,22 Based on the expected good to excellent 

reliability of the aggregate scores, and the substantial to perfect agreement on the 

separate items, the authors of this study consider the current scoring method of 

the lateral step down test reliable for use in clinical practice with healthy 

participants. However, caution is needed for the item ‘pelvic control’. The 95% CI 

for the kappa coefficient was 0.36 – 0.84, which possibly results in low intra-tester 

reliability when scoring this item separately. This might be the result of subjective 

anatomical reference determination in Kinovea. It is advised to mark both ASIS 

reference points with tape to aid scoring of this item. 

 The results are in agreement with Piva et al.19 They evaluated a lateral step 

down on 5 items and depending on the movement deviation severity, 1 or 2 points 

were added per item and, based on the total scores, participants were classified as 

having poor (score 4-10), medium (score 2-3) or good quality (score 0-1) of movement. 

However, reliability was calculated on the aggregate score without taking into 

account the separate items. This could result into reliably classifying two 

participants as having the same quality of movement, whilst having very dissimilar 

test performances. Furthermore, their test was designed to detect altered 

movement patterns in patients with patellofemoral pain syndrome. It is possible 

that the step down height (20 cm) in their study was not physically demanding 

enough to identify inadequate neuromuscular control in healthy subjects. 

Therefore, the step down height for the current study was adjusted to 30 cm as 

proposed by Norcross et al.17 Chmielewski et al.2 did not find high agreement 

between raters for scoring the lateral step down test. They scored excessive, 

moderate, small or no movement deviation from the neutral position for the 

trunk, pelvis and hip during a similar test protocol. These less than favorable 

results were attributed to the absence of explicit scoring guidelines for the 

examiners and a timed scoring period of 30 seconds after viewing the test 

performance. 

The protocol for the lumbopelvic position-reposition test was based on the study  

of Stevens et al.23 However, they evaluated repositioning capacities based on 

ultrasound 3D movement analysis, which was reliable but its use in clinical 

practice is limited. Therefore, in our study, four different items were developed to 

quantify repositioning capacities of the trunk and lumbopelvic region. 
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Based on the ICC value (and 95% CI) of the aggregate scores on the lumbopelvic 

position-reposition test, moderate to excellent reliability can be expected for the 

evaluation of the test. Substantial agreement was found for the intra- and inter- 

tester reliability for the separate items ‘position of the pelvis’ and ‘lumbar spine 

curvature’, with all kappa coefficients for these items obtaining clinically acceptable 

agreement. On the other hand, only fair to substantial agreement was found for 

the items ‘thoracic spine curvature’ and ‘inclination of the thorax’ of which only 

intra-tester reliability for ‘inclination of the thorax’ obtained clinically acceptable 

agreement. Although acceptable reliability can be expected when using the 

aggregate score, it is not recommended to use the lumbopelvic position-reposition 

test and its scoring method in the current form. Agreement for the items ‘thoracic 

spine curvature’ and ‘inclination of the thorax’ is not clinically acceptable, especially 

when multiple examiners are used for comparing test scores. If the same examiner 

performs scoring, acceptable agreement can be expected. However, taken into 

account the 95% CI, it is warranted for future research to adjust the scoring method 

in order to improve agreement on these separate items. More specific criteria, 

combined with the use of Kinovea could improve the scoring and the agreement 

for these two items. 

 With each test taking less than 10 minutes to perform and score, no extra 

costs attached, simple training needed and detailed operating instructions for 

scoring readily available, both tests are considered as clinically feasible.25

 A few methodological considerations need to be taken into account. First, it should 

be noted that only two raters were used to perform inter-tester reliability since 

using three or more raters should provide a better representation of the reliability. 

However, in a similar study, Chmielewski et al.2 found comparable results when 

calculating reliability coefficients for two raters and three raters. Second, anatomical 

reference points were used for measuring angles and quantifying movement 

deviations during the lateral step down test with Kinovea. However, no markers 

were used during test performance to indicate these reference points. Nonetheless, 

reliable results were yielded when using the current method of determining 

anatomical reference points to evaluate movement deviations except for the item 

‘pelvic control’. Using tape to mark anatomical reference points might improve 

reliability for this item.

5  Conclusion

Scoring the lateral step down test with video analysis and the software program 

Kinovea is reliable. This test can be performed and scored in clinical practice to 

evaluate trunk and lumbopelvic neuromuscular control in a healthy population. 

On the contrary, scoring the lumbopelvic position-reposition test using the novel 
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scoring method is not recommended for use in clinical practice due to low inter- 

tester agreement on two items. Future research should focus on defining more 

specific criteria to score the items ‘thoracic spine curvature’ and ‘inclination of the 

thorax’ for this test. Furthermore, investigating concurrent validity for both tests 

is warranted and could be executed with 3D video analysis. As such, the performance 

quality of the separate items can be compared against criterion standards.
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Table 3   Intra-tester and inter-tester reliability of the lateral step down test and 

lumbopelvic position-reposition test (ICC values, based on the aggregate 

test scores, with corresponding SEM values and MDC values)

N ICC (2,1) 95% CI for ICC SEM* MDC*

Intra-tester reliability
Lateral step down Test

30 0.88 0.76 – 0.94 0.44 1.23

Inter-tester reliability
Lateral step down Test

30 0.81 0.64 – 0.9 0.51 1.42

Intra-tester reliability
Lumbopelvic position-reposition test

30 0.87 0.75 – 0.94 0.64 1.76

Inter-tester reliability
Lumbopelvic position-reposition test

30 0.73 0.51 – 0.86 0.85 2.34

CI = confidence interval; MDC = Minimal Detectable Change; N = number of subjects; SEM = standard 

error of measurement. *SEM values and MDC values are represented on a scale from 0-9 for the lateral 

step down test; on a scale from 0-10 for the Lumbopelvic position-reposition test.
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Table 4   Intra-tester and inter-tester reliability of the different items of  

the lateral step down test and the lumbopelvic position-reposition test 

(Linear weighted kappa coefficients, with percentage agreement 

between examiners for each item scored)

Lateral step down Test N Kappa 95% CI for Kappa % agreement

Intra-tester reliability
Dynamic balance

30 0.81 0.66 – 0.97 83.3

Intra-tester reliability
Knee valgus/HIR

30 0.91 0.74 – 1 96.7

Intra-tester reliability
Pelvic control

30 0.62 0.36 – 0.84 76.7

Inter-tester reliability
Dynamic balance

30 0.65 0.45 – 0.85 70

Inter-tester reliability
Knee valgus/HIR

30 0.75 0.51 – 0.98 90

Inter-tester reliability
Pelvic control

30 0.78 0.57 – 0.99 86.7

Lumbopelvic Position-Reposition Test N Kappa 95% CI for Kappa % agreement

Intra-tester reliability
Position of the pelvis

30 0.62 0.39 – 0.86 70

Intra-tester reliability
Lumbar spine curvature

30 0.76 0.56 – 0.96 83.3

Intra-tester reliability
Thoracic spine curvature

30 0.5 0.19 – 0.81 70

Intra-tester reliability
Inclination of the thorax

30 0.7 0.47 – 0.94 83.3

Inter-tester reliability
Position of the pelvis

30 0.61 0.32 – 0.87 80

Inter-tester reliability
Lumbar spine curvature

30 0.72 0.49 – 0.95 83.3

Inter-tester reliability
Thoracic spine curvature

30 0.29 0.01 – 0.57 60

Inter-tester reliability
Inclination of the thorax

30 0.25 0.01 – 0.55 56.7

CI = confidence interval; HIR: Hip Internal Rotation; N = number of subjects
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Abstract

Objectives: Core stability has been suggested to influence lower extremity 

functioning and might contribute to the development of lower extremity overuse 

injuries, but prospective studies to investigate this relationship are limited. The 

objective of this study is to investigate the role of different components of core 

stability as risk factors for the development of lower extremity overuse injuries.

Methods: 142 first-year physical education students participated in this study. 

They were tested in 2015 and were prospectively followed for maximally 1.5 years 

by means of a multilevel injury registration method. Three participants were 

excluded due to physical complaints during testing. As such, 139 participants were 

included in the statistical analysis. At baseline, dynamic postural control, isometric 

core and hip muscle strength, core muscle endurance, core neuromuscular control 

and proprioception and functional movement were measured in all participants. 

Competing risk regression analyses was performed to identify significant contributors 

to the development of lower extremity overuse injuries.

Results: During the follow-up period, 34 of the 139 participants developed a lower 

extremity overuse injury (25%). Significant predictive effects for an overuse injury 

were found for an increased side-by-side difference in dynamic postural control  

(P = .038), decreased isometric hip extension/flexion strength ratio (P =.046) and 

decreased abdominal core muscle endurance (P = .032). 

Conclusion: This study identified measures for dynamic postural control, core 

muscle strength and core muscle endurance as significant risk factors for the 

development of overuse injuries after statistical model building. On the other 

hand, core neuromuscular control, core proprioception and functional movement 

might not allow clinicians to identify subjects at risk. These accessible, reliable 

screening tools could be used in clinical practice with regards to screening and 

injury prevention for overuse injuries.

Keywords: Core muscle strength, core muscle endurance, postural control, injury 

prevention, injury screening, lower extremity overuse injuries
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1  Introduction

Core stability is considered an essential concept in clinical rehabilitation and 

athletic training.8 It is generally defined as the foundation of dynamic control of 

the lumbopelvic hip complex that allows for optimal production, transfer and 

control of force and motion, which is transferred throughout the kinetic chain 

during functional movement.35,36 Adequate core stability ensures safe and controlled 

movement distal to the core, and is considered an important contributor in 

maintaining dynamic joint stability in the kinetic chain.35,36 From an anatomical 

point of view, the musculoskeletal core of the body refers to the osseous and soft  

tissue structures of the spine, pelvis, hip and the abdomen.6,8,36 Core stability 

relies on different musculoskeletal capacities for efficient functioning.9,22,30,34,37 

It requires substantial core muscle endurance, strength, proprioception and neuro- 

muscular control.

 Deficiencies in any of these components of core stability may affect 

performance and increase susceptibility for musculoskeletal injury since core 

stability provides dynamic joint stability. For example, impaired core stability has 

been suggested to contribute to the development of low back pain.8,10,28,45  

In addition, core stability can be considered a proximally located contributor to lower 

extremity injuries.11,36 A significant share of lower extremity injuries are overuse 

injuries and are traditionally defined as injuries that occur with gradual onset 

over time and are thought to be the predominant injury type as a result of 

repetition of similar technical movement patterns such as jumping, landing and 

cutting.4,39 The etiology of overuse injuries remains largely unknown,48 and local 

intrinsic factors have already been suggested.41,51,52 Core stability, as a non-local 

risk factor, could have a crucial role in developing lower extremity overuse injuries 

since inadequate core stability is believed to increase uncontrolled joint displacements  

or accessory movements throughout the kinetic chain and could therefore increase 

susceptibility for the development of overuse injuries.11,49,50 

 However, based on current literature, there seems to be limited proof for core 

stability and its role in the development of lower extremity overuse injuries.18 

Furthermore, there is no single measure for determining core stability since it 

relies on different musculoskeletal capacities and, measurements to assess core 

stability often depend upon lab testing or expensive  methods.49,54 As such, the 

lack of transparency in the concept of core stability as a risk factor and, the lack of 

a single valid and reliable assessment method to comprehensively evaluate 

different aspects of core stability have led to suboptimal implementation of the 

assessment of core stability as a preventative screening tool in clinical practice. 

Therefore, the aim of this prospective study was to investigate the different 

components, necessary for adequate core stability as possible risk factors in the 

development of lower extremity injuries in an active population. These components 
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include dynamic postural control, core neuromuscular control and proprioception, 

core muscle strength and core muscle endurance and functional movement.

2  Methods

2.1  Study Design

A prospective cohort study was set up with a 1.5 year follow up period. At the start 

of the 2015-2016 academic year, all participants performed a core stability test 

battery to assess dynamic postural control, core neuromuscular control and 

proprioception, core muscle strength and core muscle endurance in a standardized 

order. Prior to the tests, participants completed a questionnaire with regards to 

demographic and anthropometric data, sports activities, and injury history. Injury 

registration was performed for the following 1.5 years. This study was approved by 

the local university hospital Ethics Committee.

2.2  Participants 

150 freshmen students, enrolled in the physical education studies of the Artevelde 

University College Ghent (115) and the University College Ghent (35) were recruited. 

The physical education study program consists of weekly intracurricular, 

co-educational sports classes including swimming, athletics, dance, gymnastics, 

racket sports, basketball, soccer and volleyball. Participants were excluded if they 

had a history of surgery of the lower extremity. They were also excluded if they 

reported an injury of the lower extremity/low back in the past 6 months prior to 

testing, if they had a history of low back pain or if they reported musculoskeletal 

complaints at the start of the study. Eight subjects did not fulfill those criteria 

which resulted in 142 included participants (109 male and 33 female). Participants 

gave their written informed consent prior to participation.

2.3  Injury Registration and Diagnostic Criteria

A multilevel registration method and predetermined criteria were used to detect 

lower extremity overuse injuries of interest. A primary online registration method, 

which consisted of a weekly online questionnaire, was used to identify participants 

with a potential lower extremity overuse injury. Secondly, every 3 months, 

participant interviews were conducted via contact by phone to check compliance 

with the injury registration and to verify physical complaints and minor insults 

during the past 3 months. Diagnosis of the overuse injury was performed by the 

participants own general practitioner or sports physician and was confirmed by 

the main researcher based on information on physical complaints, the onset and 

the mechanism of the injury. Overuse injuries were considered the result of 

cumulative trauma or repetitive use and stress and,53 predetermined criteria for 
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an injury to be classified as an overuse injure were used in accordance with current 

literature.  In general, any lower extremity injury without a specific, clearly 

identifiable injury event (regardless of whether the insidious injury onset was 

gradual or rapid), which resulted in functional limitation during physical activity 

or sports was considered an overuse injury4,21,27 All other injuries were considered 

as being acute. A distinction was made between overuse tendon injuries and 

overuse muscle injury. The latter were described as a gradual injury to the muscle 

belly not as a result of (1) a sudden large direct, compressive force, resulting in 

contusion or lesion or (2) if the muscle was subject to an acute excessive tensile 

force, resulting in strain or rupture.

2.4  Exposure time

The average weekly sports participation (sum of active sports education, practice 

hours, and active sports participation outside of the official educational program) 

was registered and, this total amount of active sports participation was individually 

used as time at risk. The time at risk for each individual participant was calculated 

from the start of the study until the occurrence of a lower extremity injury, or 

until the end of the study for students who developed an injury not located at the 

lower extremity or those who did not develop an injury at all.

2.5  Core stability testing

Dynamic Postural Control
The star excursion balance test (SEBT), as described by Plisky et al44 was performed 

as a measure for single-leg dynamic postural control. The farthest distance of 

three trials for the anterior, posterior medial and posterior lateral reach direction 

was normalized to leg length and was used for analysis.29 A composite score was 

calculated for the overall performance on the test and absolute differences between 

the left and the right leg for each direction were calculated since these parameters 

have already been shown to be an indicator for lower extremity injury.44

Core Muscle Strength
Handheld dynamometry was used to assess maximal isometric hip and trunk 

muscle strength. Hip muscle strength tests were performed for hip adductor, 

abductor, external rotator, internal rotator, flexor and extensor muscles. The tests 

were performed as described by Thorberg et al.47 Isometric trunk muscle strength 

was performed by handheld dynamometry for trunk flexion and trunk extension 

strength as described by De Blaiser et al.16 One submaximal trial was allowed for 

each muscle group and three maximal repetitions were used for data analysis.  

All tests were performed using a MicroFET 2 handheld dynamometer (Hoggan 

Scientific LLC, Salt Lake City). The test order for the hip and trunk muscle strength 

testing was randomized to avoid systematic bias.
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Core Muscle Endurance
Three different isometric trunk holding tests were implemented in order to 

evaluate core muscle endurance. The prone bridging test was used to measure 

abdominal muscle endurance capacity,18 the Biering-Sørensen test, as described by 

Coorevits et al,14 was used to measure back muscle endurance. Last, the side 

bridging test, as described by McGill et al42 was used to measure lateral core 

muscle endurance capacities and was performed bilaterally. 

Neuromuscular Control and Proprioception of the Core
Core neuromuscular control was assessed with a test that evaluates a repeated 

lumbopelvic movement on five categories; quality of the lumbopelvic motion, 

control of the adjacent areas, preference of motion direction, breathing, and the 

amount of good quality repetitions. The test was performed as described by Elgue-

to-Cancina et al.23 The lumbopelvic movement performance was filmed in the 

sagittal plane with a standard video camera (Canon Legria hfG10, Canon Inc., 

Tokyo, Japan; 25 frames/second) and the five criteria were evaluated afterwards 

using a rating scale, resulting in an aggregate score on 10 points with a higher 

score signifying better neuromuscular control of the thoracolumbar and 

lumbopelvic region. 

 Proprioception of the core was evaluated with a repositioning test that evaluates 

the participant’s repositioning accuracy of the pelvis, low back and trunk after a 

dynamic task.17 The position-repositioning test was filmed in the sagittal plane 

with a standard video camera (Canon Legria hfG10, Canon Inc., Tokyo, Japan;  

25 frames/second) and was evaluated afterwards. Four criteria (position of the 

pelvis, lumbar spine curvature, thoracic spine curvature and, inclination of the 

thorax) were scored using a rating scale, resulting in an aggregate score on 10 points 

with a higher score signifying better lumbopelvic proprioception capacities. 

Functional Movement Assessment
Dynamic trunk, lumbopelvic and lower extremity movement control was 

evaluated bilaterally with the lateral step down test.17 For this test, the participant 

stood on the edge of a box in unipodal stance and was asked to perform 5 consecutive 

lateral step downs. The performance was filmed in the frontal plane using a 

standard video camera (Canon Legria hfG10, Canon Inc., Tokyo, Japan; 25 frames/

second) and scoring of the test was performed afterwards based on the movement 

pattern of the trunk, pelvis and lower extremity during the step down. This 

resulted in an aggregate score on 9 points with a higher score signifying better 

dynamic movement control.
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2.6  Statistical Analyses 

Data from the injured leg of the participants who developed a lower extremity 

overuse injury was used in the statistical analysis together with the data from the 

control group. If a participant developed bilateral symptoms, only the more 

painful leg, based on a visual analog scale, was included. The dominance ratio 

(dominant leg/non-dominant leg ratio) was matched between the control and the 

injured group. As such, 1 leg per participant of the control group was randomly 

selected according to the dominance ratio in the injured group (Figure 1). Statistical 

analysis was conducted with R statistics (R Version 3.4.4). Lower extremity overuse 

injuries were the injuries of interest and bilateral injuries and lower extremity 

injuries other than overuse injuries were included in the regression analysis as 

competing risks.26 First, univariate competing risk regression analyses were 

performed allowing reduction of the number of variables since variables were only 

included for further analysis if P < .2. Second, stepwise multivariate competing 

risk regression analyses were performed to identify significant contributors to the 

development of overuse injuries while correlations were checked between 

covariates to exclude multicollinearity. Generalized Akaike Information Criteria 

(AIC) were calculated for the different stepwise multivariate models, with the 

lowest AIC indicating the best predictive model.1 Variables with a P < .05 in the 

multivariate model were seen as significant predictors for overuse injuries. 

Receiver Operating Characteristic (ROC) curve analysis was performed in order to 

determine the optimal sensitivity versus specificity balance and the corresponding 

cut-off value for predicting high versus low risk subjects based on the best 

predictive model. 

 Goodness-of-fit tests for Fine and Gray subdistribution hazards models were 

performed based on the cumulative sums of residuals which validate the model in 

three aspects: 1) proportionality of hazard ratio, 2) the linear functional form and 

3) the link function.38

3  Results

Validity and reliability for all tests used in this study has been established in 

previous research.14,16-18,23-25,29,43 Three participants experienced physical 

discomfort during testing and were excluded. As such, 139 participants, with a 

mean age of 19.5 ± 1.4 were considered for statistical analysis. The sports performed 

by the participants outside of the physical education studies were registered and 

included soccer (53), basketball (15), volleyball (7), athletics (10), gymnastics (10), 

dance (3), swimming (6) martial arts (5), racket sports (3), cycling (4), power training 

(12) and other sports (11). A total of 34 (25%) of the 139 included participants 

developed lower extremity overuse injuries during the 1.5 year follow-up period 
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and the remaining 104 (75 %) participants who did not sustain an overuse injury 

of the lower extremity served as the control group (Figure 1). The injury rate for 

lower extremity overuse injury was 0.6 events per 1000 hours of active sports 

participation. An overview of the type of lower extremity overuse injury and 

location is presented in Table1. 

Competing Risk Regression Analysis
Subject characteristics and test outcome measures which after univariate competing 

risk analysis are reported in Table 2.

 After multivariate model building, the final model included the variables: left 

leg/right leg reach difference in the anterior direction, hip extension/flexion 

strength ratio, abdominal core muscle endurance and female gender. Although it 

did not have a significant predictive effect on the development of overuse injuries, 

gender was taken into account in the final model as a confounder due to an uneven 

distribution of gender in the overuse injury group compared to the control group 

and the significant differences between male and female subjects for several core 

muscle strength and endurance variables. A good model fit was ascertained based 

on the goodness-of-fit tests. The results of the multivariate competing risk regression 

analysis and risk factor strength is presented in Table 3. The multivariate competing 

risk regression analysis showed a predictive effect for measures of dynamic postural 

control, core muscle strength and core muscle endurance. A bigger imbalance in 

left/right postural control, a lower hip extension/flexion strength ratio and lower 

abdominal core muscle endurance were considered as risk factors for developing a 

lower extremity overuse injury. The hazard of developing such injury increased 

with 12% if the absolute left/right anterior reach distance during the SEBT 

Table 1  Summary of overuse injuries per gender (n)

Male (22/34) Female (12/34)

Hip Gluteal muscle tendinopathy (2) Iliopsoas syndrome (1)

Thigh Adductor tendinopathy (2)
Hamstring muscle overuse injury (3)
Hamstring tendinopathy (proximal) (2)

Adductor muscle overuse injury (1)
Adductor tendinopathy (1)
Quadriceps muscle overuse injury (1)

Knee Patellar tendinopathy (3)
Quadriceps tendinopathy (1)

Patellar tendinopathy (1)
Patellofemoral pain syndrome (1)
Quadriceps tendinopathy (1)

Lower leg Calf muscle overuse injury (4)
Exertional medial tibial pain syndrome 
(3)

Long peroneal muscle tendinopathy (1)
Exertional medial tibial pain syndrome 
(3)

Ankle/Foot Achilles tendinopathy (2) Achilles tendinopathy (1)
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Table 3   Risk Model Obtained by Competing Risk Regression for the Prediction 

of Lower Extremity Overuse Injury Versus No Injury

Indicator β SE P Value Hazard 
Ratio

95% 
Confidence 

Interval

Left leg/right leg anterior reach 
distance difference

0.109 0.052 .038* 1.115 1.006-1.236

Hip extension/flexion strength ratio -2.263 1.132 .046* 0.104 0.011-0.957

Abdominal core muscle endurance -0.007 0.003 .032* 0.993 0.986-0.999

Female gender 0.326 0.381 .39 1.386 0.657-2.924

*Indicates significance at the p < .05 level

Figure 2   Kaplan-Meier curve of high and low risk participants with 

accompanying life table
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increased with 1 centimeter when other variables are kept constant. Furthermore, 

the hazard of developing an injury increased with 25% if the hip extension/flexion 

strength ratio decreased with 0.1 and, the hazard of developing an injury increased 

with 1% with a decrease of 1 second on the prone bridging test. Prognostic scores 

were calculated based on the current model. Based on the ROC curve analysis with 

an area under the curve of 0.707, a cut-off value of -0.16 was determined to classify 

subjects as being at high or low risk for developing an injury. This model had a 

predictive accuracy of 53% with a sensitivity of 87.9% and a specificity of 42.2%.  

A Kaplan-Meier curve of the high-risk group and the low-risk group and the 

accompanying life table of participants at risk for different amounts of time of 

exposure is presented in Figure 2.

4  Discussion

This study identified deficits in dynamic postural control, decreased hip muscle 

flexion/extension strength ratio and lower abdominal core muscle endurance 

capacities as risk factors for the development of lower extremity overuse injuries 

after model building with gender taken into account as a confounder. No 

associations were found between overuse injuries and neuromuscular control, 

proprioception and the functional movement assessment.

Dynamic Postural Control and Injury Risk
Dynamic balance is reliant on core stability to develop internal muscle moments 

to counteract the external moments generated by body mass displacement.13 

Furthermore, core stability training has been proven to have a direct effect on 

dynamic balance and can therefore be considered as a functional measure for core 

stability.15 Results of our study revealed an absolute anterior left leg/right leg reach 

distance difference, as measured in the SEBT, to be significantly associated with 

an increased hazard to develop an overuse injury. In accordance with the results 

of our study, Plisky et al44 established that basketball players with an anterior left 

leg/right leg reach distance difference greater than 4 cm on the SEBT to be 2.5 

times more likely to sustain a lower extremity injury. A side-to-side postural 

control difference or imbalance could hypothetically influence overuse injuries in 

different ways.44  First, imbalance in stability between both legs might alter how 

a participant reacts to situations in sport activities, causing increased stress to the 

more adept lower extremity. Second, the more adept lower extremity may absorb 

excessive force due to instability resulting from poor balance on the less able lower 

extremity. Finally, the less adept lower extremity may not provide a stable base on 

which to land or pivot.
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Core Muscle Strength and Injury Risk
Hip musculature has been described as an essential contributor for core stability 

and lower extremity functioning during dynamic movement control.11 The hips 

and associated musculature are the base support for core structures and acts in 

conjunction with lumbopelvic musculature to stabilize the trunk over the lower 

extremity and generate and transfer force from the pelvis and spine to the leg 

during athletic activities.2,36 

 Hip muscle strength has been proven to be a risk factor in the development of 

overuse injuries.49 However, to the authors’ knowledge, this is the first study to 

prospectively identify isometric hip extension/flexion strength ratio as a risk 

factor for lower extremity overuse injuries. Values for this ratio in a healthy 

population have been described in current literature as being close to 1,40 whereas 

the overuse injury group in our study exhibited a 0.7 ratio, compared to a ratio of 

approximately 0.8 in the control group.

 For this study, the lower ratio in the injured group was due to significantly 

lower hip extension strength, compared to the control group. Univariate regression 

analysis did also identify decreased hip extension strength as a significant predictor  

an overuse injury but was not withheld in the final model. A possible injury 

mechanism for decreased isometric hip extension strength, lowered hip flexion/

extension strength ratio and injuries was investigated by Teng et al.46 They described 

the association between hip extension strength and running kinematics and found a 

more upright trunk posture during running in participants with decreased isometric 

hip extension strength resulting in an overreliance on the knee extensors during 

running which could contribute to altered lower extremity kinematics and 

possible overuse injuries. Furthermore, De Ridder et al19 suggested that decreased 

hip muscle extension strength was associated with reduced dynamic control of 

the hip and with the reduced capacities of the hip muscles to decelerate the body 

center of mass during high-velocity athletic maneuvers, resulting in decreased 

impact absorption during movement. 

 Univariate regression analysis in our study also revealed other core muscle 

strength related measures which were associated with overuse injuries. However, 

these variables were not withheld in the final multivariate model. Among these 

other variables, decreased isometric hip external rotation strength and decreased 

isometric trunk flexion strength were also associated with injuries. 

Core Muscle Endurance and Injury Risk
Endurance capacity of the trunk extensors has been found to predict low back 

pain in 30 to 60 year old subjects.7 On the other hand, conflicting evidence exists 

in current literature regarding the influence of core muscle endurance and lower 

extremity injuries. Results of our study indicate decreased endurance capacities of 

abdominal core musculature and lateral core musculature to be significantly 
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associated to the development of lower extremity overuse injuries. Based on the 

AIC method and due to high correlation, only abdominal core muscle endurance 

was withheld in the final model. Contrary to these results, no significant 

differences were found on hold times for anterior, posterior and lateral core muscle 

endurance tests in injured compared to uninjured collegiate basketball players 

and track athletes.37 Furthermore, none of these measures were considered a risk 

factor for sustaining an injury. Wilkerson et al50 also found non-significant 

differences in endurance times for posterior and lateral core muscle endurance 

tests in injured compared to uninjured collegiate football players. However, 

similar to our results, they did find significantly lower endurance times for the 

anterior endurance test in injured athletes and found reduced anterior core muscle 

endurance to be a modifiable risk factor for lower extremity injuries. Comparison 

between studies is difficult since Leetun et al37 and Wilkerson et al50 both described 

general lower extremity injuries and, they both used the flexor endurance test,  

for which no information is available with regards to validity.42 Furthermore,  

the population as described in this study is a multisport cohort in contrast to the 

aforementioned studies. A possible explanation for an increased risk for lower 

extremity injury is that suboptimal endurance of the core musculature results in 

inhibition of specific lower extremity muscles,30,31 resulting in kinetic and kinematic 

changes during dynamic tasks, which in turn could predispose a subject to injury.

Core Neuromuscular Control, Proprioception, Functional Movement and Injury Risk
Interestingly, neuromuscular control and proprioception were not associated with 

the onset of lower extremity overuse injuries. Contrary to the results of our study, 

inadequate neuromuscular control and proprioception, have been shown to be risk 

factors for the development of lower extremity injuries since these aspects could 

compromise dynamic stability and lead to altered movement patterns during 

locomotion, possibly exposing the lower extremity to injury risk.49,54,55 Zazulak  

et al54 found active repositioning deficits to be a risk factor in the development  

of knee injuries in female athletes. However, cautious comparison between the 

results of these studies and our study is necessary since these studies evaluated the 

aspects of sensorimotor control in lab situations with the use of expensive or not 

commercially available devices. Furthermore, Zazulak et al54 only measured trunk 

proprioception in the transversal plane compared to the sagittal plane in our study. 

More research is needed to investigate the influence of inadequate neuromuscular 

control and proprioception on overuse injuries.

 This is the first study in which participants performed the functional lateral 

step down test to assess the relationship between dynamic trunk, lumbopelvic and 

lower extremity movement control and lower extremity overuse injuries. Results 

of this test were not associated with an increased risk for developing an injury. 

However, verification of our results is difficult since no other studies have 
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investigated the relationship between the outcome of this test and lower extremity 

injuries.

Clinical Implications
The combination of a left leg/right leg anterior reach distance difference, decreased 

hip flexion/extension strength ratio and decreased abdominal core muscle 

endurance is a strong predictor for the development of lower overuse injuries. 

These modifiable intrinsic risk factors are easy to asses with accessible, cost-effective 

and easy to perform tools in clinical practice for the purpose of lower extremity 

overuse injury screening. The results of this study suggest that the development 

and training of adequate postural control, core muscle strength and core muscle 

endurance should not be neglected with regards to injury prevention. These risk 

factors could be translated easily into a core stability training program which 

focuses on dynamic postural control, core muscle strength and endurance. 

However, further research is needed to investigate whether these easy to train 

components of core stability have a positive effect on overuse injury incidence.

Methodological Considerations
Several statistical and methodological considerations need to be taken into 

account when interpreting the results of this study. Previous studies suggested 

there is a difference between men and women for abdominal muscle endurance 

capacities and,42 male and female relative hamstrings to quadriceps strength 

profiles diverge significantly.33 Therefore, gender was considered as a confounder 

in the analysis. The authors are also aware of the relatively limited number of 

events used to study several core stability variables. As such, a limited number of 

predictors was included as to not over fit the competing risk regression analysis 

after the univariate analyses.

 Defining overuse injuries in the first place and effectively diagnosing them in 

the second place is a difficult task.4 However, the multilevel injury registration 

method, which relied on a weekly questionnaire to be filled out by the participants, 

a physician-made diagnosis of all injuries and a three-monthly retrospective 

personal interview with all participants, allowed for a standardized and 

comprehensive injury registration system. Last, the authors acknowledge that not 

all tests, used in current protocol, represent functional movement during sport 

activities. However, it has been proven difficult to assess one’s ability to move 

through three planes of movement via nontraditional testing in order to receive 

qualitative and quantitative information related to specialized movement involved 

in sports and, a frequent issue encountered in using such screening measures is 

the insufficient reliability, validity and availability of these tests in clinical 

practice.32  Therefore, the authors opted to implement easy to use, clinical 

examination methods which are valid and/or reliable.
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5  Conclusion

This is the first prospective study to investigate proximal risk factors, related to 

core stability, and their association with distally located lower extremity overuse 

injuries in an active population by using a test battery containing practical 

screening tools. Imbalance in dynamic postural control between left and right leg, 

decreased hip flexion/extension strength ratio and decreased core muscle 

endurance were identified as intrinsic risk factors. Measures of core neuromuscular 

control, proprioception and dynamic movement control were not significantly 

associated with lower extremity overuse injuries. Assessment and training of 

these modifiable risk factor is clinically relevant in injury screening and 

prevention.
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1  Summary

The aim of this dissertation was to gain knowledge into the concept of core 

stability, how it can be assessed and how it is associated with lower extremity 

injuries (LEI). In the general introduction, an overview of the current literature 

was given in order to understand how stability of the core is established, which 

components are needed to accomplish core stability and, how these components 

can be measured in a reliable and/or valid manner. A systematic review on the 

association between impaired core stability and LEI was performed and, further 

research was carried out to establish reliability/validity of specific core stability 

measurement techniques in a healthy population. Finally, the suggested components 

of core stability were prospectively investigated to establish their role in the 

development of lower extremity overuse injuries (LEOI). A concise summary of the 

research findings per chapter is presented below.

Limited evidence exists on the association between impaired core stability and 

lower extremity musculoskeletal injuries. A first step towards gaining insight into 

this relationship is to research the current available evidence for core stability as 

a risk factor. Therefore, in chapter I, a systematic review of current literature  

was performed. This systematic review provided preliminary evidence for the 

association between impaired core stability and the development of LEI in healthy 

athletes. Limited evidence was found for core strength, core proprioception and 

neuromuscular control of the core to be potential risk factors in the development  

of a broad range of LEI. Furthermore, conflicting evidence was found for core 

endurance as a risk factor for these injuries. Impaired core stability has been suggested 

to increase susceptibility for the development of overuse injuries through 

uncontrolled joint displacement or accessory movement during physical activity. 

However, evidence provided in this systematic review is limited and further research  

is imperative. 

Before performing a prospective study to investigate the association between the 

different components of core stability and the development of LEOI and to be able 

to implement these results in clinical practice, there is need for easy to use and 

reliable and/or valid tests to measure these components of core stability in a 

healthy population. In chapter II, reliable and valid tests to evaluate core muscle 

endurance, core muscle strength, neuromuscular control and proprioception of 

the core was investigated to complement the already existing reliable and valid 

clinical tests. The prone bridging test, a test to measure abdominal core muscle 

endurance, was found to be reliable and valid based on EMG analysis. Furthermore, 

measuring trunk flexor and extensor muscle strength using handheld dynamometry 

(HHD) was also established as a reliable and valid measurement based on 
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comparison with a commercially available isokinetic dynamometer. Finally, reliability 

for the novel lumbopelvic position-reposition test and the lateral step down test 

was calculated and were found to be reliable based on the total test score outcomes.  

On the other hand, it needs to be taken into account that agreement for two out of 

the four items of the lumbopelvic position-reposition test were not clinically 

acceptable, especially when multiple examiners are used for comparing test scores. 

The research performed in chapter II attempted to develop standardized tests, 

with regards to test protocol and scoring method, for core stability with the 

transition from a lab setting to a clinical setting in mind. Based on our results, 

these tests, which evaluate the essential qualities upon which core stability relies, 

can reliably be used in a clinical practice setting without the use of expensive 

laboratory equipment.

In chapter III, the different components of core stability were prospectively 

examined to investigate their role in the development of LEOI in a healthy active 

population. At baseline, isometric trunk and hip muscle strength, core muscle 

endurance, core neuromuscular control and proprioception were measured with 

the use of the aforementioned tests. Furthermore, all subjects performed dynamic 

core stability tests. This study identified measures for dynamic postural control, 

core muscle strength and core muscle endurance as significant risk factors for the 

development of overuse injuries. On the other hand, core neuromuscular control, 

core proprioception and functional movement might not allow clinicians to 

identify subjects at risk.

2  Main discussion

Based on prominent current literature on the topic of core stability and based on 

own expertise, a working definition and model for core stability was presented in 

the general introduction. Different anatomical structures were agreed upon as 

being part of the core and, the separate musculoskeletal components needed in 

order to achieve core stability (to provide proximal stability for distal mobility) 

were discussed. Core stability relies on different musculoskeletal capacities for 

efficient functioning and, achieving core stability requires optimal employment 

of core muscle strength and endurance, proprioception and neuromuscular 

control.3,18,30,46,52,64 Dynamic postural control and functional movement are 

considered as dynamic products of adequate core stability. In order to discuss the 

results of the included studies, each component of core stability will be investigated 

with regards to how it can be measured in clinical practice, what is already known 

in current literature of its relationship with LEI and finally, how it was prospectively 

associated with LEOI. 
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Can core muscle strength be measured in clinical practice and is it 
associated with lower extremity injuries?

Multiple methods to measure muscle strength and muscle strength characteris-

tics have been described previously.4,96 Manual muscle testing (MMT), handheld 

dynamometry (HHD) and isometric or isokinetic muscle testing on a stationary 

dynamometer can all be performed to evaluate peak muscle force. In the general 

introduction, core musculature was described as the muscles originating in, and 

surrounding the abdominal, lumbopelvic and hip regions. Hip and trunk muscle 

strength measurements using a stationary dynamometer are already established 

as reliable and valid methods.34,44,60 The use of stationary dynamometers in 

clinical practice is rare given its high cost price and low usability. Therefore, MMT 

and HHD are often suggested for use in clinical practice. However, MMT is 

considered as not sensitive enough for measuring muscle strength and is highly 

dependent on the skills and experience of the examiner.63 Furthermore, evidence 

for reliability and validity of MMT is lacking to this day.24 On the other hand, 

reliability and validity for different hip muscle isometric strength tests using 

HHD have been established.75,101 Reliability and validity of HHD for trunk flexor 

and extensor muscles has not yet been investigated and these strength tests might 

be influenced by the tester’s strength, resistance location, and ability to hold the 

HHD in a stable position, especially in high force generating muscle groups.63 

Therefore, in chapter II, part II, reliability of trunk flexor and extensor muscle 

strength using HHD was investigated in a healthy population with a test-retest 

protocol and, validity was investigated by comparison with a commercially 

available stationary dynamometer. Excellent intra- and inter-tester reliability was 

found for two test positions (Table 1). Furthermore, concurrent validity was confirmed 

based on comparison of peak force values between HHD and the stationary dynamo - 

meter. In order to determine whether or not hip flexion/extension musculature is 

involved in performing these tests, it could be useful in further research to 

establish construct validity of these tests with the use of sEMG in order to determine 

the amount of muscle activity of each separate abdominal muscle and to confirm 

whether or not hip flexor muscle activity is registered during these tests. 
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Reliability and validity to measure isometric hip strength using HHD has 

already been established. New evidence supports reliability and validity for 

HHD to measure trunk flexor in a 30° trunk flexion supported supine position 

and extensor muscle strength in a prone position and, these tests can be used in 

clinical practice for a healthy population.

The systematic review, described in chapter I, established limited evidence for 

decreased isometric trunk flexor and extensor muscle strength (measured with a 

HHD) as a risk factor for ACL injuries in male and female ski-racers.87 Furthermore, 

the presence of too strong trunk flexors or trunk extensors too weak compared to 

their antagonists, as indicated by the trunk flexor/extensor strength ratio, was 

also confirmed as a risk factor for ACL injuries. This study suggested low trunk 

muscle strength and trunk muscle strength imbalance to be associated with 

increased knee valgus collapse, leading to an unstable, injury prone knee position 

during movement.50,87 This hypothesis is supported by Nakagawa et al.,77 who 

found an association between greater isometric trunk muscle strength and lower 

knee adduction moment during a single leg squat in healthy participants. 

 The search strategy, as described in chapter I, was recently executed (August 

2018) again in order to determine whether there is new evidence for core stability 

as a risk factor for LEI and the resulting articles were screened similarly as 

described in chapter I. To date, there is no further evidence that core muscle 

Table 1   Intra-tester and inter-tester reliability of the HHD tests for trunk flexor 

and extensor strength and corresponding SEM values (Nm)

ICC (2,1) 95% CI for ICC SEM (Nm)

Intra-tester reliability
Trunk flexion (30°)

0.9 0.8 – 0.95 17.69

Inter-tester reliability
Trunk flexion (30°)

0.93 0.82 – 0.97 16.45

Intra-tester reliability
Trunk extension (0°)

0.93 0.92 – 0.98 14.42

Inter-tester reliability 
Trunk extension (0°)

0.76 0.56 – 0.88 20.88

CI = confidence interval; ICC = Intraclass Correlation Coefficient; SEM = standard error of measurement 

(Newton meter)
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strength or the core muscles strength ratio is a risk factor for LEI. In chapter III, 

core muscle strength and strength ratio was prospectively examined in 

relationship to the development of LEOI due to insufficient evidence in current 

literature.

In chapter III, the relationship between isometric trunk flexion and extension 

strength, trunk extension/flexion strength ratio and LEOI was prospectively 

investigated. No significant differences between the injured group and the 

uninjured group were found for trunk extension strength and trunk extension/

flexion strength ratio. On the other hand, significantly lower trunk flexion 

strength was found in the injured group and, after univariate competing risk 

analysis only isometric trunk flexion strength could be associated with overuse 

injuries. However, covariates and confounding variables were not accounted for 

and this finding should be considered as descriptive since this variable was not 

withheld after multivariate competing risk analysis. Abdominal strength has 

previously been associated with maintaining neutral pelvic tilt during a functional 

task.78 With increased load, an increase in abdominal muscle activity was 

established. Therefore, it can be hypothesised that subjects who display low 

abdominal strength might not be able to maintain lumbopelvic stability during 

movement, possibly resulting in altered lower extremity kinematics. However, 

more research is needed to investigate the relationship between low abdominal 

strength and altered lower extremity kinematics.

In the systematic review of chapter I, isolated hip muscle strength was not 

discussed as a core stability related risk factor for the development of LEI. However, 

the role of hip muscle functioning in providing core stability has been discussed 

extensively in current literature and, it is generally considered to play an important 

role in stabilizing the trunk and pelvis and in transferring force between the 

lower extremities and the pelvis and trunk.20,61,64 For example, one study 

established the relationship between greater gluteal strength and smaller pelvic 

and trunk movements during athletic movement.85 Furthermore, decreased hip 

muscle strength has also been associated with the development of LEI. A systematic 

review found low to moderate evidence for decreased hip adductor strength as a 

risk factor for local adductor and groin injuries and,54 decreased isometric hip 

external rotation strength was established as a risk factor for general LEI in 

another study.64 More recently, a large prospective study investigated the role of 

different hip muscle strength measures for the development of LEI in which 

greater bilateral adductor strength was associated with a lower injury risk for any 

type of knee injury, but was not considered a risk factor after multivariate 

analysis.6 Although the possible relationship between isometric hip muscle 

strength and LEOI has already been described in current literature, this 
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relationship has not yet been investigated prospectively.79 In chapter III, isometric 

hip muscle strength was measured as described by Thorberg et al.101 and was 

prospectively investigated in an active cohort. Hip extension strength, hip external 

rotation strength and hip extension/flexion strength ratio were all associated with 

LEOI after univariate analysis, however, only the extension/flexion strength ratio 

was considered a risk factor after multivariate analysis. A decreased extension/

flexion strength ratio was associated with an increased hazard for LEOI and it was 

hypothesized that the decreased ratio was due to decreased hip extension strength. 

Decreased strength in hip stabilizing muscles has been associated with LEOI 

injuries and, a possible injury mechanism for LEI in subjects with decreased hip 

muscle strength has also been suggested.36,56,116 A common phenomenon described 

with decreased hip muscle strength is the occurrence of a greater peak hip 

adduction angle, greater hip internal rotation and greater frontal plane knee joint 

moments during movement.94 Decreased hip extension strength has also been 

linked to altered running kinematics. For example, isometric hip extension 

strength has been proven to be significantly correlated with the trunk flexion 

angle during running, resulting in a more upright trunk position in the presence 

of decreased hip muscle strength.100 Furthermore, decreased hip extension muscle 

strength has been hypothesized to be linked with decreased impact absorption of 

the lower extremity during functional movement.27 These findings give further 

insight into the relationship between decreased hip muscle strength and LEOI 

and, this might illustrate possible injury mechanisms for these specific injuries. 

Isometric hip muscle and trunk muscle strength was measured with the use of 

HHD. Trunk flexion strength, hip extension and external rotation strength and 

hip extension/flexion strength ratio were significantly associated with LEOI. 

However, only a decreased hip extension/flexion strength ratio could be considered  

a risk factor for these injuries.

Can core muscle endurance be measured in clinical practice and is it 
associated with lower extremity injuries?

Endurance capacity of individual muscles or muscle groups can easily be evaluated 

with the use of isometric holding tests.9,23,73 These tests are often used since they  

are easy to perform and require minimal equipment and training for the clinical 

practitioner.25 The Biering-Sørensen test, to measure endurance capacity of the 

trunk extension muscles has been previously confirmed to be a reliable and valid 

test to measure endurance capacity of the trunk extension muscles. Good to 

excellent intra- and inter-tester reliability for this test has been described in 

different studies.35,58,62,97 Construct validity for this test was investigated by 

Coorevits et al.23 sEMG of different trunk extensor muscles and hip muscles was 
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measured during the Biering-Sørensen test and normalized median frequency 

(NMF) slopes of these EMG signals were analyzed afterwards and validity of the 

test was confirmed. The side bridging test, as described by McGill et al.,73 is 

generally used to measure endurance capacity of lateral core musculature and 

excellent intra- and inter-tester reliability has been established.35,57,97 On the 

other hand, construct validity of this test was only suggested based on perceived 

fatigue during this test in a study performed by Green et al.42 Therefore, future 

research should investigate construct validity based on sEMG and NMF analysis of 

different hip and trunk muscles during the side bridging test. The prone bridging 

test was suggested in the general introduction as a functional test to measure 

endurance capacity of the abdominal core musculature. However, contradicting 

evidence on reliability for this test is described and validity for this test has not yet 

been established. Therefore, reliability and construct validity for this test was 

investigated in chapter II, part I. Excellent intra- and inter-tester reliability for 

this test was found (Table 2) and validity for this test was established after NMF 

slopes of the EMG signals of different trunk and hip muscles were analyzed.

Reliability and validity to measure endurance capacity of lateral and dorsal core 

musculature using isometric trunk holding tests has already been established. 

New evidence supports reliability and validity for the prone bridging test to 

measure endurance capacity of the ventral core musculature in a healthy 

population. This test can be used reliably in clinical practice without the use of 

expensive material.

Table 2  Intra-tester and inter-tester reliability of the prone bridging test

(ICC 2,1) 95% CI SEM (s)

Intra-tester 
reliability

0.89 0.78 – 0.95 20.9

  

Inter-tester 
reliability

0.87 0.73 – 0.93 20.75

CI = Confidence Interval; ICC = Intraclass Correlation Coefficient; SEM = Standard Error of Measurement 

(Seconds)
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In chapter I, we concluded that the current evidence for core muscle endurance as 

a risk factor for LEI was inconclusive. Three studies investigated anterior, posterior 

and lateral core muscle endurance and their relationship with general LEI.64,108,109  

No evidence was found for lateral and posterior core muscle endurance as a risk 

factor for LEI, and contradictory evidence was found for anterior core muscle 

endurance as a risk factor for LEI. An update of the current literature did not 

uncover new evidence for the relationship between core muscle endurance 

capacities and LEI. Furthermore, to this day there is no evidence which suggests 

there is an association between core muscle endurance and LEOI.

In chapter III, core muscle endurance was prospectively investigated with regards 

to LEOI. After univariate analysis, the anterior core muscle endurance (as measured 

with the prone bridging test) and the lateral core muscle endurance on the same 

side as the injury (as measured with the side bridging test) were significantly 

associated with LEOI and decreased anterior core muscle endurance capacity was 

considered as a risk factor for LEOI after multivariate analysis. Research into 

current literature could give insight into the possible injury mechanisms for LEI in 

subjects with suboptimal core muscle endurance. In general, it has been suggested 

that poor endurance of the core muscles negatively affects function throughout 

the kinetic chain.21 For example, one study investigated joint kinematics in 

subjects with fatigued lumbar musculature and found a forward leaning posture 

and increased joint angle variability at multiple joints distal to the fatigued 

muscle.69 These findings are in agreement with other studies that hypothesized 

low endurance capacity in lumbopelvic musculature to be linked to the inability 

to avoid excessive hip adduction, knee valgus movement and femoral internal 

rotation during dynamic tasks.108,111 Another study found reduced quadriceps 

muscle activity in subjects with fatigued lumbar musculature in the absence of 

fatigued quadriceps muscles.47 This was corroborated by Suter & Lindsay99 who 

concluded that subjects with poor trunk muscle endurance had a higher quadriceps 

muscle inhibition compared to subjects with good muscle endurance capacity, 

which was attributed to the phenomenon of reciprocal inhibition. Based on these 

findings, it could be hypothesized that a reduced endurance capacity of the 

abdominal trunk musculature leads to altered kinematics in distally located 

joints combined with altered muscle activation patterns during repeated or cyclic 

movement which could predispose a subject to LEOI. The majority of studies, 

researching the influence of reduced trunk muscle endurance capacity on 

biomechanical functioning of trunk and lower extremity, investigate trunk 

extension muscles rather than trunk musculature in general or abdominal 

musculature. Therefore, future research should investigate the influence on 

decreased abdominal muscle endurance and lower extremity kinematics during 

functional movement.
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Core muscle endurance capacity was evaluated with the use of the Biering-Sørensen 

test, side bridging test and prone bridging test. Significantly lower holding 

times were found in the injured group for the side bridging test and the prone 

bridging test. However, only decreased holding time for the prone bridging test 

was considered a risk factor for LEOI.

Can core sensorimotor control be measured in clinical practice and 
is it associated with lower extremity injuries?

The need to accurately assess sensorimotor control is widely accepted.51 However, 

assessment of sensorimotor control of the core is not as straightforward compared 

to the assessment of the other core stability components since sensorimotor 

control itself relies on different musculoskeletal capacities. It relies on afferent 

proprioceptive input and the following efferent neuromuscular dynamic response 

for providing and maintaining joint stability.13,51 Assessment of core neuro -

muscular control is commonly based on evaluation of muscular activation patterns, 

quality of movement or control of movement of the trunk and lumbopelvic 

regions,106 whereas assessment of core proprioception relies on the evaluation of 

the repositioning accuracy of the trunk and lumbopelvic regions.97,115 These 

aspects are generally evaluated separately and, expensive or self-fabricated lab 

equipment is oftentimes used for reliable measures of neuromuscular control and 

proprioception.82,115 Since the use of such equipment is universally acknowledged 

to have limited use in clinical practice, there have been studies to suggest clinical 

assessment methods to evaluate trunk and lumbopelvic neuromuscular control 

and proprioception. For example, Luomajoki et al.68 investigated reliability of a 

self-developed test battery in which subjects needed to perform specific movements 

in a controlled manner and, lumbopelvic movement control during these tests  

was evaluated to assess neuromuscular control. They obtained good reproducibility 

values with the use of a dichotomized score (i.e. correct/ incorrect). It is hypothesized 

that the use of a dichotomized score results in a loss of information.45 On the other 

hand, scoring of a similar test battery with the use of a 7-point scale resulted in low 

reliability values.45 Furthermore, validity for such test battery is often not 

discussed. More recently, a test protocol and scoring method was developed to 

asses lumbopelvic neuromuscular control for which reliability and validity was 

established.32,33 Subjects performed a repeated lumbopelvic movement which was 

evaluated on five categories: quality of the lumbopelvic motion, control of the 

adjacent areas, preference of motion direction, breathing, and the amount of good 

quality repetitions. The five criteria were evaluated afterwards using a rating 

scale. Concurrent validity was established by comparing the clinical test scores to 

spinal kinematics. Reliability of the scoring method was investigated a first time 

and a second time after a short training session for the participants on how to 
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perform the test correctly. Higher agreement values for scoring the test were found 

for the pre-training performance compared to the post-training performance, 

suggesting that assessors may have been influenced by an expectation of improved 

performance after training. Some assessors may have rated performance poorer if 

they expected greater improvement from training. Therefore, the authors 

suggested that scoring the test without participant training might be more 

reliable. As such, this test was implemented in the prospective study of chapter III 

and will be further described as the lumbopelvic control test.

Clinical assessment for core proprioception is based on evaluating repositioning 

capacities of the trunk and lumbopelvic regions without the use of expensive 

equipment. For example, Henriksen et al.49 investigated reliability of inclinometry  

to evaluate lumbopelvic repositioning capacities in three positions. However, they 

calculated low ICC values for test-retest reliability, especially for the standing 

position compared to the sitting position. Based on current literature, there seems 

to be a lack of clinical tests to measure core proprioception. Therefore, in chapter II, 

part III, reliability of a novel test method (lumbopelvic position-reposition test) 

to assess trunk and lumbopelvic repositioning capacities was discussed. The test 

performance was based on the protocol of Steven et al.97 and, a rating scale was 

used for scoring the test performance. Based on the total test score, good inter-tester 

and excellent intra-tester reliability was found (Table 3). 

Adequate sensorimotor control of the core plays an important role in providing 

stability during movement and athletic performance.61 The SEBT and the lateral 

step down test, which evaluate dynamic postural stability and quality of movement  

or control of movement respectively, have been described as a measure for 

sensorimotor control in a more functional position. The reliable and valid SEBT for 

Table 3   Intra-tester and inter-tester reliability of the lumbopelvic  

position- reposition test (ICC values, based on the aggregate test scores, 

with corresponding SEM values and MDC values)

ICC (2,1) 95% CI for ICC SEM* MDC*

Intra-tester reliability
Lumbopelvic position-reposition test

0.87 0.75 – 0.94 0.64 1.76

Inter-tester reliability
Lumbopelvic position-reposition test

0.73 0.51 – 0.86 0.85 2.34

CI = confidence interval; ICC = Intraclass Correlation Coefficient; MDC = Minimal Detectable Change; 

SEM = standard error of measurement. *SEM values and MDC values are represented on a scale from 0-10 
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postural stability has been suggested as an indicator for core stability since 

dynamic balance is reliant on core muscle strength, neuromuscular control and 

proprioception.20,43,58,83 The SEBT is scored on performance, whereas the lateral 

step down test is scored on quality of movement and movement control. However, 

only slight to fair agreement between raters for the latter test (k = 0.19 - 0.22), based 

on real-time test scoring, have been reported. Therefore, in chapter II, part III, 

reliability for the lateral step down test with video based test scoring, to improve 

reliability, was investigated. Based on the total test score, excellent intra- and 

inter-tester reliability was established (Table 4).

New evidence confirms good to excellent reliability for the lumbopelvic position-  

reposition test to measure core proprioception and excellent reliability for the 

lateral step down test, a dynamic test to measure core stability. The lateral step 

down test can be used reliably in clinical practice when using the same test 

protocol and scoring methods in a healthy population. On the contrary, scoring 

the lumbopelvic position-reposition test using the novel scoring method is not 

recommended for use in clinical practice due to low inter-tester agreement on 

two items.

In chapter I, evidence was found for neuromuscular control and proprioception of 

the core as risk factors for the development of LEI in athletic populations. Decreased 

repositioning capacity of the trunk was associated with knee injuries and,115 

increased joint displacement of the hip and trunk during functional movement 

was significantly associated with the development of exertional medial tibial 

pain.106 Decreased movement control of the trunk after sudden trunk perturbation 

was associated with the development of knee injuries and,114 decreased movement 

Table 4   Intra-tester and inter-tester reliability of the lateral step down test  

(ICC values, based on the aggregate test scores, with corresponding  

SEM values and MDC values)

ICC (2,1) 95% CI for ICC SEM* MDC*

Intra-tester reliability

Lateral step down test

0.88 0.76 – 0.94 0.44 1.23

Inter-tester reliability

Lateral step down test

0.81 0.64 – 0.9 0.51 1.42

CI = confidence interval; ICC = Intraclass Correlation Coefficient; MDC = Minimal Detectable Change; 

SEM = standard error of measurement. *SEM values and MDC values are represented on a scale from 0-9 
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control of the lumbopelvic region while performing specific dynamic tests was 

associated with general LEI.89 An update on the current available literature 

revealed new evidence for impaired neuromuscular control of the core as a risk 

factor for the development of hamstring injuries.90,91 Schuermans et al.90 

concluded that the neuromuscular activation pattern of hip and trunk musculature 

during sprinting was associated with absence from sport due to hamstring injury. 

Furthermore, the same authors concluded that increased joint movement of trunk 

and pelvis during swing phase of sprinting increases injury risk for hamstring 

injuries.91

Evidence for core neuromuscular control and proprioception as a risk factor for 

LEOI remains however limited. As such, these core stability components were 

prospectively investigated in chapter III. Performance on the analytical tests for 

core neuromuscular control and proprioception (the lumbopelvic control test and 

the lumbopelvic position-reposition test respectively) were not associated with the 

development of LEOI. Although decreased repositioning capacity was seen in the 

injured subjects, this difference was not statistically significant. These results are 

not in agreement with the aforementioned studies that did find decreased NMC 

and proprioception in subjects who went on to develop LEI.113,114 

 Furthermore, no significant difference was found for the performance on the 

lateral step down test between the injured and non-injured group. Although the 

lateral step down test is widely used to detect neuromuscular control of trunk and 

lower extremity in patient populations and in healthy subjects,11,76,86 there are no 

studies available that use the lateral step down test as an injury screening tool 

despite the fact that neuromuscular control has already been linked to LEI.114 

Based on the results of our study, the lateral step down test is not suited to identify 

healthy subjects at risk for LEOI.

 On the other hand, after multivariate analysis, an absolute left/right difference 

for the anterior reach distance on the SEBT was withheld as a risk factor for the 

development of LEOI. The risk factor associated with the SEBT implies a disparity 

between the left and right side for postural stability. Based on the results of our 

study, it seems that a left/right difference in performance of this dynamic test 

might be more suitable to detect susceptibility for LEOI. Based on current literature 

and the results of the prospective study, it seems that an anterior reach asymmetry 

consistently predicts non-contact injuries.17 Compared to the posterolateral and 

posteromedial reach directions on the SEBT, it is the anterior reach direction, 

which closely resembles a unipodal squat, that requires lower extremity strength, 

neuromuscular control and balance.39 A side-to-side postural stability difference 

or imbalance could hypothetically influence overuse injuries in various way, as 

suggested in previous research.83 Plisky et al.83 established that basketball players 

with an anterior left leg/right leg reach distance difference greater than 4 cm on 
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the SEBT to be 2.5 times more likely to sustain a LEI and hypothesized that 

imbalance in stability between both legs might alter how a participant reacts to 

situations in sport activities, causing increased stress to the more capable lower 

extremity. Second, the more capable lower extremity may absorb excessive force 

due to instability resulting from poor balance on the less able lower extremity. 

Finally, the less capable lower extremity may not provide a stable base on which to 

land or pivot. Although these results are in accordance with the results of our 

study, more research is needed on the influence of inadequate postural stability on 

lower extremity biomechanics during movement.

No measure for core proprioception or core neuromuscular control was 

significantly associated with LEOI. Based on the outcomes of the dynamic core 

stability test, an increased left/right asymmetry in the anterior direction on the 

SEBT was considered a risk factor for LEOI.

The interaction of different core stability components and how it 
relates to lower extremity overuse injuries

In chapter III, we concluded that multiple core stability measures were univariately 

and significantly associated with the development of LEOI using competing risk 

analysis, without adjusting for other possible confounders or taking into account 

the relationship between the different components. However, it is the interaction 

of deficiencies in different core stability components in the model that is able to 

identify groups at risk for LEOI. Based on the final multivariate model, the risk 

factors for the development of LEOI were, an increased left/right asymmetry on the 

anterior reach direction of the SEBT, a decreased endurance time on the prone 

bridging test and a decreased isometric hip extension/flexion strength ratio, with 

gender taken into account as a confounder.

 Although other variables were also significantly associated with LEOI, these were 

not withheld after model building due to multicollinearity. For example, prone 

bridging holding time was significantly correlated with side bridging holding 

time (r = 0.687) and, hip extension strength was significantly correlated to the hip 

extension/flexion strength ratio (r = 0.786). Furthermore, significant correlations 

between different attributes within the same muscle groups were found as well, 

such as abdominal muscle endurance and abdominal muscle strength (r = 0.4). 

Overall, the multitude of correlations found between the different components of 

core stability suggest an interaction between these components which could 

reinforce injury risk when impairment in these components is present.

 The hypothesis that impairment in one core stability component could be 

correlated to impairment in other core stability components, reinforcing the risk 

for injury, has already been demonstrated in earlier research. For example, 
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suboptimal endurance of the core musculature has been associated with impaired 

sensorimotor control and inhibition of lower extremity musculature.46,109 Indeed, 

one study reported reduced trunk repositioning capacities in subjects with 

fatigued core musculature.13 Furthermore, since muscle fatigue leads to increased 

threshold of muscle spindle discharge, it seems that neuromuscular control is 

compromised for a short period after muscle fatigue, which may lead to a possible 

inability to dynamically stabilize the joints.13 Therefore, it can be hypothesized 

that subjects with decreased endurance capacity experience muscle fatigue more 

rapidly, which could lead to more distinct deficiencies in sensorimotor control and 

muscle inhibition. The combination of decreased endurance capacities and decreased 

hip muscle strength, which itself results in altered movement kinematics, could 

explain the increased susceptibility for overuse injuries.

Overuse injuries occur with gradual onset over time and are the result of repeated 

technical movement patterns during sports activities. Reduced endurance 

capacities of core musculature leads to altered core sensorimotor control and 

inhibited muscle activation which leads to altered lower extremity kinematics. 

46,47 Furthermore, decreased hip extensor muscle strength also leads to altered 

movement kinematics. As such, we conclude that increased risk for LEOI can be  

a consequence of the coexistence of deficiencies in different core stability 

components during prolonged sports activities.

3  Clinical implications

The use of assessment tools in clinical practice

Previous research, executed in laboratory settings, has confirmed that core stability 

components such as neuromuscular control and muscle strength can be considered  

as risk factors for LEI.90,91,106 The authors of these studies indicated the need to 

translate such results toward clinical practice in the form of easy to administer 

and cost-effective assessment tools that measure the same construct as measured 

with laboratory equipment. The studies performed in chapter II attempted to 

bridge the gap between the measurement of core stability components in a lab 

setting and the measurement of these components in clinical practice by means of 

developing novel tests or adjusting existing tests with regards to testing protocol 

and, by investigating their validity and/or reliability. Five tests were developed and 

evaluated with regards to standardization and scoring method. The prone bridging 

test, trunk flexor/extensor strength tests, lumbopelvic position-reposition test  

and the lateral step down test can all be performed reliably when using the test 

protocols as described in chapter II. Besides a HHD to measure isometric strength 

and a basic video camera and a video editing program for analyzing kinematics, 
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no other specialist equipment is needed to perform and score these test. These 

tests can be used for screening purposes and to keep track of training progression 

within an injury prevention program as discussed below. Based on the results of 

the studies in chapter II and chapter III, a proposal could be given for a core 

stability related test battery to screen for LEOI in a healthy athletic population. 

The test battery should be developed based on validity/reliability of the tests, 

feasibility of these tests in clinical practice and the capacity of these tests to 

accurately classify a subject as being at risk for developing an injury. Therefore, 

the following tests might be appropriate: Isometric trunk flexion/extension 

strength tests; isometric hip flexion/extension strength tests; the prone and side 

bridging test; and the SEBT.

Injury prevention program

The cause for a specific injury event can be described as a condition or characteristic 

that preceded the event and without which the event would not have occurred.88 

A cause that inevitably produces an event (the injury) is described as sufficient. In 

order to be sufficient, the cause for injuries to develop is made up of different risk 

factors.88 Prospective cohort studies attempt to identify risk factors associated 

with a specific type of injury. As such, these studies are aimed at explaining an 

injury by identifying the cause and are a critical aspect for injury prevention.74,88  

Using the evidence found in these studies, the following step in the process of 

injury prevention is the introduction of injury prevention programs implementing 

preventive measures that are likely to reduce future risk and/or severity of 

injuries.74,104 The efficacy of such prevention programs has already been confirmed 

through the implementation of prevention programs, able to drastically reduce 

the incidence musculoskeletal injuries.14,92,93 For example, a randomized control 

trial investigating the effect of an injury prevention program in professional 

football players, including exercises to improve core muscle strength and dynamic 

balance has already established a significant decrease in general musculoskeletal 

injury rate by 46.1% in the intervention group.92

 As such, the implementation of core stability exercises in an injury prevention 

program is warranted and might provide a successful addition toward primary 

prevention of LEOI in a healthy athletic population. 

Taking into account the results found in the prospective study in chapter III and 

general training principles, the set-up of the  injury prevention program should 

consider the following basics:

· In general, training and normalization of potential contributors to injury (eg. 

impaired core stability components) should not be the sole focus of a training 

program aimed at preventing LEOI in a healthy population.28 It is rather an 

relevant contribution within an injury prevention program.
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 In an ideal situation, the performed core stability exercises should be implemented 

within a comprehensive and multifaceted prevention or rehabilitation protocol, 

aimed at training the entire kinetic chain in line with the sport specific needs 

with regard to endurance, strength, sensorimotor control, flexibility, speed and 

explosivity among others.55,98 Furthermore, general aspects such as awareness 

education on injury mechanisms and, adequate warm-up needs to be included 

as well.40

· The core stability aspect of the prevention program should commence with 

exercises that isolate specific core muscles groups in order to normalize 

impairments.52  The exercises given at the start can be low threshold core stability 

exercises which incorporate training of separate impaired core stability components 

in order to familiarize subjects with specific exercises and training principles. 

· These basic exercises need to progress towards exercises that include the activation 

of the same muscle groups within more complex 3D movements in accordance 

to a specific sport and need to target different impaired core stability components  

at once.1,55  

· With any given exercise, it is imperative for the coach, physical trainer or therapist 

to supervise that the exercises are performed with a spinal position as neutral 

as possible (dependent on which specific exercise) and with optimal engagement 

of deep and superficial core stability musculature.55 Specifically, any cues that 

cause hollowing of the abdominal wall, which compromises the function of the 

more superficial muscles that embrace the trunk, should be avoided.72

· As with any form of training, a varied exercise selection, periodization, the 

overload principle and systematic progression must be evaluated periodically 

in order to assess efficiency of the given training program and its intended 

goal.15,67 Systematic progression can be achieved by adjusting the frequency, 

intensity, the duration and volume of the training bout.53 

Providing a comprehensive  injury prevention program is not within the scope of 

this dissertation. However, some examples of exercises commonly used in fitness 

and rehabilitation will be described below. Various exercises will be provided 

accompanied with progression possibilities. In accordance with the results of the 

prospective study, these exercises are primarily aimed at normalizing left/right 

postural stability asymmetry, hip extension/flexion strength ratio and, are aimed 

at improving abdominal core muscle endurance. 

 Please note that this is not an exhaustive list of exercises and, given the specific 

nature of different sports, there will be no focus on sport specific exercises but 

rather general exercises. Furthermore, this dissertation does not aim to focus on 

the basic principles of core stability training which teach a subject to perceive 

neutral spine curvature and core muscular activation in different positions on the 

one hand and controlled lumbopelvic movement on the other hand.
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(1) The prone bridging test is a reliable test to evaluate muscle endurance.25 It also 

provides an adequate stimulus for training core muscle endurance when holding 

this position for an extended period of time.31 It can be used as a low threshold 

exercise for training and optimizing core muscle endurance in general (Figure 1A) 

and, variations on this exercise are easily added. The prone hip extension (Figure 

1B), using a resistance band, can be applied to train hip extension strength 

combined with core muscle endurance. Gluteus maximus activity during this 

exercise has even been shown to be as high as 75% of the MVIC.12  An added hip 

abduction during hip extension in this exercise results in even higher gluteus 

maximus activity and adds a trunk rotational component to the exercsie.59 The 

prone running exercise (Figure 1C) can be used to add explosivity for sprint related 

sports and, the prone ‘spiderman’ (or prone oblique knee raise) (Figure 1D) exercise 

can be performed to add trunk rotational strength training and hip external 

rotation strength training and all exercises can be complemented with the use of 

a resistance band.

(2) Romanian deadlifts (sometimes referred to as stiff legged deadlifts) (Figure 2A) 

are an excellent exercise to elicit greater hip extensor muscle activity compared  

to hip flexor muscle activity.71 Therefore, this exercise can be implemented to 

normalize hip extension/flexion strength ratio in the presence of weak hip 

extensor musculature. Research has also established a greater gluteus maximus 

activity compared to other hip musculature activity during single leg variations of 

the Romanian deadlift (Figure 2B).29 Furthermore, when performing these single 

leg variations, single leg balance will be trained as well. Extra material, such as 

resistance bands, free weights or unstable surfaces, can be used in order to build 

in progression within these exercises. A more dynamic variation on the Romanian 

deadlift is the kettlebell swing (Figure 2C). A recent study measured EMG activity 

and 2D kinematics during a kettlebell swing and the results supported the clinical 

value and the use of the kettlebell swing exercises to address clinical strength and 

endurance impairments specific to the gluteal, hamstring and trunk musculature.103 

In order to add a rotational component to the exercise, it can also be performed 

one-handed. 

(3) Contrary to the single leg deadlift variations, split squat exercises, such as the 

Bulgarian split squat (with the rear foot elevated, Figure 3A) involve activity of 

both legs and have been widely used to enhance jumping, sprinting and agility 

performance.95 As high as 85% of the external load during performance of this 

exercise is supported by the front, as reported by McCurdy et al.70  Compared to a 

standard squat exercise, the split squat has been established as a more hip 

dominant exercise eliciting more hip extensor muscle (hamstrings and gluteus 

maximus) activity compared to quadriceps activity.2,70,71 Furthermore, more 
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abdominal muscle activity was found during a split squat exercise compared to a 

standard squat exercise with equal load.2 These results suggest that performing a 

split squat might be able to train trunk muscle strength concurrently with hip 

muscle strength normalization. On the other hand, it should be noted that trying 

to improve balance by solely performing split squat exercises might not be favorable 

since no correlation could be established between split squat strength and unipodal 

balance capacities.70 Different variations on this exercise are possible, such as the 

regular split squat (both feet on the ground, Figure 3B), which allows for greater 

movement freedom and assistance from the rear leg. More dynamic variations can 

be performed as well, such as the forward lunge exercise. As possible progression, 

all of the aforementioned exercises can be combined with catching and throwing 

activities of the upper limb to add trunk rotational muscle activity and stability 

training (Figure 3C, forward lunges combined with catching and throwing).

(4) Other exercises which could be included at the injury prevention program 

targeted at normalizing and optimizing core muscle strength and endurance in 

accordance with the results of the prospective study are single leg squat variations, 

supine glute bridge variations, good mornings, Nordic hamstrings and glute-ham 

raises, amongst others. 

Some considerations and future guidelines with regards to injury prevention 

programs are in place. Randomized controlled trials under ideal conditions can be 

seen as the gold standard to truly evaluate the efficacy of an intervention aimed at 

injury prevention and, they are the next logical step towards effective injury 

prevention implementation.104,105 To assess the efficiency of a preventative measure, 

the economic consequences, the impact on performance and the decrease in injury 

risk need to be considered and, in order to effectively perform injury prevention 

for LEOI, these programs must take place in a daily sporting center and/or clinical 

environment under everyday circumstances.104 A final general consideration is 

the need for injury prevention research to deliver a final product which implements 

a relevant action plan based on procedures for clubs or professional organizations 

to adopt. Moreover, it might also be considered to extend the intervention plan 

more broadly to other sports, or sports injury problems.

Considerations for injury screening and injury prediction

In general, the findings of our prospective study suggests that impaired components  

of core stability take part in the cause for LEOI. In order to train and normalize the 

impaired parameters to reduce injury risk, low risk and high risk subjects can be 

identified with a predictive accuracy of 53%, a sensitivity of 87.9% and a specificity 

of 42.2%, based on the model presented in chapter III. These results suggest that 

the subjects which are truly at risk for developing an injury can be identified 
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reliably due to the high sensitivity. Due to calculation of a cut-off value for this 

specific model, it is possible to identify groups with high prognostic scores for 

overuse injuries and groups with low prognostic scores. However, the use of cut-off 

values for determining subjects at risk has been criticized. Cook22 declares that 

although dividing quantitative values (transforming the data) into categories 

improves the interpretability of the clinical finding but desensitizes the data and, 

as with small sample sizes, can fail to identify patterns. It is better to consider the 

current predictors as dimensions (rather than a tool with a dedicated and 

discriminative value) that reflect a construct that is needed within a given sport.22

 Furthermore, it should be noted that predicting risk for injury for an individual, 

based on injury screening, needs to be done with caution. The purpose of injury 

screening and prediction is indeed to identify risk factors present in individuals, 

allowing for targeted intervention in order to prevent injury. However, the 

significant group findings (the associations between the risk factors and the 

injury) might not be directly translated as individual risk. The mean risk for a 

group indicates the proportion of individuals for whom risk factors are present 

and can be considered explanatory whereas the actual risk for the individual is a 

matter of whether or not a risk factor will lead to injury, which can be considered 

as predictive.88

4  Strengths and limitations

In retrospect of the performed research as described in chapter I, II and III, the 

various strengths of the of this dissertation should be highlighted. This is the first 

study to evaluate all different components, which contribute to stability of the 

core, within one cohort. Furthermore, all the different components were evaluated 

within a multisport athletic population. Oftentimes only one specific component 

of core stability is investigated while still reporting on core stability as a whole.26 

Bringing together the different tests to evaluate core stability components allowed 

for the investigation of how these components interact with each other in the 

injury prone subjects through multivariate analysis. Results of the prospective 

study do highlight the importance of this interaction on the development of 

injuries. Furthermore, the authors attempted to bring together reliable and valid 

tests which are easy to use in clinical practice. These tests are generally not 

time-consuming and do not require the use of expensive material. As such, the 

results of current dissertation can be implemented in clinical practice to detect 

athletic subjects at risk for LEOI. This is the first study to implement the valid and 

reliable lumbopelvic control test and the recently developed, reliable lumbopelvic 

position-reposition test. Both these tests provide a more analytical, easy to perform 

alternative to more dynamic and functional tests, which purportedly measure 
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sensorimotor control, in which interference of other musculoskeletal capacities 

could play a role. 

 In order to determine a causative relationship between measured variables 

and the outcome of interest, studies need to utilize a longitudinal study design.81 

Competing risk analysis, as described by Fine and Gray,37 was used in the 

prospective study to investigate the association between core stability and injury 

and can be seen as an extension on the cause-specific Cox proportional hazards 

model by considering the subdistribution hazard. The subdistribution hazard 

re-establishes a one-to-one relationship and consequently offers a summarizing 

analysis of separate cause-specific hazards analyses.8 Contrary to cause-specific 

analyses, in which competing events are censored, the Fine and Gray analysis 

introduces the competing events in the risk set, with appropriate weighting, and 

does not censor them.38 In addition, the use of a multilevel injury registration 

method, in which a weekly online registration was combined with a three-monthly 

retrospective interview, was a strength within the study design. The use of a 

weekly online questionnaire in registering overuse injuries has been proven 

beneficial. Clarsen et al.19 compared overuse injuries in elite athletes that were 

reported to the coach or physical therapist during training sessions versus those 

injuries that were reported using a weekly email questionnaire. They found that 

the email questionnaire captured 10-fold more overuse injuries. Furthermore, it 

has been suggested that diagnostic accuracy likely improves in injuries which are 

documented by an on-site physician, while injuries for which medical attention is 

not sought are likely to be missed.65 These findings argue for expanding overuse 

injury registration methods to include a method of self-reporting, so that the 

injuries analyzed are not limited to only those that reach the attention of an 

athletic trainer or team physician.80

Next to the strengths, some methodological considerations and limitations need 

to be taken into account as well when interpreting these results..

 In chapter II, validity and/or reliability of different tests was investigated in order 

to complement other validated, reliable tests to measure different components of 

core stability. When considering the tests altogether, discussion could arise on 

whether or not these tests are functional enough to examine core stability and 

how it functions during movement. Since core stability is important in providing 

a stable base on which efficient and safe movement can be built upon, it has been 

suggested that assessment of core stability should also be dynamic, and should 

include tests that evaluate specific functions and directions of three planar 

movement.61,110 Quantifying core stability in a dynamic situation has previously 

been performed with the use of 3D movement analysis or sEMG analysis.90,91,106 

However, determining validity and reliability of sport specific, dynamic tests that 

measure trunk or lumbopelvic kinematics without the use of laboratory equipment 
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seems a challenging task, given that such tests are prone to a substantial amount 

of within-individual variability.107 Furthermore, evaluation of dynamic tests 

implies quantification of the amount of lumbopelvic or trunk excursion during 

movement, however, they do not allow to infer on how different components such 

of core stability such as strength or endurance influence these movement patterns. 

 No specific test has been incorporated to specifically measure isometric trunk 

rotation and lateral flexion strength, although these functions are important for 

contributing to core stability.61 However, performing isometric trunk flexion also 

solicits force production of the internal/external oblique muscles, which are the 

prime movers for trunk rotation and, co-contraction with the rectus abdominis 

occurs.41 As such, the isometric trunk flexion strength can be considered as a 

strength test to evaluate the muscle groups responsible for trunk rotation.

 It should be noted that lumbopelvic control test and the lumbopelvic position- 

reposition test, as originally described by Elgueta-Cancino et al.32 and Stevens et 

al.97 were originally developed to detect neuromuscular and proprioceptive 

deficits in low back pain patients. Therefore, the established discriminant validity 

to differentiate between good and bad performers is only applicable within a low 

back pain group. Further research to differentiate good and bad performers in a 

healthy population is needed. Furthermore, both these tests have only evaluated 

trunk and lumbopelvic neuromuscular control and proprioception in the sagittal 

plane. Future research should try to incorporate evaluation in the frontal and 

transverse plane to gain full insight into these core stability components. It should 

also be noted that validity was not established for every included test. Validity on 

the lateral step down test and the lumbopelvic position-reposition test was not 

investigated. Therefore, future research should consider validating these tests 

which will be discussed more in detail in the ‘Future perspectives’ section.

 In chapter III, a prospective study was executed. No formal sample size 

calculations were performed to determine whether the prospective study had 

adequate power. Following the methodological considerations set out by Bahr and 

Holme,5 30 to 40 injury cases would be needed to detect strong to moderate 

associations, while it is suggested that 200 injury cases are needed to detect small 

to moderate associations. Therefore, it is possible that only strong associations 

were identified in our study. However, it should be noted that these numbers are 

based on calculations for a Cox regression model, without adjusting for other 

factors, and that the uninjured players will be on average exposed to the sport of 

football during 90% of the season.5 Due to a relatively small cohort in our study 

and/or proportion of injury cases, it is also possible that interpreting negative 

findings in our study could lead to a type 2 error (overlooking a true effect). 

 Across the performed studies within this dissertation,  specific study populations 

were recruited with regards to age and sports participation. In order to justify the 

use of the novel core stability tests (chapter II) in the prospective study of chapter 
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III, similar populations were needed to ascertain validity and/or reliability of these 

tests. Young athletic participants were used in these studies which limits possible 

generalization of results and conclusion towards other populations. Therefore it 

needs to be considered that the outcome measures of the different novel core 

stability tests, for which validity and/or reliability was examined in the current 

dissertation, can indeed only be regarded as reliable for these particular purposes 

for this particular type of subjects. Certain characteristics of these tests would 

make it difficult to achieve consistent results with other types of subjects.

 Finally, recent studies suggest that a single periodic health evaluation at the 

start of the research might not be sufficient to analyze risk factors and develop 

predictive models since the measured variables might alter during the season.6,102 

Variability might occur as a result of changes in response to training, workload, 

familiarization with the test procedure amongst others. Since measurement of 

these factors was outside of the scope of the prospective study, we did not take into 

account these different factors in our analyses. Re-screening of the different 

variables at a more frequent rate has been suggested as such.48 Minimal detectable 

changes should be considered when investigating variability between test 

moments and variability should be taken into account in the risk factor analysis.

5  Future perspectives

Several research questions were answered by conducting the separate studies of 

the present dissertation, which contributed to the current evidence. However, 

some study results raise new questions for which future research is warranted.  

The results from the different chapters will be discussed and recommendations 

will be given on how these results could be utilized for research in the near future. 

Furthermore, a more general outlook on how research into injury screening and 

injury prevention could/should evolve will be discussed shortly within the scope of 

this dissertation. 

In chapter II, the aim was to establish validity and/or reliability for clinical 

measurement tools. All investigated tools were proven to be reliable and valid with 

the exception of the lumbopelvic position-reposition test and the lateral step down 

test, two tests for which validity was not verified. Concurrent validity of both these 

tests can be examined when compared to 3D movement analysis. In both tests, 

different items are evaluated for which the amount of repositioning capacity or 

the amount of movement pattern deviation is subjectively assessed by the rater 

and can be compared to range of movement as measured with 3D. Furthermore, 

due to due to low inter-tester agreement on two items for the lumbopelvic posi-

tion-reposition test, the scoring method should be revisited in future research. For 
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this dissertation, the tests for core stability was performed by physical education 

students, a cohort of subjects not focusing on one specific sport. Although the 

importance to assess the generic qualities underlying core stability has been 

stated, it has been suggested that sports-related testing protocols might be 

appropriate to test high-level athletes since it has been proven that depending on 

the sport, athletes display a different aptitude for achieving core stability.7 

Therefore, developing a sport specific test protocol, based on nonspecific tests, 

might be useful when working with high-level athletes.

 Positive results for risk factor identification within a lab setting solicit the 

extrapolation of these results towards clinical practice.91,106 It has been previously 

suggested there is a need to find parallels and correlations between laboratory 

investigation methods and more easy to administer, less time- and money consuming 

assessment tools, examining similar outcome parameters. In the current dissertation, 

an attempt has been made to implement and adapt such assessment tools. However, 

a gap still exists between real life situational testing in laboratory settings and 

field test settings. Due to technological advancements there might be a solution for 

these issues. For example, wearable sensors are an ever evolving technology and is 

increasingly popular in different sports.112 An example of wearable sensor technology 

is an IMU (Inertial Measurement Unit) which is equipped with an accelerometer, 

gyroscope and sometimes magnetometer and can be easily fabricated into sports 

garments.16,66 These apparatuses are able to register different spatiotemporal 

parameters and as such should be able to measure dynamic joint stability. These 

tools might be able to replace expensive, not commercially available equipment 

and can still be used in dynamic situations to quantify core stability. Furthermore, 

prospective research often only considers time as exposure, and not the amount of 

workload or measures related to workload. Since this could play an important role 

in LEOI, there is need for future research to take into account workload. The use of 

innovative wearable sensor technology might partially cater to this need. 

The study in chapter III is the first study to prospectively measure the different 

components of core stability within a cohort at actual risk of injury. Therefore, 

additional research is necessary in order to further investigate and confirm the 

present findings. Throughout the discussion it was suggested that impaired core 

stability was linked to altered trunk and lower extremity kinematics. In order to 

gain more insight into the relationship between these measurements and LEOI on 

the one hand, and into the injury mechanism of LEOI on the other hand, future 

research should be conducted to see if impaired muscle strength, or abdominal 

muscle endurance can be associated with altered trunk or lower extremity 

kinematics. Furthermore, it would be beneficial to extrapolate these findings to 

more specific sports in which LEOI have a high prevalence and these findings 

should be translated into specific rehabilitation and prevention strategies to find 



163

GENERAL DISCUSSION

out if adjustments in the impaired components  (through training) effectively 

have the capacity to reduce the risk for LEOI, and how adjustments should ideally 

be implemented (types of exercises, frequency, volume, intensity and the 

implementation within training or competition schedules). 

Although the current methods for determining risk factors are used in sports 

medicine and results of studies using these methods are being successfully 

implemented in clinical practice, there have been suggestions for future risk 

factor identification studies. The current models, even multivariate models 

accounting for exposure, are suggested to include predictors that are described as 

too refined and restrictive to replicate real world situations.22 Therefore, the 

suggested next step for risk factor identification studies is the implementation of 

‘dynamic complex systems’, a system in which different individual predictors 

interact to form an emergent behavior (such as an injury).22,84 To this day there is 

lack of knowledge on how different predictors, which are identified using current 

models, might be altered or interact with each other in a dynamic system in the 

context of musculoskeletal injuries. Therefore a complex systems approach has 

been suggested to better reflect the dynamic nature of sports injuries.10 This 

approach requires the application of appropriate predictive modelling for 

investigations of interactions between different risk factors, and how these 

interactions might influence, or even alter each other to form different patterns of 

injury risk in order to reflect a more real-world situation.

6  General conclusion

Despite the widespread use of core stability and core stability training in the area 

of rehabilitation, injury prevention and athletic training, ambiguity still surrounds 

this concept. An attempt was made throughout this dissertation to deliver new 

evidence and give more insight into the concept of core stability with regards to 

what is already known in current literature, how it can be evaluated and how 

impaired core stability relates to the development of lower extremity injuries. 

First, a systematic review of the current literature revealed that

· to this day there is still no uniform definition to describe core stability and 

different methods and techniques are used to evaluate or quantify stability of 

the core. 

· there is evidence to support the hypothesis that impaired core stability can be 

considered a risk factor for musculoskeletal lower extremity injuries. 

· different components that contribute to stabilizing the core, such as muscle 

strength and neuromuscular control, were associated with lower extremity 
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injuries. However, the evidence was limited and conflicting for some components 

and only one study investigated the influence of core stability on overuse 

injuries, emphasizing the need for more high quality research. 

Second, validity and/or reliability of novel tests to evaluate different core stability 

components in a healthy population was investigated. Results confirm that

· the valid prone bridging test to assess abdominal muscle endurance can be 

performed reliably in clinical practice.

· isometric trunk flexor and trunk extensor strength measurements with a 

handheld dynamometer are reliable and are considered valid when compared 

to a stable dynamometer.

· proprioception of the trunk and lumbopelvic region can be evaluated based on 

repositioning capacities in a reliable manner when using the total score for 

video based test scoring, but it is not suggested to be used in clinical practice 

due to low agreement inter-tester agreement on two separate test items.

· scoring the lateral step down test to dynamically measure neuromuscular 

control of the trunk pelvis and lower extremity is reliable when using video 

based test scoring.

Finally, a prospective study was performed in which an athletic population performed 

the different core stability tests in order to investigate whether or not impaired 

core stability could be associated with lower extremity overuse injuries. This study 

revealed that

· a left/right asymmetry in postural balance combined with decreased endurance 

capacity of the abdominal musculature and a decreased isometric hip extension/

flexion strength ratio can be considered as risk factors for the development of 

lower extremity overuse injuries.

In conclusion, a successful attempt was made to gain more insight into core 

stability and, the studies presented within this dissertation provide newfound 

knowledge on this concept. However, more research is still needed in order to fully 

understand its role in the development of lower extremity overuse injuries and 

how it can be used for injury prevention.
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Het optrainen van ‘romp, lumbopelvische en heup stabiliteit’, of kortweg ‘romp-

stabiliteit’, heeft het laatste decennium enorm veel aan populariteit gewonnen en 

wordt soms omschreven als de hoeksteen voor elke vorm van training. De term 

‘rompstabiliteit’ dekt echter niet steeds de volledige lading wanneer men naar de 

praktische invulling van dit gegeven kijkt. Binnen het kader van deze uiteenzetting 

wordt rompstabiliteit als volgt omschreven: 

‘Rompstabiliteit, gevormd door dynamische romp, lumbopelvische en heupstabiliteit, 

is de basis voor het produceren, controleren en geleiden van kracht en beweging 

doorheen de kinetische keten tijdens bewegen. Om rompstabiliteit te verwerven 

maken we gebruik van verschillende musculoskeletale eigenschappen die optimaal 

moeten samenwerken, waaronder rompspierkracht, spierkrachtuithouding, pro -

prioceptie en neuromusculaire controle. Vanuit een anatomisch standpunt zijn de 

beenderige en weke delen elementen van de romp, lumbopelvische en heupregio 

betrokken voor het verwerven van rompstabiliteit. Adequate rompstabiliteit resulteert 

in veilig en gecontroleerd bewegen distaal van de romp en levert aldus een 

belangrijke bijdrage om dynamische gewrichtsstabiliteit te onderhouden doorheen 

de kinetische keten.’

Het trainen van rompstabiliteit heeft reeds zijn nut bewezen in de rehabilitatie 

van lage rugpijn patiënten en in het verbeteren van atletische prestaties. De laatste 

jaren echter wordt er steeds meer aandacht besteed aan de rol van ontoereikende 

rompstabiliteit in het ontwikkelen van musculoskeletale letsels van het onderste 

lidmaat. Immers, als adequate rompstabiliteit zorgt voor gecontroleerde bewegingen 

doorheen de kinetische keten, kan slechte rompstabiliteit dan resulteren in 

compensatoire bewegingen doorheen de kinetische keten en aldus een rol spelen 

in het oplopen van letsels van het onderste lidmaat?

Deze stelling werd gebruikt als uitgangspunt om dit doctoraatsproject uit te 

werken met als einddoel meer inzicht te verwerven in het complexe concept van 

de rompstabiliteit, hoe het geëvalueerd kan worden en wat de associatie is met 

letsels van het onderste lidmaat. Om op deze vragen te antwoorden werd in 

hoofdstuk I een systematische review uitgevoerd van de beschikbare literatuur 

met rompstabiliteit als risicofactor voor letsels aan het onderste lidmaat als 

onderwerp. In deze systematische review werd beperkt bewijs gevonden voor 

ontoereikende rompspierkracht, proprioceptie en neuromusculaire controle van 

de romp in het ontwikkelen van letsels aan het onderste lidmaat. Daarenboven 

werd er tegenstrijdig bewijs gevonden voor de uithoudingscapaciteit van de 

rompspieren als risicofactor voor letsels onderste lidmaat en werd er over het 
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algemeen geconcludeerd dat er beperkt bewijs is in de huidige literatuur die de 

associatie tussen ontoereikende rompstabiliteit en overbelastingsletsels van het 

onderste lidmaat aantoont.

Om meer inzicht te verwerven in hoe rompstabiliteit kan gemeten worden, werd 

er in hoofdstuk II onderzoek gevoerd naar verschillende testen die het functioneren 

nagaan van de verschillende aspecten waar stabiliteit van de romp uit voortkomt. 

Dit had als einddoel het samenstellen van veldtesten die we kunnen gebruiken om 

deze verschillende aspecten van rompstabiliteit te testen op een betrouwbare en 

valide manier in een gezonde populatie. Om deze resultaten makkelijk te vertalen 

naar de klinische praktijk is het noodzakelijk om te voorzien in testen die op een 

eenvoudige en betrouwbare manier uitgevoerd kunnen worden zonder het gebruik 

van veel extra dure materialen. De planktest, een test die de uithoudingscapaciteit 

van de buikspieren meet, werd al valide en betrouwbaar bevonden op basis van 

elektromyografische metingen. Ten tweede werd het meten van de kracht van de 

rompbuigers en rompstrekkers met behulp van een in de hand gehouden dynamo - 

meter ook als valide en betrouwbaar beschouwd door deze metingen te vergelijken 

met een commerciële stabiele dynamometer. Ten slotte werd ook de betrouw-

baarheid van twee nieuwe meetmethoden bevestigd, namelijk de lumbopelvische 

positie- repositie test en de laterale trap af test. Deze testen werden aldus opgenomen 

in de testbatterij naast andere valide en betrouwbare testen die reeds gebruikt 

worden om verschillende aspecten van rompstabiliteit te meten.  

Door de hoge incidentie van overbelastingsletsels aan het onderste lidmaat enerzijds en 

door het nog steeds ontbrekende inzicht in de ontstaansmechanismen van deze 

letsels en de risicofactoren hiervoor, zijn we in hoofdstuk III nagegaan wat de 

associatie is tussen ontoereikende rompstabiliteit en het ontwikkelen van over-

belanstingsletsels aan het onderste lidmaat. Om deze associatie te kunnen aantonen 

werd een prospectieve studie opgestart waarbij gezonde actieve participanten de 

testbatterij voor rompstabiliteit uitvoerden waarna ze gedurende 2 jaar opgevolgd 

werden en het ontstaan van letsels werd geregistreerd. Deze studie identificeerde 

het voorkomen van gedaalde uithoudingscapaciteit van de buikspieren, een gedaalde 

ratio voor isometrische heupbuig/heupstrekkracht, gecombineerd met een links/

rechts asymmetrie in posturale controle als een significante risicofactor voor het 

oplopen van overbelastingsletsels van het onderste lidmaat. 

Hoewel deze resultaten bewijs leveren voor de rol van rompstabiliteit in het oplopen 

van musculoskeletale letsels, en deze resultaten eenvoudig kunnen vertaald worden 

naar de klinische praktijk, dient er nog veel onderzoek uitgevoerd te worden om 

een volledig inzicht in deze materie te verwerven.
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List of abbreviations

BMI Body Mass Index

BF Biceps Femoris

CI Confidence Interval

EMG Electromyography

EO External Oblique

FFT Fast Fourier Transforms

HHD Handheld Dynamometry

Hz Hertz

ICC Intraclass Correlation Coefficient

i.e. id est

IO Internal Oblique

ILT Iliocostalis Lumborum Pars Thoracis

LEI Lower Extremity Injury

LEOI Lower Extremity Overuse Injury

MDC Minimal Detectable Change

MF Multifidus

MFslope Median Frequency Slope

MMT Manual Muscle Testing

MVIC Maximum Voluntary Isometric Contraction

NMF Normalized Median Frequency

NMFslope Normalized Median Frequency Slope

RA Rectus Abdominis

RF Rectus Femoris

ROM Range Of Motion

SD Standard Deviation

SEM Standard Error of Measurement

sEMG Surface Electromyography

SPSS Statistical Package for the Social Sciences

3D three-dimensional
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