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Abstract 

Human gait and balance are controlled by automatic processes in the central 

nervous system, and in sensory and proprioceptive systems. If a disturbance 

occurs in any of these complex structures, it may lead to balance and gait 

problems. Equally important are the systems controlling the upper extremity 

functions where reach, grasp and manipulation skills may be affected. For the 

neurodegenerative disease idiopathic normal pressure hydrocephalus (iNPH), 

balance and gait disturbances are cardinal symptoms. Motor control of the upper 

extremities is also affected. In clinic today, physical impairment of persons with 

iNPH is commonly visually assessed using subjective, course tests with ordinal 

scales with the risk of missing minor changes. There is a lack of objective and 

quantitative ways to measure motor control in daily patient care. The aim of this 

thesis was to develop and validate tools for objective assessment of parameters 

that affect motor control in persons with iNPH. 

Postural stability in stance and walking was assessed using gyroscopes in patients 

with iNPH, healthy elderly (HE) and patients with ventriculomegaly (VM). 

Compared to HE, patients with iNPH had reduced postural stability and relied 

less on vision. iNPH patients also had a lower trunk sway velocity than VM during 

walking. The gyroscopic system could quantitatively assess postural deficits in 

iNPH, making it a potentially useful tool for diagnosis and for clinical follow-up. 

The differences found during gait also suggests that walking, rather than quiet 

stance, should be further investigated for facilitating differential diagnosis 

compared to other patient groups with ventriculomegaly. 

The gait in patients with iNPH is according to guidelines defined as slow, 

shuffling with a low foot-lift, and wide based. To objectively quantify the latter 

two features, a system (Striton) was developed in-house to assess the increased 

distance between the feet and the peak heel-height at the push-off phase of the 

gait cycle. It was validated in experimental setups, compared to gold standard 

motion capture systems (MCS), on healthy elderly (HE), through test-retest and 

day-to-day evaluations, and in four patients with iNPH. Striton demonstrated 

high correlations, in step-width and in heel-height, compared with the MCS. The 

mean step-width in the HE was 5.2 ± 0.9 cm (mean±Standard Deviation) and the 

heel-height 16.7±0.6 cm. Test-retest and day-to-day variations were small, ±0.5 

cm in step-width and ±1.2 cm in heel-height, and differences in the parameters 

were seen between HE and iNPH both before and after surgery. Thus, Striton has 

the potential of quantitatively assessing gait parameters in HE and iNPH in a 

valuable manner. 
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To assess the function of the upper body, inertial measurement units (IMUs) were 

used. The aim was to assess the within-subject, between-operators and overall 

reliability with the IMUs attached to the arms and chest during two tasks 

commonly used to evaluate performance during activities of daily living (Finger-

to-Nose and Drink-from-glass). Range of motion and cycle-time were assessed by 

two different operators in 20 healthy individuals (HI). The within-subject and 

over all reliability was good to excellent for all parameters except elbow rotation 

and flexion/extension. The sensors provided reliable results in the HI and have 

the potential to improve the assessment also in patients with iNPH or other 

disorders with impaired arm function. 

In summary, new methods for the assessment of motor control in the clinical 

situation have been developed and validated against gold standard systems. It 

was shown that gyroscopes may be used to measure postural stability in stance 

and gait, and that clinically more applicable IMUs are suited for measurement of 

upper extremity function and stride time. It was further confirmed that Striton, a 

wearable sensor system including optical sensors for the measurement of step-

width and heel-height, was accurate and reliable enough for obtaining objective 

measurements of two of the most characteristic gait features in patients with 

iNPH. Clinical response seen in these features before and after surgery are 

promising and warrant further investigation in a larger patient group. 
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Abbreviations 

Ab/Ad Abduction/adduction 

ADL Activities of daily living 

ANOVA Analysis of variance 

BOS Base of support 

CI Confidence interval 

CNS Central nervous system 

COM Centre of mass 

COP Centre of pressure 

CSF Cerebrospinal fluid 

CV Coefficient of variation 

F-B Forward/backward 

F/E Flexion/extension 

G-coefficient  Generalizability coefficient 

HE Healthy elderly 

HI Healthy individuals 

HM Distance from heel to lateral malleolus 

hm  Distance measured along the shank, from the heel to the floor 

hv Vertical heel-height 

ICC Interclass correlation coefficient 

L-R Left/right 
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IMU Inertial measurement unit 

iNPH Idiopathic normal pressure hydrocephalus 

IQ Interquartiles 

LMM Linear mixed model 

MAE Mean absolute error 

3D MCS Motion capture system 

MEMS Microelectromechanical system 

MMSE Mini-Mental State Examination 
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SD Standard deviation 

TOST Two one-sided t-tests 

TUG Timed up and go 
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Populärvetenskaplig sammanfattning 

Människans gång och balans kontrolleras av automatiska processer i centrala 
nervsystemet och de sensoriska systemen (exempelvis syn, balansorgan, sensorer 
i hud, leder och muskler). Om en störning inträffar i något av dessa komplexa 
system kan det leda till försämrad balans och gång. En patientgrupp där detta är 
tydligt är den neurodegenerativa sjukdomen idiopatisk normaltrycks- 
hydrocefalus (iNPH) som uppvisar en typisk gångstörning, men även många 
andra neurologiska sjukdomar kan leda till liknande försämring. iNPH har tre 
typiska symtom; balans- och gångstörningar, urininkontinens och lätt demens, 
men även motoriken i händer och armar påverkas. Idag bedöms fysisk funktions-
nedsättning hos personer med iNPH vanligen visuellt genom olika fysiska tester 
med grova skalor, tex. 0, 1 eller 2. Dessa test är subjektiva, och mindre 
förändringar kan missas eller skalan nå sitt maxvärde om personen endast har 
små problem. Detta visar på behovet av objektiva och kvantitativa mätsystem för 
att möjliggöra bättre kliniska bedömningar. Syftet med denna avhandling var att 
utveckla och validera verktyg för objektiv bedömning av parametrar som speglar 
motorisk kontroll, balans och gång hos personer med iNPH. 

För att kvantitativt uppskatta balans vid stillastående och under gång användes 
gyroskop för att mäta bålens svaj och svajhastighet. Gyroskopet fästes med ett 
elastiskt bälte på nedre delen av ryggen nära kroppens tyngdpunkt. Mätningar 
utfördes på patienter med iNPH, friska äldre (HE) och patienter med förstorade 
hålrum i hjärnan, ventrikulomegali (VM), vilket är en differentialdiagnos till 
iNPH. Jämfört med HE hade patienter med iNPH försämrad postural stabilitet 
med ökat bålsvaj och högre svajhasighet under stående medan iNPH-patienter 
hade lägre svajhastighet än både HE och VM vid gång. Gyroskopsystemet kunde 
kvantitativt påvisa de posturala nedsättningarna hos patienterna med iNPH, 
vilket gör det till ett potentiellt användbart verktyg för diagnos och för klinisk 
uppföljning. Skillnaderna som kunde påvisas under gång tyder också på att gång, 
snarare än stillastående, bör undersökas vidare för att underlätta 
differentialdiagnos mot andra patientgrupper med ventrikulomegali. 

Gångmönstret hos patienter med iNPH karakteriseras enligt internationella 
riktlinjer som långsamt, limfotat, hasande med lågt fotlyft och brett mellan 
fötterna. För att objektivt kvantifiera de två sistnämnda karaktärsdragen byggdes 
ett system (Striton) för att bedöma fotavståndet under gång och hällyftet vid 
frånskjutsfasen av steget. Striton utformades för att vara tillämpbart vid klinisk 
användning. Systemet validerades i experimentella uppställningar, jämfördes 
med referensrörelseanalyssystem och på 87 äldre personer (HE), genom 
repeterade tester under samma dag och med en veckas mellanrum samt 
hos fyra patienter med iNPH i en klinisk miljö. Striton visade på hög 
överenstämmelse för både stegbredd och hälhöjd jämfört med 
referenssystemet. Den genomsnittliga stegbredden hos HE var 5,2 ± 0,9 cm 
(medelvärde ± SD) och hälhöjden var 16,7 ± 0,6 cm. Skillnaderna mellan de 
repeterade testerna var små, ± 0,5 cm i stegbredd och ± 1,2 cm i hälhöjd, och 
skillnader i dessa parametrar sågs mellan HE och iNPH såväl före som efter 
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operation. Således bedömdes Striton ha potential att objektivt bedöma dessa 
gångparametrar i HE och iNPH på ett värdefullt sätt. 

Den motoriska kontrollen av de övre extremiteterna är lika viktig som av de 
nedre, men har inte undersökts lika mycket inom iNPH. För att bedöma 
överkroppens funktion användes tröghetssensorer (IMU) monterade på armarna 
och bröstet. Syftet var att bedöma repeterbarheten inom samma person och 
variationen mellan två operatörer samt den totala tillförlitligheten av 
rörelsebedömningar vid denna typ av mätningar med IMU:er. Två tester som 
vanligtvis används för att utvärdera förmågan att utföra aktiviteter i det dagliga 
livet (”Finger till Näsa” och ”Dricka ur glas”) utvärderades. Rörelseomfång och 
tid för genomförande bedömdes av två operatörer. Tillförlitligheten inom varje 
person var god till utmärkt och den totala tillförlitligheten var acceptabel till 
utmärkt för alla parametrar utom armbågens rotation och flexion/ 
förlängning. Sensorerna gav tillförlitliga resultat hos friska personer och har 
potential att förbättra bedömningen även hos patienter med iNPH eller andra 
sjukdomar med nedsatt armfunktion efter ytterligare utvärdering i dessa 
grupper. 

Sammanfattningsvis har nya metoder för bedömning av motorisk kontroll i den 
kliniska situationen utvecklats och validerats mot referenssystem. Det visades att 
gyroskop kan användas för att mäta balans och hållning under stillastående och 
gång, samt att små lätta och kliniskt lämpliga IMU:er är väl lämpade för mätning 
av övre extremitetsfunktion. Det bekräftades vidare att Striton, ett bärbart 
sensorsystem innehållande optiska sensorer för mätning av stegbredd och 
hälhöjd, var tillräckligt noggrant och pålitligt för att erhålla objektiva mätningar 
av två av de mest karakteristiska gångegenskaperna för patienter med iNPH. Den 
kliniska respons som kunde ses i dessa funktioner före/efter operationen är 
lovande och motiverar ytterligare undersökningar i en större patientgrupp. 
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Introduction 

In the evolution of the human species the ability to walk on two legs is one of the 

most important steps. Bipedal walk is energy effective, and at the same time it 

frees the hands to, e.g., carry food for long distances, and manufacture/handle 

tools.  

 

Normal gait and balance are controlled by delicate automatic processes in the 

brain, cerebellum, brainstem, spinal cord, sensory system, nerves, and muscles 

[1]. Also attention, cognition and executive functions are part of this process 

[2][3]. Any impairment in any link in this chain can cause gait and balance 

problems. Normally, persons do not have to make conscious decisions to walk 

because it is largely handled by automated processes. However, there are many 

diseases that may affect these systems, and one of them is the neurodegenerative 

disease idiopathic normal pressure hydrocephalus (iNPH)[4][5]. 

 

Patients with iNPH typically have a triad of symptoms: gait and balance 

disturbance, urinary incontinence and cognitive impairment [4]. Generalized 

motor control impairment is typical, leading to impaired gait and balance which 

often is the earliest and most prominent symptom [6]–[9], but impaired 

functions in the upper extremity movement control have also been found [10]–

[13]. The gait is often characterized as slow, short stepped, “magnetic” (an 

inability to lift the feet off the floor), wide based. To assess the severity of motor 

control symptoms or the outcome after interventions, physiological performance 

tests primarily in standing and walking, but also of the upper extremities, are 

performed. These tests are often visual and coarse with ordinal scales, which 

makes them subjective, and there is a risk that small changes cannot be detected, 

even by an experienced physiotherapist [14]. In addition, there is a lack of 

standardization on how physical performance is to be tested when iNPH is 

suspected [15][16]. Consequently, a tool to support this assessment in clinic 

would be of great importance.  

 

In this thesis, objective, wearable, and clinically applicable tools for the 

measurement and analysis of balance and gait and upper body kinematics were 

developed, validated for the assessment of motor control and applied on patients 

with iNPH. 
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Background 

History 

Interest in human motion goes back very far in human history. Over the centuries 

the evolution of methods for the capture of human movement has been motivated 

by the need for new information on the characteristics of normal and pathological 

human movement. The history of gait analysis goes all the way back to Aristotle 

(384-322 BC) who wrote the earliest comments about the way humans walk[17]. 

However, it was not until the renaissance in Europe that science and mathematics 

within the area started to develop. Cardan (1501-1576), a professor in both 

mathematics and medicine, was a pioneer in this field [18]. He had early 

considerations about 3D joint angles, and in the 17th century, the first experiments 

in gait analysis were performed by one of Galileo Galilei’s pupils, Giovanni Borelli 

(1608-1676) [19]. Borelli had difficulties to get his research published until he 

finally persuaded Queen Christina of Sweden to bear the publication costs [20], 

which she probably did because of her great interest in science [21]. Other 

important steps were taken by Carlet (1849-1892) who developed a shoe with 

three pressure transducers in the sole, and by Fischer and Braune who did the 

first 3D gait analysis using a photographic technique in 1891 [22]. After this, gait 

research really began to gain momentum with many discoveries to where we are 

today. Also, Perry (1918-2013) should be mentioned, often spoken of as the 

mother of modern gait analysis. She made major contributions in this field and 

wrote the book “Gait analysis” in 1992 [23], which is still valid. More general 

assessment of movements started in the 1940s when Lamb, Laban and Lawrence 

did movement pattern analysis on industry and office workers (“The rhythm of 

the office worker”, 1943). For more detailed information in this area Baker has 

gathered important events in the evolution of gait analysis through history [20]. 

Stance and gait 

The ability to stand and walk is essential for all humans, and impairment of these 

functions is often a constraint in daily life, which may lead to increased morbidity 

and mortality due to fall injuries and physical inactivity [1]. 

Quiet stance, i.e., standing upright in a stable position, requires that the 

perception and action systems work together to keep the body within its limits of 

stability. This requires that the centre of mass (COM) stays within the base of 

support (BOS). That means that the body has to control the COM by moving the 

centre of pressure (COP). COP is defined as the centre of the pressure distribution 

of the supporting surface, which is the centre of the ground reaction forces under 

the feet [24]. However, the limits of stability are found not to be fixed for a certain 

object or person but rather dependent on individual characteristics, 
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characteristics of the COM (e.g., position and velocity), and various other aspects 

like fear of falling [25]. Thus, to understand stability, both position and the 

velocity of the COM must be considered [26]. One way to measure this is by 

assessment of trunk sway close to the COM (lumbar vertebrae III-IV) of the 

human body [27], and this has previously been shown to be reliable in many 

contexts within human balance and gait [27]–[29]. Trunk sway can be used to 

assess the static stability in quiet standing as well as the dynamic stability in gait, 

which is basically an unstable act where the COM is outside the BOS at every step 

[28][30]. Postural stability, static and dynamic, both referred to as balance, aim 

to  keep the COM within the BOS [24]. Dynamic stability, as in walking, require 

the ability to control not only the forces of gravity but also other forces that 

challenge the balance, e.g., accelerations of the body or expected or unexpected 

perturbation.  

Walking involves the entire body and requires a delicate interaction between 

several systems: three major afferent systems (visual, vestibular, and 

proprioceptive senses), the locomotor efferent systems (nerves, muscles, bones, 

joints, and tendons) and a firm surveillance by various structures of the central 

nervous system (CNS). The most important structures in the CNS for gait and 

balance are the frontal cortex, basal ganglia, and the mesencephalic locomotor 

region, followed by the brain stem and spinal cord. In the brain stem and spinal 

cord, a central pattern generator forms the rhythm for automatic gait. The 

cerebellum, together with motor cortex and the basal ganglia,  contribute to the 

coordination of the movement [1].  

Walking is a complex motor control task involving three primary components: 

balance, locomotion, and the ability to adapt to the environment [1]. During 

walking, the gait cycle consists of two main phases: the stance and swing phase. 

The stance phase starts when the foot strikes the ground and ends at toe off, at 

the end of the push-off, where the swing phase starts. The stance and swing 

phases can further be divided into subphases as shown in Figure 1. At the end of 

the stance phase and in the pre-swing phase the calf muscles deliver push-off 

power to get propulsion and to start the swing, which is important for a normal 

gait. The gait cycle constitutes 60 % stance and 40 % swing phase [25]. 

 



 

5 

 

Figure 1. Phases and timing of the gait cycle. The labels refer to the leg in grey. 

Many diseases affect the motor and balance control, and an impairment may be 

due to a disturbance in any of the above-mentioned systems. Finding the 

characteristics of a specific impairment in balance, upper body movement and/or 

gait may also help to establish the correct diagnosis, while measures of outcome 

after an intervention help to assess the degree of improvement/impairment. In 

persons with these problems, naturally compensatory measures are often taken 

to improve the feeling of control. Such compensatory measures might be 

increasing the distance between the feet during stance or step-width during 

walking to increase lateral stability (i.e., increasing the BOS). Other methods can 

be taking shorter or lower and shuffling steps to compensate for instability and 

fear of falling associated with the challenge of shifting the weight from one foot 

to the other (giving a small BOS) [1]. This also increases the risk of tripping since 

the ability to quickly make recovery actions is reduced. Gait normally also 

changes to be more cautious with age, with shorter steps, longer time with both 

feet on the ground, decreased push-off power and a more flat-footed landing [31], 

Figure 2. 
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Figure 2. The gait pattern of a young adult on the right versus a healthy older person on the left. 

Illustration by H Grip. 

Upper extremity function and control 

The function of the upper extremities is important in everyday life, e.g., when 

brushing teeth, buttoning clothes, or eating soup with a spoon. These actions 

require fine motor skills in the upper extremities. In addition, upper extremity 

function is important in gross motor skills such as walking, to keep and recover 

balance or protect the body when balance is lost [25]. Key components in the 

upper extremity functions are reach, grasp and manipulation skills. In order to 

reach an object, the coordination of eyes, head and trunk is essential, involving 

multiple joints, musculoskeletal and neural systems [32]. Vision is used to locate 

an object and move the head in the right direction to guide the hand, and motor 

processes coordinate and move the arm and hand to grasp or point at an object. 

Manipulating an object also includes higher level processes essential for adaptive 

and anticipatory aspects of a task, e.g., predicting the trajectory of a ball when 

trying to catch it. Many neurological diseases impair the motor control system, 

not only concerning balance and gait but also fine motor skills in the upper 

extremities [33]–[36]. Problems include locating a target, coordinating the 

movement of the eyes, head and trunk, transporting the arm and hand in space 

and reaching/grasping objects [25]. 

Kinematics, the branch of mechanics concerned with the motion of objects 

without reference to the forces which cause the motion, is often used to quantify 

upper extremity performance [37]. The Finger-to-Nose test is commonly applied 

to assess coordination, where a primary outcome measure is cycle-time. 

Kinematic variables such as shoulder/elbow joint range of motion (ROM), 

velocity of the hand and precision of pointing are also estimated [33]. The Drink-
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from-glass  test is a test of activities of daily living (ADL) to assess the function of 

reaching and grasping [38]. 

Assessment of movement impairment in clinic 

The need to objectively assess balance, gait or upper body movement impairment 

in general, and in patients with a neurological disease or musculoskeletal problem 

in particular, in the daily clinic is considerable [1][39][40]. Today, these abilities 

are often visually assessed [41][42], and common scales are, e.g., the Physical 

Performance Battery [43], the Tinetti Performance-oriented Assessment of 

Mobility [44], the Timed Up and Go test (TUG) [45] and the Grooved Pegboard 

test (Lafayette Instrument Co., Lafayette, IN, USA) [46]. In addition, there is a 

suggested scale which focuses on iNPH presented by Hellström et al. [41]. These 

tests are usually assessed by physiotherapists who visually evaluate the individual 

patient’s performance. Video recording is often used to support the assessment.  

Concerning gait, walking speed is also an important parameter, with timing of 

some distance in normal self-selected or maximum speed. There is no 

standardized distance to assess, but 6 or 10 m is common. Furthermore, to 

introduce an instrument for movement assessment in everyday clinic, apart from 

being accurate and reliable, it also needs to have certain properties: it must be 

easy to use, quick to attach to the patient, deliver results that are distinct (e.g., 

preferably no need for postprocessing by “experts”), and at the same time it must 

allow the operator to keep the focus on the patient. 

Sensors 

Wearable equipment for the assessment of trunk sway, based on high precision 

fiber optic gyroscopes, have been available on the market for some time. These 

gyroscopes are ideal for trunk-sway assessments since they have low drift and 

offset, making them suitable for static measurements over longer periods of time 

[47]. The principle of operation is that two beams of light are sent into a coil of 

optic fiber (the fiber is generally several kilometers long to ensure a large enough 

phase shift) in opposite directions. After the light has circulated in the fiber coil, 

a phase shift can be seen between the light beams if the coil is rotated. The 

magnitude of the phase shift is relative to the angular velocity of the coil [48]. 

This effect is called the Sagnac effect after the French physicist Georges Sagnac 

who first described it in 1913 [49]. 

 

The high cost, bulkiness, and extensive battery demand are some of the 

drawbacks of fiber optic gyroscopes. Today, microelectromechanical systems are 

interesting alternatives [50][51], Figure 3. They are commonly used to create 

accelerometers, gyroscopes and are available in small, low weight packages at a 

low cost. The combination of a 3-axial accelerometer, gyroscope, and 
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magnetometer in one unit is called an Inertial Measurement Unit (IMU), and it 

can be used to measure motion, angles, and position in three dimensions. These 

characteristics make IMUs attractive for inclusion in wearable instrumentation 

for use in daily clinic. Unfortunately, accuracy is still a problem for some 

applications, because meticulous calibrations must be performed each time it is 

used to reduce drift, which offsets sensitivity. However, the techniques and 

algorithms for the IMUs have been greatly improved during the last decade, and 

they are now fairly reliable and often suitable for inclusion in wearable kinematic 

motion capture systems [52]–[55]. 

 

 

Figure 3. Size comparison between a single-axis fibreoptic gyroscope and an inertial measurement 

unit (IMU). 

 

Although IMUs can be used for kinematic measurements, it is not possible (or it 

is very difficult) to measure step-width using them. The absolute distance 

between IMUs cannot be measured without performing a calibration procedure 

each time the IMU is attached, and resolving small distances is challenging due 

to the offset drift. Another solution for wearable equipment is to add specific 

distance sensors. Suitable optical distance sensors are based on either 

triangulation or time of flight techniques, and they can measure distances from a 

few centimetres up to meters [56]. Figure 4 shows the distance sensor, based on 

a triangulating technique, used in this thesis.  
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Figure 4. Optical triangulating distance sensor. a) A picture of the 13x30-mm sensor. b) The 

principal function of the measurement technique. c) The calibration curve showing the output 

voltage relative to the distance to the target. 

Unfortunately, today the sampling frequency is limited to about 25 to 60 Hz for 

these kinds of sensors, at least for sensors in the lower price range. Together with 

optical distance sensors, IMUs have the potential to present accurate kinematic 

measurements of gait parameters, including spatial measures such as step-width 

as an estimate of stability and heel-height to indicate quality and power of the 

push off during the gait cycle. IMUs may also become a valuable tool in the 

assessment and treatment of movement disorders affecting the arms and hands. 

However, validation for every clinical application is necessary to ensure reliable 

results [57]. 

 

Idiopathic normal pressure hydrocephalus 

Hydrocephalus is a collective name for a condition that causes dilatation of the 

ventricles in the brain, Figure 5. It can be classified as non-communicating or 

communicating. In the first case, widened ventricles are due to an obstruction of 

the cerebrospinal fluid (CSF) flow out from the ventricles, and in the second case 

a disturbed relation between production and absorption of CSF causes the 

ventricular enlargement [8].  
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      a)                         b) 

Figure 5. Typical brain magnetic resonance imaging picture of the brain from a) a healthy person 

and b) a person with hydrocephalus, where dilated ventricles and white matter lesions are seen. 

The most common communicating type is Normal Pressure Hydrocephalus, 

further divided into secondary and idiopathic (unknown aetiology) subtypes 

[8][58]. The prevalence of probable idiopathic normal pressure hydrocephalus 

(iNPH) in the elderly population is 0.2% in those aged 70-79 and 5.9% in those 

aged 80 years and older with no difference between males and females [59]. In 

patients with iNPH a triad of symptoms is typical: cognitive decline, 

incontinence, and balance and gait impairment. The latter is typically an early 

and the most prominent sign of the disease. The exact degree of impairment or 

minor improvement after an intervention is difficult to assess by the standard 

methods used in clinic today [58].  

Diagnosing iNPH can be difficult since there are several other diseases with a 

clinical picture that can be similar to iNPH, e.g., Parkinson’s disease, Alzheimer’s 

disease, Subcortical vascular dementia, and Progressive supranuclear paralysis. 

The mean onset age for iNPH is about 70 years, and at that age comorbidities are 

common (e.g., diabetes and hypertension), with a risk of confusing the clinical 

picture of the symptoms and reducing the improvement following treatment 

[5][58]. 

The procedure to assess a patient suspected of having iNPH starts with a 

radiological investigation of the brain to examine whether the ventricles are 
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dilated or not and if white matter lesions are present. If the clinical suspicion still 

holds, physical performance tests are performed according to local protocols. The 

assessment of gait and balance ability are also important when evaluating 

whether the patient improves following a predictive so-called CSF “tap-test” or 

not. During the CSF tap-test approximately 50 ml CSF is drained from the spinal 

canal to mimic a shunt surgery [60], and the ability to walk and maintain balance 

is evaluated before and after the drainage. 

iNPH is treated by the implantation of a shunt, which drains CSF from the 

ventricles of the brain to the abdominal cavity. About 70-80% of the patients 

improve clinically when treated [61], gait usually improves first  [62], and often 

improves the most [9]. 

The pattern of gait in iNPH has been described as slow and “magnetic” with a 

decreased step height, a diminished stride length, increased step-width and 

increased step-to- step variability [4]. iNPH patients also have a larger body sway 

and a higher backward directed sway velocity of the COP than healthy individuals, 

leading to a tendency to fall backward [63]. These characteristics were the driving 

force for me to start this work with the measurement of trunk-sway, step-width 

and heel-height. I was also motivated by the fact that with the correct diagnosis, 

iNPH patients can be greatly improved after surgery. Motor control of the upper 

body is also affected and has been shown to improve after CSF tap-test and shunt 

surgery, e.g., the results of the tests “Finger-to-Nose” and “hand to knee-chin-

knee” were improved after CSF tap-test [7][10]. Also the control of grasping 

forces has been shown to improve after CSF tap-test [12]. There is, however, much 

less research done on upper body motor skills than for gait and balance in 

patients with iNPH, but with proper measurement tools this area can be further 

explored. 

Having standardized, objective, automated and easy to apply methods to assess 

balance, gait, and upper body motor skills in everyday clinic would be an 

important step towards improving diagnostic criteria and post-surgical 

evaluation for patients with iNPH. In addition, these methods could also be 

transferred for objective assessment in other neurological conditions with 

impaired motor control. 
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Aims 

 

In this thesis, objective, wearable, and clinically applicable tools for the 

measurement and analysis of balance and gait, as well as upper body kinematics, 

were developed and validated for the assessment of motor control and applied to 

patients with iNPH. 

 

The specific aims of the studies were: 

I. To assess postural stability by measuring trunk sway while standing, walking 

and during sensory deprivation before and after performing a CSF tap-test and 

shunt surgery in patients with iNPH, and to compare that to the postural stability 

of healthy elderly subjects and patients with the differential diagnosis 

ventriculomegaly. 

II. To analyse the reliability for joint range of motions and temporal outcome, 

measures of the Finger-to-Nose and drinking tasks using a portable IMU system, 

and to validate the system against a gold standard, the optical 3D motion capture 

system (3D MCS). 

III. To develop and validate new methods for step and step-width assessment, 

which would be applicable in daily clinic. Additionally, to present the newly 

defined step-width parameter in an elderly population, and to demonstrate 

applicability on a group of patients with iNPH before and after shunt surgery. 

IV. To develop and validate a clinically applicable tool and algorithms to estimate 

vertical heel-height during gait, to assess heel-height of elderly persons and to 

perform initial measurements on patients with iNPH before and after surgery. 
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Materials and Methods 

 General overview 

Table 1 (rows 1-5) Overview of the included movement-testing equipment, (rows 6-9) patients and 

subjects, and (rows 10-16) features assessed in the papers. 

  Papers   
 I II III IV 

Test equipment     
SwayStar™ X    

MoLab POSE™  X   

Striton   X X 

3D MCS  X X X 

GaitRite®   X  

Patients or subjects     

iNPH subjects X  X X 

Ventriculomegaly X    
Healthy individuals  X X X 

Healthy elderly X  X X 

Features assessed     

Balance X    

Gait X  X X 

Trunk sway X    

Step-width   X  

Heel-height    X 

Stride time   X  

Upper body kinematics  X   

iNPH = Idiopathic Normal Pressure Hydrocephalus, 3D MCS = 3D motion capture system. 

Ethical approval 

The Regional Ethical Review Board in Umeå approved the studies. Approval 

numbers: 2010-377-31M (I), 09-120M (II) and 09-120M/214-160-32M/2014-

246-32M/2018-155-31M (III, IV). All participants gave their informed written 

consent, and the studies adhered to the declaration of Helsinki. 

Subjects 

All study groups are listed in Table 2. In paper I, 53 patients were included, 

referred because of communicating hydrocephalus and clinical suspicion of 

iNPH. This group was clinically divided into one group where the diagnosis iNPH 

was possible or probable according to the guidelines [4], and one group with the 
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differential diagnosis ventriculomegaly (VM) where iNPH was unlikely. In the 

iNPH group, 16 subjects had shunt surgery. The inclusion criteria for the healthy 

elderly (HE) in paper I were:  no medication or disorders that could affect 

balance or gait, age > 65 years, and Mini-Mental State Examination (MMSE) ≥ 

24 [64]. According to their own statement, all healthy individuals (HI) in papers 

II to IV were free from impairments that possibly could affect the outcome of the 

studies.  In paper II all HIs had normal function of their back and upper 

extremities, and in papers III and IV all HIs had normal gait function. The 87 

HE in papers III and IV were included from a larger study (Healthy Ageing 

Initiative at Umeå University, Sweden) to which all persons in Umeå are invited 

as they turn 70 years old. One hundred persons were consecutively recruited and 

87 remained after exclusion according to Figure 6. In paper IV this group was 

reduced to 83 due to technical problems with the heel-height measurements in 

four subjects. Four patients with iNPH who were enrolled for shunt surgery were 

included as pilot patients for step-width and heel-height assessments before and 

after surgery in papers III and IV. 

 

Table 2. Overview of the subjects and patients included in the four studies.  

Paper No. of subjects Male / female Age (mean ± SD) 

    

I 31 iNPH, 22 VM, 58 HE 21/10, 13/9, 29/29 78±8, 69±10, 71±4 

    

II 20 HI 13/7 39.8±11.6 

    

III and IV 10 HI, 87 HE, 4 iNPH 5/5, 37/50, 1/3 36.5±10.5, 70, 73±3.2 

iNPH= Idiopathic Normal Pressure Hydrocephalus, SD = Standard Deviation. HI = healthy 

individuals and HE= healthy elderly 
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Figure 6. Selection of healthy elderly in papers III and IV. 

Equipment 

For assessment of trunk sway during stance and gait in paper I the SwayStar™ 

(Balance International Innovations GmbH, Switzerland) equipment was used  

[65], and it was firmly attached at the lower part of the back with elastic straps, 

Figure 7a, b. SwayStar™ uses two fibreoptic gyroscopes mounted perpendicular 

to each other to measure trunk movement in the sagittal (forward/backward) and 

frontal (left/right) plain, Figure 7c. Sampling frequency was 100 Hz with 16-bit 

resolution, the angular velocity range was ±327°/s and the angular velocity was 

integrated to get angle deviations along the two axes. Data were collected through 

Bluetooth to a computer, where the measurements were presented and exported 

to an Excel file for further analyses. 
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a)                                    b)                c) 

Figure 7. The SwayStar™ system attached at the back of a person. a) Quiet standing on foam. b) 

Walking over barriers. c) Trunk sway directions. F-B = forward / backward, L-R =left / right. 

In paper II the Molab™ POSE (AnyMo AB, Umeå, Sweden) motion analysis 

system was used, equipped with five inertial sensor modules [66]. These were 

mounted two on each arm and one on the chest, Figure 8. Each module was 

equipped with one 3D gyroscope, accelerometer, and magnetometer where each 

signal was sampled at 126 Hz with a resolution of 16 bits. Data analysis was done 

with the Molab™ Measure software. 
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Figure 8. The two tests and sensor placement on one arm and on the chest at the xiphoid process. a) 

Drink-from-glass test. b) Finger-to-Nose test. 

The Qualisys (Qualisys AB, Gothenburg, Sweden) 3D MCS was used as a gold 

standard reference system in papers II, III, and IV. The system was equipped 

with eight cameras and the sampling frequency was set to 60 Hz. The data were 

prepared and analysed with the Visual 3D™ and MatLab 2019a software. 

Striton is an in-house built system, developed during the course of this thesis, 

aimed for gait analysis with special focus on the parameters step-width and heel-

height. Striton was used in papers III and IV, Figures 9a, b. The system is based 

on two IMUs and optical distance sensors mounted on the lower legs, Figure 9c.  

Figure 9. a) The sensor module mounted on the right leg with heel-height sensor and an IMU. b) The 

sensor module mounted on the left leg with step-width sensor and an IMU, and the Striton data 

acquisition unit. c) Attachment of the Striton system on the lower legs. IMU = Inertial measurement 

unit 
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One distance sensor is used to measure the distance between the legs (step-width) 

during the swing phase of the gait and the other measures the heel lift (heel-

height) during the push-off phase of the gait. The sampling frequency is 256 Hz 

with 16-bit resolution for the IMUs and for the distance sensors even though their 

internal update frequency is 26 Hz. The optical heel-height sensor was mounted 

at the same height as the step-width sensor to make the equipment user-friendly 

and with only one strap with sensors at each shank, Figure 9c.  

In study III an instrumented walkway, GaitRite® (GaitRite®, NJ, USA), was 

used as gold standard for stride time measurements. The walkway was 6.09 m 

long with 100 Hz sampling frequency and ±1.27 cm spatial resolution. 

Calibration 

The IMUs in paper II were calibrated before each test in accordance with 

recommendations from the manufacturer AnyMo AB [67]. In papers III and IV 

the optical distance sensors were calibrated and linearized using a test rig. 

Thereafter the characteristics of the sensors were evaluated in an experimental 

setup simulating the situation when mounted on humans during walking. For 

step-width in paper III the distance sensor was attached to a pendulum that 

could be swung at a pace reflecting slow, normal, and fast walking, and in paper 

IV the sensor was attached in a setup so that the angle and distance to the floor 

during walking was simulated, i.e., when the angle of incidence decreased the 

distance increased simultaneously. 

Assessment of trunk sway and lower body movement  

In paper I postural stability during stance and gait on firm as well as on foam 

support and with eyes open or closed were in focus. Four tasks standing on firm 

support (normal stance, feet together, semi-tandem and tandem stance (one foot 

in front of the other)), two with sensory deprivation (feet together with eyes 

closed and normal standing on foam support) and three during gait were 

evaluated (10 m normal, 10 m over hurdles, and 6 m on foam support). The 

measurement time for all standing tasks was 30 s.  

The walking task for all HE and patients with iNPH in papers III and IV was to 

walk 20 m twice at their self-selected speed in a straight corridor. The HE 

simultaneously walked on the instrumented walkway GaitRite®. Ten of the HE 

subjects were recruited to do test-retest and day-to-day tests. The test-retest 

measurements were separated by two hours and the day-to-day tests by one week. 

For the validation against the 3D MCS in the same studies the HI performed four 

gait tasks (normal, slow, fast, and with increased feet distance). Each task was 

repeated ten times and performed within the 3D MCS measuring volume which 
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was about 4 m long. Based on these measurements, step to step comparisons 

between the Striton system and the MCS could be done. Step-width, step-width 

variability and heel-height were assessed for the HE and patients with iNPH. 

Assessment of upper body movement  

In paper II, five IMUs were attached to the upper body, two on the arms and one 

on the chest, Figure 9. With these, within-subject, inter-rater and overall 

reliability of IMUs, when used for the assessment of upper extremity function, 

were evaluated. The tasks were two common activities of daily living (ADL), the 

“Finger-to-Nose” which is a coordination test, and the “Drink-from-glass” which 

is a test for reaching and grasping [68][38]. The tests were performed on 20 HI 

by two operators (raters) and repeated 10 times. The order of the raters and which 

arm to start with were randomized. The two raters had different experience levels: 

one was very experienced, and the other was without experience in performing 

tests with IMUs. The sensors were removed and reattached between each test. 

Instructions to the test person were recorded in advance to minimise the impact 

of differences in the instructions. 

Analyses 

In paper I peak-to-peak sway velocity and sway angle in forward/backward and 

left/right directions were measured during all tasks in three different groups, HE, 

iNPH and VM. Median and interquartile values were presented during quiet 

standing and walking tasks. The iNPH and VM groups were compared against the 

HE at baseline and after CSF tap-test whereas the iNPH and VM groups were 

compared to each baseline, respectively. For the 16 iNPH patients who had shunt 

surgery, comparisons were made before/after surgery. The tasks within each 

domain were arranged with increasing degree of difficulty, first standing, then 

walking. 

In paper II the reliability of IMUs was assessed when used to measure the 

movement pattern of the upper extremities in two ADL tests, Finger-to-Nose and 

Drink-from-glass. The kinematics in the tests was evaluated as range of motion 

(ROM) of the shoulder and elbow. The shoulder ROM was given for 

flexion/extension (F/E), abduction/adduction (Ab/Ad) and inward/outward 

rotation (R). In the elbow hinge joint, F/E and R of the forearm relative to the 

upper arm was investigated. In addition, the total cycle-times for the complete 

tasks were measured. Bland-Altman plots, linear mixed models (LMM) and the 

generalizability coefficient (G-coefficient) were applied to assess the validity and 

reliability of the IMU sensors and different operators when measuring upper 

extremity function. The generalizability theory is an extension of the classical 

interclass correlation coefficient (ICC) that can handle several raters and 
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repetitions simultaneously [69]. LMMs were used to calculate variances in the 

ROM and cycle-time. Here, the random effect was a mix of subject, raters and 

repetition including two-way interactions. The reliability thresholds used were 

G>0.9 for excellent, 0.80-0.89 for good and 0.70-0.79 for acceptable reliability 

[70]. 

In papers III and IV optical distance sensors and gyroscopes were used to assess 

step-width, stride time and heel-height during walking. Initial validation was 

done in experimental setups that aimed to simulate the situation when applied to 

a human during walking. To measure stride time in paper III, the peak angular 

velocity of the shank in the sagittal plane measured with a gyroscope was used. 

With a sampling frequency of 256 Hz the resolution of the stride-time was 3.9 ms. 

In paper IV a model was designed to estimate the vertical heel-height (hv) from 

the distance measured along the shank line to the floor (hm): 

ℎ𝑣 = sin (arctan (
ℎ𝑚

𝑙
)) ∗ 𝑙  eq.1 

Where l is the distance from the lateral malleolus to the longest toe (MT) + 1 cm 

toe clearence and hm is the distance measured from the heel to the floor, Figure 

10. According to the anthropometry of the foot, HM was defined as 0.18 * foot 

length [71], Figure 10. This relationship was also very close to that found in the 

ten HI. 

 
Figure 10. From paper IV. a) Definition of the measurements of the foot. Heel to lateral malleolus 

(HM) defined as 18% of foot length. Lateral malleolus to the tip of the longest toe (MT). b) For the 

conversion from measured distance along the shank, from the heel to the floor (hm), to vertical 

heel-height (hv), hm and l were used in eq.1 with α1 = α2. 
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Statistics 

All statistics in papers I, III and IV were calculated using SPSS software 

(version 18.0, SPSS Inc, Chicago, Ill, USA). In paper II R-studio (version 

1.0.143) and R (version 3.3.3) were used. A test was considered significant for 

p<0.05 throughout all studies, and all data were checked for normality using the 

Shapiro-Wilk test. Data were logarithmically transformed when necessary, to 

increase the possibility of normality.  

In paper I sway parameters were presented as median and interquartile range 

(IQ). Between group differences were analysed using one-way analysis of variance 

(ANOVA) with Bonferroni post hoc test. For the within-group differences, two-

tailed paired t-tests with Bonferroni correction were used. 

In paper II, linear regression, Bland-Altman plots and LMM, including the 

calculation of the G-coefficient, were used. Linear regression and Bland-Altman 

were used to show the agreement between the two raters. Bland-Altman was also 

used to compare the IMU system and the 3D MCS. LMM was used to assess the 

static and random effects of the repeated measurements. LMM was preferred 

over repeated measures ANOVA due to the advantage of handling missing values. 

In papers III and IV, for step-width and heel-height, Pearson correlations and 

Bland-Altman plots, were used to compare Striton to the 3D MCS. For the 

analysis of the test-retest and day-to-day variation the dependent sample two 

one-sided t-tests (TOST) procedure [72]. The equivalence limits for the TOST 

were 0.5 cm in step-width and 1.2 cm in heel-height. The step-width variability in 

paper III was reported using the coefficient of variation (CV) calculated as 

within-subject SD divided by within-subject mean. 
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Results 

Trunk sway in idiopathic normal pressure hydrocephalus 

In paper I, trunk sway and trunk sway velocity were assessed in HE, patients 

with iNPH, and patients with VM, in quiet standing tasks, during sensory 

deprivation and during gait. The iNPH and VM groups were tested at baseline 

and after a CSF tap-test, and the 16 patients with iNPH were also tested after 

shunt surgery. In quiet stance, patients with iNPH and VM had larger sway angle 

amplitude and higher sway angle velocity than HE in all tasks and in both 

directions (forward/backward F-B and left/right L-R), Figure 11 shows the F-

B direction. The distance between the feet (measured with a ruler) in standing 

was larger for the iNPH group than in the HE, 16.2 ±6.3 cm and 11.9 ± 6.0 cm, 

respectively, and this did not change after the tap-test. After CSF tap-test the sway 

angle was decreased in the F-B direction during ’Normal stance’ and in the L-R 

direction during ‘Feet together’. This change was sustained also after surgery. 

 

Figure 11. Sway angle in the forward/backward at baseline on firm support and with eyes open. 

Median and IQ presented. Significance level *** p<0.001, N = number of subjects. IQ = 

Interquartiles. 
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Regarding sensory deprivation, the sway angle and sway velocity increased 

significantly in the HE group both in the F-B and L-R directions between the tasks 

‘Feet together’ and ‘Feet together, eyes closed’, Table 3. The same change in trunk 

sway was not seen in either iNPH or VM patients at baseline when eyes were 

closed. However, after surgery the same sensory deprivation also increased the 

sway velocity in the iNPH group, Table 4. 

Table 3. Difference in sway angle during sensory deprivation for the HE, iNPH and VM at baseline, 

after CSF tap-test, and after surgery. Standing feet together eyes closed – Standing feet together 

eyes open. 

Median (Q1, Q3) Difference in sway angle, peak to peak1 [deg] 

 HE iNPH 

baseline 

iNPH after 

CSF drain 

iNPH after 

surgery 

VM 

baseline 

VM after 

CSF drain 

(F
e

e
t 

to
g

e
th

e
r

 e
y

e
s

 

c
lo

s
e

d
) 
–

 (
F

e
e

t 

to
g

e
th

e
r

 e
y

e
s
 

o
p

e
n

) 

L-R 0.4  
(0.1, 0.8) 

-0.5  
(-1.1, 0.5) 

0.46  
(-0.14, 1.8) 

0.2  
(0.1, 1.2) 

0.03  
(-0.3, 0.6) 

-0.05 
(-0.3, 0.8) 

N 58 20 18 10 12 15 

p <0.001 0.354 0.029 0.022 0.636 0.285 

F-B 0.9 
(0.3, 1.5) 

-0.2 
(-1.1, 1.8) 

0.8 
(-0.4, 1.9) 

0.2 
(-0.4, 0.6) 

0.3 
(-0.4, 1.1) 

0.9 
(-0.2, 1.5) 

N 58 20 18 10 12 15 

p <0.001 0.664 0.064 0.651 0.908 0.348 

Data are given as median (with Q1 and Q3 in parentheses). 1p-values from paired t-tests with and 
without sensory deprivation. 

 

Table 4. Difference in sway angle velocity during sensory deprivation for the HE, iNPH and VM at 

baseline and after CSF tap-test. Standing feet together eyes closed – Standing feet together eyes 

open. 

Median (Q1, Q3) Difference in sway velocity, peak to peak1 [deg/s] 

 HE iNPH 
baseline 

iNPH after 
CSF drain 

iNPH after 
surgery 

VM 
baseline 

VM after 
CSF drain 

(F
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–
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e
n

) 

L-R 1.6 
(0.9, 2.6) 

0.02 
(-2.0, 2.7) 

1.8 
(-0.5, 1.9) 

2.6 
(1.9, 5.0) 

0.6 
(-0.3, 2.0) 

0.5 
(-1.2, 5.5) 

N 58 20 18 10 12 15 

p <0.001 0.963 0.026 <0.001 0.625 0.092 

F-B 2.9 
(1.0, 5.1) 

2.5 
(-1.3, 6.3) 

3.4 
(2.0, 6.0) 

7.9 
(2.6, 11.8) 

1.1 
(-2.9, 2.8) 

2.9 
(-1.9, 6.5) 

N 58 20 18 10 12 15 

p <0.001 0.150 0.132 <0.001 0.903 0.072 

Data are given as median (with Q1 and Q3 in parentheses). 1p-values from paired t-tests with and 
without sensory deprivation. 

 



 

27 

In walking on firm support the iNPH group had lower sway velocity than both the 

HE and VM groups in six of eight tasks/directions (10 m walk and 10 m walk over 

barriers in the L-R/F-B directions) and a trend towards lower sway velocity in the 

other two. After CSF tap-test the sway velocity was increased in three out of four 

task/direction combinations in the iNPH group and was further increased after 

surgery, Figure 12. The gait velocity in the iNPH group was increased from 0.90 

± 0.21 m/s at baseline to 0.99 ± 0.38 m/s (p<0.001) after the tap-test. This 

increase in velocity was not found in the VM group. 

 

Figure 12. Sway velocity during gait on firm support and over barriers. At the top, Sway velocity in 

the left-right direction and below, sway velocity in the forward-backward direction. Significance 

level *** p<0.001, ** p<0.01 and * p<0.05. 

Portable sensors for the assessment of upper extremity 

function 

In paper II the validity of an IMU sensor system was assessed against a 3D MCS, 

and Bland-Altman plots showed that the systematic error ranged between 0.25° 
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and 1.10° for the Finger-to-Nose test and between 0.45° to 0.84° for the Drink-

from-glass test. 

The overall reliability of the tests, including 10 repetitions and both operators, 

was excellent for cycle-time and all shoulder ROMs, except shoulder rotation for 

the non-dominant arm of the drinking task, where it was acceptable. For the 

Finger-to-Nose task, elbow flexion/extension (F/E) had an acceptable to good, 

and elbow rotation poor overall reliability. The G-coefficient, as a function of the 

number of repetitions performed by one single rater, showed that after three 

repetitions, further repetitions did not essentially increase the reliability of the 

assessment, Figure 13. 

 

Figure 131. The overall reliability (i.e., G-coefficient) estimated with different number of repetitions 

(assuming there is only one rater present) for the Finger-to-Nose and Drink-from-glass tests. The 

results are subdivided into dominant arm (left) and non-dominant arm (right) for the different 

outcome measures. The dotted line marks the level for acceptable reliability; G=0.7. 

 

Inter-rater reliability of cycle-time and ROM, estimated through linear regression 

between the assessments of rater 1 and rater 2, showed an R2 >0.5 for all outcome 

 
1

 Reprinted from paper II with permission: Öhberg F, Bäcklund T, Sundström N, Grip H. Portable 

sensors add reliable kinematic measures to the assessment of upper extremity function. 

Sensors. 2019:19:5:1241, p 1-18. 
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measures except for elbow rotation, where R2 was >0.1. Bland-Altman analyses 

show that the average differences between raters were close to zero for all 

outcome measures, and that there was a dependency on mean angle for some of 

the ROM measures, Figure 14. Based on the LMM model’s variance components, 

the G-coefficient was calculated. The G-coefficient for the within-subject 

reliability showed good to excellent reliability for all measures of both tests and 

arms. Consistent with the linear regression findings, the inter-rater reliability was 

acceptable to good for all measures except elbosw rotation, shoulder 

abduction/adduction (dominant arm) and elbow flexion/extension (non-

dominant arm) for the Finger-to-Nose task. For the Drink-from-glass task the 

inter-rater reliability was acceptable to good for all measures except elbow ROMs, 

shoulder flexion/extension (dominant arm) and shoulder rotation (non-

dominant arm). 

 
      a)                            b) 

Figure 142 Bland-Altman analysis of the two raters for all outcome measures in the a) Finger-to-

Nose and b) Drink-from-glass tests. FE=flexion/extension, R=rotation, and 

AbAd=abduction/adduction 

 
2

 Reprinted from paper II with permission: Öhberg F, Bäcklund T, Sundström N, Grip H. Portable 

sensors add reliable kinematic measures to the assessment of upper extremity function. 

Sensors. 2019:19:5:1241, p 1-18. 
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Measurement of step-width and heel-height during gait 

In papers III and IV a sensor system, Striton, including measurement methods 

were validated for step detection and the assessment of step-width and heel-

height of gait. First in experimental setup and then against gold standard systems 

on test persons. In paper III a pendulum was used to simulate slow, normal, and 

fast walking speed at distances from 5 to 20 cm. The mean error in distance 

between the pendulum and a flat white surface was ±0.08 cm and the highest SD 

of ± 0.39 cm was found at 20 cm distance at the highest speed. In paper IV, heel-

height measurements in an experimental setup were evaluated on different 

surface colours of the floor, different angles of incidence (angle between bottom 

of heel and floor) and distances to the floor (heel-height from floor). 

For all surfaces and angles down to 30°, the mean absolute error (MAE) was less 

than 2%. For the two darkest grey surface colours the MAE was higher, 3.6 and 

5.2% at 30° incidence and 50 cm distance.  

Validation against the 3D MCS was done both for step-width and heel-height. The 

linear correlation coefficient for step-width between Striton and the 3D MCS 

from paper III is shown in Figure 15, R2=0.96. In paper IV, the corresponding 

analyses for peak heel-height are shown in Figure 16, R2 = 0.89. 

Figure 153. a) Linear regression between step-width measured with Striton and the 3D motion 

capture system (3D MCS). R2=0.96 with a slope k=0.96 b) Bland-Altman plot comparing the two 

systems, offset (3D MCS-Striton) = 0.04 cm with a 95% CI of ± 1.12 cm. 

 

 
3 Reprinted from paper III with permission. Bäcklund T, Öhberg F, Johansson G, Grip H, Sundström 
N. Novel, clinically applicable method to measure step-width during the swing phase of gait. 
Physiological Measurement, 2020:41:6:065005, p 1-12. 
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Figure 16. a) Linear regression between heel-height measured with Striton and the 3D motion 

capture system (3D MCS). R2=0.89 with a slope, k=0.93. b) Bland-Altman plot comparing the two 

systems, offset (Striton – 3D MCS) = 1.3 cm with a 95% CI of ± 1.55 cm. 

 

In paper III, 87 HE constituted a control group, and they had a mean step-width 

of 5.22 ± 0.89 cm and a step-width variability with a coefficient of variation (CV) 

of 17.1 %. Males had larger step-width then females, 6.21 ± 1.03 and 4.46 ± 0.77 

cm, respectively. In paper IV, the control group was reduced to 83 HE and their 

mean heel-height was 16.7 ± 0.6 cm. Males had higher heel-height than females, 

17.5 ± 0.62 and 16.2 ± 0.58 cm, respectively.  

Test-retest and day-to-day variability were evaluated on 10 HE. In paper III, the 

test-retest assessment of step-width resulted in a mean difference of 0.2 ± 0.44 

cm and in paper IV the difference in heel-height from one test session to another 

was 0.4 ± 1.5 cm. In the day-to-day tests the difference in step-width was 0.03 ± 

0.39 cm and in heel-height 0.2 ± 1.7 cm. The repeated step-width measurements 

were significantly equal within 0.5 cm and heel-heights were equal within 1.2 cm 

(TOST procedure). 

Four patients with iNPH were included in papers III and IV to test feasibility of 

the Striton system in a clinical situation. Three out of four patients with iNPH, 

had a wider step-width, a higher step-width variability, Figure 17, and a lower 

heel-height, Figure 18, than HE before surgery. After surgery, step-width was 

reduced in 3 of 4 patients and heel-height increased in all 4 iNPH patients. 
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Figure 17. Step-width and step-width variability during walking 20 m in healty elderly (n=87) and 

in iNPH patients (n=4) before and after shunt surgery. Signifficance level *** p<0.001. 

 

Figure 18. Heel-height during walking 20 m in healty elderly (n=83) and in iNPH patients (n=4) 

before and after shunt surgery. Signifficance level *** p<0.001. 

 

In paper III, the algorithm for step detection was validated by comparing the 

stride time measurements using the gyroscopes in the Striton system to the stride 

time measurements from the instrumented walkway. The correlation between the 

systems was strong with R2=0.99 and a slope of 1.00, nstrides=711. A Bland-Altman 

analysis showed an offset of 0.003 s with a 95% CI of 0.016 s. 

 



 

33 

Discussion 

This thesis focuses on tools developed and validated for methods and parameters 

used for the assessment of physical properties that relate to balance, gait, and the 

function of the upper extremities. Motor control declines with age and in many 

diseases, and to measure these, often subtle, changes of movement patterns, 

sensitive equipment and methods are needed. To be useful in clinic the 

equipment and methods should be accurate, reliable, objective, have higher 

resolution than today, be easy to use, quick to attach, and the resulting data 

should be easy to interpret. In this thesis, a new system for gait analysis was 

validated in experimental setups, compared to present gold standard equipment 

(GaitRite®, Qualisys, 3D motion capture system), and evaluated regarding test-

retest and day-to-day variability. Reliability of IMUs to quantify ADL tests in the 

upper extremities was also established, and the clinical applicability of trunk sway 

measurements and relevance of a set of gait and balance parameters were 

evaluated in patients diagnosed with iNPH.  

Trunk sway measurement 

In paper I, it was shown that the high-quality fibre-optic gyroscopes could 

measure small changes in sway. The low drift (0.002°/s) and low offset voltage 

enabled, without the application of any complicated mathematics, trapezoid 

integration of the angular velocity into an angular deviation, stable enough to 

measure trunk sway in the clinical situation. In this study one objective was to 

determine if trunk sway could differentiate iNPH patients from HE and patients 

with differential diagnoses, and if so, which tests were most discriminative. Thus, 

the high-precision equipment SwayStar™ was applied. A major drawback with 

SwayStar™ is, however, its size and weight, making it unsuitable to attach to any 

other body part than the back, e.g., not suitable for arms or legs. Here, IMUs are 

superior due to their small size and low weight. It is possible that IMUs could be 

used instead of the fiber-optic gyroscopes. However, one challenge here is that 

accelerometers and gyroscopes in microelectromechanical systems (MEMS), due 

to their construction, are sensitive to changes in temperature, and gyroscopes 

specifically are sensitive to accelerations and vibrations, and this influences the 

accuracy [73]. The type of stability offered by fiber-optic gyroscopes may be found 

in today’s gyroscopes of MEMS as well, but only in the higher quality and prices 

ranges. MEMS quality ranges from consumer (drift of 10°/s at a price of 1-10$) 

to industrial ( ~10°/h, ~1000$) level [Are Today’s MEMS Gyros “Good Enough”? 

(semiengineering.com), 2020] but prices are falling rapidly, and the performance 

is increasing. I suspect that shortly, a 100$ MEMS gyroscope can be as stable as 

a fiber-optic one designed ten years ago. By support from other sensors such as 

accelerometers and magnetometers, and the development of algorithms for 

https://semiengineering.com/are-todays-mems-gyros-good-enough/
https://semiengineering.com/are-todays-mems-gyros-good-enough/
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sensor fusion, IMUs are gaining ground for the use in clinically applied 

kinematics [53][74].  

Paper I showed that on firm support, the HE had lower trunk sway angle and 

sway velocity than the patient groups in all tasks and both directions. These 

findings are endorsed by several other studies supporting the use of trunk sway 

as a quantitative measure of balance impairment [6][63][75]. On the contrary to 

stance, when walking on firm support, the iNPH patients had lower sway velocity 

then the VM and HE in most tasks and directions. Walking requires dynamic 

stability, and the reduced sway velocity during walking could be explained by a 

fear that the COM might be getting too close to the border of BOS. In that case, 

an action of recovery might be needed if balance is lost, which in iNPH might be 

too slow and unsafe and with the risk of causing a fall. A high velocity of the COM 

will give high breaking forces when stopped, and if the COM is too close to the 

border of BOS, the stability may be lost [26]. Thus, the reduction in sway velocity 

found in iNPH is not surprising compared to the HE, and the difference compared 

to VM indicates that gait, rather than stance, is a promising domain for separating 

iNPH from other differential diagnoses. To show this, a larger study with patients 

with various diagnoses is recommended, but this finding was supportive for the 

work of this thesis to proceed in the direction of a clinically applicable system for 

the assessment of gait. 

After CSF tap-test, reduction in sway angle compared to before tap-test was found 

in several of the tasks during stance. Sway velocity increased during gait, and gait 

velocity increased in the iNPH group but not in the VM group. This is a clear 

indication of increased stability in the iNPH patients, who responded positively 

to the CSF tap-test in comparison to the VM group who did not respond. This 

indicates that trunk sway could be a valuable objective measure of improvement 

in balance and gait following treatment. Paper I also indicated that to maintain 

stability, vision was more important for the HE group than the iNPH group. 

Similar findings have been presented in previous studies [63][76][77], but not by 

others [75]. Without further investigation into the specific systems affecting 

balance, it is difficult to discern the reason for this difference, i.e., is the brain 

unable to rely on visual information? Is the information delayed due to reduced 

executive functions? Is it a single system that is impaired or are several/all 

slightly impaired? I also hypothesise that visual information might be too much 

to handle in a cognitively impaired brain, and that this may limit the person’s 

ability to be proactive during stance and gait. This finding warrants further 

exploration to learn more in this area. 
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Reliability of IMU sensors 

In paper II the reliability of MoLab™ POSE, portable IMU based kinematic 

sensors, was evaluated during assessment of upper body function on 20 HI and 

by two different operators. In comparison between the MoLab™ POSE and the 3D 

MCS, a systematic error of 0.25° to 1.1° was found. This is in the same range, or 

better, than the result of others in the upper extremities (-1.2° to 2.0°)[67], on a 

robotic arm [78] and in a knee joint [79]. 

The reliability assessment consisted of two parts: within subject and inter-rater 

reliability. The high within-subject reliability in all measures and for both tests 

indicates that for a single person there is a high measurement precision within a 

session. The within-subject variability may also serve as a baseline when 

assessing the upper extremities in future patient groups. This was also supported 

by the fact that in a within subject, the G-coefficient reached 95 % of its final value 

already after three repetitions. Thus, only a few repetitions are needed in the 

clinical setting to achieve reliable results, although this might vary between 

patient populations. Regarding inter-rater reliability of cycle-time and ROM, 

estimated through linear regression between the raters, high correlation was 

achieved except for elbow rotation. Bland-Altman analyses also showed that the 

average differences between raters were close to zero in most cases. This shows 

that the measurements made by different raters were comparable and equal for 

all outcome measurements except in elbow flexion/extension and elbow rotation.  

Paper II showed that IMUs were generally overall reliable and could be used to 

accurately detect the kinematics of the upper extremities, with exception for 

elbow rotation and elbow flexion/extension, which should be used with caution. 

However, some parameters were more difficult than others. The parameter cycle-

time has distinct start and stop positions, e.g., the hand leaves the table, and 

reaches the table again after touching the nose. These positions are easily 

detected regardless of rater, resulting in high reliability of the parameter. On the 

contrary, to measure, e.g., elbow ROM during the same task, the movement can 

be successfully completed in many different ways, e.g., rotating the hand and 

lower arm in a variety of combinations. This problem will appear for the ROM in 

all joints with more than one degree of freedom and this variability is well known 

and described by others [80]. For the two clinical tests evaluated in paper II, the 

ball and socket shoulder joint with three degrees of freedom and the hinge elbow 

joint with two are thus affected. This shows the importance of placing the IMUs 

at well planned locations and to be aware of the variability that can be expected 

within and between subjects for different kinds of movements. For the upper 

body, the movement of the combined wrist joint with two degrees of freedom 

might also be considered, but this was not included in the current study. The low 

inter-rater reliability in elbow flexion/extension and elbow rotation could be 
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explained by differences between how the operators instructed the persons or 

mounted the sensors, but it can just as well be due to test-retest variability. Since 

test-retest variability was not investigated in this study this is difficult to discern. 

Wearable system for gait analysis 

In the field of wearable equipment for 3D kinematics, refinement of algorithms 

and sensor systems and even the use of cell-phones to assess motion in humans 

and animals have increased rapidly during the last decade [66][53][81]. In 

humans there are many studies of the movement of the lower body, i.e., the hip, 

knee, ankle and foot, where gait analysis to identify and measure every part of the 

gait cycle in both temporal and spatial parameters is frequent [55][82][57]. 

Advanced systems enabling detailed information on movement patterns, 

particularly for research purposes, are readily available, but tools that are easy to 

use, quick to attach and only deliver data of specific interest for the designated 

clinician are scarce. In papers III and IV an inhouse-built system (Striton) was 

designed and used to assess step-width and the height of the heel lift at push-off 

during gait. A new method for determining stride time based on IMUs attached 

to the calves was also developed and evaluated. 

The Striton system was equipped with two optical triangulating distance sensors 

with different measurement ranges, 3.5 to 30 cm and 20 to 150 cm for the step-

width and heel-height sensors, respectively. This type of sensor has a non-linear 

response that makes the resolution lower at longer distances. For these 

applications, however, none of the sensors were used in the far end of their 

measurement range. Careful linearization and calibrations were necessary, to 

ensure good accuracy over the measuring range. These sensors operate with 

infrared light (~850 nm) making them less suitable for outdoor use, since direct 

sunlight might perturb the measurement. 

There are previous studies where foot mounted distance sensors have been 

evaluated for the measurement of inter-foot distance, but for this to work, a large 

plate needs to be mounted on the opposite shoe [83]–[85]. The need for shoes is 

impractical in the clinical setting and introduces possible differences between 

longitudinal measurements since the type of shoe may impact the walking 

pattern. Thus, a placement on the upper part of the lower leg was chosen, 

enabling bare-foot walking while still maintaining enough time during leg-pass 

to enable at least 4-5 samples per step. There are also a couple of studies which 

use foot mounted IMUs to assess foot trajectories and gain details of the gait cycle 

[54][55]. Here, however, an optical sensor was regarded as beneficial since it 

could be placed on the same level as the step-widths sensor, thus allowing for a 

simple system which is easy to attach to the patient. Another important issue was 
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that calibration prior to each measurement is not necessary when using optical 

sensors, as opposed to IMUs. 

The mean step-width of the HE, 5.2 cm, in paper III may be compared to the 

mean step-width 11.3 cm found in a similar cohort when assessed by the 

instrumented walkway GaitRite® (n=1300, 70 yr old subjects) [86]. The 

difference is considerable. However, GaitRite® measures the distance between 

the centres of the heels while Striton measures the medial distance between the 

inner surface of the calves. If the average heel-width is approximated to 5 cm, 

then the medial distance between the feet may be expressed as 11.3 – 5 = 6.3 cm 

[87], i.e., this gives similar estimates despite the different nature of the 

assessment methods. Additional differences are measurement during the swing 

and stance phases with Striton and GaitRite®, respectively, and that the Striton 

measurement is dependent on the width of the calves. Thus, the new measure of 

step-widths defined and presented in this thesis is in the same range as previously 

presented measures. However, direct comparisons with other modalities are not 

advisable. In the comparison before/after a clinical intervention or rehabilitation 

process this will not be a problem, and for diagnostic purposes reference groups 

also assessed with Striton will suffice. 

The Striton system was also equipped with two IMUs, which were aimed for 

temporal measurements, and a new method for determining stride time was 

validated in paper III. In kinematics, it is common that the heel strike is used to 

detect the start of the gait cycle, and from this the phases of the gait cycle are 

analysed. In wearable equipment the heel strike is often detected using 

accelerometers, solely or in combination with gyroscopes [88]–[91]. In shuffling 

and/or non-cyclic gait, as in patients with iNPH or other gait impairments, 

however, this might pose a problem since the heel strike may not be as present as 

in healthy gait [92]. With the sensors mounted on the calf, it is possible that the 

heel strike is further damped and even more difficult to detect. To enable step 

detection also during these conditions, and thus allow for stride-time 

measurements, a method based on the always present leg swing and peak to peak 

in swing velocity was developed. Paper III showed that during walking at self-

selected normal speed, stride time correlated extremely well with GaitRite®, 

R2=0.99, with a systematic error of 3 ms. This is the best that can be expected 

with sampling times of 3.9 ms for Striton and 10 ms for GaitRite® (256 and 100 

Hz, respectively). 

In paper IV, an algorithm was developed to approximate the vertical heel-height 

from the distance measured along the extension from the lower leg. Assumptions 

made were that the foot and the lower leg were perpendicular to each other at the 

peak of the heel-height, that toe clearance was constant at 1 cm and that the foot-

length could be approximated by the shoe size. Investigation of reasonable foot 
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to shank angle deviations from 90° (+ 2-5°) gave only a small overestimation of 

the heel-height, and tests on the algorithm regarding foot length in comparison 

to shoe size showed that ± one shoe size gave ±3 mm difference in heel-height in 

the HE. Despite these assumptions the heel-height measure correlated well with 

the 3D MCS. The high correlation confirms that there is a strong relationship 

between the two measurement modalities, while the Bland-Altman analysis 

shows that Striton slightly overestimates the heel-height compared with the 3D 

MCS. Given that the measurement methods are very different, it is not surprising 

to find a small difference in absolute agreement on a group level, possibly due to 

the deviation in the foot to shank angle, but this will not affect the clinical 

application since the methods will never be used interchangeably, but rather 

compared within themselves on single subjects or between groups. The HE had a 

mean step-width of 5.2 cm and a mean heel-height of 16.7 cm. In both cases there 

was a difference between sexes, and step-width differences between the sexes has 

also been found by others [86]. The difference seen between sexes on a group 

level indicates that future reference values for step-width and heel-height 

probably should be separated by sex.  

In papers III and IV test-retest and day-to-day variability were investigated. 

The repeated measurements were equal within narrow limits (± 0.5 cm for step-

width and ± 1.2 cm heel-height) despite the simple instructions given to the 

subjects to “walk at your self-selected normal speed”. Although only a few iNPH 

patients were investigated, the differences between the HE and iNPH patients as 

well as before and after surgery in the iNPH patient group indicate that the within 

patient variability was low enough to detect true differences between the groups. 

Variability in step-width has also been shown to be of interest in the analysis of 

gait [93][94], and paper III warrants further investigation of this parameter now 

that a clinically applicable method for the assessment of step-width is available. 
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Conclusions 

In this thesis, it was shown that trunk sway measured with the use of back 

mounted gyroscopes was able to quantitatively assess postural deficits in iNPH, 

making it a potentially useful tool in future diagnoses when selecting patients 

suitable for treatment and for clinical outcome assessment. The iNPH patients 

had larger trunk sway angle and higher sway velocity then the HE, especially 

during standing, but for differentiation between iNPH and VM patients, sway 

velocity during gait is the most promising parameter. A reversable reduction of 

visual dependence was also found in the iNPH patients. 

For the assessment of upper extremity movement with IMUs, the inertial sensors 

provided good to excellent measures of cycle-time and shoulder ROM in non-

disabled individuals, and thus the IMUs have the potential to improve today’s 

assessment of arm function in iNPH. The within-subject variability may serve as 

a baseline when assessing the upper extremities in future patient groups. The 

ROM in elbow joint axial rotation had the worst reliability, but this could also be 

due to natural movement variations in this joint.  

 

A wearable system, Striton, has been developed and validated against gold 

standard equipment to assess gait, with focus on three parameters important in 

iNPH diagnostics and outcome assessment: step-width, stride time, and heel-

height. This thesis shows that the system is valid, reliable and can assess these 

parameters of gait in HE and in iNPH patients. Striton is a simple and clinically 

applicable tool that has the potential to advance assessment of deficits during 

gait, with an emphasis on patients with neurological disorders with symptoms of 

abnormal gait patterns.  

 

In summary, wearable equipment for objective assessment of motor control were 

successfully developed and validated. The systems could be used to measure 

properties of physical function during stance, gait and in the upper extremities, 

in healthy subjects and in patients with iNPH. Future larger studies are thus 

enabled to investigate the value of these systems in clinical practice. 
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