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1.   Introduction 


The consequences of falls in the elderly population are often considerable and serious. Fall risk can be 
 reduced by targeted intervention, but the identification of individuals prone to falling remains to be a 
 challenge. Balance assessment is relevant in this context, but no solid assessment strategy has yet been 
 proposed. 


The overall purpose of this Ph.D. project was to identify clinically relevant quantitative parameters as 
 to predict fall risk in the population of community-dwelling elderly, who are not regarded as fragile.  


The first approach implied the development of a test battery consisting of existing tests covering fall 
 related aspects of postural control. The test battery was validated in a population of 96 community-
 dwelling elderly with respect to discrimination ability related to fall history and with respect to 
 predictive ability related to fall incidence in a one-year follow-up period. The background for this 
 approach is described in chapter 3. Results from the study are presented in chapter 4 and 5 (paper I and 
 II), and aspects of the finding are discussed in chapter 5 and 8. 


The second approach implied an investigation of age characteristics in specific aspects of postural 
 control. Dual task assessment was used to evaluate automation of the postural control in two protocols. 


One protocol focused on proactive postural control during predictable perturbations in standing 
 position, and the other protocol focused on complementary postural control capacity during walking. 


The background for this approach is described in chapter 1 and 5. Results from the studies are 


presented in chapter 6 and 7 (paper III and IV), and aspects of the findings are discussed in chapter 8. 


The thesis is based on questions emerging from the clinical approach to patients presenting physical 
 function deficits. However, it has also been based on the setting of mere basic science at Aalborg 
 University. The first section of this thesis will therefore discuss the differences in the scientific 


approaches of basic and clinical research, respectively, in order to illustrate the character of the studies 
included in the thesis. 



(9)
Basic Studies and Their Clinical Relevance 


Clinicians working in the field of rehabilitation as well as other health professionals addressing the 
 locomotor system are challenged when trying to assess the level of physical functioning of the patients, 
 clients, or athletes. 


In this context the term physical functioning is used as a general description of the way the body 
 performs in relation to different (motor) tasks. It can be manifested as the capability to raise an arm, to 
 stand still, to walk, to rise from a chair, to pick up a tiny object, to make a summersault, to lift a heavy 
 weight, to run a marathon, etc. The concept of physical function covers a wide range of complex 
 interactions between the body and its context, and is based on a wide range of mental factors and 
 physical mechanisms in the body. As physical functioning often will be expressed as the capability to 
 make functional movements, the illustration in figure 1.1 can picture the complexity of this research 
 area. This illustration was given by Trew and Everett and shows that the study of human movement can 
 be approached from a number of viewpoints (Trew & Everett 1997). 


Figure 1.1. Illustration of the number of ways in which the study of human movement can be 
 approached (adapted from Trew and Everett, 1997). 


Psychological 


Anatomical 
 Sociological 


Physiological 
 Mechanical 


Environmental 
Human
movement



(10)When physical functioning and movement coordination are studied, it must be considered whether the 
 overall goal is firstly to understand the function of all involved elements and thereafter to combine 
 these elements as to understand the integral whole, or whether the overall outcome pattern should be 
 chosen as the starting point followed by a separation of the different elements (Hauvik 2000). While 
 the first approach seeks for causal explanations, the latter approach focuses on general laws and 
 principles for mechanisms and structures. One of these approaches is not superior to the other, but one 
 may be preferred as more appropriate in relation to the specific phenomenon, which has to be 


addressed. Because of the many degrees of freedom in the body, identical movement patterns can be 
 produced by an infinite number of combinations of the different movement elements (see section 


“Premises for Postural Control”). Studies of individual elements in isolation will therefore be difficult 
 to generalize into a complete picture of the physical function as a whole. On the other hand, studies on 
 general function will not describe the subsystems originating the movement patterns.  


It would be ideal to have a thorough insight into all the mechanisms in the body as to have a better 
 understanding of the physical function. This is what basic science is trying to provide to the greatest 
 extent. In this scientific tradition the aim is to reach a general understanding of the elements and to 
 unveil the causality of the mechanisms in the human body. Within nature science, mainly an approach 
 of reductionism is used to provide the base for this understanding. In order to understand a complex 
 mechanism, the individual elements are identified and the interactions between these elements are 
 described. After a problem has been broken down into elements, it is necessary to design conceptual 
 models in order to describe the interactions between the elements. Even though the scope of interest is 
 the functioning of the body, it is often convenient to use mechanical models as to make these models 
 comprehendible. As full insight into all relevant elements and their interaction is far from reached, the 
 available conceptual models are unfinished and may be adjusted from time to time. Nevertheless, this 
 scientific tradition has provided useful insight into movement control. 


In the clinical field knowledge and conceptual models provided by the basic science helps the clinician 
to a better understanding of the problems presented by the patients. But, as complete knowledge of all 
aspects of the human nature is not available, and, as the conceptual models are not perfect, the clinician 
must also act upon his observations of the specific patient. The clinician will often have to accept that 
the patient’s problem is like a “black box”. The patient will react to different actions and interventions 
with different reactions, but it is not necessarily understood why these reactions occur. Many aspects of 
sensory-motor interaction have to be regarded as a “black box”. We might compare the “output” from 



(11)the box (e.g. the motor performance of an individual before and after training), but when we see a 
 difference, we do not know exactly what has changed within the “box”.  


In clinical research it can be necessary to refrain from the ambition of reaching full understanding of 
 cause-and-effect relationships, but it is relevant to act upon the available empiric findings. In this area 
 of research it becomes relevant merely to focus on which “input” causes which “output” (i.e. which 
 treatment causes which benefit and improvement). It becomes highly relevant to identify methods 
 which can characterize the individuals and identify specific symptoms of which the background is not 
 fully understood.  


In general terms, the two approaches can be described in this way: Basic science asks “why?” and 
 seeks an understanding of the elements and their interactions. In the clinical field the question “how?” 


is relevant, and it becomes more important to make individual descriptions of the patients and their 
 reactions to the treatment, than to fully understand the causality. And here the clinician must act upon 
 the available empiric findings. 


In an optimal synergy between basic and clinical science, empiric findings from clinical science 
 provide information of human nature which will raise questions and challenge basic science. Basic 
 science will gradually provide more solid knowledge and insight into human nature, which will inspire 
 and challenge the clinical field. And the conceptual models and hypothesis provided by the basic 
 science can be challenged and tested in the clinical research.  


According to these considerations, a clinician may refrain from attempting to fully understand all 
 underlying elements of the physical functioning, and concentrate on its expression. The clinical 
 assessment strategy must be based on outcome measures reflecting the level of physical function. For 
 diagnostic purposes, these outcome measures can be related to reference measures from a norm 
 population. In this way the relative level of physical functioning of the individual patient can be 
 described. This approach to the evaluation of physical function is, however, not a trivial matter.  


The presented thesis has had the overall purpose of providing means for assessing the level of physical 
 function in relation to postural control. The purpose has been to facilitate the categorization of 


individuals and the evaluation of the effect of different treatments, training methods, and other 
rehabilitation strategies.  



(12)Assessment Strategies 


Within the last decades much focus has been directed towards the implementation of “evidence based 
 medicine” (EBM). The concept of EBM has been defined as:”…the conscientious, explicit and 
 judicious use of current best evidence in making decisions about the care of individual patients. The 
 practice of evidence based medicine means integrating individual clinical expertise with the best 
 available external clinical evidence from systematic research.” (Sackett et al. 1996). It is not surprising 
 that the patients, the clinicians, and the politicians in charge of the financing of the health care sector 
 would all like to see that the examination and treatment are provided according to the best evidence. 


Good methods to deliver relevant outcome measures are crucial if the clinical praxis shall be evaluated 
 in order to implement EBM, but these methods are not always available. 


There is a need for developing good assessment methods with outcome measures covering relevant 
 aspects of the physical functioning. Better outcome measures can characterize and categorize the 
 patients more precisely and thereby improve the diagnostic procedures and the outline of credible 
 prognosis. In addition, this will facilitate the effect and quality evaluation of the treatment and the 
 training offered to patients. 


A description of the physical functioning can be derived from the patient’s subjective description of the 
 condition and from the general clinical observations made by the examiner. Such descriptions are 
 relevant and can cover aspects which are difficult to quantify (Malterud & Hollnagel 1997). However, 
 it is also useful to derive objective and quantitative outcome measures.  


Quantification of the physical functioning can often characterize observations which are otherwise 
 difficult for the clinician to describe. The use of new technology can provide methods to describe 
 details in the physical functioning, which are difficult to register by normal clinical observations, and it 
 may offer the possibility to register smaller changes in the level of functioning. It is, however, a 


problem that quantification most likely also will imply a simplification. It is therefore important to 
 consider whether vital information is lost in this process.  


The emphasis of the studies included in the thesis is identification of relevant characteristics of the 
physical functioning. In order to secure clinical relevance of the studies, we have deliberately tried to 
use research methods which are (or can be) clinically feasible. Instead of challenging sophisticated 
technology in the approach of the problems, we have worked with the choices of which parameters are 
relevant to evaluate and with the challenge of how to evaluate these parameters in a clinically feasible 
manner. 



(13)The studies included in the thesis are focused on balance and fall risk amongst elderly people. The next 
 sections will therefore discuss the concept of balance and postural control. The more specific 


challenges, which occur when addressing the evaluation of fall risk, will be discussed in chapter 2. 



The Concept of Balance 


Physical function is a very broad term, and the assessment of the level of physical functioning level is 
 covering a very wide field, as described above. In the following, only aspects of physical functioning, 
 which refer to the concept of balance, will be addressed.  


Balance is a concept which is used to describe interaction between different elements. When outcome 
 measures for the balance performance have to be identified, some definitions must be made. 


Mechanical Balance/Stability 


The term balance (or equilibrium), as used in mechanics, is defined as the state of an object when the 
 resultant load actions (forces or moments) acting upon it are zero (Newton´s first law). The ability of an 
 object to balance in a static situation is related to the vertical projection of the centre of mass (CoM), 
 also referred to as the centre of gravity (CoG), and the area of the base of support (BoS) of the object in 
 question. If the line of gravity of an object (CoG) falls within the BoS of the object in question, then the 
 object is balanced. The object becomes unbalance, and will fall, if the CoG is displaced out of the base 
 of support (Pollock et al. 2000). 


The degree of stability depends on the amount of force which is required to move the object towards 
 the balance limit. This will depend on the placement of CoM (vertically and horizontally), the mass 
 itself and the dimension of BoS. In a dynamic situation not only gravity, but also inertia forces must be 
 considered. 


The human body is, however, not a rigid body, and it does not match the requirements as a reference 
body used for mechanical physics. The segments of the human body are linked by joints, which are 
characterized by their ability to move and by having at least one degree of freedom. The “base of 
support” provided by a hinge joint must therefore be described as a joint axis; and in a ball-and-socket 
joint the “BoS” is represented by the contact point with no extent. It is, however, possible for the 
human body to mimic a rigid body by making co-activation of the agonist and antagonist muscles 



(14)controlling the joint movements. This is potentially primary, perhaps primitive or unrefined, form of 
 coordination which is present in early stages of learning a skilled movement (Shumway-Cook & 


Woollacott 2001). Furthermore, this can also be seen as a stiffening strategy, when a person becomes 
 fearful in balance threatening situations. In most situations, however, the muscular control of joint 
 movements is utilized in a more refined manner, which provides joint stability and a base for postural 
 control. 


Postural Control 


Postural control has been defined as the control of the body’s position in space for the purpose of 
 balance and orientation (Shumway-Cook & Woollacott 2001). 


In contrast to the template of a rigid body used in mechanical physics, the human body can actively be 
 adjusted in the aspects of CoM, BoS, and joint momentum. The means of keeping balance in a standing 
 position are postural corrections based on these adjustments.  


Visible equilibrium corrections consist of adjustments in the posture of the body. The adjustments are 
 counterbalancing actions of the extremities, the head, and the trunk which will reposition the centre of 
 mass. The centre of gravity (CoG), which is the projection of CoM, will naturally be equally affected 
 by these equilibrium reactions, and in this way the relationship between CoG and BoS can be 


controlled. 


Less visible, but rapid, equilibrium corrections consist of the muscular adjustments of joint momentum 
 (mainly ankle and hip joints), which will generate reaction forces from the support surface. The result 
 of these minor corrections can be measured by a force platform as the centre of pressure (CoP). A 
 muscle contraction in m. triceps surae will move the CoP forward towards the front foot, and a 


contraction in m. tibialis anterior will move CoP backwards. By using an inverted pendulum model of 
 balance, it is understood that keeping the CoG in position can be obtain by  adjusting the placement of 
 the CoP (Winter 1995). CoP will constantly be guiding the CoG, which has been illustrated by a 
 sheepdog guiding a flock of sheep. 


When these postural corrections become insufficient, the base of support (BoS) must be adjusted. The 
feet can be moved to change the extent or the dimension of the ground support area. This action will be 
seen as protective stepping reactions. Additionally, the hands can be grasping onto a fixed point to give 
extra support.  



(15)All of these postural correction mechanisms can be referred to as the postural control. If balance is 
 defined as the avoidance of falling, then the postural control is referring to the mechanisms used to 
 keep the balance. 


Balance reactions can be seen as a response to sensory information on a feedback basis, but when a 
 balance threatening situation can be predicted, an anticipatory strategy can be used (Ghez & Krakauer 
 2000). Postural control strategies may therefore be either “reactive” (compensatory), “predictive” 


(anticipatory), or a combination (Pollock, Durward, Rowe, & Paul 2000). The postural control can be 
 modelled as grouped into three different elements: Postural preparations, postural accompanies, and 
 postural corrections (Frank & Earl 1990;Gahery 1987). 


In summary, an observer must expect a subject to be reacting on two levels for avoiding a fall: 


Keeping balance as such  Postural preparations 
 Postural accompanies 


Postural corrections (CoM/CoP) 
       When loosing balance  Postural reactions (BoS) 


 or even protective reactions 


Feed-Back and Feed-Forward Aspects of Postural Control 


There are three distinct categories of movement: reflexive, rhythmic, and voluntary (Ghez & Krakauer 
 2000). Reflexes are involuntary coordinated patterns of muscle contractions and relaxations elicited by 
 peripheral stimuli. The repetitive rhythmic motor patterns, such as alternation contractions of flexors 
 and extensors on either side of the body, may occur spontaneously, but are more commonly triggered 
 by peripheral stimuli. The circuits for these rhythmic patterns lie in the spinal cord and brain stem. The 
 third category, the control of voluntary movements, is even more complex and will be addressed more 
 thoroughly in the following. 


Voluntary movements are initiated to accomplish a specific goal and may be triggered by external 
events. They improve with practice as one learns to anticipate and correct for environmental obstacles 
that perturb the body. The adjustment for such external perturbations can be controlled in two ways:  



(16)1. Feedback control: Sensory signals are monitored, and the information is used to act directly on the 
 limb itself as a moment-to-moment control. In mechanical terms, this would be called a servo-control 
 system (figure 1.2).  


Signals from sensors are compared with a desired state (a reference signal). The difference between 
 these two signals represents an error signal which is used to adjust output. Such closed-loop feedback 
 systems are characterized by their gain and their time lag. A high gain will produce a large correction 
 to adjust for a small signal error and vice versa. The time delay across the loop between input and 
 output is called the phase lag. If this phase lag is long and the conditions change rapidly, the specific 
 feedback correction may not be appropriate by the time it is implemented.  


Figure 1.2. A given control system can be adjusted by feedback in a closed loop, and this 
 model can illustrate one basic way of understanding the elements of postural control. 


2. Feed-forward control or anticipatory control: Sensory information is used to detect imminent 
 perturbations and to initiate proactive strategies based on experience. Unlike feedback systems, feed-
 forward control acts in advance of certain perturbations. The sensory signals do not directly affect the 
 timing of the response, and this form of control will therefore be a mixture of an open and a closed 
 loop. What should be emphasized is that experience is crucial in order to anticipate perturbations and to 
 plan relevant motor strategies. An anticipatory postural control is therefore based on motor learning. 


The task of steering a ship, which is also a challenge of controlling, can be used as an alternative 
 illustration of these control models.  


When a ship has to be kept on course, the compass provides the input signal and the rudder angle is 
 output. The steering system has to be manipulated in an appropriate way (by a controller) in order to 
 adjust the rudder angle (the effector). When the ship starts to sheer out of course, the rudder angle must 
 be adjusted to counteract the sheering. The inertia of the system related to the weight of the ship will 


Controller 
 (gain) 


Actuator  Output 


Feedback 
 + / - 



+ 



(17)unfortunately introduce a long phase lag. A self-steering device adjusted to a low gain with damped 
 corrections will therefore have a slow impact and allow big course changes. When it manages to stop 
 the sheering towards one side, it is likely to introduce a new strong turning inertia when trying to bring 
 the ship back on course. This is an overcompensation which means that the ship will sheer strongly to 
 the opposite side (a positive feedback). When instead a high gain is chosen for the self-steering device, 
 the reactions to course deviation will be more vigorous. This will mean that the sheering is minimized, 
 but the steering system will have to work constantly under high load to correct the rudder angle, and 
 this will place a great strain on the system.  


The large course deviations and loads on the system are of cause most likely to occur when the weather 
 is rough and the impact of the high waves on the ship changes rapidly. Under such conditions, the self-
 steering device does not work appropriately and a steersman must take over the wheel. The self-


steering gear could only provide a feedback control as a reaction to the input given by the compass, but 
 the steersman can sense the movement of the ship and adjust the rudder angle before a large course 
 deviation occurs. This means that the steersman can provide a feed-forward (anticipatory) strategy as to 
 make appropriate steering corrections in advance in order to minimize the sheering (negative 


feedback). The more experience the steersman has, the better he will be able to predict the impact of 
 the waves on the course of the ship and the better timing will he provide in his steering. When the 
 corrections to the wheel are done with a better timing, only smaller rudder angles are needed to keep 
 the ship on course. As a result of the feed-forward strategy, the course will be kept within the best 
 possible limits with least possible effort. 


Regarding the postural control, the feedback for movement control also introduces a phase lag. If no 
 feed-forward strategy is used, the movements will appear abrupt, even when a high “gain” is 


introduced, by using extra muscle activation. A person, who has trained a specific movement task, 
 knows how to adjust the muscle force in advance. He may therefore avoid the larger corrections, and 
 the movement will be performed with less energy. 


Premises for Postural Control 


According to the reflex theory suggested by Sir Charles Sherrington and others in the beginning of the 
 20th century, movements are dependent on chains or combinations of reflexes (Shumway-Cook & 


Woollacott 2001). Sensory input will be processed in CNS and develop motor output which will send 
 feedback to the sensory system in a closed loop. These elements represent the physiological 


components of the individual which are of major relevance to the postural control. A simple figure to 



(18)illustrate this model of the postural control mechanism would consist of a loop with the incorporation 
 of three (or four) elements (figure 1.3). Input from the sensory organs is processed in order to produce a 
 postural control output. A new feedback may again be provided through the sensory organs.  


(Motivation, memory, etc.) 



↓ 


Processing 


Sensation    Action 


Figure 1.3. Modified reflex model illustrating the main components of the premises for 
 postural control and their interaction. 


It is understood that postural control for stability and orientation requires both perception (the 
 integration of sensory information to assess the position and motion of the body in space) and action 
 (the ability to generate forces for controlling body position system). The effector output on the action 
 side is based on joint range of motion, muscle properties, and biomechanical relationships among 
 linked body segments.  


Sensory information for postural control is based on the visual sense, the vestibular sense, mechano-
 receptors (providing sensory input from the skin pressure in foot soles etc.), and proprioceptors 
 (providing information about body segment position and movements from joints etc.). The frame of 
 reference in order to position the head in space can be visual, based on external cues in the surrounding 
 environment, or vestibular, based on gravitational forces. The body can be oriented in relation to the 
 head, based on information from proprioceptors in the neck, or it can be oriented with reference to the 
 surrounding environment, based on somato-sensory information from contact with external objects. 


The processing of sensory information into motor command is far from trivial. The text placed in 
brackets in figure 1.3 implies that higher order functions are involved in this processing. This aspect is 
covered by a theory of hierarchical organization of the function of the central nervous system, which is 
widely accepted. This hierarchical theory has been put forward by many researchers with Hughlin 
Jackson as one of the first (Gurfinkel & Cordo 1998). The hierarchical organization is referring to the 



(19)organization of neuro-anatomical structures, the postural reflex development, and the motor 


development as illustrated in figure 1.4 (Shumway-Cook & Woollacott 2001). A newborn child will 
 display primitive reflexes, but these reflexes will be controlled and modified by higher centres through 
 maturation of the neural system and through learning. They might, however, reappear with different 
 types of brain damage (Fiorentino 1981). 
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Figure 1.4. Illustration of the theory of hierarchical organization of CNS structure and 
 processing (adapted from Shumway-Cook and Woollacott, 2001). 


As discussed in the previous section, the feed-forward mechanisms are crucial in order to organize 
 movements. The processing in relation to postural control is therefore based on both simple reflexes 
 and advanced motor strategies, which have been learned and stored. Higher-level interactive processes 
 are essential for mapping sensation to action and ensuring anticipatory and adaptive aspects of postural 
 control.  


An hierarchical model of posture control which includes both feed-forward and feedback strategies will 
 therefore look slightly more complex as illustrated in (figure1.5) and described by Popovic and 


Sinkjaer (Popovic & Sinkjaer 2002)  



(20)Figure 1.5. Hierarchical model of the main components involved in postural control (adapted 
 from Popovic and Sinkjaer, 2002). The two references: body segment orientation and 


equilibrium control (balance) are leading to a body schema, which is an internal 
 representation of the organization of the body. 


The models based on the reflex theory and hierarchy theory might, however, not provide the full 
 picture for understanding postural control. The interaction of musculoskeletal and neural systems in 
 relation to the context in which the body is acting is very complex. As an additional aspect it is 
 therefore relevant to adopt an approach to the postural control which is more “system oriented”. The 
 postural control must be seen as the interaction among the many bodily oriented systems that work 
 cooperatively to control stability and orientation of the body. This interaction can be illustrated in a 
 conceptual model representing systems contributing to the postural control (figure 1.6) (Shumway-
 Cook & Woollacott 2001). Higher level cognitive aspects of postural control are the basis for adaptive 
 and anticipatory factors. Adaptive aspects involve modifying sensory and motor systems in response to 
 changing task and environmental demands. Anticipatory aspects prepare sensory and motor systems for 
 postural demands based on previous experience and learning. Other cognitive aspects include such 
 processes as attention, motivation, and intent.  
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(21)Figure 1.6. Model illustrating the main components of the premises for postural control and 
 their interaction (adapted from Shumway-Cook and Woollacott, 2001) 


Still, a complete understanding of the postural control is not achieved if it is approached as an isolated 
 phenomenon only related to the individual factors of the body. The system must be understood in 
 relation to external and internal forces acting on the body. This system theory approach was developed 
 in the beginning and middle of the 20th century. It was first ascribed to Nicolai Berstein who studied the 
 movement control in the interplay with action of the entire body as a mechanical system (Gurfinkel & 


Cordo 1998).  


The postural control depends on the appropriate interaction between large numbers of components. A 
 movement with a successful coordination of all elements is expected to result in a harmonic movement 
 pattern. But as two situations will never be quite alike, no fixed coordination strategy can be used. 


Bernstein studied athletic and labour movement and found that movements do not become identical 
 although the ultimate motor outcome becomes highly reproducible (Latash 1998). In a study on the 
 movement of hammering Bernstein filmed experienced industrial blacksmiths and showed the 
 existence of variability in the human coordination. He found that while the trajectory of the 
 hammerhead to a great extent was consistent between the hammer blows, the trajectories of the 
 individual joints of the arm were very variable. In response to this experiment he formulated “the 
 principle of non-univocality of movements”, which means that two movements are never performed in 
 exactly the same way even though the end result (outcome measure) is the same (Hauvik 2000). 
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(22)In summary: Postural control is an important aspect of physical functioning. Postural control 


performance must be seen in relation to the context of task and environment. The ability to perform a 
 task with good postural control depends on the capacity of a complex interaction of musculoskeletal 
 and neural systems. An assessment of the postural control performance reveals indirectly the character 
 of this postural control capacity.  


This leads on to the challenge of incorporating these aspects when assessing the postural control. 



Assessment of Postural Control 


The postural control is a complex mechanism, and different outcome measures have to be selected in 
 order to reveal the level of the postural control.  


Furthermore, it should be remembered that an assessment is not aiming alone at judging the postural 
 control as a mechanism, but it is merely aimed at judging the ability or the capacity of an individual to 
 perform a task with good postural control. This means that the assessment has to be context related.  


Shumway-Cook and Woollacott (Shumway-Cook & Woollacott 2001) have suggested a model 
 illustrating this aspect (figure 1.7). 


Figure 1.7. Postural control (PC) is influenced by factors related to the individual, the task, 
 and the environment (adapted from Shumway-Cook and Woollacott, 2001). 


The character of the environment and the task are highly relevant factors to consider in assessment of 
 postural control capacity. The influence of environmental factors such as light conditions, concurrent 
 distracting factors, special surface characteristics, etc. are affecting the requirements to the postural 
 control. Similarly, it is easily understood that the balance demands during the task of walking and other 
 locomotive activities are different from the demands when standing still. Shimada et al. found that 
 walking balance function did not correlate with standing balance function, and they concluded that 
 multifaceted evaluation is important to comprehend dynamic balance function (Shimada et al. 2003). 
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(23)It must therefore be considered whether a test of the postural control is assessed in a more static 


position (ex. standing) or whether it is also including dynamic balance aspects (ex. walking). One must 
 acknowledge that different tests are addressing different aspects of balance strategies (e.g. “feed-
 forward” versus “feed-back” mechanisms). 


A taxonomy presented by Ann Gentile characterizes the level of a physical functioning demand in 
 relation to different conditions (Gentile 1987;Huxham, Goldie, & Patla 2001). This taxonomy can also 
 be used to illustrate the demands on the postural control (figure 1.8).  


In this scheme it is seen that the demands to the postural control are not only influenced by the 
 characteristics of the environment and the task, but also by the interaction between the individual 
 subject and these elements. It is assumed that the demands are increasing when shifting from the 
 condition of the upper left corner of the table towards the lower right corner, given that the tasks 
 become more complex. 
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Figure 1.8. Ann Gentile´s taxonomi for evaluating the level of difficulty of a functional 
 movement task (adapted from Shumway-Cook and Woollacott, 2001). The demands are 
 increasing when shifting from the condition of the upper left corner of the table to the 
 conditions beneath or to the right. 


Ann Gentile´s taxonomy describes the level of difficulty of a task and provides an indication of the 
challenge offered to the postural control. The individual capacity of postural control has to be evaluated 



(24)in relation to how well this challenge can be handled. Whether the postural control is successful is a 
 question of whether the demands of the task and the environment are matched by the individual 
 resources. 


The interesting aspect to observe is therefore: either how well a specific challenge is handled, or how 
 much the demands can be increased before the postural control capacity becomes insufficient to 


overcome the challenge. We have attempted to illustrate this interplay between capacity and demand in 
 our own conceptual model of postural control (figure 1.9). In this model the characteristics of task and 
 environment are combined in a common block called “balance demands”. 


Figure 1.9. Conceptual model illustrating the elements of concern when assessing postural 
 control. When the individual balance capacity outbalances the balance demands, a good 
 performance will be reflected on the performance scale.  


A normal subject will show a redundancy in the balance capacity in relation to the demands in the 
 activities of normal daily living. A more fragile person may not have the same postural capacity, and 
 the resources will be less redundant. But even a skilled ballet dancer or a well-trained gymnast can very 
 well challenge themselves to a point where the postural capacity does not match the demands. They 
 will then display equilibrium reactions, which were not planned, and the performance will look less 
 perfect. 


Our model illustrates this interplay between balance resources/capacity and balance demands. As long 
as the capacity outbalances the demands, a good postural control will be the result, and this will be 



(25)displayed on the performance scale. But when the capacity is minimized or the demands are increased, 
 the result might be a less optimal performance as reflected on the scale. 


Any person looses some of the neuromuscular resources in old age (Kandel, Schwartz, & Jessell 2000). 


We suggest that the normal strategy in order to overcome this problem is to adjust the demands in order 
 not to challenge the balance capacity beyond the limits. But in some situations the demands will 


unintentionally be increased (as for instance, when rushing to cross the street in heavy traffic), and this 
 could result in an overload and fall (i.e. “insufficient” on the performance scale).  


In review of the research literature within the field of postural control assessment, it is seen that much 
 effort has been used to find ways to manipulate the “demands” in ways which reveals new aspects of 
 the postural capacity. One promising method is to challenge the patient by dual tasks (Mulder, Zijlstra, 


& Geurts 2002). We have incorporated this method in the presented studies, and we will discuss the 
 dual task approach more thoroughly in chapter 5.  


Outcome Measures 


When the influence from the task and the environment is controlled, the only unknown variable is the 
 individual factor. In this way, the level of the postural performance will indicate the condition of the 
 individual factors related to the postural control capacity. In a test situation the task and environmental 
 factor will be standardized, and we can concentrate on how to construct the measuring scale for 


evaluating the interplay between individual resources and demands. 


It is obvious that a fall or the need for extra support is the ultimate sign (outcome measure) of 
 insufficient postural control. This provides the model with a dichotomous scale: fall vs. no fall (or 
 support needed vs. no support needed). Such a scale is useful in a test where the demands can be 


gradually increased until the need for support is revealed. This is seen in tests where the base of support 
 area is decreased, as for instance when shifting from a standing position on two legs to standing on one 
 leg. However, a dichotomous scale provides a highly gross measure, and other measures can be 


relevant in order to evaluate small differences in postural control.   


An example of a different and more refined “scale” for balance evaluation in a standing position is the 
 platform measure of COP movement as expressed in displacement, area, or speed. This can reflect the 
 natural postural sway in a non-perturbed setting, or it can reflect reactions to perturbations.  


The postural control while walking must be evaluated in different ways. The rhythm and coordination 
of the gait have been taken as an expression of postural control. The variability within these outcome 



(26)measures has especially gained much interest in recent years. In this assessment both basic temporal 
 and spatial characteristics have been used as well as more refined kinematics and kinetic evaluations. 


These approaches will be discussed more thoroughly in chapter 8. 


The technological progress is constantly providing new methods for evaluating the results of the 
 interplay between demands and capacity. As an example, accelerometers have been proposed as 
 measuring devices for the assessment of postural control. These tools have recently gained interest in 
 the evaluation of gait function. As a result of the availability of this new measuring technique, a 
 portable tri-axial accelerometer was included as a measuring tool in the following studies, and will be 
 discussed in the relevant chapters. 


These reflections on the assessment strategy and outcome measures have lead onward to the design of 
 the studies presented in the following chapters. The more concrete description of these tools for 
 evaluating postural control will therefore be presented by the description of their practical use.  


The next chapter will concentrate on fall risk assessment which naturally encompasses to a great extent 
 the evaluation of postural control characteristics. 


  



References 


Fiorentino, M. R. 1981, Reflex Testing Methods for Evaluating C.N.S. Development, 2 edn, Thomas 
 Books, Springfield, Ill. 


Frank, J. S. & Earl, M. 1990, "Coordination of posture and movement", Phys.Ther., vol. 70, no. 12, pp. 


855-863. 


Gahery, Y. 1987, "Associated movements, postural adjustments and synergies: some comments about 
 the history and significance of three motor concepts", Arch.Ital.Biol., vol. 125, no. 4, pp. 345-360. 


Gentile, A. 1987, "Skill acquisition: action, movement and neuromotor processes," in Movement 
 Science: Foundations for Physical Therapy in Rehabilitation, J. Carr et al., eds., Aspen Systems, 
 Rockville, MD. 


Ghez, C. & Krakauer, J. 2000, "The Organization of Movement," in Principles of Neural Science, 4th. 


edn, E. R. Kandel, J. H. Schwartz, & T. M. Jessell, eds., McGraw-Hill, New York, pp. 653-673. 


Gurfinkel, V. S. & Cordo, P. J. 1998, "The Scientific Legacy of Nikolai Bernstein," in Progress in 
 Motor Control, vol. 1 M. L. Latash, ed., Human Kinetics, Champaign IL, pp. 1-21. 


Hauvik, I. V. 2000, "Koordinasjon av rytmiske bevegelser", Fysioterapeuten no. 10, pp. 10-15. 



(27)Huxham, F. E., Goldie, P. A., & Patla, A. E. 2001, "Theoretical considerations in balance assessment", 
 Aust.J.Physiother., vol. 47, no. 2, pp. 89-100. 


Kandel, E. R., Schwartz, J. H., & Jessell, T. M. 2000, Principles of Neural Science, 4th. edn, McGraw-
 Hill, New York. 


Latash, L. P. 1998, "Automation of Movements: Challenges to the Notions of the Orienting Reaction 
 and Memory," in Progress in Motor Control. Bernstein´s Traditions in Movement Strudies, M. L. 


Latash, ed., Human Kinetics, Champaign, IL, pp. 51-80. 


Malterud, K. & Hollnagel, H. 1997, "Women´s self-assessed personal health resources", Scand.J.Prim 
 Health Care, vol. 15, no. 4, pp. 163-168. 


Mulder, T., Zijlstra, W., & Geurts, A. 2002, "Assessment of motor recovery and decline", Gait & 


Posture, vol. 16, no. 2, pp. 198-210. 


Pollock, A. S., Durward, B. R., Rowe, P. J., & Paul, J. P. 2000, "What is balance?", Clin.Rehabil., vol. 


14, no. 4, pp. 402-406. 


Popovic, D. & Sinkjaer, T. 2002, Control of Movement for the Physically Disabled Springer-Verlag, 
 London. 


Sackett, D. L., Rosenberg, W. M., Gray, J. A., Haynes, R. B., & Richardson, W. S. 1996, "Evidence 
 based medicine: what it is and what it isn't", BMJ, vol. 312, no. 7023, pp. 71-72. 


Shimada, H., Obuchi, S., Kamide, N., Shiba, Y., Okamoto, M., & Kakurai, S. 2003, "Relationship with 
 dynamic balance function during standing and walking", Am.J.Phys.Med.Rehabil., vol. 82, no. 7, pp. 


511-516. 


Shumway-Cook, A. & Woollacott, M. H. 2001, Motor Control: Theory and Practical Applications 
 Williams and Wilkins, Philadelphia. 


Trew, M. & Everett, T. 1997, Human Movement, 3rd. edn, Churchill Livingstone, New York. 


Winter, D. A. 1995, A.B.C. (Anatomy, Biomechanics and Control) of Balance during Standing and 
Walking Waterloo Biomechanics, Ontario. 



(28)
2.   Fall Prediction in the Elderly Population 


The first goal for this Ph.D. study was to address fall prediction amongst elderly.  


In this study a fall was defined as: “an event which results in a person coming to rest unintentionally on 
 the ground or other lower level, not as a result of a major intrinsic event (such as stroke) or 


overwhelming hazard” (Tinetti, Speechley, & Ginter 1988). 


A broad review of balance and fall literature was carried out in 2003 and 2004. The aim of this review 
 was to provide an update on research areas addressed within this field in order to choose a focus for the 
 approach of this study and to identify relevant methods to assess fall risk. 



Epidemiology 


Amongst elderly people bone fractures related to falls are frequent phenomena. These are often 
 associated with physical decline, negative impact on quality of life, and reduced survival. Numerous 
 studies on the annual incidence of falls have been published. In community dwellers the proportion of 
 people sustaining at least one fall over a one-year period varies from 28-35% in the >65 year age group 
 to 32-42% in the >75 year age group. Previous fallers have a two-third risk of having a fall in the 
 subsequent year (Masud & Morris 2001). 


Falls are a leading cause of injury-related deaths. In USA alone, no less than 15.400 deaths from falls 
 occurred in 2001. The medical expenses related to falls amounted to more than USD 20 billion each year 
 in USA, and these are increasing in the next 20 years towards an expected USD 32 billion a year 


(Bloem, Steijns, & Smits-Engelsman 2003). In a study from Denmark including community-dwelling 
elderly people attending a casualty ward, it was found that 41 out of 100 persons had had bone fractures 
from falling (Herlev kommune 2004). Bone fracture as a consequence of falling is more likely to occur 
when a person is suffering from osteoporosis with decreased bone mineral density, but osteoporosis is 
far from the only factor in fracture risk (McClung 2003). An inactivity-related osteoporosis can be 
adjoining other physiological phenomena related to inactivity. For instance, a decrease in muscle 
strength can be seen in elderly women with osteoporosis (Liu-Ambrose et al. 2003). When aiming at 
reducing the risk of bone fracture, one should therefore try to reduce the fall risk as well as prevent 
osteoporosis (Kamel & Zablocki 2002).  



(29)
Screening for Fall Risk 


The topic of fall prevention has been of great interest for many years. Many studies have addressed the 
 assessment of balance in order to identify elderly persons in risk of falling. With background in these 
 studies and in clinical experiences several screening procedures have been suggested.  


A guideline for prevention of falls in elderly persons has been proposed by “The American Geriatric 
 Society, British Geriatrics Society, and American Academy of Orthopaedic Surgeons Panel on Falls 
 Prevention” (AGS Panel on Falls Prevention 2001). This guideline includes a screening procedure at two 
 levels as described in figure 2.1. 
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Figure 2.1. A guideline for prevention of falls in elderly persons presented as a flowchart (AGS 
Panel on Falls Prevention 2001). 



(30)At the first level in this screening, a basic check for gait/balance problems is suggested when a single 
 fall has occurred. When gait/balance problems appear or if recurrent falls have occurred, a more 
 comprehensive evaluation is proposed. At the second level, a detailed assessment is described which 
 again includes gait and balance evaluation among other items. 


A similar flowchart for fall risk screening has been suggested by Tinetti (Tinetti 2003). This flowchart 
 also comprises of two assessment levels. In Tinetti´s model for screening, an interview on previous falls 
 and a brief screening test (ex. get-up-and-go test) should be performed for all patients >75 years. 


Positive findings of two or more falls or balance/gait difficulties decides whether a more detailed 
 assessment of predisposing and precipitating factors should be performed. This second level of 


assessment comprises of several components: Circumstances of previous falls; Medication use; Vision; 


Postural blood pressure; Balance and gait; Targeted neurological examination; Targeted musculoskeletal 
 examination; Targeted cardiovascular examination. 


The two screening recommendations both agree that fall risk assessment should be performed at two 
 levels. At the first level, a basic screening should be performed comprising of clinical feasible tests to be 
 used at a minor suspicion of fall risk. At the second level, a more comprehensive assessment should be 
 performed to address individual characteristics which could be expected to be indicators of fall risk or 
 which could have an influence on fall risk. 


In both recommendations a “gait and balance assessment” occurs as well at the first level, where fall risk 
 is first estimated, as in the more detailed assessment. It is, however, not clear in which way this gait and 
 balance assessment is to be performed the best. 


The purpose of screening is to decide if actions of interventions should be proposed, but a precise 
 evaluation of the fall risk is inherently difficult. A pragmatic approach was suggested by Moreland et al. 


in an article on “evidence-based guidelines for the secondary prevention of falls in older adults” 


(Moreland et al. 2003). They concluded that: “Balance exercises are recommended for all individuals 
 who have had a fall and there is evidence for a program of home physiotherapy for women over 80 years 
 of age regardless of risk factor status”. It was also stated that: for community-dwelling older adults, 
 there is strong evidence for multi-factorial specific risk assessment and targeted treatment (Moreland, 
 Richardson, Chan, O'Neill, Bellissimo, Grum, & Shanks 2003). 


The AGS Panel on Falls Prevention identified issues which should be given high priority for future 
research and analysis (AGS Panel on Falls Prevention 2001). One of the concerns which was 



(31)recommended for further research was put this way: “Can fall-prone individuals be risk stratified in 
 terms of whom will benefit the most from assessment and interventions?” 


In a WHO - Health Evidence Network report it was stated in relation to the assessment of fall risk: 


“More research is required to clarify the most appropriated tools for use in different settings, in terms of 
 simplicity of use, applicability, sensitivity and specificity.” (Health Evidence Network 2004).  


As a comment from a geriatrician, Morley suggested: “A careful, in-depth examination of gait velocity 
 and characteristics should be an essential component of a geriatric assessment … Appropriate mobility 
 assessment represents a futuristic view of modern geriatrics whose time has come” (Morley 2003). 


According to these studies and considerations it was decided in the present PhD study to develop and 
 evaluate a test battery including tests on balance and gait aimed at fall risk assessment in the 


community-dwelling elderly population belonging to the age-group in the seventies. 


Test Battery 


The general idea of assessing many performance parameters by combining specific tests in a test battery 
 seems right for fall risk screening (Lord, Menz, & Tiedemann 2003).  


However, because of the multi-factorial nature of fall risk, no high sensitivity should be expected from 
 any fall prediction method. Trying to predict an infrequent future event such as falls is inherently 
 difficult, and this calls for a realistic attitude regarding our abilities to forecast infrequent events 
 (Ruchinskas 2003).  


One of the best-known test batteries for balance evaluation is the Berg Balance Scale. In a one-year 
 follow up study including 113 elderly residents, this test battery predicted the occurrence of multiple 
 falls (Berg et al. 1992). 


In a six months follow-up study on elderly residents (n=66), the Berg Balance test demonstrated 53% 


sensitivity and 92% specificity when using 45 (out of 56) as a generalized cut-off score (Bogle Thorbahn 


& Newton 1996).  


A score on the Berg Balance scale combined with self-reported history of imbalance predicted fall risk 
 with a sensitivity of 91% and specificity of 82% in a case control study on 44 community-dwelling 
 elderly (Shumway-Cook et al. 1997). 


A study, which re-analysed data from the two previous studies, yielded a sensitivity of 64% and a 
specificity of 96% by using a cut-off point of 45 on the Berg Balance Scale 



(32)(Riddle & Stratford 1999). 


In a case-control study by Chiu et al., which included elderly fallers from a fall clinic, the 


sensitivities/specificities of chosen test batteries were: Berg Balance Scale: 88% / 77%; Tinetti Mobility 
 Score: 82% / 65%; Elderly Mobility Scale: 59% / 59% (Chiu, Au-Yeung, & Lo 2003). 


The Physiological Profile Approach (PPA) has in two prospective studies been reported to correctly 
 classify subjects into multiple and non-multiple fallers with an accuracy of 79% and 75%, respectively 
 (Lord, Menz, & Tiedemann 2003).    


In a six months follow-up study on 78 elderly in residential care the Mobility Interaction Fall chart 
 (including an observation of mobility level, 'Stops walking when talking', the diffTUG, a test of vision 
 and a rating of concentration) produced a positive predictive value for the classification of 78% and 
 negative predictive value of 88% (Lundin-Olsson, Nyberg, & Gustafson 2000). 


The very different performance of the different test batteries and the different evaluation of the same test 
 battery in different studies must be ascribed to different study populations and the different design of the 
 studies. 


When focus is placed merely on the balance assessment in the population of more healthy and active 
 elderly, it becomes difficult to find good suggestions for a valid test battery for fall risk assessment. 


A study on community-dwelling elderly evaluated Berg Balance Scale, Functional Reach test, Lateral 
 Reach test, and Step-up test in a six months follow-up period and found poor fall prediction (Brauer, 
 Burns, & Galley 2000).  


The Tinetti balance and mobility scale was used in a one-year follow-up study on fall risk, which 
 included 60 community-dwelling elderly as a reference group. In this population the nine task test 


battery had a 62% sensitivity and 70 % specificity when using 10 as cut off value (Verghese et al. 2002).  


In a prospective study including 225 community-dwelling elderly +75 years, the Tinetti balance scale 
 produced 52% sensitivity and 70% specificity at a cut-off score of 36 (Raiche et al. 2000). 


Another study on community-dwelling elderly adults who were active and independent had a one year 
follow-up period (Boulgarides et al. 2003). Five balance tests (Modified Clinical Tests of Sensory 
Interaction for Balance, The 100% Limits of Stability tests, both of which were done on platform, Berg 
Balance Scale, Timed Up and GO test, and Dynamic Gait Index)combined with health and demographic 
factors did not predict falls. The authors suggest that new screening tests are needed for community-
dwelling elderly adults who are active.  



(33)New tests are still being developed based on new methods and other risk parameters. By constructing a 
 new test battery, an opportunity would therefore be offered to exploit the advantage of recognizing and 
 implementing these new tests. 


Factors Related to Fall Risk 


When trying to predict falls in the elderly population, the multifactorial nature of postural control makes 
 things very complicated. According to the model suggested by Shumway-Cook and Woolacott, 


presented in chapter 1 figure 1.7, three aspects could be considered regarding fall risk: 1) the individual 
 factors, 2) task characteristics, and 3) environmental factors. The selection of tests for a test battery must 
 therefore consider these aspects and must be designed in relation to the specific population, which shall 
 be addressed. 


1. Individual factors: The American Geriatric Society Panel on Falls Prevention (AGS Panel on Falls 
 Prevention 2001) identified in a review based on 16 studies the most common individual risk factors for 
 falls: 


Muscle weakness  RR  4.4 
 History of falls  RR  3.0 
 Gait deficit    RR  2.9 
 Balance deficit  RR  2.9 
 Use assistive device  RR  2.6 
 Visual deficit   RR  2.5 


Arthritis  RR  2.4 


Impaired ADL  RR  2.3 


Depression    RR  2.2 


Cognitive impairment  RR  1.8 
 Age > 80 years  RR  1.7 


The panel concluded the list by stating: “Perhaps as important as identifying risk factors is appreciating 
 the interaction and probable synergism between multiple risk factors…” (AGS Panel on Falls Prevention 
 2001). 


2. Task: When assessing fall risk one thing is to evaluate the capability of the individual. The main 
thing, however, is to consider, whether the capability of the individual matches the balance demands, as 



(34)we illustrated in fig. 1.9. It is not unimportant whether the elderly subject is still attending activities of 
 high risk or is sedentary, and this aspect complicates the assessment. 


A very fragile person or a person with a poor postural control might be very well aware of this, and she 
 might not be in risk of falling if she does not challenge herself beyond her limits. Another person might 
 be a very healthy and fit individual, and this person might live a very active life (skiing, running, 


dancing, and attending other sporting activities). Thereby she will from time to time happen to challenge 
 herself beyond her limits and be in increased risk of falling.  


Gregg et al. (1998) described a U-shaped relationship between physical activity level and fall incidence 
 (i.e. colles fractures) amongst elderly (+65 years of age). This implied that both sedentary and very 
 active elderly were more at risk than average (Gregg et al. 1998). 


Causality is not easy to find either. For instance, the observation of higher fall risk in subjects with a 
 history of falls could indicate a physiological deficit. But it might also be a result of fear of falling 
 causing “stiffening strategies” which has been shown to increase fall risk (Allum et al. 2002;Wolf et al. 


1996). On the contrary one could argue that a fall history and fear of falling should have made the 
 person aware of her limitations causing her not to challenge herself beyond her limits. 


3. Environment: There are many threats (“risk factors”) in the environment and in the tasks that can 
 cause loss of balance. 


One study (from Miami) described that trips and slips were the most prevalent causes of falls, 


accounting for 59% of falls. Falls most often occurred during the afternoon and while subjects walked 
 on level or uneven surfaces. Falls by men most often resulted from slips whereas falls by women most 
 often resulted from trips. Moreover, women and men differed in the time of the year in which falls 
 occurred, with men falling most often during winter and women during summer (Berg et al. 1997). 


An Australian research group reported that approximately 56% of falls occurred outside the house, a 
 number decreasing with age (Lord, Sherrington, & Menz 2001). Furthermore, a Swedish group found 
 that risk factors for indoor and outdoor falls are different (Bergland, Jarnlo, & Laake 2003).  


Construction and Validation of Test Battery 


Paper I and Paper II, which are included in the next two chapters, evaluate the performance of a new test 
battery in relation to fall prediction in an active community-dwelling elderly population.  



(35)The tests included in the battery were selected according to the reflections in the previous sections. In 
 the test selection process, it was chosen to focus on an assessment of the individual physiological factors 
 related to fall risk. However, considerations regarding task and environment meant that the tests were 
 selected in order to reflect the fact that high demands are facing active community-dwelling elderly as 
 compared with institutionalised or sedentary elderly. The illustration in figure 2.2 serves as an overview 
 of the selection process. 


Tests with a focus related to general postural control regarded: 


Standing performance; General physical function in a combined task; Gait cadence; Gait variability; 


Vision; Dual task performance 


Tests with a focus related to postural correction response regarded: 


Stepping ability; Reaction time; Lower extremity strength 


A more comprehensive discussion of the selection process and argumentation for the choices of the 
 specific tests as well as a detailed description of the tests included in the test battery are provided in 
 paper II.  


Figure 2.2. Illustration of the selection criteria for inclusion of tests for the fall risk assessment 
 test battery. 
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(36)Publication Considerations 


Paper I presents a case control study based on a subgroup of the population tested for paper II. The 
 analyses are based on the same test battery and the same testing situations. The detailed test descriptions 
 for paper I and II are therefore identical. Paper I was submitted, but not accepted for publication, before 
 the results from the follow-up period of paper II were available. It was quite interesting to experience 
 that several editors expressed that there was little interest in papers addressing fall risk characteristics. 


We would like to quote one editor: “Journal … is less interested in risk factors and predictors of falls--
 these data are well described and confirmed. The field is moving in the direction of interventions in 
 prevention of falls.” In our review of the literature we had seen that the research area of fall risk 
 evaluation had been blooming within a decade, but now the interest was apparently saturated.  


As a consequence of the negative results in the follow-up analysis, it was decided not to proceed with 
 the publication of the data from the case control analysis presented in paper I. Still, in order to illustrate 
 the divergence, which can occur due to different study designs, we have chosen to include paper I in this 
 thesis in spite of its overlap to paper II.  


We will discuss these methodological considerations in chapter 5. 
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