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Kinaesthesia and Methods for its Assessment 
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In this review measurement techniques used for kinaesthetic sense 
assessment are presented. Kinaesthesia is an important part of  hu-

man movement control and provides us with better understanding of  specific 
movement system adaptations to fatigue, training and injury. Additionally, de-
creased kinaesthesia can be an injury predisposing factor, which stresses the 
necessity for its assessment in sports injury prevention programs. First, termi-
nology and functional concept of  kinaesthesia is presented in relation to oth-
er related concepts like proprioception and sensory-motor function. For bet-
ter understanding, basic underlying neurological backgrounds are discussed in 
chapter two, encompassing peripheral sensory fields as well as the basics of  
the central processing. Additionally, factors affecting kinaesthesia and its adap-
tations to training are presented. Functional aspects are discussed, supporting 
the role of  assessment of  kinaesthesia in sports and rehabilitation. In the third 
chapter, a proposal for measuring methods classification is given. In the final 
chapter, different measuring protocols and their modifications are presented. 
Due to their usefulness in sports and injury prevention, methods for measur-
ing sense of  joint position, movement onset and active tracking are discussed 
in more detail. Possibilities and examples of  their application to sports and 
sports injury rehabilitation settings are presented. Some basic guidelines are 
given of  how to use these methods in training or for screening kinaesthesia. 

Keywords: kinaesthetic sense, proprioception, measuring methods, 
joint position sense, sense of  movement, sense of  force, active 
tracking.

Introduction

People rely on their senses to successfully interact with the surrounding 
environment. During movement, specialized senses enable perception of  self  or 
extrinsically induced movement of  our bodies. Three different but basic senses 
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have been recognized, to be of  importance for regulation of  human movement. 
These are vision, vestibular and kinaesthesia or proprioception (Guerraz & 
Bronstein, 2008; Mergner, 2007; Soechting & Flanders, 2008). This review is 
going to focus on kinaesthetic sense but it should be kept in mind that other 
senses are functionally and neurologically linked or interwoven with kinaesthesia. 

In sports, the development of  the kinaesthetic sense itself  is almost never 
the primary focus of  training interventions. Its improvement rather happens in 
parallel to other functional and structural changes which are the primary aim of  
a certain type of  training. Kinaesthetic sense is thought to be developed by some 
degree using sensory-motor training (Vuillerme, Teasdale, & Nougier, 2001). In 
the last decade, kinaesthesia has been correlated to sports injury prevention and 
rehabilitation, and is proposed to be an important factor in re-establishing proper 
motor control after injury (Riemann & Lephart, 2002). But kinaesthesia is not 
an isolated sense or ability, rather an integral part of  the movement controlling 
system. As its sub-modality, kinaesthesia is responsible for perceiving specific 
characteristics of  our own movement, and for being able to correct it accordingly 
to the goals or demands of  the movement and the task performed (Proske, 
2006). From this perspective, the essence of  kinaesthesia is the corporal self-
awareness and is of  most importance in sports and rehabilitation. For example, 
novice athletes rely on their kinaesthetic sense for the correct execution of  the 
new movement they are learning. Moreover, experienced athletes rely on their 
kinaesthethic sense to influence otherwise automatic movement, and to correct it 
accordingly to the environmental and internal task demands to achieve superior 
skill. Kinaesthesia is an important tool used by the motor control system, enabling 
improvements in movement skills and building correct movement patterns that 
are the resulting outcomes carried out almost automatically.

Kinaesthesia is actually a functional sensory conglomerate which is 
based on three different sub-senses (Proske, 2006; Proske & Gandevia, 2009). 
One of  the most often described in literature is the sense of  orientation and 
position of  individual limbs and body. Second sense enables us to perceive 
the movement of  the limbs, and the third sense enables us to feel the force 
produced by our own muscles and an effort experienced while the muscle force 
is being produced. Based on the information enabled by the three main body 
senses, humans can actively interact with the environment, this way achieving 
desired movement. Especially in clinical practice, measures of  kinaesthesia are 
of  primary importance to evaluate the rehabilitation results. In sports, affected 
kinaesthesia has been shown to be an important injury predisposing factor. On 
the other hand, measures of  kinaesthesia in functional movements enable us to 
understand the effects of  practice and other intrinsic factors, such as fatigue. 
Especially in research and clinical practice, protocols devoted to measuring 
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kinaesthesia have been used. In sports, the understanding of  kinaesthesia has 
been facilitated by motor control research. No tools have been developed to 
isolate kinaesthetic sense, but rather to measure more complex sensory motor 
function. In this review, understanding of  the concept of  kinaesthesia and its 
neurological and functional background will be presented. Explanations relevant 
to the understanding of  measurement protocols often used in sports prevention, 
rehabilitation and research practice will be presented and discussed.

Defining the Term Kinaesthesia 

In research, as well as in sports and rehabilitation literature, different terms 
such as proprioception, sensory-motor function, balance and kinaesthesia are 
often interchangeably used. Usually the same subject of  interest is discussed 
but from various perspectives. Proprioception has been often falsely used to 
describe function of  the motor controlling mechanisms during movement, 
especially awareness of  movement, reaction to perturbation and prevention of  
injury. As argued by Riemann and Lephart (2002) and Lephart, Reimann, and Fu 
(2000) poprioception has been well defined by sir Sheringhton in the beginning 
of  the 20th century. Sheringhton`s description of  proprioception was not as 
broad as the today’s understanding is. He described it as the sensory information 
originating from proprioceptors, being sensory organs sensitive to changes that 
take place in the organism itself  (Lephart et al., 2000). Today proprioception 
is often discussed in the context of  joint stability. Functional joint stability is 
one of  the prime sports injury preventive factors. Sensing unpredicted joint 
rotations is the basis for proper motor reactions. The concept of  active joint 
stability is focused on sensory-motor function. It represents the importance of  
sensory information derived from joints and muscles involved, as well as their 
central processing and preparation of  motor responses that are executed by 
relevant muscles, to stabilize individual joint during applied perturbations. From 
organizational perspective of  the motor controlling system, sensory-motor 
function is superior to proprioception. Kinaesthesia on the other hand has been 
often interchangeably used with proprioception. Lephart et al. (2000) described 
kinaesthesia as a sub-modality of  proprioception, which is associated with the 
sensation of  joint movement that can be either active or passive. But based 
on previous perspective, it might be just the opposite. Schmidt and Wrisberg 
(2008) in their textbook Motor Learning and Performance, distinguish between 
kinaesthesia as the sensation of  gross body orientation and proprioception 
as the sense of  limb positions. Some other authors have used general term 
proprioception that is composed of  two senses; the sense of  joint position 
and the sense of  limb movement or kinaesthesia (Hiemstra, Lo, & Fowler, 
2001; Ribeiro, Mota, & Oliveira, 2007). Proske and Gandevia (2009) rested on 
the definition of  Bastian dating back to 1888 (Bastian, 1888). They defined 
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kinaesthesia as a sense of  position and movement of  the limbs and the trunk. 
For an overview of  the discussion on the different definitions of  kinaesthesia, 
the reader is advised to reed previously published papers (Lephart et al., 2000; 
Proske & Gandevia, 2009). 

There is no common consensus considering nomenclature and its semantics. 
Different authors consider the role of  sensory information from different 
perspectives, such as joint stability, balance or ability to be aware of  the limb 
position. However, all definitions agree in the point that kinaesthesia is a sense of  
body and limb movement that can be consciously perceived. Descending form 
neurophysiology, kinaesthesia must encompass proprioceptive information, 
which is used by the higher nervous structures to produce sensations (Naito, 
2004; Riemann & Lephart, 2002). In its self, kinaesthesia does not include motor 
responses, but does need central processing and awareness for the person to sense 
the position or the movement of  the limbs and the torso. Sense of  balance, gross 
body orientation and joint stability remain in domain of  senses like body balance 
and posture, but using most probably the same sensory information from the 
same proprioceptive fields. The difference is that this information is used for 
processing and preparing motor responses that are usually unconscious. This 
same information can be consciously perceived and this phenomenon of  the 
awareness of  the limb position and the movement is what we call kinaesthesia.

In addition to the sensation of  limb position and movement, many authors 
mention the third sense that enables us to perceive the force produced by the 
muscle’s contraction (McCloskey, 1978; Proske, 2006; Proske & Gandevia, 2009; 
Sanes & Shadmehr, 1995). This sense enables us to perceive and control the force 
produced by the muscles. An important effect of  longer lasting force production 
is fatigue that is associated with the second modality of  force sensation that is 
called sense of  effort. For instance, consider the task of  holding a weight in 
your hand, while sustaining the shoulder at the 90° flexion position. Although 
the mechanical force needed to maintain the position does not change, we 
perceive it as if  the deltoid muscle must slowly increase the force production to 
sustain the arm and the weight in the same position. This sense is thought to be 
produced in the central nervous system based on comparison of  afferent sensory 
drive derived from proprioceptors with the copy of  the descending efferent 
command (Proske, 2006; Proske & Gandevia, 2009; Sanes & Shadmehr, 1995). 
If  these two are dissimilar, the sense of  effort is thought to increase (Sanes & 
Shadmehr, 1995). Even though the central mechanisms have been shown to be 
of  primary importance, peripheral information has been shown to play a role as 
well (Proske & Gandevia, 2009).
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Kinaesthesia as a part of  a more general motor controlling mecha-
nism. The kinaesthetic sense is from functional and neurophysiological per-
spective a part of  a motor controlling system and represents its sub-modality. 
This information is important for the movement controlling system which must 
be supported with the information on the movement in progress. From this 
perspective, information of  the onset of  the movement, velocity, acceleration, 
direction of  movement, and position of  an individual limb or joint in time are 
of  importance to enable detection of  the movement progress and deviations 
from the expected trajectory. These deviations can be caused by extrinsic or in-
trinsic perturbations. For example, perturbations like unexpected change in load 
that is being carried or other unexpected environmental changes. Perturbations, 
like sudden increase in radial forces during skiing on divers snow or unforeseen 
change in ground consistence during running demand adaptive activity of  the 
locomotor system. Based on this feedback better comparison between expected 
and actual movement can be better met. 

Neurological and Functional Background

The peripheral sensory system. As mentioned by sir Sherringhton al-
ready in the beginning of  the 20th century, our body’s poses specialized sensory 
organs called proprioceptors located in different peripheral tissue (Lephart et 
al., 2000). Most commonly described are joint-, muscle-, tendon- and cutaneus 
tissues. Proprioceptors are specially designed to be sensitive to certain types of  
mechanical stress like elongation, compression and increased pressure induced 
by the movement deformation (Morrissey, 1989; Young, Stokes, & Iles, 1987). 
There are also other types of  sensors sensitive to chemical irritants, called noci-
ceptors. Inflammation or intra-articular effusion usually stimulates their activity. 
This abundant sensory information is then sent via different ascending neural 
tracts to the higher levels of  the neural system for processing (Kandel, Schwartz, 
& Jessell, 2000).

Effects of  the specific proprioceptive fields on movement have been 
studied mostly in rehabilitation studies. Anterior cruciate ligament has been 
given a lot of  attention, because it affects reflexive knee stabilization (Johansson, 
Sjölander, & Sojka, 1991; Krogsgaard, Dyhre-Poulsen, & Fischer-Rasmussen, 
2002). Similar function has been also suggested for the shoulder capsule (Myers 
& Oyama, 2008) in gleno-humeral movement. Other sensors located in the 
ligaments, menisci, tendons and skin, were shown to contribute to perception 
of  joint angle and movement as well (Proske & Gandevia, 2009; Riemann & 
Lephart, 2002). 
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Muscle-tendon system as sensory organs. An important role to 
perception of  human movement has been ascribed to the proprioceptors located 
in the muscles. Two main proprioceptors, thought to significantly contribute to 
kinaesthetics, are the muscle spindle and the Golgi tendon organ (Figure 1). 
Muscle spindle is a fusiform-shaped organ, with its polar ends attached to muscle 
fibres. It is a specialized organ that consists of  encapsulated muscle fibres, called 
intrafusal muscle fibres (Windhorst, 2007). From functional perspective there 
are different types of  muscle spindles, but this diversity surpasses the scope of  
this text. In the centre of  the muscle spindles, lie small nerve endings, sensitive 
to stretch of  the capsule, or intrafusal muscle fibres. When they are stimulated, 
afferent impulses are conveyed to the spinal cord. It differs from other sensors 
by its own motor innervation of  intrafusal muscle fibres via the γ-motor neuron. 
As the nature of  the muscle spindle structure suggests, it is sensitive to tension 
induced by muscle stretch. It is thought that it contributes to the sense of  
muscle length, velocity of  its contraction and the rate of  muscle stretch. Some 
researchers argue that sensory information arriving from the muscle spindle is 
far too complex to contribute to the sense of  position (McCloskey, 1978; Proske, 
2005). Their arguments are based on specific characteristics of  the muscle spindle 
innervations and its influence on the afferent output. Intrafusal muscle fibre can 
contract and stimulate intrafusal nervous structures, causing the muscle spindle 
afferent discharge, even if  the muscle is not stretched. Sensory signals derived 
may not be exclusively a consequence of  change in the muscle length. This 
discrepancy between firing after muscle stretching resulting from outer forces 
or stretching due to γ activity is enabled by a complex coordination of  α and 
γ motor neurons, called α γ coactivation. This debate remains open for future 
research. Nevertheless, the γ motor system controls the excitability of  muscle 
spindles and consequently influences sensory information and consequently 
muscle contraction. 

But the muscle spindle system can be influenced by other factors that 
have an important effect on the way sensory information is discharged. The 
γ-motor neuron is governed by higher nerve centres. There are also evidences 
that suggest that other proprioceptors from joint ligaments, capsule, menisci and 
skin can influence the excitability of  muscle spindle with direct influence on the 
γ-motor neuron (Johansson et al., 1991). The exact nature of  these connections 
remains unknown, but research has shown that peripheral sensory information 
can profoundly affect the muscle spindles afferent firing (Johansson, Pedersen, 
& Bergenheim, 2000; Johansson et al., 1991). This suggests that the position of  
the joint and stress put on the skin can influence kinaesthetic sense.

The second important proprioceptor is located in the tendons, called the 
Golgi tendon organ. It consists of  nerve endings that run between collagen 
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fibres of  tendons. When tendons are stretched, nerve fibres of  the Golgi tendon 
organ are compressed and stimulated to fire. The afferent nerve fibre is called 
Іb afference. It has a short indirect connection with the α-motor neuron of  the 
homologous muscle via the inhibitory interneuron. Golgi tendon organs are 
sensitive to tendon stretching, accomplished by an increased musculotendinous 
tension, and give information on muscle or tendon tension. From motor 
perspective it inhibits the muscle, some think of  it as a protective mechanism 
preventing overstress in the muscolotendinous unit. It is thought that the Golgi 
tendon organ balances stress on different individual muscle fibres, as its nerves 
spread through areas where individual muscle fibres connect to tendons (Banks, 
Hulliger, Saed, & Stacey, 2009). 

Figure 1. Depicts proprioceptive sensory organs located in various locations of  
the locomotor system. Joint structures poses various sensors located in 
joint capsule, ligaments, menisci and cartilage (A). During movement 
mechanical stress causes elongation, torsion and compression of  various 
joint soft structures. Such mechanical stress represents the stimuli for 
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joint sensory receptors to fire. In picture B various coetaneous sensors 
are presented and their corresponding location in the skin. Pressure on 
the skin stimulates coetaneous sensors to discharge sensory information 
that can be used in position and load perception. Golgi tendon organ 
are located in the junction of  muscle and tendon fibres (C). They are 
sensitive to muscle contraction and tendon elongation. Muscle spindle 
(D) represents the major sensory organ that functions as a sensor of  
muscle contraction. Its sensory function can be directly controlled by 
higher nervous centers and by other joint and coetaneous afferents. 

Joint structures and their sensory role. Joints can be thought of  as 
hinges, where an actual movement of  a body segment takes place. Different 
soft joint tissues function as joint movement restraints and act as stabilizers. 
During movement this soft tissue is mechanically stressed, causing stimulation 
of  imbedded proprioceptors. It was not until the mid 20th century that the 
first proofs were presented that joint ligaments have a neurological function 
besides their already recognized mechanical stabilizing function (Solomonow, 
2006). Some basic classifications of  these sensory organs exist, but because not 
all afferent nerve fibres can be ascribed to one class exclusively, the classification 
remains relatively open (Johansson et al., 2000; Johansson et al., 1991). The 
distribution of  these afferents differs between ligaments, joint capsules and 
cartilage structures (Figure 1). Ligaments have been most often the subject of  
research. In some, distribution of  proprioceptors is homogenous throughout the 
length of  the ligament, while in others most afferents are located near the ligament 
insertion to the bone (Johansson et al., 1991; Solomonow, 2006). As described by 
Solomonow (2006) there are two theories trying to explain the functional role of  
the diverse distribution of  sensory afferents. As sensors in the bony insertions 
of  ligaments are under lesser strain due to higher stiffness of  surrounding 
tissue, their excitation threshold is elevated. As such, afferent excitation will 
be produced only at higher strains causing ligament elongation. Conversely, if  
afferents are evenly distributed in the ligament, this may indicate an ongoing 
service as a sensor for the detection of  angle, position, load, joint velocity, etc.

These proprioceptors are not limited to ligaments exclusively. Basically 
four types of  proprioceptors can be found in all soft tissues of  joint. These are 
Golgi-like tendon organs, free nerve endings, Ruffini and Pacinian corpuscles 
(Johansson et al., 2000; Macefield, 2005; Solomonow, 2006). For a specific 
location of  specific proprioceptors an extensive review is provided in literature 
(Johansson et al., 2000). An additional functionall characteristic is the fast or 
slow adaptability to mechanical stress. Sensors that are slow adapting contribute 
sensory information during static positions as well as during slow movements. 
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Faster adapting sensory is thought as being able to sense the nature of  rapid 
movements (Solomonow, 2006) 

Skin and its sensory function. Additionally to muscle and joint sensory 
function, coetaneous sensory system has been shown to effect kinaesthetic sense 
as well (Macefield, 2005; Rowe, Tracey, Mahns, Sahai, & Ivanusic, 2005). The 
extent to which these affect kinaesthesia is dependent on the body location 
(Macefield, 2005). Basically these receptors are located in the skin, and differ 
between different coetaneous regions of  the body (Figure 1). Basic types are 
Meissner and Pacinian corpuscles, Markels complex and Ruffini endings. As 
discussed previously, coetaneous receptors can affect the excitability of  muscle 
spindle and as will be presented in the following test, can be more important 
than the muscle and joint receptors for the perception of  a joint position.

The spinal level. The first level where sensory information is processed 
is the spinal cord (Figure 2). After reaching spinal level, sensory information 
is conducted to higher levels of  the nervous system and motor information 
back to the muscles. Most simple and most often described neural circuit is the 
stretch reflex. As the muscle spindle is excited by muscle stretch, it sends sensory 
impulses via Іa and ІІ afferent fibres that enter the spinal cord in the posterior 
horns of  the spinal grey matter. There it connects via the synapse to the α-motor 
neuron and causes it to fire. The α-motor neuron and its branches terminate 
on muscle fibres that it innervates and causes muscle contraction (Enoka, 
2008; Kandel, Schwartz, & Jessell, 2000). More complex neuronal connections 
are present, besides simple monosynaptic stretch reflex. Local networks can 
be divided in single- bi or oligo – synaptic loops, also called reflex loops. An 
example of  bi-synaptic connection is the pre-synaptic inhibition, moreover 
the control of  which by the higher nerve centres represents oligo-synaptic 
connectivity. Other examples of  oligo-synaptic reflexes are cross extensor and 
withdrawal reflex. The bigger the number of  synapses, the more complex is the 
reflex, and the bigger is the chance to be controlled by higher nervous structures. 
This first functional connectivity between sensory and motor connections is 
thought as a basic blueprint of  simplest motor behaviour. But their contribution 
to kinaesthetic sensations is important as so far as the sensory information can 
be modified by mechanisms such as increased muscle spindle discharge. 
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Figure 2. Sensory information from various proprioceptors, eyes and vestibular 
organ are conveyed to higher nervous structures. First levels of  
processing takes place at the spinal level. This level doesn’t have a 
direct connection to kinaesthetic sensations, but can be influenced by 
it. Central processing takes place in sensory, motor and pre-motor areas 
of  the brain. Processing of  peripheral sensory information as well as 
copy of  motor command is used to process the specific kinaesthetic 
sensations. Unconscious processing of  sensory information takes 
places in cerebellum and can have an influence on motor control. 
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Central processing of  kinaesthetic senses. The sensory information 
that is used for perception of  kinaesthesia is transmitted via lateral dorsal tracts 
to the sensory cortex (Riemann & Lephart, 2002). There the information is 
supposed to be processed and enable perception of  kinaesthetic senses (Naito, 
2004). This information can be used by the motor controlling system to prepare 
and execute voluntary movement. The information on current body posture, 
movement and orientation in space plays a considerable role in adapting 
ongoing movement to constraints of  the environment. In motor control 
higher processing of  sensory information is thought to contribute to most 
elaborate adaptations of  movement. The comparison of  the planed and actual 
movement enables the motor controlling system to prepare correction of  the 
following movement or prepare new ones. Based on the time constrain rationale 
kinaesthetic sensation cannot directly contribute to open loop control or to fast 
adaptations of  movement. Although kinaesthetic sense is thought to demand 
time, and is not fast enough to contribute to faster movement corrections, this 
might not be the case. Perceived change in body posture can influence fast open 
loop movement adaptations. Due to such information, the motor controlling 
system is able to adapt to the otherwise fast and by kinaesthetic sense unaffected 
motor responses. An example can be the adaptation of  a cyclist’s leg musculature 
during steep uphill riding (Fonda & Sarabon, 2010). Other specific adaptations 
to perception of  body posture or limb position on motor output have been 
shown (Knikou, 2005; Niessen, Veeger, & Janssen, 2009).

In the past a vigorous debate on the importance of  central reticular 
discharge or efference copy and peripheral sensory information took place. 
Most research is dealing with search for the neurological background of  effort 
sensation (Jones, 1995; Sanes & Shadmehr, 1995; Smirmaul, 2007). The main 
question in the past was whether sense of  effort is produced centrally or does 
it need peripheral sensory information. Newer studies suggest that sense of  
effort is processed centrally, with less or even no contribution of  peripheral 
sensory information (Smirmaul, 2007). Sanes and Shadmehr (1995) propose that 
the extent to which somatosensory information is used for effort perception 
is dependent on the size of  movements, where smaller movements are more 
dependent. Further research is warranted, as knowledge on when the peripheral 
sensory information is important, can influence our understanding of  motor 
control and perhaps even ways of  training.

Some authors argue that sense of  force production can be dissociated from 
sense of  effort (Jones, 1995). During fatigue and increased sense of  effort percep-
tion of  limb position is influenced also, indicating interconnection to other kinaes-
thetic sensations (Proske, 2006). Understanding how training affects differentia-
tion between sense of  force and effort can have a profound effect on our under-
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standing of  superior movement skill of  expert athletes. This might help coaches 
to develop specific training approaches to improve technique when fatigued. 

Functional Aspects of  Kinaesthesia

When mechanical stress is applied to the joint, proprioceptors are excited 
according to their responsiveness to a specific mechanical stress and the tissue 
being stressed. Experiments performing tension on ligaments in animal models 
have shown that sensory information from stressed ligaments starts firing as 
ligaments are stressed 4-5% of  their maximal strain (Holden et al., 1994). This 
data lines up with the outcomes of  studies that measured the strain put on 
ligaments during walking. The sensory subsystem is extremely sensitive and starts 
firing already during the support phase of  walking, where knee ligaments can be 
stressed up to 6% of  their maximal strength (Henning, Lynch, & Glick, 1985; 
Johansson et al., 2000), suggesting that ligaments produce sensory information 
during less demanding activities.

There is some evidence that the proximal joints (the shoulder) have lower 
thresholds for movement detection when compared to the distal joints (the elbow 
and most distal inter-phalangeal joints) expressed in degrees of  movement until 
movement detection (Proske, 2006; Tripp, Uhl, Mattacola, Srinivasan, & Shapiro, 
2006). This suggests a difference in the sensory function between proximal and 
peripheral joints. Proximal joints have a specific role from the perspective of  
force production as well as from perspective of  movement accuracy affecting 
the positioning and movement of  distal segments. They are the beginning of  
the kinetic chain producing power and represent the spatial ground base for the 
distal joints. As the movement continues in more distal joints, their function is to 
produce velocity of  the movement, and compensate for the possible spatial error 
in positioning of  proximal joints. Possible compensations can cause distal joints 
to be active in a wider range of  motion. For example, the torso and shoulder 
joint must be positioned as accurately as possible when a subject is trying to hit 
tennis- or a volleyball ball. Elbow joint and wrist must compensate for possible 
but small errors of  the trunk and shoulder positioning. This small errors result 
in adaptive movements performed through a wider range of  motion in the distal 
joints (Tripp et al., 2006). 

The discussion on the importance of  cutaneous receptors in kinaesthesia is 
still in progress. In their review Proske and Gandevia (2009) argue that sensory 
information derived from multi-articular muscles on single joint position and 
movement is rather ambiguous. Cutaneous information aids muscle spindle to 
detect joint specific movements. This has been shown in the fingers, where the 
stretching of  the skin proved to be of  importance for detecting joint position. 
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This can be important in skills where precise manipulation of  hand-held objects 
is important. Moreover, cutaneous receptors are an important source of  infor-
mation to perceive body sway (Fukuoka, Nagata, Ishida, & Minamitani, 2001). 
As proposed by Schweigart and Mergner (2008) and Turvey (2007) information 
used to perceive body movement and position can vary according to the de-
mands and availability of  different sources of  sensory information. This enables 
adaptability of  the sensory system that provides us with the relevant information. 

Factors affecting kinaesthesia. Certain factors such as cold, fatigue, 
vibration, injury, disease and training have been shown to effect kinaesthesia. 
Their influence can substantially influence the ability to correctly perceive joint 
position and alter motor control. In sports, injury might develop as a consequence 
of  the inability to perceive incorrect body alignment, movement and posture. 
This can sometimes result in an injury (Myers & Oyama, 2008).

Environmental factors such as decreased temperatures or cryotherapy can 
affect kinaesthesia as well as sensory-motor function. As reported by Uchio et 
al. (2003) the nerve conduction velocity after cryotherapy is reduced. Moreover 
sensory-motor control can be affected by cryotherapy (Wassinger, Myers, Gatti, 
Conley, & Lephart, 2007), possibly resulting in reduced joint stability. However, 
there is controversial evidence regarding the effect of  cooling the tissue has on 
the joint position sense (Costello & Donnelly, 2010). The relevance of  the cold 
on conditioning kinaesthetic sense remains a matter of  debate. Based on the 
mentioned reports, more specific guidelines to the athletes and their coaches, 
for know, cannot be given. 

In sports, fatigue is a constant companion of  continuous and strenuous 
activities. The description of  fatigue is basically based on the definition of  a 
decreased ability to sustain production of  the desired force (Gandevia, 2001; 
Gandevia, Enoka, McComas, Stuart, & Thomas, 1995). On the other hand, 
fatigue can cause other changes in the sensory-motor function as well, as it 
influences the sensory function. Fatigue can develop at the periphery or centrally 
in the central nervous system (Gandevia et al., 1995; Sacco, Thickbroom, 
Byrnes, & Mastaglia, 2000; Sacco, Thickbroom, Thompson, & Mastaglia, 1997). 
The causes of  a compromised sensory drive are multiple. Changes can be due 
to muscle metabolites that can affect muscle spindle activity (Djupsjöbacka, 
Johansson, & Bergenheim, 1994; Fischer & Schäfer, 2005), changes in sensory 
relevant contribution of  specific mechanoreceptors in the joint (Tripp, Yochem, 
& Uhl, 2007a, 2007b) or central changes (Miura et al., 2004). 

Many studies considering the effect of  fatigue on kinaesthetic sense were 
performed on the shoulder girdle and on the knee. Different fatiguing protocols 
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induced decreased joint position acuity due to altered sensory-motor function 
of  the exposed limbs. The joints that are active in maximal upper arm throwing 
were shown to recover in 7 minutes after the termination of  the maximal throw-
ing protocol involving 60 maximal throws (Tripp et al., 2007b). Interestingly, the 
gleno-humeral joint proved to be most strongly affected by fatigue (Tripp et al., 
2007a, 2007b). These results provide support to the theory of  depressed sensory 
function in throwing athletes, especially in the cocking and release phases of  a 
throw. On the other hand, basic sensory-motor task like body balance is supposed 
to recover in 75 seconds after termination of  the intense fatigue protocol, and 
after 15 minutes using a less intense but longer lasting fatiguing protocol (Har-
kins, Mattacola, Uhl, Malone, & McCrory, 2005). If  fatigue plays an important 
role in decreasing kinaesthetic sense during sports, training protocols directed 
toward improving specific endurance and sensory-motor function are warranted. 

Other studies have shown a decreased kinaesthetic sense of  the knee (Miura 
et al., 2004), spine (Armstrong, McNair, & Taylor, 2008; Newcomer, Laskowski, 
Yu, Johnson, & An, 2000) and ankle (Forkin, Koczur, Battle, & Newton, 
1996; Fu & Hui-Chan, 2005) after an injury. Deficits in kinaesthesia have been 
proposed to be associated with the risk of  injuries of  otherwise intact joints; 
i.e. kinaesthetic deficits related to injury prevalence (de Noronha, Refshauge, 
Herbert, Kilbreath, & Hertel, 2006). 

As proposed by the studies using vibrations applied to the specific body 
parts, perception of  joint movement as well as position can be influenced (Bock, 
Vercher, & Gauthier, 2005; Proske, 2006; Weerakkody, Taylor, & Gandevia, 
2009). In sports like running, cycling, and others where vibrations are a persistent 
part of  movement this consideration should be taken into account. 

In sports practice, elastic cuffs are often used for joint bracing. It is a 
common believe that braces prevent injury by mechanically limiting joints range 
of  motion (Renstrom, Konradsen, & Beynnon, 2000). As this is most probably 
not effective to the extent to which we would like it to be, other positive effects 
have been observed. Bracing or taping increases sensory input due to increased 
coetaneous or deeper tissue stimulation when braces compress one’s limb 
(Refshauge, Kilbreath, & Raymond, 2000). By these means more abundant 
sensory input can be provided (Ulkar, Kunduracioglu, Cetin, & Güner, 2004), 
that can have a prophylactic effect.

An interesting report on effect of  proprioceptive neuromuscular facilita-
tion stretching (PNF) techniques on kinaesthetic sense was presented by Brindle 
et al. (2010). Authors report on acute decrease in kinaesthetic acuity following 
PNF stretching, and discourage use of  PNF stretching just prior to training 
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or competition. However, the duration of  the effect was not assessed. Moreo-
ver, additional studies are needed to evaluate the influence on movement per-
formance, as positive effects of  PNF methods have been suggested elsewhere 
(Chalmers, 2004; Sharman, Cresswell, & Riek, 2006).

Adaptations to training. Different training modalities have been shown 
to affect kinaesthetic sense. Most often effects of  sensory-motor training (i.e. 
exercises requiring balance and functional joint stability activities) have been 
reported (Taube, Gruber, & Gollhofer, 2008). As shown by Tripp, Faust, and 
Jacobs (2009) tracking predefined movement with online feedback and vibrations 
applied to the hand improved kinaesthesia. Fong and Ng (2006) and Wooton 
(2010) showed that a long-term practice of  tai-chi can influence kinaesthesia as 
well. Without doubt most frequently used modality is sports technique training. 
Posing awareness on the movement performed, kinaesthetic sensations are 
thought to be additionally stressed and refined. 

In practice, a superior sensory-motor function was observed in expert 
athletes compared to non-athletes (Vuillerme, Teasdale, & Nougier, 2001). 
Research, however, presents no beneficial effects of  expertise on kinaesthetic 
sense (Freeman & Broderick, 1996; Kioumourtzoglou, Derri, Mertzanidou, & 
Tzetzis, 1997). Some authors even suggest that specific effects of  sports training 
might even decrease kinaesthetic sense (Allegrucci, Whitney, Lephart, Irrgang, 
& Fu, 1995). Others, however, present evidence that experienced athletes poses 
superior awareness of  movement, incorporating sports specific tools like rackets 
(Fourkas, Bonavolontà, Avenanti, & Aglioti, 2008). In the future, more task 
specific oriented studies are needed to illuminate the specific adaptations of  
kinaesthetic awareness to specific sports. 

Central adaptations have been proven as a consequence of  balance and 
skill training. It was shown that cerebral areas become less active in well adopted 
movements, suggesting an increased involvement of  sub-cerebral centres 
(Taube et al., 2008). When novel movement strategies are demanded, the activity 
of  cerebral centres increases, causing remodulation of  the already established 
connections and movement strategies (Adkins, Boychuk, Remple, & Kleim, 
2006; Boniface & Ziemann, 2003). This suggests that novel movement tasks 
should be used to cause remodulation of  the already acquired but inappropriate 
movement strategies. Specifically, sensory information is less probable to be 
altered as a result of  training (Ashton-Miller, Wojtys, Huston, & Fry-Welch, 
2001). As argued by Ashton-Miller et al. (2001) central changes in processing 
of  sensory information are more probable to take place, enabling more efficient 
awareness and perception. From the functional point of  view, these changes are 
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shown in improved balance, joint stability, intramuscular coordination, muscle 
strength, kinaesthetic sense and jumping ability.

Adaptations to different modalities of  training are task-specific supporting 
the use of  sport-specific exercises in rehabilitation and prevention protocols, 
to increase a positive transfer of  the acquired adaptations (Adkins et al., 2006; 
Borghuis, Hof, & Lemmink, 2006). 

Clasification of  Measurement Methods for Kinaesthesia

Different fields of  research and practice have provided the methodology 
used for the assessment of  kinaesthetic sense (Chung, Cho, & Lee, 2006; 
DeMyer, 2004; Gandevia & McCloskey, 1976; Kelley, 1969; Koerth, 1922; Kurillo, 
Gregoric, Goljar, & Bajd, 2005; Tripp et al., 2007a). Based on the nature of  
various approaches, methods can be organized in two main categories (Table 1). 
First category includes tests that are specialized in assessing electrophysiological 
functions of  mechanisms underlying kinaesthesia (Knikou, 2008; MacDonald 
& Paus, 2003; Misiaszek, 2003; Roland, 1987; Roland & Mortensen, 1987; 
Ruohonen & Karhu, 2010; Tibone, Fechter, & Kao, 1997; Zehr, 2002). These 
tests incorporate different neurophysiologic methods that are usually reserved 
for medical assessment and research, and therefore we paid no special attention 
to it in this paper. The second group includes methods that are focused on 
assessing kinaesthesia in the context of  voluntary and consciously perceived 
movement (Chung et al., 2006; Gandevia & McCloskey, 1976; Koerth, 1922). 
This class can be further subdivided into methods for assessing sense of  joint or 
limb position, sense of  movement, force, effort and tracking tests. A nonspecific 
element of  this group is balance testing that cannot be exclusively considered 
as kinaesthesia measurement technique. But these methods do provide some 
insight into the functional perspective of  balance, where kinaesthetic sense 
plays an important role (Benvenuti, 2001; Winter, Patla, Prince, Ishac, & Gielo-
Perczak, 1998).

It is important for kinaesthesia measuring methodology to enable progression 
from basic towards more functional testing (Cates & Cavanaugh, 2009). Basic 
measures focus on individual subsystems or simple isolated movements (Kurillo 
et al., 2005). Measures of  specific neurophysiologic functions or kinaesthesia 
of  isolated joints should be the methods of  choice. In rehabilitation and sports, 
progression toward functional assessment is warranted, for providing the insight 
into the functional movement aspect of  kinaesthesia (Chung et al., 2006). These 
provide qualitative data on the rehabilitation or training progression as well as 
on the extent of  deterioration after injury or disease (Cates & Cavanaugh, 2009; 
Chung et al., 2006; Kurillo et al., 2005).
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Similar testing movements can be used in different measurement 
techniques. Some methods are simpler to use, because they do not use specialized 
equipment. For example, clinical neurological examinations of  sensory function 
usually include reports of  appropriate perception of  movement direction 
of  a passively moved finger or a limb (DeMyer, 2004). Other methods apply 
sophisticated technology enabling more precise measures of  different movement 
characteristics. For example, precise measures of  individual joint angles enable 
quantification of  kinaesthetic sense as well as expressing its importance as a part 
of  a functional multi-joint unit (Tripp et al., 2006). Another illustrative example 
can be drawn from balance assessment methods. Simple time measures of  ability 
to sustain in balance can be upgraded with specialized equipment, enabling 
measuring of  body sway (Le Clair & Riach, 1996; Tyson & Connell, 2009). 
With it, an important insight into the hidden but important effects of  specific 
kinaesthetic components on motor behavior is possible (Krishnamoorthy, Yang, 
& Scholz, 2005) 
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Table 1. Overview of  methods used for assessing different modalities of  kinae-
sthetic sense. In sports and clinical practice methods that measures 
kinaesthetic sense of  voluntary and consciously perceived movements 
are most appropriate as well as most functional. Electrophysiological 
methods are better suited for research, enabling basic measures of  
underlying neurophysiologic mechanisms. Balance and equilibrium 
measuring methods on the other hand should not be considered 
strictly as measures of  kinaesthetic sense, because gross sensory-motor 
function is assessed. 

Assessment Methods Description and Proposals
for Their Practical Use

Balance and equilibrium measurements. Balance testing has often 
been used as a specific measure of  sensory-motor function and proprioception 
(Ashton-Miller et al., 2001; Lephart, Pincivero, Giraldo, & F. Fu, 1997). As 
discussed above, kinaesthetic sense represents an important building block of  
sensory-motor balance system on which further motor responses are building. 
Additionally to proprioceptive information vision and vestibular system provide 

Basic classification Method groups Sub - methods

Electrophysiological 
mechanisms underlying 

kinaesthetic sense

H, M, F wave
TMS, TES -

Kinaesthesia of  voluntary 
and consciously perceived 

movement

Joint repositioning Active and passive

Sense of  passive 
movement -

Sense of  force

Subjective grading of  force, 
force matching, sensitivity 
to change in force, force 
tracking

Sense of  effort

Tracking methods Online feedback, delayed 
feedback

Balance and equilibrium Static and dynamic
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very important information on body orientation and oscillation (Asseman, 
Caron, & Crémieux, 2005; Mahboobin, Loughlin, Redfern, & Sparto, 2005). 
Deprived sensory systems in elderly (Baczkowicz, Szczegielniak, & Proszkowiec, 
2008; Zuckerman, Gallagher, Lehman, Kraushaar, & Choueka, 1999) and after 
injury (de Noronha et al., 2006) have been shown to contribute to decreased 
ability to sustain balance. Based on above rationales balance testing can to some 
extent be understood as a functional kinaesthetic assessment method. 

In sports and clinical practice, simplest measures of  balance are performed 
by measuring the time the subject is able to sustain balance (Rogers, 1980). 
Majority of  test uses time limits till test termination or falling. More sophisticated 
methods use direct or indirect measures of  body sway (Chiari, Rocchi, & Cappello, 
2002). Different measuring tools have been applied like stabilormetry (Chiari et 
al., 2002; Winter, Patla, Ishac, & Gage, 2003) and accelerometry (Lamoth, van 
Lummel, & Beek, 2009) of  individual body parts .

Common to all methods are the balancing tasks used. Most simple meas-
ures use simple upright quiet stances. By narrowing the support surface size the 
intensity of  balancing increases (Sarabon, Rosker, Loefler, & Kern, 2010). For 
example Romberg testing protocol (Rogers, 1980) uses wider support surface 
size compared to flamingo test (Sarabon & Omejec, 2007) that is usually per-
formed single legged. These tests take advantage of  a simple biomechanical rule. 
By narrowing the support surface size the limits of  body oscillations tighten and 
the possibility of  a fall increases. Second approach to increasing balancing inten-
sity is to change the consistency of  support surface. This can easily be achieved 
by balancing on foams or unstable support surface (Salavati et al., 2009; Sarabon, 
Mlaker, & Markovic, 2010) The third possibility of  how to increase intensity of  
balancing is by manipulation the sensory systems involved (Asseman et al., 2005). 

More in-depth overview on different balance measurement protocols is 
provided in the article presented by Panjan and Sarabon in this volume of  the 
Sport Science Review. 

Joint position sense measurements. Measures of  position sense have 
been most frequently used as a kinaesthetic sense assessment tool (Carey, Oke, 
& Matyas, 1996; Gandevia & McCloskey, 1976; Niessen et al., 2009; Refshauge, 
Chan, Taylor, & McCloskey, 1995; Sigmundsson, Whiting, & Loftesnes, 2000; 
Ulkar et al., 2004; Voight, Hardin, Blackburn, Tippett, & Canner, 1996). They have 
been proven useful in studying affects of  fatigue (Carpenter, Blasier, & Pellizzon, 
1998; Tripp et al., 2007a, 2007b), aging (Ribeiro et al., 2007; Sigmundsson et al., 
2000; Zuckerman et al., 1999), limb dominance (Sigmundsson et al., 2000; Voight 
et al., 1996; Zuckerman et al., 1999), training effects (Hupperets, Verhagen, & 
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van Mechelen, 2009), pathology (Carey et al., 1996; Chung et al., 2006; Kurillo, 
Zupan, & Bajd, 2004; de Noronha et al., 2006), and other factors/conditions 
which modulate kinaesthetic sensation. Three basic methods of  kinesthetic 
testing are usually employed in practice and research. Two of  them deal with the 
ability to sense and reproduce a specific joint angle, one being a test of  active 
and the second of  passive joint position reproduction (Alvemalm, Furness, & 
Wellington, 1996; Laufer, Hocherman, & Dickstein, 2001; Niessen et al., 2009; 
Voight et al., 1996). The third method deals with the ability to perceive the onset 
of  limb movement. (Brindle et al., 2010; Streepey et al., 2010) . 

These three basic methods differ in their functional aspect of  kinaesthetic 
sense that they measure. Active and passive joint repositioning methods enable 
measures of  position awareness, as the third method enables movement sense 
assessment under various speeds, directions and ranges of  motions. Additionally, 
different sensory fields can be stressed or excluded from measuring, by using the 
appropriate method and protocol setup. These possibilities will be presented 
through the following text. 

Most common protocol used in active joint repositioning methods includes 
repositioning of  a limb into a reference position (Alvemalm et al., 1996; Laufer 
et al., 2001; Niessen et al., 2009). Measurements usually start with positioning 
the measured limb in a specific position (Figure 3). The subject is asked to try 
to remember the position of  the limb/joint. Then the limb is passively returned 
into the starting position. After familiarizing the subject with the reference 
position, he is asked to move the limb into the most appropriate place to match 
the reference position. The difference between the two represents the measure 
of  active joint position sense. Functional upgrades have been presented by 
some authors. Specific spatial aspects of  discrete movements, like the “cooking” 
position in arm throwing, have been used as a reference position (Tripp et al., 
2009; Tripp et al., 2006; Tripp et al., 2007a, 2007b). The subject then has to 
reposition the entire upper extremity into the required reference position (Figure 
3). This approach enables the assessment of  the extent that individual joints 
have on gross limb kinaesthetic acuity (Tripp et al., 2006). By actively moving 
the limb, muscle spindle and Golgi tendon organs contribute to recognition 
of  the reference position. In such basic setup the sensory inflow is practically 
unaffected, enabling sensory reweighing in possibly conflicting or otherwise 
affected movement situations (Capicíková, Rocchi, Hlavacka, Chiari, & Cappello, 
2006; Kaufman, Wood, Gianna, Black, & Paloski, 2001) as well as superior joint 
position awareness (Laufer et al., 2001).
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Figure 3. Picture A represents two joint repositioning approaches. First method 
uses a reference position which the subject has to match with the same 
limb on his own. The second approach uses a position of  a reference 
limb. The task is to rematch the angle by positioning the opposite limb 
in to the same position. Picture B represents a functional repositioning 
task. A subject performs a sport specific task. He is advised to remember 
curtain positions, in this case late cooking and release position of  
javelin throw. Repositioning is performed and the difference between 
actual limb position and required position is measured. 
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Second method of  joint repositioning measures uses passive movement 
during which the subject has to identify the reference positions (Alvemalm et al., 
1996; Laufer et al., 2001; Niessen et al., 2009; Ulkar et al., 2004). In this case, a 
similar protocol as in active joint repositioning is used. Reference positions are set 
and the limb tested is returned to the starting position. The clinician or apparatus 
starts to move the limb through the range of  motion. The subject stops the 
movement or marks the instance when the limb matches the reference position. 
The difference between the marked and reference position represents the error 
or acuity of  passive joint position sense. While this assessment procedure is 
performed, muscles of  the tested body segment remain relaxed all the time. 
Although muscles’ proprioceptors are thought to be relatively inactive, they can 
cause possible inconsistencies in joint position sense. False sensory information 
due to passive stretching and thixotropy (Proske, 2006; Proske, Morgan, & 
Gregory, 1993) can be a source of  the sensory error. One can speculate that 
joint receptors play an important role in passive joint position sense, but future 
studies are needed to support such assumptions. 

A third concept deals with the sense of  passive movement (Brindle et al., 
2010; Refshauge et al., 1995). Usually the limb is positioned into a position that is 
of  interest, like in end range of  motion or into a position that is important from a 
functional perspective. Then the assessment apparatus starts the movement. The 
subject’s goal is to sense the onset of  movement and try to report it as soon as 
possible. Usually stop buttons or position markers are used that enable accurate 
recording of  the position where the movement was perceived. The range of  
motion through which the limb moved until movement detection is a measure 
of  passive movement sense. In these tests different speeds of  passive movement 
are used (Brindle et al., 2010). By using faster movements the acuity is expected 
to increase (Ashton-Miller et al., 2001). Fast adapting joint receptors should play 
an important role in faster movements, as in tests using slower speeds slow 
adapting joint proprioceptors might contribute to movement detection as well. 
But still such assumptions can only be made based on functional characteristics 
of  various proprioceptors (Johansson et al., 2000; Macefield, 2005).

The position in which the measures are performed is not supposed to be 
of  particular importance, but as suggested by Niessen et al. (2009), the same 
position should be used for all consecutive measures performed. While con-
sidering the orientation of  the body and limbs during testing, effect of  gravity 
should be considered. If  the limb tested must overcome gravity, muscles must 
be additionally engaged to produce the movement. As discussed above muscle 
receptors can be more effectively engaged in kinaesthetic sensation, possibly be-
ing additionally affected by the sense of  effort in longer lasting measuring pro-
tocols (Proske, 2006). Same rationales should be considered if  kinaesthetic sense 
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measurements are performed under additional load. In sports, it is important to 
consider the use of  measurement protocols performed under the gravitational 
constrains or load to guarantee more functional and realistic measurements. 

All three methods just described are used in clinical and research practice 
(Carey et al., 1996; DeMyer, 2004; Gandevia & McCloskey, 1976). Measures 
can be performed by using relatively simple equipment. For example hand held 
goniometer can be used to measure joint angle in degrees or simple metric scale 
positioned at the end of  a measured limb to express the limb position on a 
metrical scale (Refshauge et al., 1995). 

Other more sophisticated equipment is also often present in clinics. Some 
newer models of  isokinetic dynamometers already have active joint repositioning 
tests integrated into the measuring protocols (Alvemalm et al., 1996). Often 
more easily available equipment, like arthromot or kinateck, can be used for 
passive joint position sense testing. Before considering the choice of  a testing 
apparatus, goals of  measurement should be set. Single- or multi-axis movement 
as well as single- or multi-joint movements can be considered as the options with 
respect to the goal of  the assessment. The above presented equipment cannot 
be effectively applied to multi-axial or multi-joint movements. In sports research 
other methods such as goniometry, kinematics and electromagnethic trackers 
are used to enable multidirectional recording of  movements (Chung et al., 2006; 
Maffiuletti, Bizzini, Schatt, & Munzinger, 2005; Tripp et al., 2006; Tripp et al., 
2007a). Such measurement setup provides movement screening, performed by 
unconstrained degrees of  freedom. These functional measures are of  especial 
interest to sports scientists, coaches and athletes.

An important characteristic of  kinaesthetic sense assessment methods is 
their accuracy and sensitivity. The equipment used must enable sufficient angular 
discrimination (< 0.5°) (Alvemalm et al., 1996; Laufer et al., 2001; Niessen et al., 
2009; Voight et al., 1996) , and sufficiently slow speeds of  passive movements 
(Brindle et al., 2010). 

Measures can be performed in different ranges of  motion. According to the 
information coming from different fields of  research, the range of  movement 
has an effect on kinaesthetic sense (Myers & Oyama, 2008; Zuckerman et al., 
1999). For instance, abundant sensory drive is present in the gleno-humeral 
joint if  extremes of  ROM are tested (Diederichsen, Krogsgaard, Voigt, & 
Dyhre-Poulsen, 2002; Myers & Oyama, 2008). When considering the specific 
adaptations of  the gleno-humeral joint in some sports like handball, volleyball or 
swimming (Burkhart, Morgan, & Kibler, 2003), changes in joint position sense 
in extremes of  ROM can be indicative of  potentially dangerous adaptations in 
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joint movement control (Myers & Oyama, 2008). In the knee joint position must 
be assessed in mid ranges of  joint motion. Perturbations causing knee injuries 
usually occur in the mid ranges of  knee range of  motion (Alentorn-Geli et al., 
2009). However, a specific pathological condition often requires an adapted joint 
position test protocol in order to achieve the needed specific sensitivity of  the 
test (Hortobágyi, Garry, Holbert, & Devita, 2004; Tripp et al., 2006). 

Sense of  force measurements. Especially in sports (Cronin & Sleivert, 
2005; Riganas, Vrabas, Papaevangelou, & Mandroukas, 2010; Smith, Norris, & 
Hogg, 2002; Wilson & Murphy, 1996), injury prevention (Hrysomallis, 2009; 
Kellis & Katis, 2007) and rehabilitation (Pua, Bryant, Steele, Newton, & Wrigley, 
2008) measurements of  maximal force production, endurance and inter-muscular 
force ratios have been a standard part of  functional movement assessments. In 
sports, a special attention has been devoted to assessing explosive power (Ferreira, 
Schilling, Weiss, Fry, & Chiu, 2010; Glatthorn et al., 2010; James, Navas, & Herrel, 
2007; McLellan, Lovell, & Gass, 2010) and lower extremity stiffness (Brughelli & 
Cronin, 2008). Although maximal force represents an important ability in sports 
as well as in daily activities, sub-maximal force accuracy and its perception are of  
importance as well. For example, stroke patients have affected manual dexterity 
(Kriz, Hermsdörfer, Marquardt, & Mai, 1995; Kurillo et al., 2005). Daily activities 
such as holding a spoon or a cup of  tee represent a challenge. Usually their 
ability to accurately control force development is impaired (Kurillo et al., 2005). 
Another example, sport specific, can be drawn from swimming. A swimmer 
relies on accurate water vortex perception to be able to achieve the optimal hand 
propulsion (Lauder & Dabnichki, 2005; Matsuuchi et al., 2009). As fatigue and 
higher force developments can affect joint position sense (Jones, 1995; Proske, 
2006), the ability to sustain the optimal force production is important from 
technical as well as from the movement-economy perspective. 

Methods for the assessment of  force perception have been developed 
especially for research and rehabilitation purposes (Jones, 1995; Smirmaul, 
2007). In sports ratings of  effort or force produced, like Borg’s scales, are easier 
to use (Borg, 1970, 1974, 1978). Today, four major methods for force sense 
assessment are known. The first method uses the range of  force that the subject 
is able to exert. Numbers are assigned to specific force levels. During the force 
production tasks the subject is asked to name the level of  force he perceives of  
producing (Eisler, 1965a, 1965b). The second method use force matching tasks 
with the contra-lateral limb. The tested limb is under the load (representing the 
force reference), and the contra-lateral hand has to match the force level as 
accurately as possible (Cafarelli, 1982). Similar tests have been used using only 
one limb, where the subject had to develop predefined level of  force with or 
without feedback information (Bock et al., 2005). The third type of  measures 
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assesses the ability to perceive change in force. Usually the force produced is 
perturbed by the force increase or decrease. The smallest difference perceived 
represents the sensation of  force (Pang, Tan, & Durlach, 1991). And the fourth 
methods use active tracking methods (Figure 4) enabling functional and active 
force production measures (Chung et al., 2006; Kriz et al., 1995; Maffiuletti et al., 
2005). Sense of  force is thought to be based on sensory drive derived primarily 
from Golgi tendon organs and from the central representations of  movement 
(Jones, 1995). By combining the joint position and force sense measurements 
more functional assessment of  kinaesthetic sense can be achieved. By simply 
disburdening the measured limb, the sense of  force can be effectively diminished, 
enabling simple but effective way of  assessing contribution of  individual senses 
to a specific movement. 



Kinaesthesia and Methods for its Assessment

190

Figure 4. Picture A shows an example of  force tracking method applied to the
knee extension movement. Different feedback options are possible (B). 
Continuous sinusoidal (1), trapezoid (2) or triangular (3) movement can 
be used. Same movement forms can be used in random configuration 
(4), being more difficult to track. 



Sport Science Review, vol. XIX, No. 5-6, December 2010

191

These methods require specialized equipment. Force based strain gauge 
sensors embedded into casing of  daily or sports specific training apparatus can 
be used (Kriz et al., 1995; Kurillo et al., 2005). In sports, strain gauge sensors 
can be embedded into sports equipment enabling sports specific measurements 
(Heinrich, Mössner, Kaps, & Nachbauer, 2010; Soper and Hume, 2004). By 
these means, more specific measures of  how the force during sports activities is 
perceived and controlled, can be better studied. 

Active tracking measurements. Active tracking methods enable basic 
as well as functional testing. In the Second World War these methods have 
been used in the army to improve shooting (Kelley, 1969). Perhaps most classic 
examples of  using active tracking methods come from the motor control research 
used as early as in 20th century (Koerth, 1922). They contributed to the better 
apprehension of  learning and control of  a single joint movement. Therapists 
have applied these methods to studying and rehabilitation of  head and other 
neural injuries and diseases (Chung et al., 2006; Kurillo et al., 2005; Kurillo et 
al., 2004). These methods have been often used to improve the control of  hand 
dexterity (Bock et al., 2005; Kurillo et al., 2005; Kurillo et al., 2004). Specific 
tasks were developed such as cup or pencil grip to mimic daily activities. Some 
authors expanded the use of  active tracking to closed kinetic chain activities 
(Maffiuletti et al., 2005). In stroke rehabilitation, transfer of  closed kinetic chain 
tracking training on gait was studied (Chung et al., 2006). By these means active 
tracking provided an efficient training as well as kinaesthetic sense assessment 
tool. Today, these computerized assessment methods are commonly used in 
rehabilitation after neurological dieses and injury, as well as in sports.

Common to all tracking methods is screening of  specific characteristic of  
dynamic movement (Figure 4). For example, in majority of  tasks, joint position 
(Carey et al., 1996; Chung et al., 2006; Maffiuletti et al., 2005) or the force 
produced (Bock et al., 2005; Carey et al., 1996; Kriz et al., 1995; Kurillo et al., 
2004) is measured, but other applications are possible as well (Soper & Hume, 
2004; Tripp et al., 2006). Commonly, subjects are asked to move according to the 
pre-prepared movement (reference movement). The online feedback provides 
them with the opportunity to compare their own and reference movement and 
correct it accordingly (Bock et al., 2005; Maffiuletti et al., 2005; Rosker, Kalc, & 
Sarabon, 2010). The difference between the two movements can be used as a 
measure of  the movement acuity (Carey et al., 1996). 

The basic measurement setup represents a movement sensor of  choice and 
a computer to provide feedback (Figure 4). Based on this simple setup different 
protocols have been designed. Basic differentiation between these protocols can 
be done by the movement task used. Majority of  measurement protocols use 
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constant cyclic movements (Carey et al., 1996; Chung et al., 2006; Kriz et al., 1995; 
Rosker et al., 2010). The movement can be performed with fluent changes in the 
direction of  movement or with a more sudden change (Figure 4). Sinusoidal 
movements have been most frequently used (Carey et al., 1996; Chung et al., 
2006; Kurillo et al., 2005; Kurillo et al., 2004; Maffiuletti et al., 2005), but others 
like trapeze shapes have been used as well (Kriz et al., 1995; Kurillo et al., 2005). 
Secondly, in protocols involving measures of  force production, ramp protocols 
have been used (Kurillo et al., 2005; Kurillo et al., 2004). In these protocols the 
reference force slowly increases and reaches a plateau that must be sustained for 
a given amount of  time. 

Constant cyclic active tracking methods differ in their frequency. Most 
often medium frequencies, ranging from 0.2 Hz to 0.4 Hz, have been reported 
in the literature (Carey et al., 1996; Chung et al., 2006; Kriz et al., 1995; Kurillo 
et al., 2004). Sarabon and his research group studied the effect of  frequency 
on the active tracking ability (in press). They performed knee angle tracking on 
thirty subjects. A specialized brace was used to constrain the knee extension/
flexion movement to horizontal plain, diminishing effect of  force production 
by knee flexors or extensors. Subjects performed five sixty second trials in a 
random order. Five frequencies used were 1, 0.5, 0.25, 0.125 and 0.0625 Hz. 
This specter of  velocities enabled comparison between fast, medium and slow 
movements. The most accurate tracking was observed at slowest speeds and was 
progressively decreasing with increase in movement velocity.

Third possibility is to use a randomly changing frequency and range of  
motion defined by the reference curve which a subject tries to actively mirror. 
Sarabon and Rosker (in press) performed a pilot study on ten subjects. They 
used elbow tracking of  constant and randomly changing sinusoidal reference 
movement. Avery subject performed ten consecutive repetitions. The comparison 
showed decreased tracking accuracy in a random sinus tracking. Although the 
random tracking test was more difficult, the trend of  improvement or learning 
effect did not differ between the two tasks. An important advantage in using the 
random movement is the wider dispersion between subjects, meaning higher 
sensitivity of  the method. Still, when using the active tracking tasks effects of  
learning or spontaneous improvements must be considered when interpreting 
the results.

Tracking methods enable complex functional testing of  various kinaesthetic 
senses. With modifications described in sections where other methods have been 
discussed, sense of  joint position, movement, force or effort can be separately 
or interchangeably used. 
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Actual limb movement can be tracked by various sensors. Today problem 
is not so much which sensors to use, but rather to apply the most appropriate 
sensory setup that enables us to gather the data on most relevant aspects of  the 
human movement. Electronic goniometers, electromagnetic sensors and fluo-
rescent video trackers have been used to track kinematic characteristics of  move-
ment (Soper & Hume, 2004; Tripp et al., 2006). Other sensors like force sensors, 
force plates, and even EMG electrodes can be used as well, having a potential in 
developing explosive power in sports like volleyball, specific balance and others. 

Feedback information provided during active tracking defers form method 
to method. With introduction of  virtual reality exiting new possibilities in 
visual interface have been introduced (Cameirão, Bermúdez I Badia, Duarte 
Oller, & Verschure, 2009). Such modifications can have a beneficial affect on 
motivation, especially during rehabilitation training (Deutsch & Mirelman, 2007; 
Lucca, 2009). More importantly, type of  feedback information used is known, 
to significantly alter motor learning (Schmidt & Wrisberg, 2008). Feedback 
can provide information about the movement outcome (knowledge of  result) 
or the quality of  the movement (knowledge of  performance) (Wulf, Shea, & 
Lewthwaite, 2010). For assessing kinaesthetic sense continuous online feedback 
must be provided. In training and rehabilitation on the other hand type of  
feedback used depends on the stage of  skill learning. In progression from earliest 
to more advances stages of  motor learning continuous feedback is substituted 
with delayed or even missing feedback (Schmidt & Wrisberg, 2008). Tracking 
methods can provide different feedback options, aiding athletes and coaches 
through various stages of  learning and skill refinement. 

Conclusion

Kinaesthetic sense is an important component of  motor control system. 
Perception of  limb and body position and movement enable planning oncoming 
and correcting ongoing movement. Perception is based on sensory information 
derived from specialized peripheral sensory organs called proprioceptors. These 
are located in various joint, muscle, tendon and coetaneous tissue. Their role is 
to convert mechanical stress in messages that can be understood by the central 
nervous system, which uses this information in process of  movement planning, 
initiating and repairing. Main processing that is thought to be responsible for 
conscious perception of  position and movement sense is thought to take place 
in the motor and sensory cortex. But same information is used by the cerebellum 
in unconscious motor programming as well. 

Kinaesthetic sense has been correlated with sensory-motor deficiencies 
following injury and disease. Other effectors such as cold, stretching, fatigue, age 
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and training experience have been shown to alter kinaesthetic acuity. Based on 
its relevance in movement control it became of  interest to sports and medicine. 

Different kinaesthetic sense assessment methods have been developed. 
Specialized group of  methods focuses on measuring the function of  
kinaesthetics underlying neuro-physiological mechanisms. These methods are 
useful for research and in-depth screening purposes, but are not appropriate 
for practical use in rehabilitation and sports. Second group of  methods assesses 
kinaesthetic sense of  voluntary and conscious perceived movements. Methods 
from this group are relatively simple to use, and are therefore appropriate for 
use in sports and rehabilitation settings. Methods such as active and passive 
joint repositioning, sense of  passive movement and sense of  force represent 
this group. Tracking methods represent the third group. These methods can be 
used to upgrade previously described methods and combine individual tests. 
More functional sports testing can be performed using these methods. Partially, 
balance and equilibrium assessment methods can be used for kinaesthetic sense 
screening as well. Because these tests demand active motor reactions, outcomes 
of  these tests are not solely a consequence of  kinaesthetic acuity. 

In sports an interesting new insights into movement adaptation to fatigue 
and training is being studied using these methods. Effects of  specific training 
modalities have been studied, but still data on its specific relevance for movement 
skill and sports performance are missing. 

References

Adkins, D., Boychuk, J., Remple, M., & Kleim, J. (2006). Motor training induces 
experience-specific patterns of  plasticity across motor cortex and spinal cord. 
Journal of  Applied Physiology, 101(6), 1776-82.

Alentorn-Geli, E., Myer, G., Silvers, H., Samitier, G., Romero, D., Lázaro-Haro, 
C., & Cugat, R. (2009). Prevention of  non-contact anterior cruciate ligament 
injuries in soccer players. Part 1: Mechanisms of  injury and underlying risk 
factors. Knee Surgery, Sports Traumatology, Arthroscopy, 17(7), 705-729.

Allegrucci, M., Whitney, S., Lephart, S., Irrgang, J., & Fu, F. (1995). Shoulder 
kinesthesia in healthy unilateral athletes participating in upper extremity 
sports. The Journal of  Orthopaedic and Sports Physical Therapy, 21(4), 220-226.

Alvemalm, A., Furness, A., & Wellington, L. (1996). Measurement of  shoulder 
joint kinaesthesia. Manual Therapy, 1(3), 140-145.



Sport Science Review, vol. XIX, No. 5-6, December 2010

195

Armstrong, B., McNair, P., & Taylor, D. (2008). Head and neck position sense. 
Sports Medicine, 38(2), 101-117.

Ashton-Miller, J., Wojtys, E., Huston, L., & Fry-Welch, D. (2001). Can proprio-
ception really be improved by exercises? Knee Surgery, Sports Traumatology, 
Arthroscopy, 9(3), 128-136.

Asseman, F., Caron, O., & Crémieux, J. (2005). Effects of  the removal of  vision 
on body sway during different postures in elite gymnasts. International Journal 
of  Sports Medicine, 26(2), 116-9.

Baczkowicz, D., Szczegielniak, J., & Proszkowiec, M. (2008). Relations between 
postural stability, gait and falls in elderly persons - preliminary report. 
Ortopedia, traumatologia, rehabilitacja, 10(5), 478-85.

Banks, R., Hulliger, M., Saed, H., & Stacey, M. (2009). A comparative analysis of
the encapsulated end-organs of  mammalian skeletal muscles and of  their 
sensory nerve endings. Journal of  Anatomy, 214(6), 859-887.

Bastian, H. (1888). The muscular sense; its nature and cortical localisation. Brain, 
10, 1-137.

Benvenuti, F. (2001). Physiology of  Human Balance. Advances in Neurology, 87, 
41-51.

Bock, O., Vercher, J., & Gauthier, G. (2005). Wrist vibration affects the production 
of  finely graded forces. Aviation, Space, and Environmental Medicine, 76(5), 435-
440.

Boniface, S., & Ziemann, U. (2003). Plasticity in the human nervous system. Cambridge: 
Cambridge University Press.

Borg, G. (1970). Perceived exertion as an indicator of  somatic stress. Scandinavian 
Journal of  Rehabilitation Medicine, 2(2), 92-98.

Borg, G. (1974). Perceived exertion. Exercise and Sport Sciences Reviews, 2, 131-153.

Borg, G. (1978). Subjective effort and physical abilities. Scandinavian Journal of  
Rehabilitation Medicine, 6, 105-113.



Kinaesthesia and Methods for its Assessment

196

Borghuis, J., Hof, A., & Lemmink, K. (2006). The importance of  sensory-motor 
control in providing core stability: implications for measurement and training. 
Sports Medicine, 38(11), 893-916.

Brindle, T., Lebiedowska, M., Miller, J., & Stanhope, S. (2010). The influence of  
ankle joint movement on knee joint kinesthesia at various movement 
velocities. Scandinavian Journal of  Medicine & Science in Sports, 20(2), 262-267.

Brughelli, M., & Cronin, J. (2008). A review of  research on the mechanical stiff-
ness in running and jumping: methodology and implications. Scandinavian 
Journal of  Medicine & Science in Sports, 18(4), 417-426.

Burkhart, S., Morgan, C., & Kibler, W. (2003). The disabled throwing shoulder: 
spectrum of  pathology Part I: pathoanatomy and biomechanics. Arthroscopy, 
19(4), 404-420.

Cafarelli, E. (1982). Peripheral contributions to the perception of  effort. Medicine 
and Science in Sports and Exercise, 14(5), 382-389.

Cameirão, M., Bermúdez I Badia, S., Duarte Oller, E., & Verschure, P. (2009). The 
rehabilitation gaming system: a review. Studies in Health Technology and Informatics, 
145, 65-83.

Capicíková, N., Rocchi, L., Hlavacka, F., Chiari, L., & Cappello, A. (2006). Human 
postural response to lower leg muscle vibration of  different duration. 
Physiological Research, 55, S129-139.

Carey, L., Oke, L., & Matyas, T. (1996). Impaired limb position sense after stroke: 
a quantitative test for clinical use. Archives of  Physical Medicine and Rehabilitation, 
77(12), 1271-1278.

Carpenter, J., Blasier, R., & Pellizzon, G. (1998). The effects of  muscle fatigue on
shoulder joint position sense. The American Journal of  Sports Medicine, 26(2), 
262-265.

Cates, W., & Cavanaugh, J. (2009). Advances in rehabilitation and performance 
testing. Clinics in Sports Medicine, 28(1), 63-76.

Chalmers, G. (2004). Re-examination of  the possible role of  Golgi tendon organ 
and muscle spindle reflexes in proprioceptive neuromuscular facilitation 
muscle stretching. Sports Biomechanics, 3(1), 159-183.



Sport Science Review, vol. XIX, No. 5-6, December 2010

197

Chiari, L., Rocchi, L., & Cappello, A. (2002). Stabilometric parameters are affec-
ted by anthropometry and foot placement. Clinical Biomechanics, 17(19-10), 
666-77.

Chung, Y., Cho, S., & Lee, Y. (2006). Effect of  the knee joint tracking training 
in closed kinetic chain condition for stroke patients. Restorative Neurology and 
Neuroscience, 24(3), 173-180.

Costello, J., & Donnelly, A. (2010). Cryotherapy and joint position sense in 
healthy participants: a systematic review. Journal of  Athletic Training, 45(3), 
306-316.

Cronin, J., & Sleivert, G. (2005). Challenges in understanding the influence of  
maximal power training on improving athletic performance. Sports Medicine, 
35(3), 213-234.

DeMyer, W. (2004). Technique of  the neurological examination (5. ed.). New York: 
McGraw-Hill.

Deutsch, J., & Mirelman, A. (2007). Virtual reality-based approaches to enable 
walking for people poststroke. Topics in Stroke Rehabilitation, 14(6), 45-53.

Diederichsen, L., Krogsgaard, M., Voigt, M., & Dyhre-Poulsen, P. (2002). Shoul-
der reflexes. Journal of  Electromyography and Kinesiology, 12(3), 183-191.

Djupsjöbacka, M., Johansson, H., & Bergenheim, M. (1994). Influences on the 
gamma-muscle-spindle system from muscle afferents stimulated by increased 
intramuscular concentrations of  arachidonic acid. Brain Research, 663(2), 293-
302.

Eisler, H. (1965a). The ceiling of  psychophysical power functions. The American 
Journal of  Psychology, 78, 506-509.

Eisler, H. (1965b). The connection between magnitude and discrimination scales 
and direct and indirect scaling methods. Psychometrika, 30(3), 271-289.

Enoka, R. (2008). Neuromechanics of  human movement. Champaign: Human Kinetics.

Ferreira, L., Schilling, B., Weiss, L., Fry, A., & Chiu, L. (2010). Reach height and 
jump displacement: implications for standardization of  reach determination. 
Journal of  Strength and Conditioning Research, 24(6), 1596-1601.



Kinaesthesia and Methods for its Assessment

198

Fischer, M., & Schäfer, S. (2005). Effects of  changes in pH on the afferent impul-
se activity of  isolated cat muscle spindles. Brain Research, 1043(1-2), 163-178.

Fonda, B., & Sarabon, N. (2010). Biomechanics of  cycling: literature review. 
Sport Science Review, 19(1-2), 187-210.

Fong, S., & Ng, G. (2006). The effects on sensorimotor performance and balance 
with Tai Chi training. Archives of  Physical Medicine and Rehabilitation, 87(1), 82-87.

Forkin, D., Koczur, C., Battle, R., & Newton, R. (1996). Evaluation of  kinesthetic 
deficits indicative of  balance control in gymnasts with unilateral chronic ankle 
sprains. The Journal of  Orthopaedic and Sports Physical Therapy, 23(4), 245-250.

Fourkas, A., Bonavolontà, V., Avenanti, A., & Aglioti, S. (2008). Kinesthetic ima-
gery and tool-specific modulation of  corticospinal representations in expert 
tennis players. Cerebral Cortex, 18(10), 2382-2390.

Freeman, M., & Broderick, P. (1996). Kinaesthetic sensitivity of  adolescent male 
and female athletes and non-athletes. Australian Journal of  Science and Medicine 
in Sport, 28(2), 46-49.

Fu, A., & Hui-Chan, C. (2005). Ankle joint proprioception and postural control 
in basketball players with bilateral ankle sprains. The American Journal of  Sports 
Medicine, 33(8), 1174-1182.

Fukuoka, Y., Nagata, T., Ishida, A., & Minamitani, H. (2001). Characteristics of  
somatosensory feedback in postural control during standing. IEEE Transactions 
on Neural Systems and Rehabilitation Engineering, 9(2), 145-153.

Gandevia, S. (2001). Spinal and supraspinal factors in human muscle fatigue. 
Physiological Reviews, 81(4), 1725-1789.

Gandevia, S., Enoka, R., McComas, A., Stuart, D., & Thomas, C. (1995). Neuro-
biology of  muscle fatigue. Advances and issues. Advances in Experimental 
Medicine and Biology, 384, 515-525.

Gandevia, S., & McCloskey, D. (1976). Joint sense, muscle sense, and their com-
bination as position sense, measured at the distal interphalangeal joint of  the 
middle finger. The Journal of  Physiology, 260(2), 387-407.

Glatthorn, J., Gouge, S., Nussbaumer, S., Stauffacher, S., Impellizzeri, F., & 
Maffiuletti, N. (2010). Validity and Reliability of  Optojump Photoelectric 



Sport Science Review, vol. XIX, No. 5-6, December 2010

199

Cells for Estimating Vertical Jump Height. Journal of  Strength and Conditioning 
Research, 17, Epub Ahead of  print.

Guerraz, M., & Bronstein, A. (2008). Ocular versus extraocular control of  pos-
ture and equilibrium. Neurophysiologie Clinique, 38(6), 391-398.

Harkins, K., Mattacola, C., Uhl, T., Malone, T., & McCrory, J. (2005). Effects of  
2 ankle fatigue models on the duration of  postural stability dysfunction. 
Journal of  Athletic Training, 40(3), 191-194.

Heinrich, D., Mössner, M., Kaps, P., & Nachbauer, W. (2010). Calculation of  the 
contact pressure between ski and snow during a carved turn in Alpine skiing. 
Scandinavian Journal of  Medicine & Science in Sports, 20(3), 485-492.

Henning, C., Lynch, M., & Glick, K. (1985). An in vivo strain gage study of  elon-
gation of  the anterior cruciate ligament. The American Journal of  Sports Medicine, 
13(1), 22-26.

Hiemstra, L., Lo, I., & Fowler, P. (2001). Effect of  fatigue on knee proprioception: 
implications for dynamic stabilization. The Journal of  Orthopaedic and Sports 
Physical Therapy, 31(10), 598-605.

Holden, J., Grood, E., Korvick, D., Cummings, J., Butler, D., & Bylski-Austrow, 
D. (1994). In vivo forces in the anterior cruciate ligament: direct measurements 
during walking and trotting in a quadruped. Journal of  Biomechanics, 27(5), 517-
526.

Hortobágyi, T., Garry, J., Holbert, D., & Devita, P. (2004). Aberrations in the con-
trol of  quadriceps muscle force in patients with knee osteoarthritis. Arthritis 
and Rheumatism, 51(4), 562-569.

Hrysomallis, C. (2009). Hip adductors’ strength, flexibility, and injury risk. Journal 
of  Strength and Conditioning Research, 23(5), 1514-1517.

Hupperets, M., Verhagen, E., & van Mechelen, W. (2009). Effect of  sensorimotor 
training on morphological, neurophysiological and functional characteristics 
of  the ankle: a critical review. Sports Medicine, 39(7), 591-609.

James, R., Navas, C., & Herrel, A. (2007). How important are skeletal muscle 
mechanics in setting limits on jumping performance? The Journal of  Experimental 
Biology, 210(6), 923-933.



Kinaesthesia and Methods for its Assessment

200

Johansson, H., Pedersen, J., & Bergenheim, M. (2000). Peripheral afferents of  
the knee: their effects on central mechanisms regulating muscle stiffness, 
joint stability, and proprioception and coordination. In Proprioception and 
neuromuscular control in joint stability (pp. 5-22). Champaign: Human Kinetics.

Johansson, H., Sjölander, P., & Sojka, P. (1991). Receptors in the knee joint liga-
ments and their role in the biomechanics of  the joint. Critical Reviews in 
Biomedical Engineering, 18(5), 341-368.

Jones, L. (1995). The senses of  effort and force during fatiguing contractions. 
Advances in Experimental Medicine & Biology, 384, 305-313.

Kandel, E., Schwartz, J., & Jessell, T. (2000). Principles of  neural science (4. ed.). 
McGraw-Hill.

Kaufman, G., Wood, S., Gianna, C., Black, F., & Paloski, W. (2001). Spatial orien-
tation and balance control changes induced by altered gravitoinertial force 
vectors. Experimental Brain Research, 137(3-4), 397-410.

Kelley, C. (1969). The measurement of  tacking proficiency. Human Factors, 11, 
43-64.

Kellis, E., & Katis, A. (2007). Quantification of  functional knee flexor to extensor 
moment ratio using isokinetics and electromyography. Journal of  Athletic 
Training, 42(4), 447-485.

Kioumourtzoglou, E., Derri, V., Mertzanidou, O., & Tzetzis, G. (1997). Expe-
rience with perceptual and motor skills in rhythmic gymnastics. Perceptual and 
Motor Skills, 84(3), 1363-2372.

Knikou, M. (2005). Effects of  hip joint angle changes on intersegmental spinal 
coupling in human spinal cord injury. Experimental Brain Research, 167(3), 381-
393.

Knikou, M. (2008). The H-reflex as a probe: pathways and pitfalls. Journal of  
Neuroscience Methods, 171(1), 1-12.

Koerth, W. (1922). A pursuit apparatus: eye-hand coordination. Psychological Mono-
graphs, 31, 288-292.

Krishnamoorthy, V., Yang, J., & Scholz, J. (2005). Joint coordination during quiet 
stance: effects of  vision. Experimental Brain Research, 164(1), 1-17.



Sport Science Review, vol. XIX, No. 5-6, December 2010

201

Kriz, G., Hermsdörfer, J., Marquardt, C., & Mai, N. (1995). Feedback-based 
training of  grip force control in patients with brain damage. Archives of  Physical 
Medicine and Rehabilitation, 76(7), 653-659.

Krogsgaard, M., Dyhre-Poulsen, P., & Fischer-Rasmussen, T. (2002). Cruciate 
ligament reflexes. Journal of  Electromyography and Kinesiology, 12(3), 177-182.

Kurillo, G., Gregoric, M., Goljar, N., & Bajd, T. (2005). Grip force tracking sys-
tem for assessment and rehabilitation of  hand function. Technology and Health 
Care, 13(3), 137-149.

Kurillo, G., Zupan, A., & Bajd, T. (2004). Force tracking system for the assessment 
of  grip force control in patients with neuromuscular diseases. Clinical 
Biomechanics (Bristol, Avon), 19(10), 1014-1021.

Lamoth, C., van Lummel, R., & Beek, P. (2009). Athletic skill level is reflected in 
body sway: a test case for accelometry in combination with stochastic 
dynamics. Gait & Posture, 29(4), 546-51.

Lauder, M., & Dabnichki, P. (2005). Estimating propulsive forces--sink or swim? 
Journal of  Biomechanics, 38(10), 1984-1990.

Laufer, Y., Hocherman, S., & Dickstein, R. (2001). Accuracy of  reproducing 
hand position when using active compared with passive movement. 
Physiotherapy research international, 6(2), 65-75.

Le Clair, K., & Riach, C. (1996). Postural stability measures: what to measure and 
for how long. Clinical Biomechanics, 11(3), 176-178.

Lephart, S., Pincivero, D., Giraldo, J., & Fu, F. (1997). The role of  proprioception 
in the management and rehabilitation of  athletic injuries. The American Journal 
of  Sports Medicine, 25(1), 130-7.

Lephart, S., Reimann, B., & Fu, F. (2000). Introduction to the sensorimotor sys-
tem. In Proprioception and neuromuscular control in joint stability (pp. xvii-xxiv). 
Champaign: Human Kinetics.

Lucca, L. (2009). Virtual reality and motor rehabilitation of  the upper limb after 
stroke: a generation of  progress? Journal of  Rehabilitation Medicine, 41(12), 
1003-1100.



Kinaesthesia and Methods for its Assessment

202

MacDonald, P., & Paus, T. (2003). The role of  parietal cortex in awareness of  
self-generated movements: a transcranial magnetic stimulation study. Cerebral 
Cortex, 13(9), 962-967.

Macefield, V. (2005). Physiological characteristics of  low-threshold mechano-
receptors in joints, muscle and skin in human subjects. Clinical and Experimental 
Pharmacology & Physiology, 32(1-2), 135-144.

Maffiuletti, N., Bizzini, M., Schatt, S., & Munzinger, U. (2005). A multi-joint lower
-limb tracking-trajectory test for the assessment of  motor coordination. 
Neuroscience Letters, 384(1-2), 106-111.

Mahboobin, A., Loughlin, P., Redfern, M., & Sparto, P. (2005). Sensory re-weigh-
ting in human postural control during moving-scene perturbations. 
Experimental Brain Research, 167(2), 260-267.

Matsuuchi, K., Miwa, T., Nomura, T., Sakakibara, J., Shintani, H., & Ungerechts, 
B. (2009). Unsteady flow field around a human hand and propulsive force in 
swimming. Journal of  Biomechanics, 42(1), 42-47.

McCloskey, D. (1978). Kinesthetic sensibility. Physiological Reviews, 58(4), 763-820.

McLellan, C., Lovell, D., & Gass, G. (2010). The Role of  Rate of  Force Deve-
lopment on Vertical Jump Performance. Journal of  Strength and Conditioning 
Research, 21, Epub ahead of  print.

Mergner, T. (2007). Modeling sensorimotor control of  human upright stance. 
Progress in Brain Research, 165, 283-297.

Misiaszek, J. (2003). The H-reflex as a tool in neurophysiology: its limitations and 
uses in understanding nervous system function. Muscle & Nerve, 28(2), 144-
160.

Miura, K., Ishibashi, Y., Tsuda, E., Okamura, Y., Otsuka, H., & Toh, S. (2004). 
The effect of  local and general fatigue on knee proprioception. Arthroscopy, 
20(4), 414-418.

Morrissey, M. (1989). Reflex inhibition of  thigh muscles in knee injury. Causes 
and treatment. Sports Medicine, 7(4), 263-276.

Myers, J., & Oyama, S. (2008). Sensorimotor factors affecting outcome following 
shoulder injury. Clinics in Sports Medicine, 27, 481-490.



Sport Science Review, vol. XIX, No. 5-6, December 2010

203

Naito, E. (2004). Sensing limb movements in the motor cortex: how humans 
sense limb movement. The Neuroscientist, 10(1), 73-82.

Newcomer, K., Laskowski, E., Yu, B., Johnson, J., & An, K. (2000). Differences 
in repositioning error among patients with low back pain compared with 
control subjects. Spine, 25(19), 2488-2493.

Niessen, M., Veeger, D., & Janssen, T. (2009). Effect of  body orientation on pro-
prioception during active and passive motions. American Journal of  Physical 
Medicine & Rehabilitation, 88(12), 979-985.

de Noronha, M., Refshauge, K., Herbert, R., Kilbreath, S., & Hertel, J. (2006). Do 
voluntary strength, proprioception, range of  motion, or postural sway predict 
occurrence of  lateral ankle sprain? British Journal of  Sports Medicine, 40(10), 
824-828.

Pang, X., Tan, H., & Durlach, N. (1991). Manual discrimination of  force using 
active finger motion. Perception & Psychophysics, 49(6), 531-540.

Proske, U. (2005). What is the role of  muscle receptors in proprioception? Muscle 
& Nerve, 31(6), 780-787.

Proske, U. (2006). Kinesthesia: the role of  muscle receptors. Muscle & Nerve, 34
(5), 545-558.

Proske, U., & Gandevia, S. (2009). The kinaesthetic senses. The Journal of  Physiology, 
587(17), 4139-4146.

Proske, U., Morgan, D., & Gregory, J. (1993). Thixotropy in skeletal muscle and 
in muscle spindles: a review. Progress in Neurobiology, 41(6), 705-721.

Pua, Y., Bryant, A., Steele, J., Newton, R., & Wrigley, T. (2008). Isokinetic dyna-
mometry in anterior cruciate ligament injury and reconstruction. Annals of  the 
Academy of  Medicine, Singapore, 37(4), 330-340.

Refshauge, K., Chan, R., Taylor, J., & McCloskey, D. (1995). Detection of  move-
ments imposed on human hip, knee, ankle and toe joints. The Journal of  
Physiology, 488(Pt1), 231-241.

Refshauge, K., Kilbreath, S., & Raymond, J. (2000). The effect of  recurrent ankle 
inversion sprain and taping on proprioception at the ankle. Medicine and Science 
in Sports and Exercise, 32(1), 10-15.



Kinaesthesia and Methods for its Assessment

204

Renstrom, P., Konradsen, L., & Beynnon, B. (2000). Influence of  knee and ankle 
support on proprioception and neuromuscular control. In Proprioception and 
neuromuscular control in joint stability (pp. 301-310). Champaign: Human Kinetics.

Ribeiro, F., Mota, J., & Oliveira, J. (2007). Effect of  exercise-induced fatigue on 
position sense of  the knee in the elderly. European Journal of  Applied Physiology, 
99(4), 379-385.

Riemann, B., & Lephart, S. (2002). The sensorimotor system, part I: the physio-
logic basis of  functional joint stability. Journal of  Athletic Training, 37(1), 71-79.

Riganas, C., Vrabas, I., Papaevangelou, E., & Mandroukas, K. (2010). Isokinetic 
strength and joint mobility asymmetries in oarside experienced oarsmen. 
Journal of  Strength and Conditioning Research, 24(11), 3166-3172.

Rogers, J. (1980). Romberg and his test. The Journal of  Laryngology and Otology, 94
(12), 1401-1404.

Roland, P. (1987). Somatosensory detection of  microgeometry, macrogeometry 
and kinesthesia after localized lesions of  the cerebral hemispheres in man. 
Brain Research, 434(1), 43-94.

Roland, P., & Mortensen, E. (1987). Somatosensory detection of  microgeometry, 
macrogeometry and kinesthesia in man. Brain Research, 434(1), 1-42.

Rosker, J., Kalc, M., & Sarabon, N. (2010). An attempt to optimize the active knee 
angle tracking test while using a cyclic movement pattern. Kinesiologia Slovenica, 
(In press).

Rowe, M., Tracey, D., Mahns, D., Sahai, V., & Ivanusic, J. (2005). Mechanosensory 
perception: are there contributions from bone-associated receptors? Clinical 
and Experimental Pharmacology & Physiology, 32(1-2), 100-108.

Ruohonen, J., & Karhu, J. (2010). Navigated transcranial magnetic stimulation. 
Neurophysiologie Clinique, 40(1), 7-17.

Sacco, P., Thickbroom, G., Byrnes, M., & Mastaglia, F. (2000). Changes in corti-
comotor excitability after fatiguing muscle contractions. Muscle & Nerve, 
23(12), 1840-1846.



Sport Science Review, vol. XIX, No. 5-6, December 2010

205

Sacco, P., Thickbroom, G., Thompson, M., & Mastaglia, F. (1997). Changes in cor-
ticomotor excitation and inhibition during prolonged submaximal muscle 
contractions. Muscle & Nerve, 20(9), 1158-1166.

Salavati, M., Dimitrijevic, M., Mazaheri, M., Negahban, H., Ebrahimi, I., Talebian, 
S., Jafari, A., et al. (2009). Test-retest reliability of  center of  pressure measures 
of  postural stability during quiet standing in a group with musculoskeletal 
disorders consisting of  low back pain, anterior cruciate ligament injury and 
functional ankle instability. Gait & Posture, 29(3), 460-4.

Sanes, J., & Shadmehr, R. (1995). Sense of  muscular effort and somesthetic 
afferent information in humans. Canadian Journal of  Physiology and Pharmacology, 
73(2), 223-233.

Sarabon, N., Mlaker, B., & Markovic, G. (2010). A novel tool for the assessment 
of  dynamic balance in healthy individuals. Gait & Posture, 31(2), 261-4.

Sarabon, N., & Omejec, G. (2007). A Novel Testing Tool for Balance in Sports
and Rehabilitation. In Conference programme & book of  abstracts / 11th 
Mediterranean Conference on Medical and Biomedical Engineering and 
Computing - Medicon 2007, IFMBE Proceedings (11. ed., pp. 998-1001). 
Ljubljana.

Sarabon, N., Rosker, J., Loefler, S., & Kern, H. (2010). Sensitivity of  Body Sway 
Parameters during Quiet Standing to Manipulation of  Support Surface Size. 
Journal of  Sports Science & Medicine, 9, 431-438.

Schmidt, R., & Wrisberg, C. (2008). Motor learning and performance: A situation based 
learning approach (4. ed.). Champaign: Human Kinetics.

Schweigart, G., & Mergner, T. (2008). Human stance control beyond steady state
response and inverted pendulum simplification. Experimental Brain Research, 
185(4), 635-653.

Sharman, M., Cresswell, A., & Riek, S. (2006). Proprioceptive neuromuscular fa-
cilitation stretching : mechanisms and clinical implications. Sports Medicine, 
36(11), 929-939.

Sigmundsson, H., Whiting, H., & Loftesnes, J. (2000). Development of  proprio-
ceptive sensitivity. Experimental Brain Research, 135(3), 348-352.



Kinaesthesia and Methods for its Assessment

206

Smirmaul, B. (2007). Sense of  effort and other unpleasant sensations during 
exercise: clarifying concepts and mechanisms. British Journal of  Sports Medicine.

Smith, D., Norris, S., & Hogg, J. (2002). Performance evaluation of  swimmers: 
scientific tools. Sports Medicine, 32(9), 539-554.

Soechting, J., & Flanders, M. (2008). Sensorimotor control of  contact force. 
Current Opinion in Neurobiology, 18(6), 565-572.

Solomonow, M. (2006). Sensory-motor control of  ligaments and associated neu-
romuscular disorders. Journal of  Electromyography and Kinesiology, 16(6), 549-567.

Soper, C., & Hume, P. (2004). Towards an ideal rowing technique for performance: 
the contributions from biomechanics. Sports Medicine, 34(12), 825-848.

Streepey, J., Mock, M., Riskowski, J., Vanwye, W., Vitvitskiy, B., & Mikesky, A. 
(2010). Effects of  quadriceps and hamstrings proprioceptive neuromuscular 
facilitation stretching on knee movement sensation. Journal of  Strength and 
Conditioning Research, 24(4), 1037-1042.

Taube, W., Gruber, M., & Gollhofer, A. (2008). Spinal and supraspinal adaptations 
associated with balance training and their functional relevance. Acta Physiologica 
(Oxford, England)., 193(2), 101-116.

Tibone, J., Fechter, J., & Kao, J. (1997). Evaluation of  a proprioception pathway 
in patients with stable and unstable shoulders with somatosensory cortical 
evoked potentials. Journal of  Shoulder and Elbow Surgery, 6(5), 440-443.

Tripp, B., Faust, D., & Jacobs, P. (2009). Elbow joint position sense after neuro-
muscular training with handheld vibration. Journal of  Athletic Training, 44(6), 
617-623.

Tripp, B., Uhl, T., Mattacola, C., Srinivasan, C., & Shapiro, R. (2006). A comparison 
of  individual joint contributions to multijoint position reproduction acuity in 
overhead-throwing athletes. Clinical Biomechanics (Bristol, Avon), 21(5), 466-473.

Tripp, B., Yochem, E., & Uhl, T. (2007a). Functional fatigue and upper extremity 
sensorimotor system acuity in baseball athletes. Journal of  Athletic Training, 
42(1), 90-98.



Sport Science Review, vol. XIX, No. 5-6, December 2010

207

Tripp, B., Yochem, E., & Uhl, T. (2007b). Recovery of  upper extremity sensori-
motor system acuity in baseball athletes after a throwing-fatigue protocol. 
Journal of  Athletic Training, 42(4), 452-457.

Turvey, M. (2007). Action and perception at the level of  synergies. Human Move-
ment Science, 26(4), 657-697.

Tyson, S., & Connell, L. (2009). How to measure balance in clinical practice. A
systematic review of  the psychometrics and clinical utility of  measures of  
balance activity for neurological conditions. Clinical Rehabilitation, 23(9), 824-
40.

Uchio, Y., Ochi, M., Fujihara, A., Adachi, N., Iwasa, J., & Sakai, Y. (2003). Cryo-
therapy influences joint laxity and position sense of  the healthy knee joint. 
Archives of  Physical Medicine and Rehabilitation, 84(1), 131-135.

Ulkar, B., Kunduracioglu, B., Cetin, C., & Güner, R. (2004). Effect of  positioning 
and bracing on passive position sense of  shoulder joint. British Journal of  
Sports Medicine, 38(5), 549-552.

Voight, M., Hardin, J., Blackburn, T., Tippett, S., & Canner, G. (1996). The 
effects of  muscle fatigue on and the relationship of  arm dominance to 
shoulder proprioception. The Journal of  Orthopaedic and Sports Physical Therapy, 
23(6), 348-352.

Vuillerme, N., Teasdale, N., & Nougier, V. (2001). The effect of  expertise in
gymnastics on proprioceptive sensory integration in human subjects. 
Neuroscience Letters, 311(2), 73-76.

Wassinger, C., Myers, J., Gatti, J., Conley, K., & Lephart, S. (2007). Proprioception 
and throwing accuracy in the dominant shoulder after cryotherapy. Journal of  
Athletic Training, 42(1), 84-89.

Weerakkody, N., Taylor, J., & Gandevia, S. (2009). The effect of  high-frequency 
cutaneous vibration on different inputs subserving detection of  joint 
movement. Experimental Brain Research, 197(4), 347-355.

Wilson, G., & Murphy, A. (1996). The use of  isometric tests of  muscular function 
in athletic assessment. Sports Medicine, 22(1), 19-37.

Windhorst, U. (2007). Muscle proprioceptive feedback and spinal networks. 
Brain Research Bulletin, 73(4-6), 155-202.



Kinaesthesia and Methods for its Assessment

208

Winter, D., Patla, A., Ishac, M., & Gage, W. (2003). Motor mechanisms of  balance 
during quiet standing. Journal of  Electromyography and Kinesiology, 13(1), 49-56.

Winter, D., Patla, A., Prince, F., Ishac, M., & Gielo-Perczak, K. (1998). Stiffness 
control of  balance in quiet standing. Journal of  Neurophysiology, 80, 1211-1221.

Wooton, A. (2010). An integrative review of  Tai Chi research: an alternative 
form of  physical activity to improve balance and prevent falls in older adults. 
Orthopaedic Nursing, 29(2), 108-116.

Wulf, G., Shea, C., & Lewthwaite, R. (2010). Motor skill learning and performance: 
a review of  influential factors. Medical Education, 44(1), 75-84.

Young, A., Stokes, M., & Iles, J. (1987). Effects of  joint pathology on muscle. 
Clinical Orthopeadics and Related Research, 219, 21-27.

Zehr, P. (2002). Considerations for use of  the Hoffmann reflex in exercise stu-
dies. European Journal of  Applied Physiology, 86(6), 455-468.

Zuckerman, J., Gallagher, M., Lehman, C., Kraushaar, B., & Choueka, J. (1999). 
Normal shoulder proprioception and the effect of  lidocaine injection. Journal 
of  Shoulder and Elbow Surgery, 8(1), 11-16.

Jernej ROSKER, Ph.D. Student, After graduating at the Faculty of  Sport he commenced 
his work at fields of  sports injuries rehabilitation, coaching and biomechanical diagnostics 
in sports and rehabilitation. In parallel to his practical work he has been active as a 
researcher in fields of  rehabilitation, injury prevention and motor control. Currently, a 
PhD student at the University of  Ljubljana and an assistant for motor control and motor 
learning at the University of  Primorska, Koper, Slovenia. E-mail: jernej.rosker@gmail.com

Nejc SARABON, Ph.D., (University of  Primorska, Science and Research Centre of  Koper, 
Institute for Kinesiology Research, Koper, Slovenia)He upgraded his background in physical 
therapy and sport science with the doctoral thesis and post-doc projects on the fields of  
motor control, motor behavior and injury prevention using primarily electrophysiological 
and biomechanical diagnostic tools. He is in continuous collaboration with several other 
research and development centers Worldwide. Currently, he is a professor at the University 
of  Primorska and a head of  the research and development group in a measurement and 
instrumentation company.


