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Introduction 

Falls are the leading cause of injury and premature death among community dwelling older adults, 

with about a third of community-living elderly above 65 years falling every year (1-3). In 2016, more 

than 45,000 hospital contacts were related to falls among elderly in Denmark and 31% of these 

involved a fracture (4). For elderly, the cost of falling includes distress, pain, injury, loss of confidence, 

and ultimately loss of independence and mortality (3). Prevention of falls is therefore an urgent public 

health challenge and multifactorial assessment and intervention can decrease the number of falls (5-

7). Impaired balance alone is associated with a 40% increase in risk of falls and is at the same time 

one of the major modifiable risk factor for falls (8). International consensus states that balance 

exercise should be structured and individually tailored, but no consensus exist how to tailor an 

individualized exercise intervention (9). This lack of individualizing may explain why currently applied 

exercise programs aimed at improving balance only reduce falls by 17 - 20% (7, 10-12). 

Horak and colleagues recently developed the Balance Evaluation System’s Test (BESTest), which 

groups balance items into six “systems” (13). By measuring each “system” as a property of postural 

control separately, this test possesses a potential applicability as a guidance tool to determine the 

most relevant focus of an intervention aiming at improving balance. No other balance measure offers 

this potential applicability (14-16).  

Because the execution time of the BESTest is rather extensive a shorter version of the test “the mini-

BESTest” was developed applying a Rasch analyses (17, 18). This methodological approach ensures 

uni-dimensionality of the test, but because the inclusion of items in the Rasch analysis is based on 

item functioning in relation to the total score, the test result is therefore expressed as a single score 

of “dynamic balance” and the original division in subsystems is jeopardized (17).  

In a study including individuals with neurological impairment a brief version of the original BESTest 

was developed based on item with total correlation (19). The “Brief BESTest” retains the theoretical 

framework of the original test, but only applies a single test to measure each “system”, and has been 

applied to provide personalized balance intervention for individuals with sub-acute stroke (20). In a 

comprehensive study evaluating the measurement properties applying classical test theory and Rasch 

analysis it was concluded though, that the Brief BESTest showed fairly limited sensitivity to change 

and it was clearly pointed out that item selection in the Brief-BESTest could be improved from a 

psychometric point of view (21). 
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Consequently, there is still an urgent need to develop a clinically applicable tool which in addition to 

quantifying the patient´s overall balance ability also guides how to customize a balance exercise 

program in accordance with the patient´s specific balance abilities and deficits. This may optimize the 

effect of the balance intervention and potentially prevent falls. 

 

This project evaluates a novel approach of assessing balance and prescribing exercises in balance 

rehabilitation. The approach of Specific Training According to BaLance Evaluation (STABLE) is built 

on the framework of the BESTest but provides explicit guidance how to design and prioritize 

balance exercises. In STABLE, balance is evaluated with six test, each measuring one of six balance 

domains. The overarching premise is that the relative score between the six tests will indicate in 

which of the six balance domains the individual is more impaired allowing precise targeting of these 

domain(s) to optimize outcome of an exercise intervention. 

 

This project is founded in in Dept. of ORL, H & N Surgery and Audiology, University Hospital 

Rigshospitalet or “Klinik for svimmelhed og fald”, Copenhagen University Hospital.  

From July 2015 to November 2018, each of the six tests have been developed during different time 

periods by modifying existing tests and applying the tests on consecutive patients referred to the two 

involved clinics. Three criteria were applied in the selection and modification of the tests: 1) The task 

measured by the test represented the target domain, 2) good clinical applicability. (i.e. easy to 

understand by clinicians and patients, short administration time and safe to perform), and 3) high 

intra-tester relative reliability. 

If any of these criteria were not met, the test was further modified or replaced. When a test met all 

criteria, it was incorporated in the physical therapy assessment procedure in the two clinics and 

prospectively applied to all consecutive patients. Consequently, each test has been applied during 

varying time periods and with a different number of patients and from November 2018 all six tests 

were applied with all consecutive patients. 

 

In the following, we briefly explain how the six tests relates to the “systems” of the BESTest and the 
domains in STABLE. For detailed description of the six tests please refer to 
http://www.godbalance.dk. 
 

Power 
The “system” Biomechanical constraints comprises in the original BESTest of items which primarily 

measure strength of the lower extremities plus a rating of the individual’s alignment, deformities and 

pain based on the therapist visual assessment. The reliability of these ratings is not satisfactory (13) 

and it is questionable which exercises (if any) are effective to target these properties when impaired.  

In STABLE we therefore include only a sit-to-stand test to measure this domain. Sit to stand tests are 

generally accepted as a measure of lower extremity strength and basic biomechanical function (22, 

23) and the test is an independent predictor of fall risk (24). The sit to stand test applied in STABLE is 

modified from the original test, to compensate for differences in height between individuals.  

Because the sit-to-stand test measures strength by the force developed within a timespan this 

domain is renamed Power. 

 

Stability limits 

Stability limits/Verticality is evaluated in the BESTest in sitting by leaning bilaterally and in standing 

applying “the functional reach test” (25) forward and laterally. Limits of stability can be defined as to 

how far an individual is able to extend their center of mass relative to their base of support without 

stepping, slipping or falling (26, 27). In STABLE we include a reach test wherein the individual chose 

the preferred strategy of exploring the stability limits reaching toward a wall. This approach is 

expected to improve the reliability and validity of the test which is limited in the original reach test 

(28-30).  

Because of the narrowed focus compared with the BESTest, the domain is renamed Stability limits. 

 

Anticipatory turning 
Transitions-Anticipatory Postural Adjustments is the third “system” of the BESTest. This property of 

balance is necessary in almost every daily tasks and has been reported as one of the most frequent 

cause of falling if ineffective (31). In the BESTest, five subtests are covering this “system”. Our 

proposal is that, if a single test is to cover this domain meaningfully, this test should test a task that 

is important for daily living and closely related with the risk of falls.  

Turning is a fundamental component of mobility being associated with 35–45% of steps in common 

everyday tasks and therefore a very frequently performed task requiring effective anticipatory 

http://www.godbalance.dk/index.php/measure/introduction-to-measures
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postural adjustments (32). Difficulties in turning and low turning speed has been identified as a 

predictor of falls (33-36). The risk of falls is proportional to the turning angle and is up to three times 

higher during turning compared to straight walking (37). An active head or whole-body turning is 

often a part of protocols related to evaluation of balance and mobility in elderly (38-40). Thus, a 

measure of turning ability is therefore included in STABLE as the core expression of an individual’s 

ability of executing anticipatory postural adjustments.  

Because of the specified focus in this property of balance, this domain is renamed anticipatory 

turning. 

 

Reactive stepping 
Reactive balance, the ability to recover from instability through a rapid postural muscle corrective 

response, step, or grasp (41), is a critical components of balance for fall avoidance (42) and inefficient 

stepping response is highly correlated with falls (43).  

In the BESTest, reactive postural response is evaluated by releasing isometric pressure against the 

patient in different directions. This “push and release” technique, originally developed for patient´s 

who has Parkinson´s disease (44), is a clinical version of the lean and release protocol, which has been 

applied to investigate reactive postural responses (45-47). Stepping strategy among elderly is very 

adaptable within the same testing session (48, 49) and manually providing pressure and releasing in 

a consistent manner is very difficult (50-52). Consequently, we propose a different clinical approach 

for evaluation reactive stepping strategy. 

The Four Square Step Test evaluates rapid stepping in multiple directions (34). The original test does 

not measure reactive stepping per se, because the individual is instructed to repeat a stepping task 

in a beforehand practiced pattern, enabling the individual to use anticipatory balance strategies. In 

STABLE we therefore apply a modified version of the test wherein the individual is stepping in 

unpredictable directions as commanded by the assessor. In contrary to the push and release 

technique, observed deficits in this modified test logically translate into exercises for improving 

reactive stepping strategy which can be performed by the patient without the need for assistance.  

Because of the specified focus in this property of balance, this domain is renamed reactive stepping. 

 

Sensory orientation 
In the BESTest sensory orientation is measured with the modified clinical test of sensory interaction 

in balance (CTSIB-m) (53) and an incline test. The reliability of the latter is very low (13). The CTSIB-m 

was developed as a clinical low-cost alternative to the force plate-based gold standard (SOT, the 

sensory organization test) (54-56), but further modifications are warranted to improve the validity of 

the test (57, 58).  

The vertical perception and body orientation depend on how spatial information is encoded and how 

spatial reference frames are selected and weighted. The ability to orient in space and keeping 

verticality therefore depends on the interaction between allocentric (primary visual), egocentric 

(primary proprioceptive) and geocentric (primary vestibular) reference frames (59). In STABLE we 

include an extended version of the original CTSIB-m, which measures balance in 12 combinations of 

foot positions, visual and proprioceptive conditions systematically challenging all three reference 

frames.  

 

Cognitive-motor interaction 
Stability in gait is the sixth “system” of the BESTest and is measured with the dynamic gait index and 

the timed “up and go” test performed with and without a secondary cognitive task (13).  

Gait is an inevitable task of daily living and improving stability in gait is often a core goal of any balance 

exercise program rather than a property of balance. Indeed, some evidence exist that gait is a 

construct independent from balance (60). Thus, we do not regard stability in gait as an isolated 

domain of balance in STABLE. 

Instead we propose focusing this domain on the cognitive-motor interaction in balance. As in the 

BESTest, we apply the timed “up and go” test with a dual-task paradigm to measure this domain. 

Dual-task-related changes in gait is highly related with falls and is an accepted measure of cognitive-

motor interaction in balance (61, 62). Further, we have modified the test to control how the individual 

prioritizes between tasks. This modification is essential because when individuals with balance 

impairment execute dual-task paradigms it is inconsistent whether the primary (i.e. the “up and go” 

task), the secondary (i.e. the cognitive task) or both tasks are affected. Differences between 

individuals and change over time can thus only be measured meaningfully when measuring both tasks 

(63, 64).  

Because of the changed focus, this domain is renamed cognitive-motor interaction. 



© Specific Training According to BaLance Evaluation (STABLE). PhD protocol August 2019. Kasper Søndergaard, PT. MSc. 
http://www.godbalance.dk/ 

Table 1 provides an overview of the six domains in relation with the test applied to measure each 

target domain and the already existing test which has been modified. 

 

 

Table 1: Overview of the domains and applied tests in STABLE 
Domain Domain definition in 

STABLE 

Existing test Applied test in 

STABLE 

Short test description 

Power Executing power to the 

ground 

Ten times 

repeated chair 

rise (22) 

The adjusted sit to 

stand test (aSTS) 

Time of six repeated stands from a seat 

adjusted to the patient’s height 

Stability 

limits 

 

Extending the body's 

center of mass over its 

base of support 

The functional 

reach test (65) 

The maximal Reach 

test (mReach) 

 

The ratio of patient´s height and the 

maximal reach distance from a wall  

Anticipatory 

turning 

Turning the body  Turning speed 

(66) 

The turn and touch 

test (TAT) 

Time of six turns in alternating 

directions  

Reactive 

stepping 

Maintaining balance by 

stepping  

The Four Square 

Step Test (34) 

The Reactive Four-

Square Step test 

(rFSST) 

Time of stepping in multiple direction 

crossing cords 

Sensory 

orientation 

Orienting body´s sensory 

systems in allocentric, 

egocentric and geocentric 

reference frames 

The Clinical Test 

of Sensory 

Interaction of 

Balance (55)   

The test of Reference 

Frame Interaction in 

Balance (TRIB) 

 

Standing in 12 combinations of feet 

positions and conditions of vision and 

support surface 

Cognitive- 

motor 

interaction 

Maintaining balance 

while executing a 

secondary task  

Timed “Up and 

Go” Test with 

dual task (67) 

The cognitive timed 

up and go test (cTUG)  

 

The difference between TUG score as 

single task and in combination with a 

cognitive task (i.e. categorizing words) 

 

Overall aim  

The overall aim of this PhD thesis is to evaluate the reliability, validity and responsiveness of the six 

domain-specific balance tests in prescribing and adjusting individual exercises for improving balance 

ability and avoid falls. 

Research questions 

• What is the relative and absolute reliability of the six tests and how can the scores be 

interpreted to evaluate the relative balance ability in each domain? (Study 1) 

• What is the validity of the relative test scores in discriminating between different reasons and 

circumstances for falling and does each test measure a valid and independent property of 

balance? (Study 2) 

• What is the responsiveness of the six tests (i.e. does change in each test valid measure change 

in the domain targeted by the test)? What is the validity of the relative test scores in 

prescribing exercises to improve the most affected domains of balance and how can a 

summarized score of the six tests be interpreted? (Study 3) 

 

  

Material and methods 

Studies 1,2 and 3 are designed to meet the COnsensus-based Standards for the selection of health 

Measurement Instruments (COSMIN) checklist (68) applying the methodology outlined by De Vet and 

colleagues (69)   

 

Table 2: inclusion and exclusion criteria 

Inclusion criteria Exclusion criteria 

Aged 65 or older Not able to speak or understand Danish 

Presenting with one or more of following complains: 

Histrory of falls, fear of falls, percieved or objective 

balance impairment 

Severe physical or mental disabilities, 

which impede performing exercise 
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Studies 

Study 1: 

Working title  

The reliability and normative values of six domain-specific balance tests. 

Objectives and hypothesis 

To determine the intra-rater and inter-rater reliability and normative values of the six domain specific 

balance tests: the adjusted sit to stand test (aSTS), the maximal Reach test (mReach), the turn and 

touch test (TAT), the Reactive Four-Square Step test (rFSST), the test of Reference Frame Interaction 

in Balance (TRIB) and the cognitive timed up and go test (cTUG).  

We hypothesize that the relative and absolute reliability is high for all tests (ICC>0.8 and MDC%<30%) 

and that the individual´s test scores relative to the distribution of test scores can be applied as a 

guidance in tailoring the exercise programs prescribed to the individual patients. 

Recruitment  

Patients who have attended or will attend physical therapy assessment in Dept. of ORL, H & N Surgery 

and Audiology, University Hospital Rigshospitalet or “Klinik for svimmelhed og fald”, Copenhagen 

University Hospital, Gentofte from July 2015 to December 2020.  

Procedures  

Data for this study is obtained from different cohorts of patients attending physical therapy 
assessment in the period: 
 

• The test scores for computing the normative values were and will be obtained from patients 

who completed all six tests in the same consultation starting with the implementation of the 

latest developed test in November 2018. The distributions of each test score will be calculated 

using percentiles. These distributions of test scores will be applied as normative values to 

tailor the individualized exercise programs prescribed to the patients1 (see study 3) 

• The test scores for evaluating Intra-rater reliability was obtained during the period of 

developing the six tests from July 2015 to November 2018. Each test in its final version was 

administrated twice in the same consultation with minimum 30 patients, leaving 20-40 

minutes between the two test administrations. 

• The test scores for evaluating inter-rater reliability will be obtained from a subgroup of the 

cohort included in study 2, whom are not initially assessed by the principal assessor. This 

subgroup will be reassessed with all six tests by the principal assessor at the consultation 

dedicated to obtaining data for study 2, leaving 2 to 7 days between the two assessments. 

Statistics 

Absolute intra-rater and inter-rater reliability will be estimated by the 95% limits of agreement in 

Bland-Altman plots, as the Standard Error of Measurement (SEM) and Minimal Detectable Change 

(MDC) and the corresponding SEM% and MDC%. Relative reliability will be evaluated with Interclass 

correlation coefficients (ICC 3.1). 

 

Study 2 

Working title  

The construct validity of six domain specific balance tests. 

Objectives and hypothesis 

To evaluate to which extend the tests aSTS, TAT, rFSST, TRIB, mReach and cTUG valid measure the 

constructs “Power”, “Anticipatory turning”, “Reactive stepping”, “sensory orientation”, “Stability 

limits” and “Cognitive-motor interaction”. 

 

1. We hypothesize that the score of each of the six tests is moderately to highly correlated (r>0.5) 

with the reference parameters of the corresponding construct. 

2. We hypothesize that the circumstances for falling are related to the most impaired domains 

defined by the normative values. 

3. We hypothesize that activities and context perceived by the patient the most challenging 

keeping balance or inducing dizziness are related with the patient´s most impaired domains. 

4. We hypothesize that the scores of each of the six tests is moderately to highly correlated 

(r>0.5) with the score in the short form of the Fall efficacy scale international (FES-I) (70). 

                                                 
1 August 2019, n=302 patients have completed all six tests at the same consultation. The normative values applied in 

study 2 will be recalculated including all patients who have completed all the test at the time of initiating the study. 
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5. We hypothesize that each test measures an independent domain of balance, i.e. the 

correlation between each of the six test is low to moderate (r<0.5).  

Recruitment  

Patients who attend physical therapy assessment in Dept. of ORL, H & N Surgery and Audiology, 

University Hospital Rigshospitalet or “Klinik for svimmelhed og fald”, Copenhagen University Hospital, 

Gentofte from October 2019 to December 2019.  

Instrumentation and reference parameters 

Although the original BESTest is based on a strong conceptual framework it is disputable which test 

items validly measure each “system” as an isolated property of balance (19, 21). Consequently, 

neither the subtests applied in the original BESTest or the brief version of the test can be regarded as 

gold standard for measuring the six balance domains which is evaluated in this study. 

In situations in which a gold standard is lacking, construct validation should be used to provide 

evidence of validity (69). Construct validity is defined by the COSMIN panel, as the degree to which 

the scores of a measurement instrument are consistent with hypothesis, e.g. regarding internal 

relationships, relationships with scores of other instruments or differences between relevant groups 

(71). 

 

Applying inertial measurement units (IMU) for obtaining accurate parameters to quantify balance 

ability is becoming a new state of the art (72-75). Numerous parameters measured using IMU´s are 

related to balance impairment and falls, but no single parameter can be regarded as a gold-standard 

for any specific property of balance (72, 74). It is therefore appropriate evaluating construct validity 

by a priori formulating hypothesis regarding relationships between the scores of each target tests 

and various reference parameters of the constructs reflected in the domains (69, 71). 

In this study, three IMU´s (Myon aktos-t, Sonnenrain, Switzerland), mounted with elastic belt Velcro 

straps on the lower back and shins will be applied (74). Data will be transmitted by bluetooth to a PC 

and processed using EMGandMotionTools (Cometasystems, Bareggio, Italy). A wrapper has been 

custom-written in Python to allow remote control of the software, including management of 

metadata. 

 

Force plates measures ground reaction force, and can quantify the movement of the body´s center 

of pressure (COP, the point of application of the resultant of vertical forces acting on the basis of 

support) (26, 27, 76-79). In this study, we will use a force plate (FP; AMTI AccuSway Optimized™, 

Advanced Mechanical Technology Inc., Watertown, USA) to obtain reference parameters for the 

domains: stability limits, sensory interaction and power. Data will be transmitted to a pc and 

processed using the balance clinic software and NetForce provided by the manufacture. 

 

The FitLight Trainer system (FL; FITLIGHT Sports Corp, Aurora, Ontario, Canada) is as a wireless system 

unit comprising eight LED powered lights controlled by a tablet. The system can be programmed for 

specific sequences of light and color activation. The lights have an inbuilt sensor that reacts to 

proximity or touch and deactivates the light. The timing of light deactivation is recorded by the tablet. 

The FL has been applied to monitor balance among athletes (80, 81) and elderly individual´s ability of 

dual-tasking (82). In this study, we use the FL to obtain a reference parameter for the domain reactive 

stepping. 

 

In the following, the parameters obtained with the IMUS´s, the FP and the FL are briefly explained. 

The parameters have been chosen as having close relationship with each of the domain and falls 

among elderly community dwelling individuals2. An overview of the parameters is provided in table 

3.  

 

 

 

 

 

 

                                                 
2 Noteworthy, multiple studies confirm the association between the total time of test completion (i.e. the speed of task 

execution) and balance capacity. Anyway, for tests with a time dependent test score, we do not include the total time of 

test execution as a parameter obtained with the inertial sensors, because a high correlation with the target tests is evident. 

Confirmation of a hypothesized high correlation is consequently granted and will not provide any additional knowledge 

of the construct under investigation. 
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Table 3: Overview of the reference parameters for each target domain obtained with the force plate 

and the inertial measurement units and examples of classifiers obtained from the patients’ medical 

journal. 

Domain Applied instruments and reference parameters Examples of classifiers. Patients report 

falling, feeling dizzy or not being able to: 

Power 

 

FP Mean power of all sit to stand transitions (79) 

Maximal ground reaction force (79, 83) 

• Get up from a chair 

• Legs “failing”  

• Legs feeling tired ambulating IMU Mean power of all sit to stand transitions (83) 

Stability limits FP Peak anterior/posterior deviation from reference 

COP normalized to foot length (27) 

Sample entropy of COP in the best trial (84) 

• Reach for something 

• Stand or move with narrow stance 

• Lean to look around 

IMU Na 

Anticipatory 

turning 

FP Na • Turn to change direction 

• Turn the head 

• Pass under an obstacle  

IMU Mean turn duration (35) 

Peak speed of turning (35) 

Mean number of steps to complete a turn (35) 

Log-normalized jerk in the complete test (35) 

Reactive 

stepping 

FL Mean performance time of stepping task (82) • Pass an obstacle on the ground 

• Step aside no to collide 

• Legs don´t react when falling 

IMU For 4 directions: 

Latency of Postural Response (50) 

Time of First Heel Strike (50) 

Time to Reach Stability (50) 

Number of Steps (50) 

Step Length (50) 

Sensory 

orientation 

FP The complexity index of multiscale entropy from 

COP time series (85, 86) 

Composite Score of peak anterior posterior COP 

displacement (87) 

Area of sway (88, 89) 

• Stand or move in the dark  

• Stand or move on unsteady ground 

• Be in visual complex context 

(supermarkets, wide spaces ect.) 

IMU the root mean square of mediolateral 

acceleration (74) 

Composite Score of the range of movement in 

the anterior posterior direction (89) 

Area of sway (88) 

Cognitive- 

motor 

interaction 

FP Na • Walk while talking 

• Pay attention to more than moving  

• Use the hands while moving 

IMU Difference between the following parameters in 

single and dual-task: 

Log-normalized jerk (90) 

The number steps (74) 

Mean total step time (74) 

RMS of the vertical acceleration (91) 

FP: Force plate, IMU: Inertial measurement units, FL: Fitlight trainer, COP: center of pressur, RMS: Root mean square (of 

acceleration), Na: Not applicable 

 

Power 
To measure power using the force plate during the adjusted sit to stand we will apply the approach 

outlined by Lindemann et al., calculating the mean power from the vertical force of body weight, the 

difference between height in a sitting and in upright position and the time needed for rising (79). The 

mean of all six sit to stand transitions is applied as reference parameter for this domain. 

 

As a surrogate approximation of maximal power we record the maximal ground reaction force of any 

of the transitions in the test (79) 

 

To ensure validity of the cardinal reference measure of this domain we additionally compute mean 

power from data obtained with the IMU mounted on the lower back. We apply the approach outlined 

by Giroux et al., integrating the acceleration signal for obtaining instantaneous vertical velocity 

calculating power as the product of force and velocity (83). The mean of all six sit to stand transitions 

is applied as reference parameter for this domain. 

 

Stability limits  
As a reference parameter for stability limits, we will measure the maximum displacement of the 

patient´s COP. Patients will be placed on the FP, with the medial-lateral axis passing through the 

lateral malleoli. The reference position of the patient´s COP will be measured with the patient in a 

neutral bipedal stance with 25 cm between the medial malleoli and their arms by their sides. The 

maximal anterior-posterior displacement of the center of pressure while executing the mReach test 
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will be calculated as the peak anterior/posterior deviation from reference COP normalized to foot 

length for valid test  where the patient does not fall or step (27). 

 

Sample entropy (SaE) quantifies the underlying irregularity of movements by dividing the time series 

into vectors, and systematically comparing the elements of each vector to those in the subsequent 

vector (78). In leaning to reach limits of stability older individuals shows higher SaE values compared 

with younger individuals (i.e. increasing irregularity of movement with age) (84). In this study we 

calculate the SaE from the position of the COP recorded with the FP, applying the algorithm 

introduced by Ramdani (78). We will calculate only the SaE of the trial in the mReach which is used 

to calculate the score of the mReach (i.e. the best trial where the patient does not fall or step). 

 

Anticipatory turning 
Turn duration, peak velocity of turning, and the number of steps to complete a turn are predictive 

for falls and significantly compromised in recurrent fallers (35). The latter is additionally correlated 

with overall balance ability (r=0.48 to 0.58) (36). These parameters will be obtained from the IMU´s 

while the patients execute the TAT. Peak velocity will be computed in any of the turns in the test, 

from the integrated peak acceleration in the horizontal plane. To identify the initiation and 

competition of each turn we will apply the approach outlined by Ortega-Bastidas (92). Turn duration 

and the number of steps to complete a turn will be computed as the mean of all turns in the test 

adapting the method outlined by El-Gohary (50). 

 

Smoothness in movement can be defined as the absence of Jerk, which is the rate of change in 

acceleration. Log-normalized jerk is computed as the negative logarithm of normalized total squared 

jerk and is a robust measure of smoothness in activities of daily living (93, 94), which has been applied 

to evaluate smoothness during natural turns in daily living (35). Log-normalized jerk is computed from 

the complete execution of the TAT. 

 

Reactive stepping  
In this study we apply fast stepping measured with the FL as a reference measure of reactive stepping. 

We adopt the testing procedure proposed by Laessoe as “Trial 1”, wherein no cues allowing the 

patient to adopt anticipatory motor strategies are provided (82). The fastest performance time of 

three subsequent trials will be used as a reference parameter for this domain. 

 

The rFSST which we apply for measuring reactive stepping in STABLE is essentially different from the 

push and release paradigm applied in the BESTest. We therefore, additionally apply an instrumented 

push and release test as reference measure for this domain following an extended approach of the 

method outlined by El-Gohary and Smith (50, 51). The push and release technique will be applied for 

facilitating stepping forward, backward and to both sides with the patients waring the IMU´s on the 

lower back and shins. Each direction will be performed three times. Data are obtained relative to the 

time of release detected by the IMU´s as outlined in El-Gohary (50) for computing the latency of 

postural response, the time of first heel strike, the time to reach stability, the number of steps 

before standing still and the step length. 

For each of the four release directions, the mean value of the three trials are computed (i.e. we 

hypothesize that the score of the rFSST correlates with each parameter measured in all directions).  

 

Sensory orientation 
The Sensory Organization Test (SOT) is a well-established gold standard for quantifying postural sway 

under different sensory orientation demands. But the test requires expensive and sizeable laboratory 

equipment (54, 87, 89). The instrumented CTSIB-m, using one IMU mounted on the lower back to 

measure postural sway during the four conditions of the test, is a valid substitute of the SOT and even 

more sensitive to fall history when applied to patients who have Parkinson´s disease and mild balance 

impairment (89).  

The CTSIB-m protocol is used to obtain reference parameters for the TRIB. Patient´s will stand with 

eyes open and closed on firm ground and on foam. All four conditions will be recorded as three trials 

of each 30 seconds with feet in shoulders distance (53). (corresponding to the four first standing 

conditions in the TRIB).  

Reference parameters are computed from acceleration data obtained from the IMU placed on the 

lower back and simultaneously from movement of COP obtained with the FP, as the mean of the 

three trials in each of the four standing conditions. We use the IMU and FP simultaneously to ensure 

validity of the applied reference parameters. 
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The area of sway differentiates patents with vestibular impairment from healthy individuals in all 

conditions of the CTSIB-m measured with force plate and IMU (88). The mean value of the four 

standing conditions obtained from the FP and the IMU will be used as a reference measure. 

 

The Composite Score is a standard measure of stability adapted from the SOT protocol. This 

parameter will be computed from the maximal anterio-posterior sway angle in each condition and 

averaged following the standard NeuroCom SOT formula applying the data obtained with both the 

IMU and the FP (87, 89).  

 

Sway measured as the root mean square of acceleration (RMS) in the mediolateral direction is highly 

related with falls (74) and bodily impairment (neuropathy and vestibular impairment) (88, 95, 96). 

This parameter will be computed from the mediolateral acceleration obtained with the IMU. The 

mean value of the four standing conditions will serve as a reference parameter. 

 
Multiscale entropy (MSE) is an extension of sample entropy which quantifies the complexity of a time 

series at multiple spatio-temporal scales (97). Time-series that exhibit a high degree of regularity 

would yield a low entropy value; whereas a more freely fluctuating, complex signal would generate 

higher entropy values indicating higher adaptive ability (86). Elderly with somatosensory impairment 

have decreased postural sway complexity which is further reduced with higher cognitive demand (85) 

and low MSE is related with fall history (98, 99)  

The complexity index (CI) as a measure of the systems overall MSE will be calculated from postural 

sway (i.e. COP) time series obtained from FP in accordance with the methods outlined in Costa et al. 

(100) and Goldberger et al. (101) using an open source algorithm 

(https://physionet.org/content/mse/1.0/). 

 

Cognitive-motor interaction 
The Log-normalized jerk while walking and stair climbing is correlated with the TUG-score (r= -0.43 to 

-0.60) (90). We hypothesize that the difference of the Log-normalized jerk measured in the single 

and the dual-task paradigm in the cTUG is correlated with the relative cTUG score (i.e. decreasing 

“smoothness” of the movement in executing the TUG while categorizing words is related with higher 

relative dual task cost). 

 

The number of steps and total step time are highly related with falls when assessed in the TUG during 

gait (74). We compute the difference between the number of steps and the difference between the 

mean total step time while performing the TUG in the single task and the dual-task paradigm (i.e. for 

these parameters we will not differentiate between steps taken during the different phases in the 

TUG) by double integrating the acceleration signal from the IMU´s on the shins as outlined in El-

Gohary (50). 

 

The RMS of the vertical acceleration during gait is correlated with overall balance (Tinetti balance 

scale, r=0.60) (91, 102). The RMS is measured from the vertical acceleration derived from the lower 

back mounted IMU as the difference between the complete TUG in single and dual task. Thi 

parameter provides an indication of the overall deviation from a straight walking path, narrow turn 

and chair transition free of sway.  

Procedures  

After providing informed consent, participants will be assessed applying all six tests with three IMU´s 

mounted to the lower back and shins.  For measuring stability limits and sensory orientation, the FP 

is additionally applied and the stepping task using the FL is applied for measuring reactive stepping. 

 

Circumstances for falls experienced within six months before initial assessment and the activities and 

context which by the patient are perceived as especially destressing keeping balance or inducing 

dizziness are obtained from patient´s interview in the medical and physical therapy examination and 

documented in the patients’ electronic records3. The circumstances for falling and the activities 

                                                 
3 It can be argued that the retrospective design applied in this study is limited to explore the relationship between falls and 

the more impaired domains because recall bias is possible in patient´s interview. Nevertheless, we regard the chosen 

design as the only clinically and ethically possible administrating in the current clinical setting. Approximately 60 % of 

referred patients to the clinics has fallen. After the exercise intervention only 4-5% of the patients experience a fall. 

Consequently, with a prospective design, the number of patients included to the study and the inclusion period should be 

extended beyond practically possible in this clinical setting.  

Further, a correlation between the patients’ functional impairments and the circumstances for falling as hypothesized in 

STABLE will unlikely be found in a prospective design, because the intervention prescribed to the patients aims to target 

these exact impairments –deliberately changing the initial correlation.  
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perceived as destressing will be classified according to the six domains of balance independently by 

three physical therapists blinded to the test scores and patient identification. Classification is will be 

made in accordance with a guideline, which will be developed through consensus prior to data 

acquisition. Some examples of classifiers are listed in table 3. 

Each patient who has fallen can be classified with up to two circumstances for falling. If more than 

three circumstances are reported in the patient´s electronic record, the two circumstances most 

consistently reported by all health professionals are chosen. Consensus will be reached by discussion 

between the physical therapist involved in the classification. 

Statistics 

Hypothesis #1: Correlation between the score of each target test and the corresponding reference 

parameters obtained with the IMU´s, the FP and the FL will be calculated using Pearson´s correlation 

coefficient. 

No previous studies have investigated correlations between the six domains in STABLE and 

parameters obtained with the IMU´s, FP or FL, but moderate correlation is found in the few studies 

which have investigated correlations between parameters obtained with IMU´s and well established 

balance tests (90, 103). We therefore anticipate for hypothesis #1 to be confirmed, for each domain, 

minimum 60% of the correlations computed should be moderate to high (r>0.5) or minimum one of 

the correlations computed should be high (r>0.8) and 60% of the correlations computed should be 

low to moderate (r>0.3). Thereby we ensure that construct validity of each domain is only confirmed 

with either a moderate correlation with most of the applied parameters or a high correlation with 

one or more parameters which then can be regarded as gold-standard for the target domain (e.g. for 

stability limits maximal movement of COP is the gold-standard. Consequently, a high correlation with 

this parameter is enough for confirming validity). 

 

Hypothesis #2: The relationship between the most impaired domains and the circumstances for 

falling is measured as percentage agreement. For hypothesis #2 to be confirmed, for a minimum of 

80% of the patients, at least one of the circumstances for falling should cohere with the most impaired 

domain. Further we anticipate that for a minimum of 60% of the patients, all circumstances for falling 

cohere with the most impaired domain(s) (i.e. for patients who are classified with only one 

circumstance for falling, this will correspond with the most impaired domain defined by the test 

scores. For patients who are classified with two or three circumstances for falling, these will 

correspond to the two or three most impaired domains). 

The same procedure will be applied to test hypothesis #3, evaluating the relationship between the 

most impaired domains and the activities and contexts context perceived by the patient as most 

challenging keeping balance or as inducing dizziness.  

Patients who in a fall suffered an injury, which is expected to affect their level of function in the 

assessment (e.g. hip fracture) are excluded from these calculations. 

Further, the relationships between the score of each of the six test and falls will be graphically 

explored with receiver operating curves and cut-scores for predicting falls will be determined as best 

compromise between sensitivity and specificity optimizing the number of correctly classified patients.  

 

Hypothesis #4 and #5: The correlation between the six test scores and the reference parameters, 

between each test scores and the FES-I, and between the six tests scores, will be evaluated with 

Pearson´s correlation coefficient. For the latter we anticipate that the correlation is low (r<0.3). 

 

Study 3 

Working title 

The responsiveness and prescriptive validity of domain specific balance assessment 

Objectives and hypothesis 

To evaluate the responsiveness of aSTS, TAT, rFSST, TRIB, mReach and the cTUG, establish the 

Minimal Important Change (MIC) of the summarized score of the six tests and to evaluate the 

prescriptive validity of the relative scores between the six tests. 

The COSMIN panel defined responsiveness as “the ability of an instrument to detect change over time 

in the construct to be measured” (71). Appropriate measures to evaluate responsiveness are the 

same as those for hypotheses testing and criterion validity, with the only difference that hypotheses 

should focus on the change score of an instrument (104). Though, in responsiveness studies lower 

                                                 
Following a cohort of referred patients for 6 months without providing any intervention to monitor fall incidence, we 

regard as being unethical considering the high personal and economical risks of abstaining from intervention for an 

individual who is in risk of falls. 



© Specific Training According to BaLance Evaluation (STABLE). PhD protocol August 2019. Kasper Søndergaard, PT. MSc. 
http://www.godbalance.dk/ 

correlation between the target test and the reference measure should be expected because each 

measurement is accompanied by a certain degree of measurement error (69). 

 

6. We hypothesize that the change score of each of the six test is low to moderately correlated 

(r>0.3) with the change value of the reference parameters. 

7. We hypothesize that the domain(s) which has been targeted through domain-specific 

exercises is improved more than the domains which haven´t been targeted (difference>20%). 

8. We hypothesize that improvement of performance within each domain is reflected in a 

decrease in the rate of falls which are related with the target domain.  

9. Further, we hypothesize that a summarized score of overall balance capacity can be calculated 

from the six tests and a MIC of this score can be established. 

Recruitment  

A subgroup of the cohort from study 2, who are referred for outpatient rehabilitation in one of the 

clinics. 

Procedures  

The participants will be referred for individualized exercise-based rehabilitation for a period of 2-4 

months after initial test results and reference parameters are obtained. 

 

Applying the normative values of the test scores obtained in study 1, exercises are prescribed based 

on the test score representing the lowest percentile4. The prescribed exercises will be performed at 

home 2-4 times a day. To ensure compliance and progression of the exercises, individual follow up 

will be arranged depending on individual needs 1 to 2 times a month during the rehabilitation period. 

Participants can additionally be referred for group-based exercise classes following STABLE two times 

a week during the time of rehabilitation. In these classes, the individually prescribed exercises will be 

practiced and continuously adjusted according to the patient´s test scores. 

Examples of prescribed exercises related with the six domains are provided in table 4. More exercises 

and two illustrative cases of applying STABLE can be accessed on http://www.godbalance.dk. 

 

When the rehabilitation period is completed patients are reassessed following the same procedure 

as applied in study 2 performing all six tests and obtaining reference parameters for each domain. At 

this assessment, a global rating scale measuring the participants overall perception of change in 

balance capacity is additionally completed. 

 

Following completion of the rehabilitation period falls are monitored for 6 months. An automatic 

online short message service (SMS) (https://sms-track.com) will be posted every second week asking 

if the participant had fallen. If yes, the circumstances and the rate of falls will be registered in a 

telephone interview. If participants fail to respond the SMS within two days, they will be contacted 

by telephone. In addition, to ensure compliance, every third month the electronic records off all the 

participants will be controlled for any reporting of falls and participants who have reporting of falls 

will be contacted by telephone. 

 

Table 4: Examples of prescribed exercises related with the six domains 

Domain Overall porpoise of exercises  Examples of prescribed exercises 

Power Improving the ability to develop 

power by improving strength 

and movement quality of 

primarily the lower extremities 

-multiple chair rises 

-jumping exercises 

-getting up from the floor 

-stair climbing 

Stability 

limits 

Improving the ability to control 

the body´s center of mass 

within the base of support while 

reaching or leaning 

-Reaching towards goals standing or sitting  

-standing or walking on narrow surfaces 

-catching an object far from the body center, 

without changing feet position 

Anticipatory 

turning 

Improving the ability of turning 

fast (in all directions of yaw, 

pitch and roll) while keeping 

balance and orientation 

-tossing a ball over the shoulders to the walls 

in a corner 

-walking with change of directions 

-fast turning 

                                                 
4 Noteworthy, the test score representing the domain with the lowest percentile is not necessarily an extremely low score. 

E.g. some patients can perform generally above mean, but with maybe one test presenting a mean test score. The 

interpretation of this assessment result is that the patient compared to other patients has an overall good balance, but with 

the domain represented with the mean score being “the weakest link in the chain”. This domain should consequently be 

the focus of intervention.  

http://www.godbalance.dk/
https://sms-track.com/
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-bowing under a horizontal obstacle 

Reactive 

stepping 

Improving the ability of 

changing position by stepping 

when responding on 

perturbations  

-stepping over plastic cups or cords 

-kicking a ball to a wall 

-touching numbers on the floor with the feet  

Sensory 

orientation 

Improving postural control 

under absent or conflicting 

sensory information like 

unstable surfaces or challenging 

visual conditions 

-moving towards goals with the eyes closed 

in standing or walking 

-walking or moving on unstable surfaces 

-watching complex visual backgrounds 

Cognitive- 

motor 

interaction 

Improving the ability of 

performing two simultaneous 

tasks at the same time (with 

minimum one task being 

balance related)  

-walking (on the spot) while counting 

backwards 

-tossing a ball while walking 

-doing criss-cross in narrow stance 

 

Statistics 

Hypothesis #6: To evaluate responsiveness, Correlation between the change score of each target test 

and the change value of the corresponding reference measure will be calculated. 

For hypothesis #6 to be confirmed, for each domain, minimum 60% of the correlations computed 

should be low to high (r>0.3) or minimum one of the correlations computed should be moderate to 

high (r>0.5). 

 

Hypothesis #7: To evaluate the prescriptive validity of using the relative score between the tests in 

prescribing exercises, we calculate the percentage of participants who experience a greater 

improvement in the target domain compared with the domains which haven´t been targeted with 

the prescribed exercises. For hypothesis #7 to be confirmed, minimum 80% of the participants should 

experience minimum 20% greater improvement in the target domain compared with the domains 

with haven´t been targeted (all measured with the six domain specific tests). 

 

Hypothesis #8: Prescriptive validity is further evaluated by testing the hypothesis, that the incidence 

of falling overall is significantly lower after the intervention and that the incidence is lower for falls 

related with the target domain. The difference between falls 6 month before and after the 

intervention will be evaluated with a Chi2-square test or Fisher’s exact test to test  

 

Hypothesis #9: A summarized score of the individuals overall balance ability is computed applying a 

“radar chart”. Six radii in the chart will represent the normative values of each of the six tests with 

the “best” percentiles of the scores being in the extreme of the radii. The individuals test scores are 

plotted on the radii and interconnected with straight lines. The area within the lines is the 

summarized score. 

MIC is calculated following the “visual anchor-based minimal important change distribution 

method”(105), using the global rating scale applied in the final assessment as an anchor of change. 

 

Statistical considerations and project feasibility  

In 2017, a total of 445 patients were referred for physical therapy assessment in the two 

departments. To meet the COSMIN guideline (68) a sample size of min 100 participants will be 

included in study 2 and 3 and minimum 50 participants will be included in the inter tester reliability 

investigation of study 1. 

Ethical considerations  

Approval to initiate all studies is obtained from the Danish Data Protection Agency (HGH-2015-017, 

I-Suite nr: 03936) and the Scientific Ethical Committee for the Capital Region (Journal no.: H-

18045085). Approval from the Danish Patient Safety Authority has been granted to extract data from 

patient´s medical records (case no. 3-3013-2712/1, Reference: EMGW).  

All participants will be given oral and written information about the content, benefits and risks of 

participation, and that they may withdraw from the study at any time without affecting future 

treatment. Participants considered suitable for study 2 and 3 will be provided with patient 

information, the “Før du beslutter dig” and “Dine rettigheder som forsøgsperson i et 
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sundhedsvidenskabeligt forskningsprojekt”, a statement of consent and a verbal information given 

by the physical therapist who will complete the initial examination and inclusion of participants.  

Prescribing balance exercises potentially increases the risk of falls while exercising. All exercises 

applied in STABLE are designed to maximize personal safety by being graduated in accordance with 

the patients physical and cognitive capacities. Home-based exercises are instructed to be performed 

with the patient´s back to a corner whenever possible and group-based exercises are performed in 

presence of minimum two physical therapists. In the 5 years development period of STABLE we have 

experienced 6 falls in relation with performing exercises. One of these falls resulted in prolonged pain 

but no fractures. 

Organization and collaborators 

This project is formulated in the clinics of Rigshospitalet and Gentofte hospital, where STABLE in its 

present form has been applied since summer2018. On 30th November, 2018 the application was 

accepted by the PhD School - Faculty of Health Sciences, University of Southern Denmark as the 

content of the PhD thesis for the principal applicant. 

The development of STABLE was initiated in 2014, and the principal investigator has since this time 

included an introduction and discussion about the approach in various seminars teaching about 

vestibular and balance rehabilitation. The approach has been refined based on the feedback from the 

participants in these seminars and all institutions participating in the seminars have expressed an 

interest in implementing the approach when measurement properties are established.  

Initiated in January 2019, STABLE has been incorporated in the formal communication between the 

involved clinic in Gentofte hospital and five municipal rehabilitation centers, where patients are 

referred for rehabilitation. This cooperation is planned to be evaluated yearly.  

Dissemination of results 

All results of these studies (both positive and negative) will be published in peer-reviewed scientific 

journals and the funders will have no influence on the analysis, conclusion and decision of publication. 

The projects results will be disseminated at Rigshospitalet and Herlev and Gentofte hospital. In 

addition, the results will be disseminated at the annual research symposia in Region Hovedstaden 

and relevant national and international congresses. The project sponsors contribution will be 

acknowledged in all project disseminations. 

COI and funding 

Potential conflicts of interest: None 

Project sponsors: Department of Occupational and Physical Therapy, University hospital Herlev and 

Gentofte, Dept. of ORL, H & N Surgery and Audiology, University hospital Rigshospitalet. 
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