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ÁGRIP 

Flugan kom fram á sjónarsviðið árið 2004 sem próf til að mæla 

hreyfistjórn hálshreyfinga í rauntíma. Upprunalega prófið gat aðgreint 

nákvæmni hálshreyfinga hjá tveimur hópum kvenna, annars vegar 

með einkenni eftir hálshnykksáverka og hins vegar einkennalausra 

kvenna. Helstu annmarkar prófsins voru að ekki var gerð nein tilraun 

til að hanna mismunandi erfiðleikastig sem gætu nákvæmlega greint 

hvað hreyfistjórn hálshreyfinga væri mikið skert hjá hverjum 

einstaklingi. Rannsóknunum fjórum sem liggja að baki þessari 

doktorsritgerð var ætlað að renna stoðum undir frekari þróun á 

Fluguprófinu til þess að hægt væri að nýta það sem nákvæmt hlutlægt 

próf sem metur stjórn hálshreyfinga í rauntíma. Meginmarkmið 

doktorsverkefnisins var að búa til stigvaxandi erfiðleikastig hreyfi-

mynstra í þeim tilgangi að hægt yrði að meta nákvæmlega skerðingu á 

hreyfistjórn hvers einstaklings, og síðan að meta gagnsemi Flugunnar 

sem greiningarprófs. Tveimur nýjum niðurstöðumælingum var bætt við 

til að greina fleiri þætti hreyfistjórnar en upprunalega Fluguprófið gerði. 

Önnur markmið doktorsverkefnisins voru 1) að nota Fluguprófið til að 

bera saman stjórn hálshreyfinga hjá hópi einstaklinga með einkenni 

eftir hálshnykk við hóp þeirra sem höfðu hálsverki án áverkasögu og 

við samanburðarhóp einkennalausra þátttakenda, 2) að búa til 

gagnagrunn um hreyfistjórn í hálshrygg hjá einkennalausum 

einstaklingum með því að nota Fluguprófið í þeim tilgangi að hafa 

viðmið til samanburðar, 3) að skoða hvort og hvernig hreyfiskyn 

hálshryggjar (cervical kinesthesia) breytist á einu ári hjá fólki með 

einkenni í hálsi eftir hálshnykksáverka við aftanákeyrslu, 4) að skoða 

hvort Fluguprófið nýtist til að aðgreina þá einstaklinga sem eru með 

raunveruleg einkenni eftir hálshnykk frá einkennalausum 

einstaklingum sem gera sér upp einkenni eða frá hálshnykks-

sjúklingum sem ýkja einkenni sín. 

Í rannsóknunum var notuð bæði þversniðsgreining (Case-control 

design) og langsniðs-tilhögun (longitudinal study design) og 

áreiðanleiki endurtekinna prófana (test-retest) var metinn. Spurninga-

listar voru notaðir til að skoða hvernig þátttakendur mátu ástand sitt. 

Þátttakendur, sem voru af báðum kynjum, voru með einkenni eftir 

hálshnykk af gráðu I, II eða III, eða voru með hálsverki af öðrum 
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orsökum en eftir áverka. Einkennalausu þátttakendurnir voru valdir 

sem samanburðarhópur og einnig til að vera í gagnagrunni 

einkennalausra fyrir hreyfistjórn í hálshrygg. 

Þrívíddargreinir (Fastrak) var notaður í Fluguprófinu og var hann 

tengdur sérhönnuðu hugbúnaðarforriti. Í prófinu eru hreyfiskynjarar 

festir á höfuð þátttakandans og hann beðinn um að nota háls- og 

höfuðhreyfingar til að fylgja nákvæmlega eftir bendli (flugu) sem 

hreyfist á tölvuskjá. Nákvæmni í hálshreyfingum við að fylgja 

bendlinum eftir í þremur stigvaxandi erfiðum hreyfimynstrum var 

metin. Niðurstöðurnar sýndu að nýja Fluguprófið er réttmætt og 

áreiðanlegt próf til að meta hreyfistjórn í hálsi og nýtist til að greina 

slíka skerðingu hjá sjúklingum með hálsverki. Hreyfimynstrin þrjú sem 

þróuð voru fyrir prófið reyndust vera stigvaxandi erfið og uppfylltu 

þannig eitt af markmiðum rannsóknarverkefnisins. Með mælibreytum 

prófsins, amplitude accuracy (AA) og directional accuracy (DA), var 

hægt að aðgreina alla þrjá þátttakendahópana (n=18 í hverjum hópi). 

Með þriðju mælibreytunni, jerk index (JI), var hægt að aðgreina hóp af 

sjúklingum með hálshnykkseinkenni (n=34) frá einkennalausum 

samanburðarhópi (n=31). Niðurstöðum um frammistöðu heilbrigðra 

einstaklinga í Fluguprófinu var safnað (n=182) til þess að notendur 

prófsins hefðu samanburðarviðmið. Jafnframt var sýnt fram á að nýta 

má Fluguprófið til að gefa vísbendingar um hvort sjúklingar með 

hálshnykkseinkenni séu að gera sér upp einkenni eða ýkja þau, en 

allar þrjár mælibreyturnar, AA, DA og JI, flokkuðu 72–81,5% 

frammistöðu þátttakendanna rétt. Langsniðsrannsókn var framkvæmd 

til að fylgjast með hreyfi- og stöðuskyni í hálsi hjá einstaklingum með 

hálsverki eftir bílákeyrslu (n=47). Fylgst var með fólkinu í eitt ár eftir 

áverkann og það skoðað fjórum sinnum: fyrst 1 mánuði eftir 

bílákeyrslu, síðan 3, 6 og 12 mánuðum eftir bílákeyrsluna. Tvö próf, 

Fluguprófið og Head-neck relocation test (HNR test), voru notuð til að 

mæla hreyfistjórn og stöðuskyn í hálshrygg (innskyn). Niðurstöður 

rannsóknarinnar sýndu tvo mismunandi ferla sem skert innskyn fylgir 

hjá einstaklingunum. Þeir sem sýndu verri niðurstöður í prófunum 

mánuði eftir bílákeyrslu, sýndu marktækt betri niðurstöður 12 

mánuðum síðar, en því var öfugt farið hjá þeim sem sýndu betri 

niðurstöður í upphafi. Prófin tvö, Flugan og HNR próf, eru talin mæla 

tvo mismunandi en þó tengda þætti innskyns, hreyfiskyn og 

stöðuskyn. Veik eða miðlungs fylgni reyndist milli Fluguprófs og HNR 

prófs annars vegar og niðurstaðna spurningalistanna hins vegar. 
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Rannsóknirnar sem þessi doktorsritgerð byggir á staðfestu notagildi 

hins nýja Fluguprófs við greiningu á hreyfistjórn í hálsi. Hin stigvaxandi 

erfiðleikastig prófsins gera það að verkum að hægt er að greina með 

nákvæmni hve mikil skerðing sjúklingsins er. Þetta er mikilvægt svo 

hægt sé að hefja þjálfun sjúklingsins á viðeigandi erfiðleikastigi og 

fylgjast með framförum hans. Eftir því sem við best vitum er 

Fluguprófið fyrsta klíníska prófið fyrir hreyfistjórn í hálsi sem getur 

aðgreint sjúklinga með einkenni eftir hálshnykk frá þeim sem eru með 

hálsverki af álagstengdum toga. 

 

Lykilorð:  

hálsverkir – hálshnykkur – flugupróf – hreyfistjórn –  

hálshryggur – greining  
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ABSTRACT 

The “Fly” was introduced in 2004 as a test for measuring deficits of 

movement control during neck movements in real time. The original 

test was capable of discriminating the accuracy of neck movements in 

women with whiplash-associated disorders (WAD) from those in 

asymptomatic women. The four studies that form the basis of this 

thesis were intended to underpin further development of the Fly as an 

objective assessment and treatment method that addresses regulation 

of movement through feedback and reflex mechanisms, i.e. the 

detection and correction of errors, while performing active tracking 

head movements.  

This was accomplished by creating incrementally difficult classes of 

movement patterns in order to precisely grade the impairment level of 

each individual patient and to assess the diagnostic utility of the Fly 

Test as well as to introduce two new outcome measures. In addition, 

specific aims of the thesis were to compare cervical spine movement 

control in patients with WAD to both patients with non-traumatic neck 

pain and to asymptomatic persons, to publish normative data of 

cervical movement control measured by the Fly Test, to determine the 

actual course of cervical kinesthesia over a one-year period in 

persons with neck symptoms after a whiplash injury, to determine if 

the Fly Test is useful in differentiating genuine patients with WAD from 

asymptomatic persons feigning injury or from patients with WAD who 

exaggerate their symptoms.  

Case-control and test-retest designs as well as a longitudinal design 

were used to identify and define the clinical characteristics investigated. 

Questionnaires were used to investigate self-reported disability of the 

participants in the studies. The participants, who were of both genders, 

were patients with WAD grade I, II, or III and patients with non-traumatic 

neck pain. Asymptomatic individuals participated both as control groups 

and to form the basis of reference normal in a database of movement 

control in the cervical spine.  

In the Fly Test, a three-dimensional tracking device (Fastrak) was 

connected to a specially designed software program. In the test, the 

patient is equipped with tracking sensors on the head and asked to use 
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neck movements to follow a cursor (a fly) on a computer screen as 

accurately as possible. The accuracy of cervical spine movements when 

tracing three incrementally difficult movement patterns was recorded. 

The results revealed that the new Fly Test provides reliable and 

valid measures for movement control of the cervical spine and can be 

used as an assessment and treatment method for deficits of 

movement control in patients with neck pain. The three movement 

patterns that were created for the test turned out to be incrementally 

difficult, thereby fulfilling one of the aims of the thesis. The two 

outcome measures of the test, amplitude accuracy (AA) and 

directional accuracy (DA), were able to differentiate significantly 

between the three subject groups of WAD and the non-trauma and 

asymptomatic controls (n=18 in each group). The third outcome 

measure, jerk index (JI), along with AA and DA, was able to 

differentiate between patients with WAD (n=34) and asymptomatic 

controls (n=31). For the purpose of providing clinicians with a 

reference for comparison when using the Fly Test, a database of 

reference normal (n=182) was created. The findings of the feigning 

study indicate that the Fly Test may be used by clinicians to provide a 

clue when patients with “common whiplash” are suspected of feigning 

or exaggerating performances, since the three outcome measures, 

AA, DA, and JI correctly categorized 72–81.5% of the subjects.  

A longitudinal study was conducted to observe persons with neck 

pain after motor vehicle collisions (MVCs) over a one-year period 

(n=47); the initial assessment took place 1 month after the MVC and the 

follow-up assessments at 3, 6, and 12 months post collision. Two 

different cervical kinesthetic tests, the Fly Test and the Head-neck 

relocation test (HNR test), measured movement control and relocation 

accuracy of the cervical spine respectively. The study identified, for the 

first time, two different courses of deficient cervical kinesthesia in 

symptomatic people after MVCs. Significantly diverging results were 

depicted at 1-month versus at 12-months post collision in both tests. 

Those who showed worse results at the start improved their 

performances significantly during the 1-year course, whereas the 

opposite was true for those who showed better results at the start. The 

two tests used in the study, the Fly Test and the HNR test, are 

conceptualized to measure two different but interrelated aspects of 

cervical kinesthesia, movement sense and position sense respectively.  
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In our studies where pain and disabilities were rated, a weak or fair 

relationship was revealed between the physical outcome measures 

under investigation (the Fly Test and HNR test) and questionnaires 

measuring short- and long-term impacts of neck pain and disability.  

The studies upon which this thesis is based confirmed the 

diagnostic usefulness of the new Fly Test. The incrementally difficult 

classes of movement patterns make it possible to grade the 

impairment level of each individual patient with greater accuracy than 

the original Fly Test. This is important for guiding treatment 

interventions, as the training can then be started at the patient’s 

impairment level and the treatment effects monitored. To our 

knowledge, the Fly is the first clinical test for movement control of the 

neck that can discriminate between patients with WAD versus patients 

with work-related neck symptoms (non–traumatic). 

Keywords:  

neck pain – whiplash – Fly Test – movement control –  

cervical spine – assessment 
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1  INTRODUCTION 

Neck pain and its associated disorders after motor vehicle collisions 

(MVCs) are resistant to most conservative interventions, in both the 

acute (Lamb et al., 2013; Teasell et al., 2010a) and chronic stages 

(Michaleff et al., 2014; Stewart et al., 2007; Teasell et al., 2010b). 

Because most pathological causes of neck pain are invisible on imaging 

modalities, clinical assessment of impairment of body function and of 

disability currently remains the accepted approach for evaluation of 

these patients. There has been a dispute about the cause of the 

symptoms following a whiplash injury, whiplash-associated disorders 

(WAD), mostly because the underlying nature of the disorder has not 

been defined. Identification of the underlying impairments of WAD is an 

important basis to more individually tailored treatment approach that 

can potentially prevent the course to chronicity.  

The “Fly” was developed in order to measure the control of neck 

movements. When introduced in 2004, it was the only existing clinical 

test that aimed at measuring movement control deficits in real time 

during neck movements (Kristjansson et al., 2004). The test results 

indicated that the test was valid and capable of discriminating the 

accuracy of neck movements in women with WAD from healthy 

asymptomatic women (Nordin et al., 2008). The main drawback of the 

original Fly Test was that no attempt was made to generate 

incrementally difficult sets of movement patterns to precisely grade the 

level of impairment for each individual. In order to increase the 

diagnostic utility of the test, further development was necessary, as 

were further studies on reliability and validity of the test. The Fly Test 

was therefore developed further in this PhD project in order to address 

this shortcoming, by creating three incrementally difficult classes of 

movement patterns – easy, medium, difficult – and adding two new 

outcome measures. The four studies that form the basis of this thesis 

were intended to further develop the Fly Method as an objective 

assessment tool that addresses regulation of movement through 

feedback and reflex mechanisms, i.e. the detection and correction of 

errors, while performing active tracking head movements (Gandevia & 

Burke, 1992; Kristjansson et al., 2004; Prochazka, 1996).  
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1.1 Whiplash injuries and identification of symptoms 

The term whiplash-associated disorders (WAD) refers to a variety of 

clinical manifestations due to bony or soft tissue neck injuries following 

an acceleration-deceleration energy transfer caused by, for example, a 

motor vehicle collision (Spitzer et al., 1995). The diagnosis of WAD is 

an archetype of the diagnosis of a soft tissue injury, mainly based on 

the exclusion of visible trauma on standard imaging modalities (Bogduk 

& Yoganandan, 2001). Patients with neck injuries after MVCs 

experience a variety of symptoms, such as pain, neck stiffness, 

headache, dizziness, unsteadiness, fatigue, paresthesia, numbness in 

the arms, sleeping disturbances, concentration difficulties, and memory 

loss (Barnsley et al., 1994; Kristjansson & Jonson, 2004; Treleaven, 

2011). It has been estimated that 10–40% of persons suffering from 

neck injury following an MVC will have persisting symptoms three 

months later, and up to 50% of those who are injured will fail to recover 

fully (Carroll et al., 2008; Kamper et al., 2008; Williams et al., 2007). In 

a recent prospective study, three distinct clinical recovery pathways 

following whiplash injury were identified using the Neck Disability Index 

as an outcome and predictor of recovery (Sterling et al., 2010). The first 

is a pathway of good recovery, where initial levels of pain-related 

disability were mild to moderate, with 45% of people following this 

pathway; the second pathway involves moderate to severe pain-related 

disability with around 39% of injured people predicted to follow this 

pathway; and the third pathway involves initial severe pain-related 

disability, with 16% of individuals predicted to follow this pathway 

(Sterling, 2014). Today’s knowledge of diagnosis and treatment of 

patients with symptoms after whiplash injuries reveals that, in general, 

treatment only provides short-term relief of symptoms (Teasell et al., 

2010b). No treatment has yet been optimized to prevent the chronic 

course in WAD, as the mechanisms underlying the persistence of pain 

and other symptoms following whiplash injuries are still poorly 

understood (Scholten-Peeters et al., 2002; Spitzer et al., 1995). A 

recent study investigating inflammatory processes in those with WAD 

showed differences in levels of certain inflammatory biomarkers 

between those who recover following whiplash injury compared to 

individuals who develop chronic pain-related disability (Sterling et al., 

2013). Whether these results contribute to the initiation and 

maintenance of chronic whiplash pain has yet to be clarified. Clinical 

examination has not been adequate to objectively verify the complaints 
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of patients with chronic WAD nor to detect other subtle musculoskeletal 

impairments in the cervical spine. The reason is that reliable and valid 

clinical diagnostic tests for the cervical spine are few, and the 

underlying lesion cannot be established with current imaging 

technology. Advances have, however, been made in the development 

of objective assessment methods of motor/movement function for 

patients with neck pain (Jull, 2000; Jull, G. et al., 2008; Kristjansson et 

al., 2004; Treleaven et al., 2005).  

Table 1. Quebec Task Force classification of WAD. 

Grade Clinical presentation 

0 

 

I 

 

II 

III 

IV 

No complaint about the neck 

No physical sign(s) 

Neck complaint of pain, stiffness, or tenderness only 

No physical sign(s) 

Neck complaint and musculoskeletal sign(s)*  

Neck complaint and neurological sign(s)† 

Neck complaint and fracture or dislocation 

*  Musculoskeletal signs include decreased range of motion and point tenderness.  
† Neurological signs include decreased or absent tendon reflexes, weakness, and sensory 
deficits. 
Deafness, dizziness, tinnitus, headache, memory loss, dysphagia and temporomandibular joint 
pain are among symptoms and disorders that can be manifested in all grades. 

1.1.1 Classification of WAD into broad groups 

Classification of patients with WAD into five grades based on a 

combination of signs and symptoms (Table 1) was published by the 

Quebec Task Force (QTF) in 1995 (Spitzer et al., 1995). The QTF 

classification cannot be used without criticism. More than 80% of 

patients with persistent WAD correspond to grades I–II (Rö et al., 

2000; Spitzer et al., 1995). The general range of motion (ROM) and 

point tenderness parameters as the only physical measures (Table 1) 

are poor diagnostic tools to guide therapeutic interventions. Neck pain, 

decreased ROM, and point tenderness are all symptoms that are non-

specific and common in the general population. Consequently, the 

clinical diagnosis is often confused by the high prevalence of neck 

pain and other WAD-like symptoms in the general population and in 

the working population (Cote et al., 2008; Hogg-Johnson et al., 2008). 

Despite several studies demonstrating motor, muscular, and 

sensorimotor changes in individuals after whiplash injury, some of 

those disturbances can also be found in individuals with non-traumatic 
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neck pain of insidious onset (Sterling et al., 2011). Although the 

musculoskeletal symptoms reported in patients with WAD are often 

more severe and widespread compared to patients with non-specific 

neck pain (Curatolo et al., 2011; Sterling et al., 2011), no gold 

standard diagnostic test exists to detect WAD.  

1.2 Proprioception and kinesthesia 

A precise control of head and eye movements relies on accurate 

afferent input from the vestibular, visual, and proprioceptive systems. 

In line with this, assessment of proprioception has been emphasized 

in clinical and research studies. The term proprioception, first used by 

Sherrington (Sherrington, 1906), has been defined as the perception 

of load, position, and movement of one part of the body relative to 

another. Proprioception is the cumulative sensory input to the central 

nervous system (CNS) from mechanoreceptors in the soft structures, 

including joint capsules, ligaments, discs, muscles, and skin (Grigg, 

1994; Rowinski, 1990). These signals, generated both peripherally 

and centrally, contribute to the group of sensations termed kinesthesia 

(Gandevia et al., 1992). Kinesthesia has been defined as a sensation 

that detects and discriminates between the relative weight of body 

parts, joint positions, and movements, including direction, amplitude, 

and speed (Newton, 1982). Proprioception involves two sub-

modalities, a static component of position sense and a dynamic 

component of movement sense, each depending, at least partly, on 

different afferent information (Clark et al., 1985; McCloskey, 1973; 

Proske, 2006; Sittig et al., 1985) and different types of central 

processing (Cordo et al., 1994; Cordo et al., 2000). This partition is 

supported by experiments on muscle vibration-induced illusions, which 

show that subjects can perceive the position and velocity of a passive 

limb separately (McCloskey, 1973) and that position and movement 

information can be used selectively for the control of limb position and 

velocity, respectively (Sittig et al., 1985). It has been suggested that of 

the mechanoreceptors, the muscle spindle is the most important 

contributor to the proprioceptive input, providing information about 

limb position and velocity (McCloskey, 1973; Sittig et al., 1985). On 

the other hand, the joint receptors tend to fire near the extremes of 

joint movement (Grigg, 1994) and might have an important role in 

muscle coordination and in reflex regulation of the functional joint 

stability (Sjölander et al., 2002). 
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Proprioceptive input from the neck comes from an abundance of 

mechanoreceptors, especially from the high density of gamma muscle 

spindles in cervical muscles (Boyd-Clark et al., 2002), particularly in the 

deep segmental upper cervical muscles (Abrahams, 1977; Dutia, 1991; 

Kulkarni et al., 2001; Liu et al., 2003; Richmond & Bakker, 1982). The 

density of muscle spindles per gram of muscle tissue is 190–242/g in 

the obliquus capitis muscles of the neck, compared to 17.3/g in the 

opponens pollicis muscle (Boyd-Clark et al., 2002; Kulkarni et al., 

2001). These deep neck muscles differ from other muscles in the 

configuration and arrangement of the muscle spindles and in that they 

have a substantial number of other receptors, such as Golgi tendon 

organs (Kulkarni et al., 2001; Richmond & Abrahams, 1979). Golgi 

tendon organs and other mechanoreceptors, such as the joint 

receptors, play an important role in muscle coordination and in 

execution of finely tuned movements (Bergenheim et al., 1996; 

Johansson & Magnusson, 1991; Sjölander et al., 2002). The abundant 

network of mechanoreceptors in the upper cervical region, which is like 

a receptor field, supplies the CNS with proprioceptive information on the 

orientation of the head in respect to the rest of the body (Neuhuber, 

1998) through direct neurophysiological connections to the vestibular 

and visual systems (Hülse, 1998). The cervical afferents are involved in 

three reflexes influencing head, eye, and postural stability: the cervico-

collic reflex, the cervico-ocular reflex, and the tonic neck reflex. These 

reflexes work in conjunction with other reflexes, which are influenced by 

vestibular and visual input for coordinated stability of the head, eyes, 

and posture (for review, see e.g. (Tjell, 1998; Treleaven, 2008)). The 

activity of the muscles throughout the trunk and extremities is affected 

by neurophysiological events that occur at the cervical level. Therefore, 

proper function of the neck, and particularly the upper cervical 

structures, is essential for effective interaction with the environment 

(Dutia, 1991; Markham, 1987).  

Sensory information from the somatosensory, visual, and vestibular 

systems is essential for motor control and learning. The information is 

processed and integrated at different levels within the CNS to avoid 

mismatch in the efferent activity continuously created for optimal 

performance of movements (Karlberg, 1995; Tjell & Iglebekk, 2012). 

The sensory systems provide the CNS with information prior to a 

movement with feed-forward control (open-loop control systems) and 

during a movement by correcting errors with feedback control (closed-
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loop control systems) (Schmidt & Lee, 2005b). The visual system 

provides an important source of information for closed-loop control by 

providing information about errors in movement along with predictive 

information of potential errors. Closed-loop control models best 

explain movements that require high accuracy and are very slow. 

Tracking tasks are most likely related to closed-loop processes 

(Schmidt & Lee, 2005b), constantly relying on corrective feedback for 

accuracy. It has been suggested that the control of slow tracking 

movements makes use of afferent position information and feedback 

control, while very fast movements principally rely on feed-forward 

control (Schmidt & Lee, 2005b; Sittig et al., 1985).  

Afferent information from the cervical mechanoreceptors, like the 

muscle spindles, can be altered by direct trauma, impaired muscle and 

joint function (Falla & Farina, 2008; Falla et al., 2003; Falla et al., 2004b), 

and even muscle change like fatty infiltrate (Elliott et al., 2008a; Elliott et 

al., 2008b; Elliott et al., 2010; McPartland et al., 1997). Interferences to 

the afferent input from the cervical region in those with neck pain are 

considered a possible cause of symptoms such as disturbed head-neck 

awareness, disturbed neck movement control, visual disturbances, and 

signs of altered postural stability, including cervicogenic dizziness or 

unsteadiness, which can be classified as sub-modalities of sensorimotor 

impairment (Kristjansson & Treleaven, 2009). 

1.2.1 Sensorimotor impairment associated with WAD  

Impaired coordination following WAD may involve the afferent, central, 

and efferent integration and processing components of movement 

(Gerritsen et al., 1998; Prochazka, 1996). Coordination of movements 

can be defined as the sensorimotor processes that organize and 

activate large and small muscles with the right amount of force in the 

most efficient sequence (Newell, 1985; Spirduso, 1995). Smoothness 

is widely regarded as a hallmark of skilled, efficient, well-coordinated 

human movements, and lack of such smoothness has been shown to 

be a feature of some neurological disorders, such as in Parkinson’s 

disease (Contreras-Vidal & Buch, 2003; Teulings et al., 1997) and in 

patients recovering from stroke (Rohrer et al., 2002). Calculation of 

jerk movement as an indicator of smoothness has been performed in 

patients with neck pain of insidious and traumatic origin, and the 

results have indicated motor control disturbances (Feipel et al., 1999; 

Sjölander et al., 2008; Woodhouse et al., 2010).  
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Motor control changes, such as altered patterns of muscle 

activation (Falla et al., 2004a) probably compromise control of the 

cervical spine and the segmental support (Cholewicki et al., 1997; 

Mayoux-Benhamou et al., 1994). Studies have shown inhibited and 

delayed onsets in the deep neck flexors in patients with WAD and 

non-traumatic neck pain (Falla et al., 2004b; Falla et al., 2004c; Jull et 

al., 2004b) as well as an increased activity in superficial neck muscles 

(Falla et al., 2004c; Jull et al., 2004b), which might cause functional 

instability. Changes have also been shown in cervical agonist/ anta-

gonist activation in connection with neck pain (Falla et al., 2007a) as 

well as increased co-contraction, which may contribute to stiffer, 

jerkier neck movements (Sjölander et al., 2008). Abnormal co-

contraction according to the pain adaptation model (Hodges & 

Smeets, 2014) may be a response to decreased head steadiness 

sometimes associated with dizziness (Treleaven, 2011).   

1.2.2 Pain and motor control  

It has been implied that the causes of transition into chronicity after a 

whiplash trauma are multifactorial and are likely to be present early 

after the trauma (Sterling et al., 2011; Treleaven, 2011). There is 

growing evidence of a strong association between motor control 

changes and pain. It is, however, not certain whether pain causes 

changes in motor control or whether motor control changes lead to 

pain, or both (Hodges & Moseley, 2003; Jull, G.  et al., 2008). Panjabi 

(Panjabi, 1992), among others, has presented models suggesting that 

deficits in motor control lead to poor control of joint movement, repeated 

micro-trauma, and pain. On the other hand, numerous studies have 

replicated the changes in motor control identified in persons with neck 

pain (Falla et al., 2007a; Falla et al., 2007b) and low back pain by 

experimentally provoking pain in healthy subjects (Hodges et al., 2003). 

A number of mechanisms have been proposed to explain the 

association between pain and motor control (for review, see (Hodges & 

Smeets, 2014; Hodges, 2011; Hodges & Moseley, 2003)). These 

include changes in excitability at the spinal and cortical level, disturbed 

body image (Moseley, 2008), changes in proprioceptive afferent input 

(Hodges, 2004), and changes in muscular activity due to delayed feed-

forward responses (Falla et al., 2004b). Results from studies using 

experimentally induced muscle pain indicate altered muscle activation 

patterns not only between muscles, but also within the same muscle 

(see (Falla & Farina, 2008) for review). Cortical neuroplastic changes 
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have been associated with altered motor function in the presence of 

experimental or chronic pain and have been shown to be reversible by 

sensory and motor task retraining (Boudreau et al., 2007; Le Pera et al., 

2001; Snodgrass et al., 2014; Tsao et al., 2010). A new theory on motor 

adaptation to pain suggests that the changes occur in the beginning, as 

adaptations to pain and/or injury and may be beneficial in the short 

term. Failure of the adaptation to resolve after the initial episode may 

lead to long-term consequences and increase the risk for persistent or 

recurrent pain (Hodges, 2011; Hodges & Tucker, 2011). 

1.2.3 Investigation of sensorimotor function 

Slinger and Horsley (Slinger & Horsley, 1906) introduced simple target 

matching tasks in 1906, which have since been used to measure 

accuracy of movement. The most common measurement tool for position 

sense in the cervical spine is, however, the so-called head-neck 

relocation test (HNR test) which was introduced by Revel (Revel et al., 

1991) and measures the ability to relocate the natural head posture after 

active cervical movement with the eyes closed. During the past two 

decades, this test has developed from using a laser pointer and simple 

measurements into the use of more sophisticated electromagnetic 

motion sensors and more accurate results. These studies have 

consistently shown that patients with WAD have a decreased cervical 

position sense acuity in comparison to asymptomatic controls (Feipel et 

al., 2006; Heikkilä & Åström, 1996; Heikkila & Wenngren, 1998; Hill et al., 

2009; Kristjansson et al., 2003; Sterling et al., 2003a; Treleaven et al., 

2003) and to patients with neck pain of insidious onset (Lee et al., 2008; 

Revel et al., 1991; Roren et al., 2009). Head-neck relocation to natural 

head posture has been found to be the most reliable test among several 

tests relocating a set point in range (Kristjansson et al., 2001). A number 

of experimental arguments suggest that the decreased position sense 

originates primarily from disturbed proprioceptive input (Mergner et al., 

1983; Pinsault et al., 2008). The traditional head relocation test (Heikkilä 

& Åström, 1996; Loudon et al., 1997; Revel et al., 1991; Rix & Bagust, 

2001) or relocation of a set point in range (Loudon et al., 1997) are based 

on relatively simple movements which may be learned quickly and may 

subsequently rely less on proprioceptive feedback than more complex, 

novel movements do (Adamovich et al., 1999; Gandevia & Burke, 1992).  

In research clinics, erratic and uncoordinated neck movements are 

commonly observed in patients with neck pain and particularly in 
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patients with WAD (Woodhouse et al., 2010). Few studies have 

substantiated this by measuring movement quality (Baydal-Bertomeu 

et al., 2011; Descarreaux et al., 2010; Roijezon et al., 2010; Sjölander 

et al., 2008). Head-neck tracking tasks have earlier been used in 

research, for example, tracking a predictable figure of eight on the wall 

with a head-mounted, laser pointing device (Woodhouse et al., 2010) 

or virtual reality tracking tasks (Sarig Bahat et al., 2010) as well as fast 

cervical rotation tasks (Roijezon et al., 2010). These studies have 

revealed decreased movement velocity, increased number of velocity 

peaks, and increased movement jerk in people with chronic neck pain 

compared to asymptomatic controls (Descarreaux et al., 2010; 

Roijezon et al., 2010; Sjölander et al., 2008), all indicative of impaired 

movement smoothness. Previously, Kristjansson et al. (Kristjansson et 

al., 2004) had shown an increased movement error in WAD compared 

to asymptomatic controls when the tracked trajectory of head motion 

was analyzed with respect to a target movement pattern projected 

onto a computer screen. Three curved line patterns that appeared 

slowly on the screen were used as stimuli. This method has since 

been further developed as described in the next chapter. 

1.3 Background theory of the Fly Method (The Fly)  

Disturbances in cervical mechanoreceptive afferent input from 

functionally impaired cervical segments and muscle as well as joint 

receptors are considered to play an important role in a decreased 

cervical kinesthesia and the maintenance of symptoms following 

whiplash injury after MVCs (Kristjansson, 2004a; Sjölander et al., 

2008; Sterling et al., 2003a; Tjell, 2002; Treleaven et al., 2006; 

Treleaven et al., 2008). Therefore, it was suggested that more 

complex movements and a new test and treatment option would be 

required to place more demand on the proprioceptive system of the 

cervical spine (Kristjansson et al., 2004). 

An important function of the proprioceptive system in the neuro-

muscular control is to correct movements on a moment-to-moment 

basis. This is especially the case when non-learned complex 

movements are performed. In many activities of daily living, the skill of 

visually guided tracking of targets is used (Chen et al., 2002), for 

example when the head and vision is used to track birds, airplanes, 

cars, or any other moving objects. For such activities, movements of 

the head relative to the trunk are primarily directed toward orienting 
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and stabilizing the position of the eyes and head in space (Keshner, 

2004; Peterson et al., 2001). Depending on the activity required, the 

tracking might be performed by the eyes alone or in combination with 

movement of the head or even the rest of the body (Chen et al., 

2002). In either case, the tracking requires involvement of somat-

osensory, vestibular, and visual feedback for the control of the head 

and neck movements. The ability to track a target depends on an 

accurate detection of the error between the head and the target and 

an individual’s ability to correct the error (Chen et al., 2002). This 

depends partly on the coordination of the eye and neck muscles 

involved and the somatosensory connections with the CNS integrated 

with visual and vestibular input (Chen et al., 2002; Peterson, 2004; 

Peterson et al., 2001). Integration of sensory information from all three 

systems is, however, complex and may need adaptation, for example 

in case of a mismatch between abnormal information from the cervical 

spine and normal information from the other two systems (Karlberg, 

1995; Tjell & Iglebekk, 2012; Treleaven, 2008). 

Although head tracking is an activity closely coordinated with eye 

tracking, head and gaze movements can be controlled independently 

and under certain circumstances become dissociated (Collins & Barnes, 

1999). The eyes and head can potentially rotate about any three-

dimensional axis during orienting gaze shifts, but behavioral recordings 

have shown that certain lawful strategies, such as Listing’s law and 

Donders’ law, determine which axis is used for a particular sensory input 

(Crawford et al., 2003). For review of the Donders’ and Listing’s laws, the 

following articles are recommended (Crawford et al., 2003; Klier & 

Crawford, 2003; Wong, 2004). Ceylan et al. (Ceylan et al., 2000) 

observed persons performing head-free gaze shifts between visual 

targets while wearing pinhole goggles. The results of the study indicate, 

among other things, that whenever the head becomes a pointer of gaze 

like the eye, such as when wearing pinhole goggles or a helmet-mounted 

laser, it adopts a motion pattern similar to that of the eye.  

1.4 The Fly Test 

The Fly Test (a prototype (together with the Fly Exercise Program) 

available online at http://www.youtube.com/watch?v=vKhILt8e_zE) is 

assigned to assess coordination and smoothness of neck movements 

during tracking motions, simulating those of visually tracking a swirling 

fly. The patient is equipped with tracking sensors on the head and 

http://www.youtube.com/watch?v=vKhILt8e_zE
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asked to follow a cursor (a fly) on a computer screen as accurately as 

possible (Kristjansson et al., 2004). The speed of the fly is relatively 

slow in order to allow enough time for online sensory feedback to be 

used in adapting the movement as it progresses. The pattern is also 

variable, unpredictable, and of short duration, as it has been proposed 

that motion feedback is particularly important while learning a new 

movement task. During the learning stage, the speed is typically 

decreased, as for faster movements, online sensory feedback is too 

slow. Accordingly, the test is considered to provide information on 

regulation of feedback-controlled neck movement. In addition, by 

using a slow speed, too-massive stimulation of the mechanoreceptors 

is avoided (Collins et al., 1998). Similarly, the specialized mechano-

receptors in the inner ear are thought to be minimally stimulated 

during slow movements. Research suggests that cervical proprio-

ception is superior to the vestibular system for detecting slow 

movements of the head on the trunk due to the inertia of the cupula in 

the semicircular canals (Mergner et al., 1983). A fundamental 

difference between tracking and head repositioning tests with closed 

eyes is the role of vision in tracking and therefore the use of an 

integrated sensory feedback from visual, vestibular, and soma-

tosensory systems. In the Fly Test, the focus is primarily on the neck 

movement while tracking, but information from the eyes is necessary 

for correcting the tracking movement. Therefore, the test might in strict 

terms be referred to as an eye-head-neck coordination test, but it is 

non-specific in terms of system dysfunction. 

In order to precisely grade the impairment level of each individual 

assessed by the Fly Test, three incrementally difficult classes of 

movement patterns – easy, medium, difficult – were created. A new 

software program was written (the Pattern-Generation Software 

Program) for that purpose, generating an almost infinite number of 

movement patterns in each of the three classes of patterns according 

to specific criteria. The specific criteria are based upon predefined 

parameters, which form the boundaries for each of the three 

generated classes. The classes of patterns in the new Fly Test were 

composed of different relationships between acceleration-deceleration 

and speed versus number and acuity of the angles as well as the 

shape and length of the trajectories. The novel motion-tracking 

method was also developed for treatment purposes, making it 
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possible to start at an appropriate level of training for a given subject 

based on the results of the new Fly Test.  

1.4.1 Variables determining the level of difficulty of the 
movement patterns 

The trajectory of the movement patterns is pre-programmed in the 

software program. Three incrementally difficult classes of patterns 

were created. Each class of pattern needs to comply with certain 

criteria. The variables to be taken into consideration for the criteria are 

based on principles of movement science: motor control, feedback 

control, pursuit tracking, and speed and accuracy of goal-directed 

movements (Elliott et al., 2001; Woodworth, 1899).   

The curvature of the trajectories was designed according to the 

two-thirds (2/3) power law (Lacquaniti et al., 1983). The main variables 

used to produce incrementally difficult movement patterns were the 

size of the curvature, the number of curves, and the velocity of the 

target on the curve as well as in the pattern as a whole. Other 

variables, such as the length and duration of the trajectory and size 

and direction of the target, were also used. 

The two-thirds power law 

The two-thirds power law expresses the relationship between the velocity 

and the curvature of a trajectory, and its existence has been known since 

the turn of the last century (Albert et al., 2005). Since then, it has been 

demonstrated that the velocity of two-dimensional movements increases 

with the radius of curvature, indicating that the motor systems try to keep 

the angular velocity constant (Viviani & Terzuolo, 1982). The law, which 

takes the form of a power function, applies to a large variety of 

trajectories, ranging from simple closed patterns to extemporaneously 

drawn scribbles. Furthermore, the law is robust in that it remains valid 

even when the movement is mechanically constrained or the tempo of 

execution is imposed (Lacquaniti et al., 1983).  

The two-thirds power law describes a regular relationship between 

the instantaneous velocity V(t), and the radius of the curvature R(t), 

where k is a velocity gain factor that depends on the movement 

duration (Viviani & Terzuolo, 1982): 

V(t) = k * R(t) β 
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Basically, the two-thirds power law states that the instantaneous 

velocity is lower in the more curved parts than in less curved parts of 

the trajectory. Subjects cannot track a target motion accurately when it 

deviates from the two-thirds power law (De'Sperati & Viviani, 1997; 

Vieilledent et al., 2001; Viviani et al., 1987; Viviani & Mounoud, 1990). 

The law does not seem related either to the effector used or to the 

type of action carried out. Instead, it seems to be a more general 

principle within the sensorimotor system.  

The shape of the pattern 

An irregular and unfamiliar trajectory is less predictable and increases 

the difficulty level. Because of the plasticity in the CNS, a simple and 

predictable trajectory is learned quickly and the tracking task can be 

performed without relying on the proprioceptive information from the 

joints and muscles (Gandevia & Burke, 1992). In order to dissociate 

prior planning processes from online control, unexpected change in 

the movement patterns was used, forcing the system to adjust to new 

requirements. By introducing unexpected changes, positive feed-

forward contribution to limb control can be eliminated in an attempt to 

examine the limits of the corrective process (Elliott et al., 2001). The 

mechanosensitive nerve endings in the joints’ ligaments are involved 

in providing the CNS with information about joint position and 

movement (Sjölander et al., 2002). Therefore, the amplitude of the 

pattern must not be too large, as the majority of the joints’ low-

threshold nerve endings are mostly active when the joint approaches 

its normal working range (mid-range). 

Velocity 

Acceleration – Deceleration. Variable velocity during the trajectory’s 

movement time is used to regulate the difficulty of the task. The initial 

portion of movement when aiming or starting a tracking movement 

involves acceleration, but when approaching the moving target, the 

movement becomes slower; it decelerates (Elliott et al., 2001; 

Woodworth, 1899). The initial portion (impulse phase) has been 

hypothesized to be under central control, but once in the region of the 

target, the movement is assumed to be under feedback control (Elliott 

et al., 2001). In this second phase, visual information about the 

relative position of the target and the tracker is used to make any 

adjustments necessary for accurate tracking. A trajectory with curves 

of various degree places more demands during tracking. Depending 
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on the level of the curvature, undershoots or overshoots tend to take 

place when the direction of movement is reversed. The strategy to 

undershoot the target with the initial impulse makes sense because it 

is more efficient in terms of energy and time to correct a movement 

that falls short of the target than to correct an overshoot (Elliott et al., 

2001). From the processing point of view, the reversal in direction 

required by a target overshoot entails a change in the role of the 

muscles performing the movement, that is, the agonist muscles for the 

initial impulse become the antagonist muscles for the reversal and 

vice versa. Graded modulation of the muscular forces or antagonist 

activity during deceleration is used to propel and/or brake the 

movement assisted by inertia in slow movements. In this context, 

reverse movements have been shown to demand more attention than 

an extended ongoing movement made in the same direction (Brebner, 

1968). When accuracy in following a moving target is demanded, it 

has been shown that more time is used in the deceleration phase 

(Adam, 1992). Similarly, when more precision is demanded, the 

resulting movements are characterized by disproportionally larger 

deceleration than acceleration and by slower movement. It has been 

suggested that this strategy may allow feedback information 

concerning endpoint accuracy to be monitored and adjustments of 

movement in order to optimize their accuracy (Adam, 1992).  

The difficulty of the task was increased by adjusting the velocity of the 

target so that tracking would require a deceleration – slowing down – 

phase. This was possible by adjusting the number of curves in the 

trajectory and randomly implementing slower and faster movements on the 

relatively straighter parts of the trajectories. In order to influence the 

proprioceptive mechanism controlling neck movements, it was important 

that the speed of the moving target (the Fly) would not exceed the limits of 

the proprioceptive information needed for conducting a smooth 

coordinated movement. During normal movements of the head on the 

body, the vestibular system of the inner ear is activated as well as the 

proprioceptive mechanism of the neck. It has been suggested that during 

slow rotational neck movement (0.9–1.5°/s), the afferent input from neck 

receptors is stronger than that from the vestibular system (Mergner et al., 

1983; Taylor & McCloskey, 1988). Fast movements are therefore more 

likely to stimulate the vestibular system. When humans use eye 

movements to follow a moving target (smooth pursuit) while the head is 

still, the velocity of the eye movement roughly matches the target velocity, 
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which must not exceed the upper limits of human smooth pursuit velocity, 

around 87°/s (Meyer et al., 1985). It has been revealed that tracking errors 

increase with faster speed (Pasalar et al., 2005), so if the target moves too 

fast, there is less time for the sensory information to be processed in order 

to fine-tune the movement. A slower target movement gives more time to 

correct the tracking movement on a moment-to-moment basis (Adamovich 

et al., 1999) and allows more visually guided feedback corrections (Selen 

et al., 2006). Velocity can be an important contributor to the dynamics of 

movement; therefore, it can be used as a control parameter of changing 

the movement pattern or increasing the difficulty level. 

Target 

Targets with symmetrical shapes, such as a circle or a cross, have 

commonly been used in head-tracking performance studies (So & 

Griffin, 2000). Symmetrically shaped targets with no front or rear part 

that indicate direction of movement are less predictable. Head-

tracking performance may be significantly improved by using cues 

with directional indication (So & Griffin, 2000). These cues can be 

presented as a non-symmetrical target with a pointer or with a head 

and tail, like a fly. A target with such a directional display is easier to 

follow and should result in fewer tracking errors. As a result, an 

increase in the difficulty of the task would be to change the direction of 

the target, so that the rear end (tail) of it would lead the movement, 

either intermittently or throughout the whole trajectory. The effects of 

movement constraints on kinematics have shown that decreasing 

target size gives rise to longer movement time and affects the 

accuracy of the tracking movement (Adam, 1992; Fernandez & 

Bootsma, 2004). As a result, it is more difficult to accurately track a 

small target in a trajectory within a predetermined time. In the Fly 

Exercise Program, both the directional shape and size of the target 

was used to adjust the difficulty level. 

The movement trajectories 

Based on the principles of the two-thirds power law, a Difficulty Index 

for the trajectories was created. The Difficulty Index increases with a 

decreasing radius of the curvature, and the velocity slows down in the 

narrower curves. Therefore, on the straighter parts of the trajectory, 

more deceleration is needed in order to follow the target into and 

through the curves. In the easier patterns, the radius of curvature is 

wide and the velocity of the target is relatively constant. In medium 
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and difficult patterns, the curvature is narrow and the number of 

curves greater, resulting in shifts between acceleration and 

deceleration phases and reversal of movements. In addition, because 

the trajectories are “closed” and time limited, there will be less time 

available for the deceleration phase, thus increasing the difficulty. By 

using a slower velocity and fewer curves (reversals) in the easy 

pattern, the sensory information has a longer time to process and fine-

tune the movement, thus presumably resulting in fewer tracking 

errors. The increasing number of curves (reversal movements) in the 

medium and difficult trajectories serve the purpose of increasing the 

challenge of the sensory system to correct the tracking movement on 

a moment-to-moment basis. 
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2 AIMS 

The primary aim of this thesis is to develop the Fly Method further, by 

creating incrementally difficult classes of movement patterns in order 

to precisely grade the impairment level of each individual patient. 

Second, it is to assess the diagnostic utility of the Fly Test and 

introduce two new outcome measures. The third aim is to theoretically 

support the new Fly Exercise Program.  

Specific aims of the thesis were: 

Paper I 

 to ascertain the discriminative validity of the 3 incrementally 
difficult movement patterns. 

 to ascertain the test-rest reliability of the Fly Test. 

 to compare cervical spine movement control in patients with 
whiplash-associated disorders grade II to both patients with 
non-traumatic neck pain and to asymptomatic controls.  

Paper II 

 to collect and publish normative data of movement control of 
the cervical spine measured by the Fly Test. 

Paper III 

 to determine the actual course of cervical kinesthesia, i.e. 
movement sense and position sense, over a one-year period in 
patients with neck symptoms after a whiplash injury. 

Paper IV 

 to determine if the Fly Test is useful in differentiating patients 
with WAD from asymptomatic subjects acting as if they were 
injured or from patients with WAD who exaggerate their 
symptoms. 

The hypotheses tested were: 

 The three movement patterns developed for the Fly Test are 
incrementally difficult for the study groups tested; patients with 



Thesis for the PhD degree of Guðný Lilja Oddsdóttir 

18 

whiplash-associated disorders, non-traumatic neck pain, and 
asymptomatic controls. 

 The Fly Test is a reliable test and able to discriminate between 
study groups when comparing patients with whiplash-
associated disorders, non-traumatic neck pain, and 
asymptomatic controls. 

 The Fly Test and the Head-neck relocation test might reveal 
impaired cervical kinesthesia in patients with whiplash-
associated disorders over a period of time. 

 The Fly Test is capable of discriminating persons feigning their 
performances on the test from genuine patients with whiplash-
associated disorders. 
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3 MATERIALS AND METHODS 

In this chapter, the methods employed in the thesis are described. A 

detailed description of the methodology is also presented in the four 

papers (I–IV) on which the thesis is based. An overview of the 

samples, design, tests, and questionnaires of the four studies included 

in this thesis are displayed in Table 2. 

Table 2. Overview of the samples, design, tests, and questionnaires included in 
the studies. 

 Study I Study II Study III Study IV 

Subjects 

Asymptomatic 

NT-neck pain 

WAD 

 

n = 18 

n = 18 

n = 18 

 

n = 182 

 

 

 

n = 47 

 

n = 31 

 

n = 34 

Design 

Cross-sectional 

Test-retest 

Longitudinal 

 

X 

X 

 

X 

 

 

 

X 

 

X 

Sensorimotor tests 

Fly Test 

HNR test 

 

X 

 

 

X 

 

 

X 

X 

 

X 

 

Questionnaires  

VAS 

NDI 

WDQ 

Tampa 

GHQ-28 

 

X 

X 

 

X 

 

 

 

 

X 

X 

 

X 

X 

 

X 

 

X 

X 

Asymptomatic=Asymptomatic group; NT-neck pain=Non-trauma neck pain group; WAD= 
Whiplash-associated disorder group; HNR test=Head-neck relocation test; VAS=Visual analogue 
scale; NDI=Neck Disability Index; WDQ=Whiplash Disability Questionnaire; Tampa=Tampa 
Scale for Kinesiophobia; GHQ-28=General Health Questionnaire-28. 

3.1  Study design 

The clinical characteristics of patients with WAD and patients with 

non-traumatic neck pain were compared to asymptomatic control 

groups and defined by using test-retest and case-control design. 

Study III included a prospective longitudinal design (Table 2). The 

ethical committee of Landspitali University Hospital and/or the 

National Bioethics Committee approved the studies.  
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3.2 Subjects 

All the subjects participating in the studies were recruited as volunteers 

and signed an informed consent prior to participation. Both genders 

participated in all the studies. The patients with chronic whiplash injuries 

and the patients with non-traumatic neck pain were recruited at physical 

therapy clinics in the Reykjavik municipal area, and the asymptomatic 

participants were recruited at various schools and companies (Papers I–

II, IV). The whiplash patients in the longitudinal study (Paper III) were 

recruited through the Emergency Department at Landspitali University 

Hospital in Reykjavik. 

Demographic information is shown in Table 3 for each group in 

studies I, III, and IV. Table 4 shows the demographics of the subjects 

in study II and the number of participants in each age group. 

Table 3. Characteristics of the study samples in studies I, III, and IV. 

 
Group 

Age 

mean (SD) 

Male/ 

female 

Study I 

 

AS (n=18) 

NT (n=18) 

WAD (n=18) 

32.2 (10.9) 

38.0 (8.3) 

35.5 (11.9) 

10/8 

7/11 

2/16 

Study III
 

WAD (n=47) 35.1 (12.0) 18/29 

Study IV
 

AS (n=31) 

WAD (n=34) 

37.9 (16.7) 

42.1 (8.7) 

15/16 

6/28 

AS=Asymptomatic group; NT=Non-trauma neck pain group; WAD=Whiplash-associated disorder group. 

Subjects, age 20–45, were included in the symptomatic groups in 

study I if their neck symptoms and headache had persisted for more 

than 6 months and less than 2 years and they scored their pain 

intensity more than 3 on a visual analogue scale (VAS) during the last 

week before testing. To be included in the non-trauma group, the 

subjects had to have no history of an accident related to the neck, 

such as a whiplash injury. The whiplash group consisted of patients 

diagnosed with WAD grade II after one motor vehicle collision (MVC) 

with no prior history of symptoms in the neck area before the accident. 

Individuals were excluded from the WAD group if their symptoms 

corresponded to WAD grades III and IV. The whiplash group in study 

IV consisted of patients with WAD grade II after one or two MVCs and 

a history of symptom duration for more than 6 months and pain 

intensity scoring more than 4 on a VAS during the last week. The 
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whiplash patients in study III, between 18–65 of age, were included if 

they met the criteria of WAD grade I, II, or III and reported neck pain 3 

weeks after an MVC. The asymptomatic subject groups in all studies 

had no history of musculoskeletal pain or injury to the neck and were 

between the age of 20–45 in study I, 16–74 in study II, and 20–55 in 

study IV. Systemic diseases or known psychological disorders of any 

kind excluded participation in all groups. 

Table 4. Number of participants in each age group in study II. 

Age group 
Gender 

male/female 
Total 

16–24 13/26 39 

25–34 26/23 49 

35–44 15/24 39 

45–54 10/19 29 

55–64 5/7 12 

65–74 14/0 14 

Total 83/99 182 

The mean height of the participants: 175 cm (± 8.2); mean weight: 76.6 kg (± 14.8); mean BMI: 
24.9 (± 4.0). 

3.3  Instrumentation and measurements 

3.3.1  Instrumentation 

A three-dimensional tracking device, the 3-space Fastrak system, was 

used in the studies (Polhemus, Colchester, VT, USA). The Fastrak is a 

non-invasive electromagnetic measuring instrument, which tracks the 

position and orientation of sensors in three-dimensions relative to a 

source. The manufacturer has reported an accuracy of 0.7 mm and 0.15° 

for this device, which consists of a global transmitter and two sensors 

(Figure 1). In all the studies, one sensor was placed on the forehead and 

another was placed on the back of the head or taped on the spinous 

process of C7 (study III). The sensors were fastened on the head with an 

inner plastic ring of a safety helmet that was adjusted to fit each subject. 

The electromagnetic source (transmitter) was placed in a box attached to 

the back of a wooden chair. The system has been found to reliably 

record angular and positional data among healthy subjects and patients 

with persistent neck pain (Amiri et al., 2003; Jordan et al., 2000). The 

three-dimensional data was collected at 60 Hz. The data gathered by the 

Fastrak system was sent to a custom-made software program, where it 

was formatted and processed for data analysis.  
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Figure 1.  The Fastrak device. 

3.3.2 The Fly Test  

The software program, developed at Kine (Hafnarfjordur, Iceland), 

calculates the difference between the location of the forehead sensor 

relative to the sensor on the back of the head, both vertically and 

horizontally, indicating the movement of the head. This two-dimensional 

movement data is then processed by the Fly software program and 

projected into a square (bounding box) on the monitor. Two cursors, one 

blue and one black, were seen on the computer monitor. The blue cursor 

(derived from the Fastrak system) indicated movements of the head. The 

black cursor (derived from the Fly software program) traced the movement 

patterns represented by x(t) and y(t) in the coordinate system on the 

computer screen. Only the cursors were visible on the computer screen, 

not their trajectories, which made prediction of movements difficult. The 

participants were asked to use the cursor derived from the sensors on the 

head to follow as accurately as possible the cursor of the Fly. Three 

different movement patterns of varying difficulty were used for the test 

procedure (Figure 2): easy, medium, and difficult (Papers I, II, and IV).  
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Figure 2. The movement patterns of the Fly. From left to right: easy, medium, 
and difficult. The duration of the patterns was 25, 40, and 50 seconds 
respectively. 

The duration time of each pattern is fixed, but the velocity of the Fly 

(target) varies between movement patterns as well as the path 

curvature within each pattern, so that the Fly moves faster on straight 

segments and slower in bends. In Paper III, another set of three 

different movement patterns were used from earlier version of the Fly 

Test (Figure 3). In these movement patterns, the duration time was 

fixed and the velocity was set at a constant speed of 16.2 mm/s. 

Figure 3. The movement patterns (old patterns) A, B, and C (from left to right) 
traced by the Fly. The duration of the patterns was 30, 20, and 40 
seconds respectively. 

3.3.3 Outcome measures 

The outcome measures were amplitude accuracy (Papers I–IV), as 

was used in the original Fly Test, and two new measures, directional 

accuracy (Papers I, II, and IV) and jerk index (Papers II and IV).  

Amplitude accuracy 

Amplitude accuracy (AA) was recorded by continuously calculating the 

absolute distance (radius) in millimeters between the two cursors during 
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the test sequence. The criterion used was error magnitude (test accuracy). 

The absolute value (unsigned) was calculated in pixels and converted into 

millimeters by multiplying by 0.36 (1 pixel=0.36 mm in this test).  

Directional accuracy 

For directional accuracy (DA), an invisible free zone was created 

surrounding and moving with the target (the Fly). During a trial, the 

percentage of the total time spent within, ahead of, and behind the 

free zone represented the DA’s time-on-target (ToT), overshoots, and 

undershoots respectively. The shape and size of the free zone was 

determined by plotting the coordinates (x,y) of ten healthy individuals, 

and this determined a zone representing the difference between the 

actual points and the pre-defined points. By using vectors (At(Pt – 

Qt)), a scatter plot was obtained which was distributed around the 

center of the coordinate system. The circle around the center was 

divided into 24 equally large sectors. Then, for each of the 24 sectors, 

quartiles were found and standard deviations of the distance from the 

center were measured. In the studies, the size of the free zone was 

decided to be two standard deviations from the center.  

Jerk index 

Jerk, i.e. smoothness or ease of movement, was calculated and 

represented by an index (JI) normalized by the smoothness of the 

path of the Fly itself. This was done by calculating the third derivative 

of the two-dimensional position data x(t) and y(t) and integrating the 

quadratic sum over time, using the equation based on the works of 

Teulings et al.(Teulings et al., 1997): 

𝐽 = ∫[(
𝑑3𝑥

𝑑𝑡3
)

2

+ (
𝑑3𝑦

𝑑𝑡3
)

2

] 𝑑𝑡 

The integral was evaluated for both the path that the Fly covered, 

JFly and the path created by the patient, Jp. A normalized jerk value 

was calculated using the relation: 

𝐽𝑛𝑜𝑟𝑚 =
𝐽𝑝
𝐽𝐹𝑙𝑦

 

This ensured that geometrical and temporal features of various curves 

of the Fly did not influence the jerk value. Due to the unstable behavior of 
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numerical differentiation, the x(t) and y(t) curves of both the path of the 

Fly and the path created by the subject were filtered using a fourth-order 

Butterworth low-pass filter with a cut-off frequency of 4Hz. Second, the 

curves were interpolated using spline filter and resampled at 50Hz, 

creating equal time steps between the points, making the numerical 

differentiation less susceptible to errors. The quadratic sums of the third 

derivative were calculated, and the highest 5% of the values were 

excluded to prevent bias due to numerical errors.  

3.3.4 The Head-neck relocation test (Paper III) 

The Head-neck relocation test (HNR test) replicates that of Revel et 

al. (Revel et al., 1991). It measures the accuracy of relocation of the 

head to natural head posture. The software program that was written 

for this test converted the data collected by the Fastrak system directly 

into angle files and graphs to visualize the process in real-time on the 

screen from the starting position through the excursion of the 

movement. The data obtained from the Fastrak consisted of a 3x3 

matrix of direction cosines for the orientation of the forehead sensor 

relative to the sensor placed on C7. The matrix was then analyzed to 

give three independent rotations of the head relative to C7. In this 

way, the primary movements in the movement plane and the 

simultaneous coupled rotations in the associated planes were 

recorded and represented the accuracy with which the subjects could 

relocate the starting position (Kristjansson et al., 2003).  

3.3.5 Self-assessment 

The symptomatic groups graded their intensity of pain on a 10 cm VAS, 

anchored by “no pain” and “pain as bad as it can be” (Papers I, III, and 

IV). The patients’ disability was measured by the Neck Disability Index 

(NDI) (Vernon & Mior, 1991), a ten-item questionnaire designed to 

measure activity limitations due to neck pain. The items include 

evaluation of seven functional activities (personal care, lifting, reading, 

work, driving, sleeping, and recreational activities), as well as pain 

intensity, headache, and concentration. There are six potential responses 

for each item, ranging from no disability (0) to total disability (5). The 

overall score (out of 50) is calculated by adding up the responses of each 

individual item and multiplying the total by two. The total outcome ranges 

from 0 to 100, a higher score indicating greater pain and disability. The 

interpretation intervals are as follows: 0–8 is no disability, 10–30 is mild, 
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32–48 is moderate, 50–68 is severe, and above 68 is complete (Vernon 

& Mior, 1991) (Papers I and III).  

The Whiplash Disability Questionnaire (WDQ) (Pinfold et al., 2004) 

is a modified version of the NDI with 13 items designed to evaluate 

whiplash-related disability. The lowest score is 0 (indicating no 

disability) and the highest 130 (indicating maximum disability). The 

questionnaire has been found both reliable and valid when assessing 

outcomes in patients with WAD (Willis, 2004) (Paper IV). 

The Tampa Scale of Kinesiophobia (TSK) (Kori, 1990) is a 17-item 

questionnaire that measures the fear of re-injury due to movement. 

Each item uses a Likert scale with scoring alternatives ranging from 

“strongly agree” to “strongly disagree.” The scale has shown to be 

both reliable and valid (Vlaeyen & Linton, 2000) (Papers I, III, and IV). 

The General Health Questionnaire 28 (GHQ-28) consists of 28 

items measuring emotional distress in medical settings. The 

questionnaire is divided into four subscales: somatic symptoms (items 

1–7), anxiety/insomnia (items 8–14), social dysfunction (items 15–21), 

and severe depression (items 22–28) (Goldberg, 1978). The total 

score can be used as a measure of psychological distress. The 

questionnaire has been widely used and has been tested in numerous 

populations including those with various musculoskeletal conditions 

including WAD (Sterling et al., 2003b) (Paper III). 

3.3.6 Experimental procedure 

The participants received written and verbal information about the test 

procedure and then answered the questionnaires. All measurements 

were performed with the participants sitting in a comfortable upright 

position, with head and neck in neutral position facing forward, relaxed 

shoulders and hands resting in their laps.  

In the Fly Test, the participants were asked to use their neck 

movements to track as accurately as possible a moving fly (the target) 

on the computer screen (Figure 4). To familiarize them with the test 

procedure, a different movement pattern was performed as a pretest 

and was not used in the studies. The participants were then asked to 

repeat each of the movement patterns – easy, medium, and difficult 

(Figure 2) – three times, with a 10-second interval between each trial 

(Papers I, II, and IV). The movement patterns used in Paper III are 

displayed in Figure 3. The test was performed in random order across 
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patterns and trials, and the participants had no knowledge about the 

different difficulty grades of the patterns. 

The starting position in the HNR test was sitting with the head in 

natural resting posture; the participants were asked, while blindfolded, 

to remember that position. They were then asked to perform a full 

active rotation of the neck within comfortable limits at a self-selected 

pace and then return and indicate, as accurately as possible, when 

they considered they had relocated the starting position. This point 

was recorded by activation of the electronic marker switch. Three trials 

of each of the two movement directions, rotation left and right, were 

performed. Between each trial, the participant’s head position was 

adjusted back to the original starting position, guided by the real-time 

display on the computer screen.  

Figure 4. The Fly Test – Experimental set-up. The participants were seated in 
front of a 17 inch computer monitor. The distance from the 
participants' earlope to the monitor was 100 cm. 

In study I, the participants were assessed using the Fly Test on two 

occasions one week apart using the same procedure in both sessions.  
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In study II, each participant was assessed on one occasion using 

the Fly Test. Data from the asymptomatic subjects in studies I and IV 

were included in the analysis. 

In study III, each participant was assessed on four successive 

occasions over a one-year period. The initial assessment took place 1 

month after the MVC and the follow-up assessments at 3, 6, and 12 

months after. The assessments included the Fly Test, the HNR test, 

and self-assessment by using VAS for pain intensity, NDI, Tampa, and 

GHQ-28. 

In study IV, two conditions were tested using the Fly Test, sincere 

versus feigned efforts. In the former, the participants were instructed 

to use their neck movement to track the moving fly as accurately as 

possible (sincere effort). In the latter, a short vignette was presented 

describing a fictitious accident (asymptomatic group) or imagining 

more intense pain/suffering (WAD group) (feigned effort), and the test 

was performed as affected by these more serious conditions. A break 

of 10 minutes between the two conditions was included. The protocol 

resembles the one used by Dvir et al. (Dvir et al., 2001) and included 

reading two different paragraphs for the study groups. The following 

paragraph was read to the asymptomatic participants:  

“Imagine that 1 year ago, you were involved in a motor vehicle 

collision. As a result, you have suffered from various 

symptoms such as headache and neck pain. Today, although 

symptom free, you claim damages in your neck after this car 

collision. In the next set of measurements, try to convince me 

that your claim is well founded and that you still suffer from 

these symptoms.”  

The following paragraph was read to the patients:  

“Imagine that you are suffering from pain which is much more 

intense than what you are actually experiencing now. Perform 

the test again as if under higher level of pain.”  

No instructions regarding the strategy or style of performance were 

given. The same protocol was then followed. 
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3.4 Statistical analyses 

The dependent variables were compared by analysis of variance 

(ANOVA) with repeated measure and multivariate general linear model 

(GLM) and by t-tests. Test-retest reliability was assessed by the 

intraclass correlation coefficients (ICCs) (Shrout, 1979), the mean 

difference between test and retest (95% CI), and by plotting the 

differences between repeated measurements against their mean with 

95% limits of agreement (LOA) (Bland, 1999). In study III, paired t-tests 

indicated no differences between the accuracy errors across patterns 

(the Fly), on one hand, or the movement direction (HNR test) on the 

other hand; they were therefore each combined and used in further 

analysis. The subjects were divided into two subgroups that showed 

improved performances on the two tests, versus two groups that 

showed deteriorating performances. See detailed description in Paper 

III. In study IV, two types of measurements were considered within each 

group: sincere and feigned levels of effort. Discriminant analysis was 

undertaken to determine whether the WAD group’s sincere and the 

asymptomatic group’s feigned level of effort, on one hand, and the 

WAD group’s sincere and feigned effort, on the other hand, could be 

categorized on the basis of each of the 3 outcome measures. To 

ascertain the association between the test result and the scores of the 

questionnaires in the patient groups, two-way ANOVA with the 

questionnaires as covariate (Papers I and III) and Pearson’s correlation 

coefficient (Papers I, III, and IV) were used. Where appropriate, age, 

gender, and claim status (Papers III and IV) were used as covariates. 

The mean of three trials for each movement pattern was calculated for 

each subject for all dependent variables. Number, subjects, means, and 

SDs were used for description of data. Statistical analysis was 

performed using the R statistical software version 2.6.2 (The R 

foundation for Statistical Computing) (I) and the SPSS software, version 

18.0 and 20.0 for Windows (SPSS Inc., Chicago, IL, USA). P-values 

lower than 0.05 were considered significant. 
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4 RESULTS 

4.1 Fly Test – Patterns and groups (Papers I, II, and IV)  

Significant differences were revealed between patterns within each 

group and between groups in both outcome measures, amplitude 

accuracy (AA) (P<0.001) and directional accuracy (DA) (P<0.001) in 

study I (Figure 5 and Tables 5 and 6), and study IV (Figures 6 and 7), 

as well as in the jerk index (JI) outcome measure (P<0.001) in study 

IV (Table 8). The between group differences were significant in JI 

(study IV) in the easy and medium patterns (P<0.05) (Table 8).  

In the database study, the three movement patterns differed 

significantly, revealing the increasing difficulty levels, for the three 

outcome measures, AA (P<0.001), DA (ToT, undershoots) (P<0.001, 

P<0.05 respectively), and JI (P<0.05), except for DA’s overshoots 

(P>0.05) (Table 7). 

4.2 Fly Test – Reliability study (Paper I) 

Test-retest reliability was evaluated in all three study groups. For 

AA, the test-retest calculations were not significant (P=0.074); 

however, looking at individual paired t-tests for each group-pattern 

combination, a marginally significant difference was revealed in the 

easy pattern for the asymptomatic group (P=0.041) (Table 5). The 

differences in the easy pattern between test 1 and test 2, plotted 

against their mean for each subject in each of the three groups, are 

demonstrated in Figure 8 (A, B, C). 

In time-on-target (ToT) and undershoots (subvariables of DA), no 

significant differences were revealed between test sessions 1 and 2, 

except for undershoots in the difficult pattern in the asymptomatic 

group (P=0.022) (Table 6).  
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Figure 5. Within and between group comparison for amplitude accuracy (AA). 
Mean (SE). The results revealed significant differences between all 3 
movement patterns within each group and between each of the 3 
groups (P<0.01). 

Figure 6. Amplitude accuracy (AA) (Study IV) Mean (SE). Significant differences 
between patterns and types of effort within both groups (P<0.01). 
Significant between-group differences in both levels of effort (P<0.01). 
No effect of age, repetitions, or claim status. 
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Figure 7. Time-on-target (ToT) (subvariable of directional accuracy (DA)) (Study 
IV) Mean (SE). Note: Higher percentage indicates better performance. 
Significant differences between patterns and types of effort within 
both groups (P<0.01). Significant between-group difference in both 
levels of effort (P<0.01). No effect of age, gender, or repetitions. 

8A 
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8B 

8C 

Figure 8 (A–C). Bland and Altman graphs with Limits of agreement (LOA). The 
differences between test session 1 and 2 (Test 2 – Test 1) in the easy 
pattern, plotted against their mean for each subject in the amplitude 
accuracy (AA) (mm) in 18 asymptomatic subjects (8A), 18 non-trauma 
subjects (8B), and 18 WAD subjects (8C), together with the 95% CI 
and the 95% LOA.  
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Table 5. Test-retest reliability for amplitude accuracy (mm) in each of the 3 
movement patterns and each of the 3 subject groups (n=18 in each 
group). 

Movement pattern Test session 1 
mean (SD) 

Test session 2  
mean (SD) 

Mean difference 
(95% CI) ICC (95% CI) 95% LOA 

Asymptomatic 

     Easy 1.78 (0.33) 1.70 (0.35) 0.09 (0.01–0.17) 0.59 (0.38–0.74) -0.42–0.60 

Medium 2.17 (0.44) 2.08 (0.47) 0.09 (-0.02–0.21) 0.53 (0.32–0.70) -0.58–0.78 

Difficult 2.64 (0.52) 2.54 (0.59) 0.10 (-0.03–0.25) 0.56 (0.34–0.72) -0.66–0.88 

Non-Trauma 

     Easy 2.06 (0.52) 2.01 (0.53) 0.05 (-0.05–0.16) 0.71 (0.55–0.82) -0.54–0.65 

Medium 2.70 (0.88) 2.67 (1.01) 0.02 (-0.17–0.23) 0.67 (0.49–0.79) -1.29–1.34 

Difficult 3.42 (1.30) 3.26 (1.26) 0.17 (-0.09–0.43) 0.72 (0.56–0.82) -1.02–1.36 

WAD 

     Easy 2.52 (0.78) 2.66 (1.05) -0.15 (-0.35–0.05) 0.68 (0.51–0.80) -1.47–1.68 

Medium 3.45 (1.45) 3.36 (1.31) 0.08 (-0.22–0.39) 0.67 (0.49–0.79) -1.46–1.63 

Difficult 4.09 (1.51) 3.95 (1.52) 0.14 (-0.21–0.48) 0.65 (0.47–0.78) -1.93–2.21 

All participants 

     Easy 2.12 (0.64) 2.12 (0.81) 0.01 (-0.08–0.07) 0.75 (0.67–0.81) -0.90–0.89 

Medium 2.77 (1.13) 2.70 (1.11) 0.07 (-0.06–0.19) 0.73 (0.65–0.79) -1.15–1.28 

Difficult 3.38 (1.31) 3.25 (1.31) 0.14 (-0.01–0.28) 0.73 (0.65–0.79) -0.70–0.97 

Across patterns 2.76 (1.18) 2.69 (1.19) 0.07 (-0.01–0.14) 0.78 (0.74–0.81) -0.89–1.03 
Mean (SD) for test session 1 and 2; mean difference, 95% CI (test 2 minus test 1); ICC2,1 

(95% CI); 95% LOA. SD=standard deviation; CI=confidence interval; ICC= Intraclass correlation 
coefficient; LOA= limits of agreement; WAD=whiplash-associated disorder group. 
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Table 6. Test-retest reliability for directional accuracy (%) in each of the 3 
movement patterns and each of the 3 subject groups (n=18 in each 
group). 

 Test session 1 Test session 2 ICC 2,1 (95% CI) 

Moveme
nt 

pattern 
 

ToT Overs
hoots 

Unders
hoots ToT Overs

hoots 
Unders
hoots ToT Oversho

ots 
Undersh

oots 

Asympto
matic 

         

Easy 63.3 
(12.9) 

*13.3 
(7.4) 

23.4 
(11.2) 

64.9 
(13.5) 

10.9 
(5.9) 

24.2 
(13.6) 

0.62 
(0.43-
0.76) 

0.21 (-
0.03-
0.45) 

0.56 
(0.35-
0.72) 

Medium 54.8 
(13.5) 

*7.9 
(5.3) 

37.3 
(12.6) 

54.4 
(13.2) 

5.7 
(4.0) 

39.9 
(13.4) 

0.58 
(0.37-
0.74) 

0.32 
(0.07-
0.54) 

0.57 
(0.36-
0.73) 

Difficult 40.1 
(9.3) 

*12.1 
(7.1) 

*47.8 
(11.3) 

40.7 
(9.5) 

8.1 
(5.3) 

51.2 
(10.7) 

0.56 
(0.35-
0.72) 

0.38 
(0.09-
0.60) 

0.50 
(0.27-
0.68) 

Non-
Trauma 

         

Easy 54.7 
(19.1) 

14.7 
(9.2) 

30.6 
(19.8) 

53.9 
(17.9) 

14.5 
(9.5) 

31.5 
(18.8) 

0.78 
(0.65-
0.86) 

0.42 
(0.17-
0.62) 

0.69 
(0.53-
0.81) 

Medium 44.0 
(16.1) 

8.1 
(5.4) 

47.9 
(16.0) 

41.7 
(16.4) 

7.8 
(4.8) 

50.5 
(16.8) 

0.64 
(0.45-
0.77) 

0.14 (-
0.14-
0.39) 

0.58 
(0.38-
0.73) 

Difficult 30.6 
(12.9) 

*11.9 
(6.8) 

57.4 
(14.4) 

32.7 
(14.2) 

9.5 
(6.2) 

57.8 
(16.1) 

0.76 
(0.61-
0.85) 

0.34 
(0.09-
0.55) 

0.68 
(0.51-
0.80) 

WAD          

Easy 42.7 
(20.5) 

14.9 
(11.5) 

42.4 
(21.8) 

42.1 
(20.3) 

12.6 
(9.7) 

45.3 
(23.8) 

0.72 
(0.56-
0.82) 

0.61 
(0.41-
0.75) 

0.82 
(0.71-
0.89) 

Medium 34.1 
(16.5) 

*9.8 
(5.6) 

56.1 
(17.1) 

33.3 
(16.9) 

7.6 
(5.2) 

59.1 
(18.1) 

0.81 
(0.70-
0.89) 

0.57 
(0.33-
0.74) 

0.79 
(0.65-
0.87) 

Difficult 24.4 
(12.9) 

11.3 
(6.5) 

64.3 
(13.7) 

25.7 
(16.0) 

10.2 
(7.5) 

64.1 
(18.9) 

0.74 
(0.59-
0.84) 

0.62 
(0.42-
0.76) 

0.70 
(0.53-
0.81) 

Mean (SD) for test session 1 and 2, and ICC1,2  (95% CI). * Significant differences by paired t-test 
between test session 1 and 2. ToT=time-on-target (subvariable of directional accuracy (DA)); 
SD=standard deviation; ICC=Intraclass correlation coefficient; CI=confidence interval; 
WAD=whiplash-associated disorder group.
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Table 6. Test-retest reliability for directional accuracy (%) in each of the 3 
movement patterns and each of the 3 subject groups (n=18 in each 
group). 

 Test session 1 Test session 2 ICC 2,1 (95% CI) 

Moveme
nt 

pattern 
 

ToT Overs
hoots 

Unders
hoots ToT Overs

hoots 
Unders
hoots ToT Oversho

ots 
Undersh

oots 

Asympto
matic 

         

Easy 63.3 
(12.9) 

*13.3 
(7.4) 

23.4 
(11.2) 

64.9 
(13.5) 

10.9 
(5.9) 

24.2 
(13.6) 

0.62 
(0.43-
0.76) 

0.21 (-
0.03-
0.45) 

0.56 
(0.35-
0.72) 

Medium 54.8 
(13.5) 

*7.9 
(5.3) 

37.3 
(12.6) 

54.4 
(13.2) 

5.7 
(4.0) 

39.9 
(13.4) 

0.58 
(0.37-
0.74) 

0.32 
(0.07-
0.54) 

0.57 
(0.36-
0.73) 

Difficult 40.1 
(9.3) 

*12.1 
(7.1) 

*47.8 
(11.3) 

40.7 
(9.5) 

8.1 
(5.3) 

51.2 
(10.7) 

0.56 
(0.35-
0.72) 

0.38 
(0.09-
0.60) 

0.50 
(0.27-
0.68) 

Non-
Trauma 

         

Easy 54.7 
(19.1) 

14.7 
(9.2) 

30.6 
(19.8) 

53.9 
(17.9) 

14.5 
(9.5) 

31.5 
(18.8) 

0.78 
(0.65-
0.86) 

0.42 
(0.17-
0.62) 

0.69 
(0.53-
0.81) 

Medium 44.0 
(16.1) 

8.1 
(5.4) 

47.9 
(16.0) 

41.7 
(16.4) 

7.8 
(4.8) 

50.5 
(16.8) 

0.64 
(0.45-
0.77) 

0.14 (-
0.14-
0.39) 

0.58 
(0.38-
0.73) 

Difficult 30.6 
(12.9) 

*11.9 
(6.8) 

57.4 
(14.4) 

32.7 
(14.2) 

9.5 
(6.2) 

57.8 
(16.1) 

0.76 
(0.61-
0.85) 

0.34 
(0.09-
0.55) 

0.68 
(0.51-
0.80) 

WAD          

Easy 42.7 
(20.5) 

14.9 
(11.5) 

42.4 
(21.8) 

42.1 
(20.3) 

12.6 
(9.7) 

45.3 
(23.8) 

0.72 
(0.56-
0.82) 

0.61 
(0.41-
0.75) 

0.82 
(0.71-
0.89) 

Medium 34.1 
(16.5) 

*9.8 
(5.6) 

56.1 
(17.1) 

33.3 
(16.9) 

7.6 
(5.2) 

59.1 
(18.1) 

0.81 
(0.70-
0.89) 

0.57 
(0.33-
0.74) 

0.79 
(0.65-
0.87) 

Difficult 24.4 
(12.9) 

11.3 
(6.5) 

64.3 
(13.7) 

25.7 
(16.0) 

10.2 
(7.5) 

64.1 
(18.9) 

0.74 
(0.59-
0.84) 

0.62 
(0.42-
0.76) 

0.70 
(0.53-
0.81) 

Mean (SD) for test session 1 and 2, and ICC1,2  (95% CI). * Significant differences by paired t-test 
between test session 1 and 2. ToT=time-on-target (subvariable of directional accuracy (DA)); 
SD=standard deviation; ICC=Intraclass correlation coefficient; CI=confidence interval; 
WAD=whiplash-associated disorder group.
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Table 7. Normative database for the Fly Test – amplitude accuracy (AA) (mm), 
directional accuracy (time-on-target) (DA-ToT) (%), jerk index (JI) 
(normalized value). The test results (AA, DA, and JI) did not correlate 
with weight, height, or BMI (r <0.08). Note: In DA-ToT, higher 
percentage indicates better performance. 

 
Pattern Age group 

AA 
mean (SD) 

95% Confidence 
interval DA -ToT 

mean (SD) 

95% Confidence 
interval JI 

mean (SD) 

95% Confidence 
interval 

Lower 
bound 

Upper 
bound 

Lower 
bound 

Upper 
bound 

Lower 
bound 

Upper 
bound 

Easy 16–24 2.60 (0.65) 2.47 2.73 39.00 (15.62) 35.90 42.09 1.69 (0.17) 1.63 1.74 

 25–34 2.23 (0.61) 2.12 2.35 49.73 (19.17) 46.97 52.50 1.68 (0.16) 1.63 1.72 

 35–44 2.47 (0.68)  2.34 2.60 42.36 (17.86) 39.26 45.45 1.67 (0.21) 1.60 1.73 

 45–54 2.54 (0.75)  2.39 2.69 40.94 (16.87) 37.34 44.53 1.79 (0.21) 1.75 1.84 

 55–64 2.57 (0.47) 2.34 2.80 36.51 (11.90) 30.93 42.10 1.74 (0.15) 1.69 1.80 

 65–74 3.23 (1.13) 3.02 3.44 27.72 (14.57) 22.55 32.89 1.73 (0.23) 1.66 1.80 

Medium 16–24 2.84 (0.77) 2.68 2.98 36.63 (16.32) 33.63 39.64 1.70 (0.12) 1.66 1.74 

 25–34 2.50 (0.66) 2.36 2.63 44.32 (17.36) 41.64 47.01 1.71 (0.13) 1.67 1.75 

 35–44 2.71 (0.82) 2.56 2.85 38.59 (17.85) 35.58 41.59 1.70 (0.15) 1.65 1.75 

 45–54 2.71 (0.77) 2.54 2.88 37.50 (16.01) 34.02 40.98 1.79 (0.15) 1.76 1.82 

 55–64 2.98 (0.70) 2.71 3.24 28.59 (13.26) 23.17 34.01 1.76 (0.12) 1.71 1.81 

 65–74 3.90 (1.39) 3.65 4.15 20.29 (13.81) 15.27 25.31 1.75 (0.16) 1.70 1.80 

Difficult 16–24 3.22 (0.81) 3.06 3.38 28.30 (11.95) 25.96 30.64 1.46 (0.11) 1.43 1.49 

 25–34 2.97 (0.87) 2.83 3.11 33.88 (14.41) 31.80 35.97 1.48 (0.12) 1.45 1.52 

 35–44 3.07 (0.88) 2.91 3.23 30.82 (14.06) 28.49 33.16 1.48 (0.14) 1.33 1.52 

 45–54 3.14 (0.79) 2.95 3.32 29.28 (12.14) 26.57 31.99 1.51 (0.13) 1.48 1.53 

 55–64 3.28 (0.60) 2.98 3.56 24.63 (9.59) 20.42 28.84 1.49 (0.10) 1.46 1.53 

 65–74 4.32 (1.36) 4.05 4.59 15.95 (9.34) 12.05 19.85 1.49 (0.13) 1.45 1.53 
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4.3 Fly Test – Normal database (Paper II) 

The multivariate analysis of variance indicated a statistically significant 

effect for age (P<0.001) but not for gender (P>0.05); therefore, the 

normative data was only distributed according to age (Table 4). The 

oldest age group (65–74) had the highest AA and DA test results for 

all three movement patterns, indicating less accuracy, which was 

significantly less accurate than for each of the other age groups (Table 

7 displays the test results for AA, ToT, and JI). Slightly higher JI was 

observed with increasing age, but overall, the JI test results did not 

differ significantly with age (Table 7). 

4.4 Cervical kinesthesia after whiplash injury (Paper III) 

The study revealed that about half of the participants improved their 

performances on both cervical kinesthetic tests, while the other half 

showed deteriorating performances (Figures 9 and 10). When viewing 

the test results of all participants (n=47), there was no significant change 

in accuracy error (P>0.05) on either test over the one-year period or any 

correlation between the two tests, except a weak correlation at 6 months 

post-collision, (r=0.28, P=0.054). The test results on the Fly Test (Figure 

9) revealed that at 1 month post-collision, the mean accuracy error in the 

Fly improvement group (Fly-IG) was 3.8 mm (±1.6) and was 3.1 (±0.7) 

mm in the Fly non-improvement group (Fly-NIG) (P=0.056). By 12 

months, the performances were opposite, as the Fly-IG had improved 

(2.9 mm ±0.7) and was significantly better than in the Fly-NIG (3.8 mm 

±0.9) (P=0.004). The observed change when adjusted for the effects of 

regression towards the mean (RTM) indicated that the adjusted 

difference between the subgroups was significant (b=-1.15; 95% CI: -

1.50, -0.79). In the HNR test (Figure 10), the between-group difference at 

1 month post-collision was significant, as there was less relocation error 

in the Head-neck relocation non-improvement group (HNR-NIG) (2.3° 

±1.2) than in the Head-neck relocation improvement group (HNR-IG) 

(3.9° ±1.9) (P=0.002). By the end of the 12th month, the opposite was 

evident, as the performance of the HNR-NIG (4.1° ±2.7) was significantly 

worse than in the HNR-IG (2.6° ±1.6) (P=0.019). The adjusted difference 

between the subgroups was significant (b=-3.16; 95% CI: -4.15, -2.16). 
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Figure 9. The means (SE) for the two different performances on the Fly Test at 4 
successive assessment points over a one-year period. Note the 
crossover in performances takes place between the 3

rd
 and 6

th
 month 

post collision. There was no effect of age (P=0.61), or gender (P=0.83), 
or claim status (P=0.75) on the accuracy error in the Fly Test. Fly-IG = 
Fly improvement group; Fly-NIG = Fly non-improvement group. 

Figure 10. The means (SE) for the two different performances on the HNR test at 
4 successive assessment points over a one-year period. There was 
no effect of age (P=0.36), gender (P=0.51), or claim status (P=0.28) 
on the relocation errors in the HNR test. HNR-IG = HNR improvement 
group; HNR-NIG = HNR non-improvement group. 
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4.5 Sincere versus feigned performances (Paper IV) 

4.5.1 WAD group versus asymptomatic group  

In AA and ToT (subvariable of DA) the WAD group’s sincere effort 

compared to the feigned effort of the asymptomatic group revealed 

significant differences (P<0.001) (Figures 6 and 7 respectively). 

Furthermore, in AA, discriminant analysis resulted in correct 

categorization of 81.5% of the aforementioned groups’ performances, 

sensitivity 84.3% (95% CI: 75.0–90.6), and specificity 79.5% (95% CI: 

71.1–85.9). A cut-off score of 5.5 mm in AA could differentiate the 

feigned performance of the asymptomatic group from the WAD group’s 

sincere effort, sensitivity 79.4% (95% CI: 63.2–89.7), and specificity 

67.7% (95% CI: 50.1–81.4). In ToT, the discriminant analysis resulted in 

correct categorization of 71.8% of the aforementioned groups’ 

performances, sensitivity 67.0% (95% CI: 57.8–75.0), and specificity 

78.3% (95% CI: 68.3–85.8). Furthermore, a score above 11% in ToT 

indicated correctly categorized whiplash patients, sensitivity 82.3% (95% 

CI: 66.5–91.7), and specificity 64.5% (95% CI: 46.9–78.9).  

Table 8. Jerk index (JI) in each of the 3 movement patterns and in the 2 levels of 
effort, for the WAD and asymptomatic groups.

†
 

Level of effort   
movement pattern 

WAD group             
(n=34) 

Asymptomatic group 
(n=31) 

Sincere effort   

Easy* 1.78 (0.26) 1.69 (0.19) 

Medium* 1.79 (0.23) 1.74 (0.15) 

Difficult 1.48 (0.19) 1.49 (0.15) 

Feigned effort   

Easy* 1.99 (0.59) 1.83 (0.35) 

Medium  1.86 (0.35) 1.83 (0.30) 

Difficult 1.54 (0.30) 1.50 (0.28) 

†Data are mean (SD) normalized values. Significant differences were revealed between patterns 
within both groups (P<0.01) and between types of effort within groups (P<0.01). * Significant 
between-group differences (P<0.05). WAD=whiplash-associated disorder. 

The jerk calculations did not reveal significant differences between the 

WAD and asymptomatic groups’ sincere and feigned effort 

respectively (P=0.06) (Table 8). Furthermore, only 53.3% of the 

aforementioned groups’ performance resulted in correct 

categorization, sensitivity 51.3% (95% CI: 40.4–62.1), and specificity 
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43% (95% CI: 45.7–63.4). With a cut-off score set at 1.79, the 

sensitivity versus specificity was 82.4% (95% CI: 66.5–91.7) and 

38.8% (95% CI: 23.7–56.2) respectively.  

4.5.2 WAD group – sincere versus feigned effort 

In the WAD group, all 3 measures – AA, ToT, and JI – differed 

significantly between types of effort (P<0.008), revealing poorer 

performances in the feigned effort (Figures 6 and 7, Table 8). The 

discriminant analysis resulted in correctly categorizing 78.4% of the 

WAD group’s effort types, by use of all 3 measures and patterns, as 

predictor variables, sensitivity 77.9% (95% CI: 69.0–84.8), and 

specificity 79.0% (95% CI: 70.0–85.8).  

4.6 Association between deficient cervical kinesthesia 
and self-rated disabilities (Papers I, III, and IV) 

The results of the self-assessment scores in studies I, III, and IV are 

summarized in Table 9. Weak (Paper IV) (Table 10) or no (Papers I 

and IV) relationship was revealed between the test results, on the one 

hand, and pain, disability, or fear of movement on the other hand. The 

scores of VAS and the questionnaires did not differ significantly 

between the non-trauma neck pain group and the WAD group (I), 

except for the NDI and VAS min, where the scores were significantly 

worse in the WAD group (P<0.05).  

Table 9. The results of the self-assessment scores in studies I, II, and IV for 
corresponding study groups.  

 Group VAS 

NDI 

mean 
(SD) 

WDQ 

mean 
(SD) 

Tampa 

mean 
(SD) 

GHQ-28 

Study I 

 

AS 

NT 

WAD 

- 

6.7/1.9† 

8.0/3.2† 

- 

22.3 (7.9) 

35.8 (16.4) 

- 

- 

- 

- 

30.2 (6.2) 

35.1 (8.5) 

- 

- 

- 

Study III WAD 4.3/3.8 ‡ 28.3/23.9‡ - 37.3/37.4‡ 25.6/24.7‡ 

Study IV
1
 

AS 

WAD 

- 

7.8/3.0† 

- 

- 

- 

57.3 (30.5) 

- 

32.0 (6.2) 

- 

- 

AS=asymptomatic; NT=non-trauma neck pain; WAD=Whiplash-associated disorder; VAS= 
Visual analogue scale for pain; NDI=Neck Disability Index; WDQ=Whiplash Disability 
Questionnaire; Tampa=Tampa Scale of Kinesiophobia; GHQ-28=General Health Questionnaire-
28; †= max/min.; ‡= at 1 month/at 12months. 

1 
Claim status closed/open=25/9, claim status did 

not affect the WAD group’s performances (sincere or feigned effort). 
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Table 10. Correlation coefficient r for the relationship between the test results 
and the questionnaires for the WAD group (Paper IV). 

 AA ToT JI 

VAS max 0.31* -0.31* 0.00 

VAS min 0.46* -0.47* 0.11 

WDQ 0.44* -0.42* -0.01 

TAMPA -0.04 0.01 -0.09 

*Significant correlation at the 0.05 levels. AA=Amplitude accuracy; ToT=Time-on-target 
(subvariable of directional accuracy (DA)); JI=Jerk index; VAS=Visual analogue scale for pain; 
WDQ=Whiplash Disability Questionnaire; TAMPA=Tampa Scale for Kinesiophobia. 

No clear-cut tendency towards more or less disability was indicated 

by the results of the questionnaires across the whole sample and each 

subgroup in study III. Only on NDI were significantly lower scores 

revealed in the HNR-IG and Fly-NIG subgroups over the one-year 

period (P=0.02 and P=0.03 respectively).  

 



Discussion 

43 

5 DISCUSSION 

The main objective of the thesis was to test the diagnostic utility of the 

refined Fly Test in terms of reliability and validity. The research 

findings revealed that the Fly Test provides reliable and valid 

measures for movement control of the cervical spine (Kristjansson & 

Oddsdottir, 2010). The difficulty level of the movement patterns of the 

Fly Test were found to increase on an incremental scale both within 

and between groups (Kristjansson & Oddsdottir, 2010). For the 

purpose of providing clinicians with a reference for comparison when 

using the Fly Test, a database of reference normal was created 

(Oddsdottir et al., 2013). The course of cervical kinesthesia after a 

whiplash injury was examined in a one-year follow-up study 

(Oddsdottir & Kristjansson, 2012). It was also indicated that the Fly 

Test is capable of giving clinicians a clue when differentiating patients 

with neck pain after whiplash injury from those who deliberately fake 

and/or exaggerate deficits of movement control in the cervical spine 

(Oddsdottir et al., 2014).  

Investigating the nature and treatment of a disorder involves 

accurate identification of the symptoms that define that disorder and 

preferably of the underlying cause. The prognostic factors as well as 

recovery rate and the effect of different treatments are dependent on a 

reliable and valid identification of the definitive characteristics of the 

disorder. Therefore, diagnostic accuracy tests, where the outcomes 

from one or more tests are compared to a reference standard, are 

recommended in clinical management (Knottnerus et al., 2002). Since 

no gold standard tests exist for sensorimotor disturbances in the neck, 

the only reference standard to be used are the test results of healthy 

asymptomatic individuals. In order to prove the clinical value of 

diagnostic tests, they have to go through certain developmental 

stages, phase I–IV studies, as proposed by Sackett and Haynes 

(Sackett & Haynes, 2002) (see Table 11).  

It is reasonable to propose that the studies included in this thesis 

fulfill the requirements of the phase I and II studies, as the test results 

in the affected persons differ from those in healthy, asymptomatic 

individuals and that those with certain test results are more likely to 

have the target disorder. But in order to establish diagnostic validity and 
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Table 11. Diagnostic studies should match methods to diagnostic questions 
(Sackett & Haynes, 2002).  

Phase I questions Do test results in patients with the target disorder differ from 
those in normal people? 

Phase II questions Are patients with certain test results more likely to have the 
target disorder than patients with other test results? 

Phase III questions Does the test result distinguish patients with and without the 
target disorder among patients in whom it is clinically 
reasonable to suspect that the disease/disorder is present? 

Phase IV questions Do patients who undergo this diagnostic test fare better (in 
their ultimate health outcomes) than similar patients who are 
not tested? 

widespread clinical adoption of the test, further research in the 

direction of phase III and IV studies are needed. It is important to 

appreciate that phase III testing is a test of the test, not only a test of 

the clinical population (Nordin et al., 2008). The promising results 

obtained through the phase I and II studies of the Fly Test emphasize 

the need to determine the outcome of the test among patients that are 

clinically suspected to have neck pain disorders: WAD and non-

traumatic or work-related neck pain. To avoid threats to the validity of 

phase III studies that can distort their estimates of the test’s diagnostic 

accuracy, an independent blind comparison with a gold standard of 

diagnosis should be conducted (Sackett & Haynes, 2002). In the case 

of the Fly Test, there does not exist any gold standard test for 

impaired movement control of the neck. The only reference standard 

would be a large sample of asymptomatic people. Our current 

database already contains 182 asymptomatic individuals (Oddsdottir 

et al., 2013). The results of our longitudinal study indicated that 

deficient neck proprioception has not established itself until one year 

or more after the onset of WAD (Oddsdottir & Kristjansson, 2012). 

Therefore, discriminate comparison to control groups is probably not 

relevant until after that time. In light of the aforementioned findings, we 

conducted a post-hoc ROC analysis of the samples in our reliability 

and validity study (Kristjansson & Oddsdottir, 2010) to provide a clue 

about the sensitivity and specificity of the refined Fly Test. Figure 11 

shows the ROC curve of the AA and DA’s ToT outcome measures, 

displaying how well these parameters can distinguish between two 

groups of subjects: patients with WAD and asymptomatic controls. 

Further analysis is presented in Table 1 in Appendix 1. As can be 

seen by the analysis, both the AA and ToT parameters make the Fly 
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Test a fairly useful diagnostic test, since the area under the curve 

(AUC) is between 0.8 and 0.9, but the AUC for ToT for the easy level 

is 0.797. It has earlier been suggested that the Fly Test is the most 

recommended way to test cervical senso (Michiels et al., 2013). 

Figure 11. Receiver operating characteristic (ROC) curve for amplitude accuracy 
(AA) on the left and time-on-target (DA-ToT) on the right, revealing how 
well the parameters can distinguish between the two groups, WAD and 
asymptomatic control. The area under the curve (AUC) for the easy, 
medium, and difficult patterns was 0.81, 0.85, and 0.85, respectively, 
for AA and 0.79, 0.84, and 0.85, respectively, for ToT.  

A test may be valid but have no impact on outcomes or beneficial 

effect for the patient undergoing the test (Nordin et al., 2008). 

Therefore, a study of the test utility is needed, designed to answer 

phase IV questions (Table 11). A prospective study design is then 

required with random allocation of test administration and disclosure, 

standardized protocol and blinded interpretation (Nordin et al., 2008). 

Although we have not conducted such a study, we have a clue that 

the Fly Exercise Program, the subsequent follow-up to the Fly Test 

(see p.10), has an important treatment utility. The Fly Method (test 

and exercise program) is not a stand-alone method, but when used in 

conjunction with other assessment and treatment modalities, it gives 

an important addition to the battery of objective clinical tests and 

treatment methods. The cervical movement control can be 

documented at baseline (first visit) and throughout the treatment 

period until the last visit. This was confirmed in a previous masters 

(MSc) study about cervicogenic dizziness (Oddsdottir, 2006), where, 

besides the Fly Test, other tests and treatment methods used were 
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the HNR test, the SMART Balance Master, and  a prototype of the Fly 

Exercise Program as well as a new program which improves the 

awareness of the head-neck posture in combination with manual 

therapy. After the aforementioned treatment protocol, the cervicogenic 

dizziness and postural control improved significantly. All patients also 

improved their performance significantly on the Fly Test and HNR test. 

The positive results highlight the importance of scrutinizing these 

treatment effects prospectively in a randomized controlled trial.  

5.1 Fly Test  Patterns and groups (Papers I, II, and IV) 

According to our best knowledge, the Fly is the first sensorimotor 

clinical test that can discriminate between patients with WAD versus 

neck pain patients with non-traumatic musculoskeletal symptoms. The 

results of the three studies fulfilled the expected requirements of the 

Fly Test, both regarding the incrementally difficult stages and also that 

the whiplash group would perform significantly worse than the non-

trauma neck pain group. The asymptomatic control group, in 

comparison with the two patient groups, performed significantly better 

in the test. As a result, the test can be used as an assessment method 

for persons with neck pain of traumatic or non-traumatic origin and is 

therefore a valuable tool for monitoring progress in sensorimotor 

treatment interventions capturing deficient movement control of the 

cervical spine.  

The differences between the symptomatic groups (Kristjansson & 

Oddsdottir, 2010) may reflect sudden versus gradual onset of the 

impairment. Higher scores in the WAD group may be due to direct 

injury to the mechanoreceptors and their axons, because of their lower 

tensile strength compared to the surrounding collagen fibers (McLain, 

1994). This may lead to a lesion or dysfunction of the nervous system 

hypothetically causing neuropathic pain syndrome with consequent 

motor adaptation regardless of whether there is a mechanical aspect 

to the symptoms (Hodges & Smeets, 2014; Sterling & Pedler, 2009). 

Even in individuals with acute whiplash, up to 34% of them 

demonstrate pain that is predominantly neuropathic in nature (Sterling 

& Pedler, 2009). Early presence of some neuropathic features has 

been shown to be associated with poor functional recovery for patients 

with WAD at both short- and long-term follow-ups (Sterling et al., 

2006; Sterling et al., 2005). Abnormal signals from injured 
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mechanoreceptors may cause the neuromuscular control unit to 

produce corrupted muscle response pattern, resulting in excessive 

loading and, possibly, re-injuries of spinal structures including 

additional injuries of the mechanoreceptors (Panjabi, 2006), which can 

lead to changes in muscle strength and endurance, proprioception, 

and recruitment (Herring, 1990; Hodges, 2011; Hodges & Tucker, 

2011). Increased fatigability (Falla, 2004), morphological muscle 

changes such as fatty infiltration (Elliott et al., 2006; Elliott et al., 2009; 

Elliott, 2011), and atrophy (Elliott et al., 2014; Kristjansson, 2004b; 

McPartland et al., 1997) may alter the proprioceptive capabilities of 

the neck muscles as well as joint mechanics, thus affecting cervical 

afferent input (Kristjansson & Treleaven, 2009; Treleaven, 2011). The 

morphological changes within the neck muscles of patients with WAD 

likely exhibit a reduction in the contractile components that could 

diminish their capacity to generate and/or sustain force (Elliott et al., 

2014). This is supported by studies revealing reduced strength 

(Prushansky et al., 2005) and endurance (Kumbhare et al., 2005) in 

the neck muscles of individuals with WAD and idiopathic neck pain 

compared to healthy individuals. Injury to the cervical facet joints and 

capsules (Bogduk, 2011) and to the deep musculature (multifidus) 

attaching to them (Anderson et al., 2005; Winkelstein & Myers, 2000) 

is thought to be an important factor in the persistence of neck pain and 

other symptoms experienced by whiplash patients. The weight-

bearing facet joints are the single most common source of pain in 

patients with chronic neck pain after whiplash, with the prevalence 

about 50% in this patient group (Barnsley et al., 1995; Bogduk, 2009; 

Lord et al., 1996). Previous studies have indicated altered motor 

strategies and coordination in neck muscles in connection with neck 

pain (Falla & Farina, 2007, 2008; Schomacher & Falla, 2013; 

Schomacher et al., 2012). A recent study (Smith et al., 2014) 

demonstrated that individuals with chronic WAD who underwent 

cervical radiofrequency neurotomy showed significant and sustained 

reductions in sensory hypersensitivity, spinal cord hyperexcitability, 

and improved responses to the brachial plexus provocation test, and 

cervical ROM with trends toward improved muscle control. The results 

suggest that nociception from the cervical facet joints contribute to 

augmented central nociceptive processing and movement dysfunction 

in patients with chronic WAD. Chronic nociceptive stimuli (Nijs et al., 

2012) and muscle fatigue may be the cardinal sign in the non-trauma 

group (Johansson et al., 2003) and arthrogenic pain inhibition may be 
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less prominent in comparison with the WAD group (Thunberg et al., 

2001; Windhorst & Kokkoroyiannis, 1992). Thus, higher scores and 

variability for the WAD group compared to the non-trauma group may 

be inherent in the new Fly Test patterns and the onset or the etiology 

of the symptoms. Whether neuropathic pain, hyperalgesia, central 

sensitization, deficient movement control, and fatty infiltration of the 

neck muscles are interrelated factors remains to be answered. 

The results of our study clearly indicate a difference between the 

symptomatic groups, thereby underpinning that patients with WAD 

and non-traumatic neck pain do not belong to the same population. 

This difference has also been confirmed by recent findings showing 

evidence of muscular changes like fatty infiltrate (hypotrophy) in neck 

muscles of individuals with chronic WAD (Elliott et al., 2006; Elliott et 

al., 2010), which appear not to be present in persons with chronic 

idiopathic neck pain (Elliott et al., 2008b). Hypersensitivity (Scott et al., 

2005) and sensory hyperesthesia were also found present in chronic 

whiplash but not a feature of chronic idiopathic neck pain (Chien & 

Sterling, 2010).  

It has been stated that neck pain is common among the general 

population, and depending on the definition used, the 12-month 

prevalence rate has been estimated between 30 to 50% (Hogg-

Johnson et al., 2008). It was, however, not mentioned whether 

individuals with prior neck injuries were included in the prevalence 

studies (Bovim et al., 1994; Chiu & Leung, 2006; Cote et al., 1998; 

Ektor-Andersen et al., 1999; Fejer et al., 2006; Kim et al., 2001; 

MacGregor et al., 2004; Palmer et al., 2003; Picavet & Schouten, 

2003). It is therefore important to reveal confounders, for example, 

prior neck injuries, in future neck pain prevalence studies in the 

general population. The aforementioned studies, therefore, have weak 

evidence for such a high prevalence rate of neck pain in the general 

population. A large one-year follow-up study of adult population free of 

neck pain at baseline (n=7669) found that the cumulative incidence of 

neck pain was 17.9% (Croft et al., 2001). The study presented 

evidence that a prior history of neck injury at the time when the subject 

is free of neck pain was a significant risk factor for subsequent neck 

pain. Futhermore, this was independent of gender, general health 

status, and psychological distress. The age distribution of adults 

exposed to WAD has consistently been shown by research across 

countries to peak in the younger age groups, at 16–24 years old 
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(Bring, 1996; Ferrando et al., 1998; Quinlan et al., 2004; Spitzer et al., 

1995). This is in contrast to the incidence rates of neck pain in the 

general population, reported by the Neck Pain Task Force in 2008, 

whose peak coincided with middle-age groups peaking at ages 40–49 

and ages 35–44 (Hogg-Johnson et al., 2008). A past history of neck 

injury appears to have a substantial impact on future persistent neck 

pain and disability (Bunketorp et al., 2005).  

In the Fly Pattern Generation Software Program, an infinite number 

of movement patterns can be produced based on the criteria for each 

difficulty classes  easy, medium, and difficult; these movement 

patterns can therefore be used as training sessions in the new Fly 

Exercise Program that was developed simultaneously with the Fly 

Test. The treatment can consequently be started at each patient’s 

respective impairment level. In this way, it enhances gradual 

progression in the treatment for deficits of movement control in the 

cervical spine. Increased capability for moving skillfully in particular 

situations is a process of motor learning (Schmidt & Lee, 2005a). It is 

important when learning new skills that the task difficulty is adjustable 

to the individual's skill level, to ensure that the task is neither too 

difficult nor too easy. Motor learning is a complex process, and some 

of its complexities have been conceptualized in the challenge point 

framework theory (Guadagnoli & Lee, 2004). The optimal challenge 

point represents the degree of task difficulty needed for an individual 

of specific skill level to optimize learning. By adjusting the task 

difficulty to the change in ability, the optimal challenge point is 

maintained (Guadagnoli & Lee, 2004). The Fly Exercise Program 

fulfills these requirements, as the difficulty level can be adjusted 

according to each patient’s capability (See video link on page 12, and 

user instructions for the Fly Method in Appendix 2).  

There is evidence of improvements in sensorimotor impairments by 

training cervical joint position sense, eye-neck coordination, and gaze 

stability (Jull et al., 2007; Revel et al., 1994). Currently, the laser beam 

method has been used to retrain cervical joint position sense and also 

to retrain movement sense, by guiding the patient to trace an intricate 

pattern such as a figure of eight placed on the wall 90 cm in front of 

him. A subjective clinical judgment can be made as to the patient’s 

ability to trace the pattern accurately and smoothly (Jull et al., 2004a). 

However, it is important for clinicians to be able to monitor the status 

of a patient by objective assessment and treatment methods 
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(Sjölander et al., 2008). The motion patterns in the laser beam method 

are highly predictable and therefore do not challenge the 

proprioceptive system, which needs unpredictable movement patterns 

of incremental difficulty for accurate assessment and to enhance 

treatment progression (Bernstein, 1967; Shumway-Cook & Wollacott, 

2001). One of the main features of the Fly movement patterns is that 

movement requirements were unexpextedly changed to dissociate 

prior planning process from online control and thereby forcing the 

head–neck system to consistently adjust to new movement 

requirements (Elliott et al., 2001).                        

5.2 Fly Test – Normal database (Paper II) 

It has been demonstrated that young age is associated with a slightly 

higher risk of WAD compared to people age 55 years and older 

(Berglund et al., 2003; Holm et al., 2008). In our study, obviously 

larger subject numbers in the older groups would have provided 

increased veracity of the findings in these groups. But including older 

individuals without neck symptoms was not an easy task. It appears 

that compared to males, there is a tendency for females to have a 

higher incidence of neck injury treated at an emergency room (Quinlan 

et al., 2004). When the prognostic or risk factors of outcome in WAD 

are reviewed, the effect of gender appears to be modest, with females 

at slightly greater risk (Carroll et al., 2008; Holm et al., 2008). There 

was no effect of gender in our asymptomatic study group, but subjects 

aged 55–64 and 65–74 years showed worse performance for AA and 

DA than the subjects in the younger groups. Age did not affect the 

results of the jerk calculations considerably, although significantly 

lower JI in the easy and medium patterns was revealed in some of the 

younger age groups compared to the two older age groups. The JI 

would therefore serve as a normal reference for performance in the 

three movement patterns but irrespective of age. Impaired 

proprioception, both impaired joint position sense and difficulties in 

postural control during cervical proprioceptive disturbances, have 

been found in older asymptomatic adults (Patel et al., 2010; Shaffer & 

Harrison, 2007; Teng et al., 2007). The fact that increased thoracic 

kyphosis and forward head posture are common age-related postural 

changes (Quek et al., 2013) may, if present, affect the performances 

in the Fly Test. 
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5.3 Prospective course of cervical kinesthesia after 
whiplash injury (Paper III) 

To our knowledge, this is the first clinical study that explores deficient 

kinesthesia prospectively. Two different courses of deficient cervical 

kinesthetic sensibility after MVCs were revealed. About half of the 

patients showed significant deteriorating performances in both kinesthetic 

tests throughout the year. Interestingly, this is in accordance with data 

indicating that up to 50% of injured people will fail to fully recover after 

MVCs (Carroll et al., 2008). It strengthens the results of this study that the 

two tests, conceptualised to measure two different but interrelated 

aspects of cervical kinesthesia, movement sense and position sense 

respectively (McCloskey, 1973; Proske, 2006), showed similar 

divergences at the start and at the end of the study. However, the fact 

that no correlation was seen between the two tests and only half of the 

participants depicted similar diverging courses on the two tests supports 

that the two tests represent distinct kinematic variables. It has been 

discussed that the two components of proprioception, position and 

movement sense, might each depend on, at least partly, different afferent 

information (Clark et al., 1985; McCloskey, 1973; Proske, 2006; Sittig et 

al., 1985). It has been argued that the head movements during the HNR 

test may stimulate both neck and vestibular afferents (Treleaven et al., 

2008) unless the head movements are performed relatively slowly during 

the test to minimize the vestibular afferent stimulation (Lee et al., 2008; 

Teng et al., 2007). Recently, joint position error in the cervical spine was 

tested by using neck torsion (head still, trunk movement) (Chen & 

Treleaven, 2013). The study showed that the torsion test might be more 

suitable than the conventional joint position error test as a measure of 

cervical afferent dysfunction because vestibular stimulation is avoided, 

since the head was kept still while the test was performed.  

The greater movement- and relocation inaccuracies reported in 

patients with chronic symptoms after MVCs render it very important to 

find these patients early according to the outcome revealed in this 

study. The literature is sparse on when deficient proprioception 

becomes apparent after injuries, as most studies are concerned with 

proprioception deficits pre- and post-intervention. Some prospective 

studies on the extremities have reported deficient proprioception both 

early (Friden et al., 1997) and late (Leanderson et al., 1996) after 

injury but not the two divergent courses revealed in our study. The 

aforementioned cervical sensorimotor impairments, which may be 
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present to a variable extent in each individual patient, are usually 

subtle and may not be detected by conventional physical examination 

procedures (Kristjansson & Treleaven, 2009). In practice, this means 

that disturbed neck movement control and disturbed head-neck 

awareness has to be continuously monitored as the treatment 

addressing these impairments progresses. The Fly Test and the HNR 

test seem to be appropriate measures to monitor these impairments.  

The organic causes of the two different kinesthetic courses need to be 

scrutinized in future research. We suggest that the contractile and the 

inert structures may be targeted differently in low-speed acceleration 

injuries of the cervical spine. The patients who improved in our study may 

have sustained forced eccentric muscle contraction of the superficial 

muscles at a higher level of acceleration (>15km/h) (Kumar et al., 2002), 

probably in a combination with a startle response (Blouin et al., 2006). 

The participants who deteriorated in the course of a year may, on the 

other hand, have injured the inert structures at lower levels of 

acceleration. If the statement holds, that about 65% of all insurance 

claims take place in cases with velocity changes of up to 15 km/h (Castro 

et al., 1997), it may support our speculation. With today’s technology, it is 

possible to record car velocity at the moment of the collision if the vehicle 

is equipped with such an event data recorder. By obtaining such data, 

this hypothesis could possibly be clarified. 

5.4 Fly Test used to discriminate sincere versus 
feigned performances (Paper IV) 

All three parameters, AA, ToT, and JI, were capable of differentiating 

genuine versus feigned performances. They reflect different aspect of 

proprioception and are difficult to simulate. Both groups changed their 

strategy when asked to feign or exaggerate their performances. The 

fact that the feigning participants showed substantially worse 

performances than real whiplash patients is in accordance with a 

recent study measuring acceleration and velocity of a movement task 

consisting of repetitive flexion-extension (Baydal-Bertomeu et al., 

2011). Scores of 5.5 mm and above in AA, 11% and below in ToT, 

and 1.79 and above in JI may be used by clinicians as clues when 

patients with “common whiplash” are feigning or exaggerating 

performances. Patients with WAD, who are still symptomatic despite 

numerous treatments and have no demonstrable patho-anatomical 

signs, are often under the suspicion of not being truthful about the 
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presence of their complaints or exaggerating symptoms for financial 

gain. Malingering or underperformance of patients test behaviour has 

been suggested when financial claims are involved (Schmand et al., 

1998). Therefore, the precision and reproducibility of the 

measurements is critical when determining the severity of the patient’s 

disorder. As in all of the studies with the Fly Test, the test results were 

calculated from nine repetitions in random order across patterns. The 

test results indicated consistency in performances, as there was no 

effect of repetitions in AA, ToT, and JI. 

The results of the jerk calculations showed that the JI can be used 

to discriminate the WAD group’s two levels of effort, sincere and 

feigned performances, showing significantly higher JI in the group’s 

feigned efforts in all 3 movement patterns. Although the JI did not 

show significant differences between the WAD group’s sincere effort 

and the asymptomatic group’s feigned effort, it may be a useful 

outcome measure in the clinical setting when monitoring patients 

exaggerating their performances. However, the JI differentiated 

significantly between the two group's sincere levels in patterns with 

slower pace and less complex trajectories (easy and medium 

patterns). This is in accordance with another study, where slow- and 

medium-paced movements revealed significant group difference in 

genuine performances (Woodhouse et al., 2010). 

Other methods have earlier been tried in order to identify those 

persons feigning symptoms in neck disorders. Reduced cervical 

motion has been seen as a method used in feigning a disorder in both 

asymptomatic subjects (Dvir et al., 2001) and patients with chronic 

neck disorders, including whiplash injuries (Dvir et al., 2004). Neck 

movement analysis (Grip et al., 2003), cervical ROM (Dall'Alba et al., 

2001) as well as calculation of the coefficient of variation in ROM (Dvir 

et al., 2001) have earlier been presented as valuable in discriminating 

whiplash patients from asymptomatic individuals both in their sincere 

effort and when feigning a whiplash injury.  

Although the outcome variables in our study appear to be valid 

indicators of whether the subjects are genuine whiplash patients, 

asymptomatic or faking/exaggerating performances, the main 

drawback is that no gold standard exists for feigning. In the absence 

of definitive proof that a person is feigning, a pattern including a wide 

range of values is needed that can truly classify 95% (preferably 99%) 

of any population at various ages and stages of different conditions 
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and follow-up points in different settings. This could include 

asymptomatic persons; subjects with no, mild, moderate, or severe 

WAD; those reporting recovery; within different medico-legal systems 

(no claim, care claim, disability claim) and claim statuses (early after 

the MVCs, during the claim process, months after the claim is closed). 

Before conducting such a wide range of research and accepting the 

Fly Test as a valid discriminator in court cases, our present 

mathematical classification method (Gudmundsson et al., 2010), truly 

detecting 86% of the present sample, has to be improved. This can be 

accomplished by adding behavioral features of movement control into 

the mathematical classification method. Various kinematic variables 

associated with movement control have been suggested by other 

authors (Baydal-Bertomeu et al., 2011; Feipel et al., 1999; Grip et al., 

2008; Ohberg et al., 2003; Sjölander et al., 2008; Woodhouse et al., 

2010), which easily could be added to the Fly Test.  

Figure 12. Performances of a patient with severe disability after motor vehicle 
collision. Two movement patterns in pink (performances in blue). On 
the left the patient’s shoulders are held still. On the right, the patient 
is allowed to support her head with the hands. During the Fly Test 
while the patient was allowed to support the head, her performance 

in AA was recorded as following: easy pattern = 5.77 mm (4.74); 

medium = 5.85 mm (4.75); difficult =7.73 mm (6.84). 

Some patients with severe WAD, for example with suspected but 

undetected upper cervical spine hypermobility, may not be able to 

perform the Fly Test because of the incremental difficulty levels of 

patterns that are generated in a random order by the software for each 

test session. For such a worst-case scenario (see illustrations in 

Figure 12 showing a 40-year-old female with a score of 84 on the 

Neck Disability Index), the Fly Test has to be modified, including only 

the easy pattern with different sizes and velocities of “the fly” 
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trajectories. According to the results of our study (scores >5.5 mm in 

AA), this patient would be suspected of faking her performances, 

when she, in fact, is a real WAD patient. This shortcoming of the Fly 

Test became evident to some extent during the study, as some of the 

patients with more severe WAD had problems in executing the difficult 

pattern in the Fly Test. On the other hand, it can be reasoned that 

patients with no or mild symptoms will be more likely to feign their 

performances for secondary gains than patients with severe 

symptoms (Sterling et al., 2010). 

5.5 Association between deficient cervical kinesthesia 
and self-rated disabilities (Papers I, III, and IV) 

In our studies where pain and disabilities were rated, a weak or fair 

relationship was revealed between the physical outcome measures 

under investigation and questionnaires measuring short- and long-

term impacts of neck pain and disability (Kristjansson & Oddsdottir, 

2010; Oddsdottir & Kristjansson, 2012; Oddsdottir et al., 2014). This is 

in accordance with many other studies (Armstrong et al., 2005; 

Bombardier & Tugwell, 1987; Chiu et al., 2005; Heikkilä & Åström, 

1996; Rix & Bagust, 2001; Sandlund et al., 2006; Sterling et al., 

2003a; Treleaven et al., 2006; Ylinen et al., 2004).  

Interestingly, the pain and disability scores improved over the one-

year period in our longitudinal study (Oddsdottir & Kristjansson, 2012), 

irrespective of the improving or deteriorating performances on the two 

kinesthetic tests. Fear-avoidance beliefs as measured by Tampa were 

not elevated and did not change over the one-year period. Although 

some subjects in our sincerity study (Oddsdottir et al., 2014) reported 

more pain and disability, their Tampa scores remained low and 

correlated poorly with their physical test results. Weak or no 

correlation has earlier been demonstrated between Tampa and other 

physical measures as well as self-reported neck pain and disability in 

WAD (Sterling et al., 2003a; Sterling et al., 2003b). These results 

contradict the assumption that patients with chronic WAD grade II are 

characterized by fear-avoidance beliefs (Nederhand et al., 2004; Nieto 

et al., 2009). The role of kinesiophobia in the transition from acute to 

chronic low back pain has given rise to considerations of its role in 

recovery from acute neck pain (Vangronsveld et al., 2007) and the 

development of chronic whiplash symptoms (Nederhand et al., 2004; 

Nieto et al., 2009). Nonetheless, persistent symptoms in patients with 
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WAD are not totally explained by the subjects’ fear-avoidance beliefs 

(Buitenhuis et al., 2006; Sterling et al., 2005).  

The results of our studies (Kristjansson & Oddsdottir, 2010; 

Oddsdottir & Kristjansson, 2012; Oddsdottir et al., 2014) are in line 

with five-year-old research on the content analysis of ten neck-

shoulder pain and disability questionnaires which ascertained that the 

correspondence was low between the symptoms expressed by those 

affected and the content of the questionnaires (Wiitavaara et al., 

2009). When considering that pain is not necessarily a predictor of 

function, the use of a questionnaire representing a combination of 

pain and functional disability in one composite score may only be 

useful for an overall judgement of the patient. Mixing items focusing 

on different domains, such as pain and disability, may hamper detailed 

tailoring of treatment based on the outcome measure (Hoving et al., 

2003). It has been expressed that it is urgent to develop 

questionnaires that are specific to the conditions they are supposed to 

capture (Bombardier & Tugwell, 1987; Guyatt et al., 1993; Hoving et 

al., 2003), for example that assess the symptoms vocalized in patients 

with cervical sensorimotor impairments. This can be accomplished by 

using the experience of those people affected, in combination with 

relevant research into this field and existing professional knowledge to 

enhance the validity of such a questionnaire (Wiitavaara et al., 2009). 

The ProFitMap-neck questionnaire, which seems to mostly fulfil the 

above-mentioned requirements except for sensorimotor complaints, 

was presented in 2012. Its reliability and validity for measuring 

symptoms and functional limitations in individuals with chronic neck 

pain has been revealed (Bjorklund et al., 2012).  

5.6 Limitations 

In this thesis, the main limitations of the investigations presented 

might be the case-control study design, small sample size, and that 

they were not blinded. Cross-sectional studies are limited in the way 

that they cannot provide cause-effect relationship of the findings. 

Reliability of a test refers to the extent that repeated measurements by 

the same examiner (intrarater) or between examiners (interrater) get 

similar results. Interrater reliability was not assessed in the 

investigations and awaits further research. External validation is the 

degree to which the results of the method hold true in another setting. 
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The Fly Test has not yet been tested for external validity, but it is 

urgent to carry out such research.  

The main limitation of the database study (Paper II) was that only 

few subjects were recruited in the older age groups, and therefore, the 

results for those age groups cannot be generalized to the general 

population. Uneven distribution of gender, in general, more female 

subjects than male in all the studies of the thesis, could also be 

considered a limitation. This is especially true since there was a 

significant gender effect in AA and JI in study IV. Accordingly, the 

database needs to be enlarged for all age groups and both genders. 

In the longitudinal study (Paper III), no attempt was made to find 

any potential predictors or risk factors; and a follow-up 3–5 years after 

completion of the study would possibly have added important 

information. 

Patients with severe WAD have difficulty in performing the more 

difficult patterns of the Fly Test; therefore, the test results in the 

sincerity study (Paper IV) cannot be transferred to them. In this 

situation, the possibility of using only the easy movement pattern 

would be advantageous. 

It should be acknowledged that the Fly Test is primarily a test for 

coordination of neck movements; it is non-specific in terms of system 

dysfunction. Therefore, it is unable to reveal any possible system 

dysfunction or distinguish local from central pathological mechanisms.  

5.7 Future directions 

The interrater reliability of the Fly Test needs investigation. A few 

additions are needed in the Fly Test: the velocity of the target (the Fly) 

needs to be adjustable as it is in the Fly Exercise Program; it should 

be possible to use only one movement pattern, for example the easy 

pattern, so that patients with severe symptoms can perform the test. It 

has been emphasized that positive phase III and IV studies are 

prerequisites before a diagnostic test can be recommended as a 

clinical routine for implementation (Nordin et al., 2008). Further 

research is therefore needed to fulfil the requirements of phase III and 

IV studies; one of them is to establish the external validity of the Fly 

Test by evaluating it in one or more independent blinded studies and 

thereby its accuracy as a diagnostic test. 
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More research is needed to evaluate whether assessments of 

sensorimotor dysfunctions can predict treatment outcome in neck pain 

disorders. One way to meet this requirement could be to conduct 

studies aiming at understanding what determines the course set out in 

our longitudinal study, not only for deficits of cervical kinesthesia, but 

also for cervical sensorimotor impairments as a whole, in other words 

to determine whether cervical sensorimotor impairments are important 

prognostic factors for persistent or recurrent symptoms from the neck. 

The identification of modifiable prognostic factors is an important 

target for intervention studies. The two courses of cervical kinesthesia 

revealed in our longitudinal study may have different causes, 

prognostic factors, and different consequences. 

The exercise program that already exists in the Fly Method needs 

to be tested as an intervention program, preferably in a randomized 

clinical trial. The Fly Test should then be used as an outcome 

measure in addition to other tests. Further development of the 

exercise program is in progress, addressing various factors regarding 

the movement control system of the cervical spine, for example 

incorporating fast open-loop exercises or using “jumping fly,” which is 

ready for software programming. 

For the Fly Test to be used to detect those subjects that are faking 

or exaggerating their performances and benchmarking the Fly Test as 

a valid discriminator in court cases, our present mathematical 

classification method (Gudmundsson et al., 2010) has to be improved. 

Various kinematic variables associated with movement control can be 

added to the classification method. For example, measuring the 

movements in 3-dimensional space has ascertained that patients with 

WAD move less in associated planes compared to healthy controls 

(Woodhouse & Vasseljen, 2008). It will be difficult to feign associated 

movements while moving in the primary plane. 
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6 CONCLUSIONS 

This thesis has confirmed the usefulness of the new Fly Test, as it 

provides reliable and valid measures for movement control of the 

cervical spine and can be used as an assessment method for deficits 

of movement control in patients with neck pain. The three movement 

patterns that were developed for the test turned out to be 

incrementally difficult, thereby fulfilling one of the aims of the thesis. 

The incrementally difficult patterns make it possible to grade the 

impairment level of each individual patient. This is important for 

guiding treatment interventions, as the training can then be started at 

the patient’s impairment level and the effects of treatment can be 

monitored. The two outcome measures of the test, AA and DA, were 

able to differentiate significantly between the three subject groups: 

WAD, non-traumatic neck pain, and asymptomatic controls. To our 

knowledge, the Fly is the first clinical test for movement control of the 

neck that can discriminate between patients with WAD versus patients 

with work-related neck symptoms. 

Database of movement control in the cervical spine 

A database of movement control in the neck was constructed, including 

182 asymptomatic individuals whose performances were measured with 

the Fly Test. This database may help to identify impaired movement 

control and monitor the effectiveness of treatment interventions in 

patients with neck pain and its associated disorders, by providing 

baseline data set for movement control in the cervical spine. 

Cervical kinesthesia after whiplash injury 

The study identified, for the first time, two different courses of deficient 

cervical kinesthesia in symptomatic people after MVCs. Significantly 

diverging results were depicted at 1 month versus 12 months post-

collision in both tests. Those who showed worse results at the start 

improved their performances significantly during the one-year course, 

whereas the opposite was true for those who showed better results at 

the start. The two tests used in the study, the Fly Test and the HNR 

test, are conceptualized to measure two different but interrelated 

aspects of cervical kinesthesia, movement sense and position sense 
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respectively. The fact that no correlation was seen between the two 

tests used in the study over the one-year period supports that the two 

tests represent distinct kinematic variables. 

Discrimination of sincere versus feigned movement control by 
the Fly Test 

The Fly Test was capable of differentiating real patients with WAD 

from asymptomatic persons who deliberately fake symptoms and 

patients exaggerating symptoms. The findings may be used by 

clinicians for screening patients with “common whiplash,” who are 

suspected of feigning or exaggerating performances, since the three 

outcome measures, AA, DA, and JI, correctly categorized 72–81.5% 

of the subjects. There is, however, at least one disadvantage, as 

whiplash patients with severe pain, for example due to hypermobility 

in the upper cervical spine, might be wrongly classified as 

feigning/exaggerating their symptoms, since they might not be able to 

perform the more difficult patterns. 

Test results of deficient cervical kinesthesia and self-rated 
disabilities  

In our studies where pain and disabilities were rated, there was a 

weak or fair relationship between the physical outcomes and the 

questionnaires scores. A questionnaire capturing the patients’ 

complaints is desirable, as outcomes from questionnaires are often 

used as primary outcome measures.  
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“The Fly”: A New Clinical Assessment and Treatment
Method for Deficits of Movement Control in the
Cervical Spine
Reliability and Validity

Eythor Kristjansson, PT, PhD,* and Gudny Lilja Oddsdottir, PT, MSc†

Study Design. Test-retest and case-control study de-
signed to detect accuracy of cervical spine movements by
comparing 3 incrementally difficult movement patterns.
An asymptomatic group, a nontrauma neck pain group,
and a group with whiplash-associated disorders, Grade II,
were tested (n � 18 in each group).

Objective. To determine the test-retest reliability and
the discriminative validity of the new Fly method.

Summary of Background Data. A lack of reliable and
valid measures for grading the deficits of movement con-
trol in the cervical spine makes it impossible to prescribe
treatment appropriate to each patient’s respective impair-
ment level.

Methods. Head tracking of a moving fly which ap-
peared on a computer screen. Easy, medium, and difficult
patterns, each of which was repeated 3 times in random
order, were tested. Amplitude accuracy (deviation of
movements), directional accuracy (time on target, under-
shoots vs. overshoots) were compared across patterns
and groups on 2 occasions, 1 week apart.

Results. The intraclass correlation coefficient2,1 ranged
from 0.53 to 0.82 for both variables, except for the sub-
variable “overshoots” (0.14–0.42). The limits of agree-
ment (LOA) were progressively wider across patterns
(easy–medium–difficult) and groups (asymptomatic–non-
trauma–whiplash-associated disorder). Analysis of vari-
ance with repeated measures revealed significant differ-
ences between patterns within each group and between
groups respectively for both outcome variables (P �
0.001).

Conclusion. The Fly method provides reliable and
valid measures for movement control of the cervical
spine. Higher means and wider LOA across patterns and

subject groups are reasoned to be inherent in the new Fly
method and the subject groups tested. The wide LOA in
the symptomatic groups supports the development of a
normative database. The new Fly method can be used
both as an assessment and a treatment method and en-
sures gradual progression in the treatment for deficits of
movement control in patients with neck pain.

Key words: movement control, cervical spine, propri-
oception, assessment, test-retest reliability, validity.
Spine 2010;35:E1298–E1305

The clinical implications of the statement, “you can only
control what you sense,”1 have not been researched in
detail in patients with neck pain. This is surprising, as it
has been known for a long time that the cervical spine is
a very delicate sensory organ,2–6 due to the abundance of
mechanoreceptors in the musculoskeletal tissues.7,8 The
dense network of mechanoreceptors in this region is es-
sential for precise neuromuscular control of mobile cer-
vical spine segments.9–11

“The Fly” is a recently developed clinical test that
measures control of cervical spine movements. The pa-
tient is equipped with tracking sensors on the head and
asked to follow a cursor (a fly) on the computer screen as
accurately as possible.12 Therefore, the Fly test addresses
an important proprioceptive function, which is the reg-
ulation of movements, i.e., detection and correction of
errors through feedback and reflex mechanisms, while
performing active movements.13,14 This test demon-
strated impaired movement control of the cervical spine
in a group of patients with whiplash-associated disorders
(WAD) of Grades I to II, according to the Québec Task
Force classification scheme,15 when compared with a
healthy control group.12

The main drawback of the prior Fly test was that no
attempt was made to generate incrementally difficult sets
of movement patterns to precisely grade the impairment
level of each individual patient. The Fly method was
developed further in this study to address this shortcom-
ing by creating 3 incrementally difficult classes of move-
ment patterns: easy, medium, and difficult. A new soft-
ware program was written for that purpose, generating
an almost infinite number of movement patterns in each
of the 3 classes according to specific criteria. The criteria
are based on predefined parameters which form the
boundaries for each of the 3 movement classes (patent
pending). The movement classes in the new Fly method
were created by different relationships between acceler-
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ation and deceleration versus number and acuity of the
angles, as well as shape and length of the trajectories
(Figure 1). The novel motion tracking method was also
developed for treatment purposes, making it possible to
start training at a suitable level of difficulty for a given
subject based on the results of the new Fly test.

The aims were to ascertain the test-retest reliability
and the discriminative validity of the 3 incrementally
difficult movement classes generated by the new Fly
method, comparing control, nontrauma neck pain, and
whiplash subjects, Grade II. A test-retest and a case-
control study were conducted. Three preselected pat-
terns in each class were used to assess the patient’s per-
formance in each of the 3 movement classes (Figure 1).
Two outcome measures were used, comprising the as-
sessment part of the new Fly method. Comparison of the
WAD group with the nontrauma group was performed
to ascertain whether patients with WAD had more defi-
cits of movement control in the cervical spine.

Materials and Methods

Participants
Table 1 shows the demographics of the 54 individuals who
participated, equally divided into asymptomatic, nontraumatic
neck pain, and WAD (Grade II) groups. Samples of conve-
nience were used in all groups. To be included, the asymptom-
atic group was to have no history of musculoskeletal pain or
injury to the neck. Furthermore, the subjects in the WAD group
were required to have a history of symptoms after 1 motor

vehicle collision with no prior symptoms in the head or neck.
Both symptomatic groups had to have had neck and headache
symptoms for more than 6 months and less than 2 years and
score more than 3 on the visual analogue scale (VAS) during the
last week before testing. Individuals were excluded from the
WAD group if their symptoms corresponded to Grades III or
IV, as classified by the Québec Task Force on WAD.15 System-
atic diseases or psychological disorders of any kind excluded
participants from all groups. All participants completed ques-
tionnaires recording demographic data and general health. The
symptomatic groups also completed the Neck Disability Index
(NDI),16 the Tampa Scale of Kinesiophobia,17 and graded their
minimum and maximum pain on a VAS scale. Ethical clearance
for the study was obtained from the National Bioethics Com-
mittee.

Measurements
A 3-space Fastrak system was used in the study. The method is
briefly summarized in this study; for details, the reader is re-
ferred to Kristjansson et al12; Figure 2 shows the experimental
set-up.

Two cursors, 1 blue and 1 black, were seen on the computer
screen. The blue cursor (derived from the Fastrak system) indi-
cated movements of the head. The black cursor (derived from
the Fly software program) traced the new generated movement
patterns. Only the cursors were visible on the computer screen,
not their trajectories, which made prediction of movements
difficult. A new software program was used to format and pro-
cess the data for analysis. The horizontal and vertical differ-
ences between the positions of the 2 sensors were calculated
and used to determine the position of a cursor on a computer
screen.

The subjects were asked to use the blue cursor to follow, as
accurately as possible, the black cursor of the Fly. Three differ-
ent movement patterns— easy, medium, and difficult—
representing each movement class, were selected from the soft-
ware program and used for the test procedure. The outcome
measures were amplitude accuracy (AA) and directional accu-
racy (DA). AA was recorded by continuously calculating the
absolute distance (radius) between the 2 cursors during the test
sequence. For DA, an invisible free zone was created surround-
ing and moving with the target (the fly). During a trial, the
percentage of the total time spent within, ahead of, and behind
the free zone represented time on target, overshoots, and un-
dershoots, respectively. The shape and size of the free zone was
determined by plotting the coordinates (x, y) of 10 healthy
individuals, and this determined a zone representing the differ-

Figure 1. From left to right: Easy,
medium, and difficult movement
patterns traced by the Fly
method, which the participants
were required to follow by mov-
ing their heads. The duration of
the patterns was 25, 40, and 50
seconds, respectively.

Table 1. Comparison of Demographics and Results of
the Questionnaires

Asymptomatic
(n � 18)

Nontrauma
(n � 18)

Whiplash
(n � 18)

Age (mean yr �SD�) 32.2 (10.9) 38.0 (8.3) 35.5 (11.9)
Gender (male/female) 10/8 7/11 2/16
NDI (SD)* — 22.3 (7.9) 35.8 (16.4)
Tampa (SD) — 30.2 (6.2) 35.1 (8.5)
VAS maximum — 6.7 (2.6) 8.0 (1.4)
VAS minimum* — 1.9 (1.4) 3.2 (1.5)

*Significant differences by independent t test.
SD indicates standard deviation; NDI, neck disability index; Tampa, tampa
scale for kinesiophobia; VAS, visual analogue scale.
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ence between the actual points and the predefined points. By
using vectors (At(Pt � Qt)), a scatter plot was obtained which
was distributed around the center of the coordinate system.
The circle around the center was divided into 24 equally large
sectors. Then for each of the 24 sectors, quartiles were found
and standard deviations (SDs) of the distance from the center
were measured. The size of the free zone was set at 2 SDs from
the center.

Procedure
The participants were measured during the day on 2 occasions
1 week apart. A research assistant provided the participants
with written and verbal information about the test procedure.
Demographic data were recorded and the symptomatic groups
completed the questionnaires. The examiner, who was blinded
to the group allocation, explained the intention and nature of
the task required of the participants. To familiarize them with
the task, all participants executed one movement pattern twice.
This pattern was not used for measurements. The participants
were then required to repeat each of the 3 movement patterns
(Figure 1) 3 times, with a 10-second interval between each
pattern. The test was performed in random order across pat-
terns and trials. The participants had no knowledge about the
different difficulty grades of the patterns.

Data Analysis
Analysis of variance (ANOVA) with repeated measures was
used for comparison between the 2 independent variables, pat-
terns, and groups. The model used to describe the data includes
the main effects for the pattern, within-week trial, and group.
Week effects, as well as the subject, were the random effects.
Also included are the 2-way group-pattern, trial-group, and
group-week interactions. The absolute error in millimeters �
SD was used to indicate AA. DA or time on target, overshoots
versus undershoots, were each indicated as the percentage of
the total time used to perform the trial. The mean of 3 trials for
each movement pattern was calculated for each subject for
both dependent variables. The statistical methods used for as-
sessing test-retest reliability were the following: the intraclass
correlation coefficients (ICCs) using an absolute agreement def-
inition, the 2-way random effects model, single measures ICC
and 95% confidence interval (CI) (ICC2,1),18 the mean differ-
ence between test and retest together with the 95% CI, and the
method of assessing agreement between 2 measurements of the
same subject. This included a scatter plot of the differences
between Test 1 and 2 against their mean with 95% limits of
agreement (LOA).19

Two-way ANOVA with the questionnaires as covariates
and Pearson correlation were used to ascertain the association

between the test results versus the results of the questionnaires
and VAS.

Number, subjects, means, and SDs were used for descrip-
tion of data. Analyses were performed with the procedures
implemented by the R statistical software (R version 2.6.2,
copyright 2008, The R Foundation for Statistical Computing).
The significant level was set at P � 0.05 for all tests.

Results

Table 1 shows the demographics and group comparison
of the questionnaires and VAS.

Amplitude Accuracy
The mean difference and 95% CI revealed no statistically
significant difference between test sessions 1 and 2 in any
of the movement patterns, except for the easy pattern in
the asymptomatic group (Table 2). Figures 3A to C show
the differences in the easy pattern between test sessions 1
and 2, plotted against their mean for each subject in the
control, nontrauma, and WAD groups, respectively.

A repeated-measures ANOVA revealed significant dif-
ferences between patterns within each group and between
groups, respectively (df � 2; F � 341.0; P � 0.001) (Fig-
ure 4). There was a significant group-pattern interaction,
that is, the patterns affect the groups differently (df � 4; F �
8.10; P � 0.001). The test-retest calculations were margin-
ally significant (df � 1; F � 3.19; P � 0.074). However,
looking at individual paired t test for each group-pattern
combination, a significant difference was only revealed in
the easy pattern for the asymptomatic group (t � 2.09; df �
53; P � 0.041).

Directional Accuracy
Table 3 depicts test-retest reliability for test sessions 1
and 2 for each group and each subvariable, time on tar-
get, undershoots, and overshoots, respectively.

Time on Target. Repeated-measures ANOVA revealed
significant differences between patterns within each
group and between groups, respectively (df � 2; F �
498.84; P � 0.001). There was a significant group-
pattern interaction, that is, the patterns affect the groups
differently (df � 4; F � 5.24; P � 0.001) and no signifi-
cant difference was revealed between test sessions 1 and
2 (df � 1; F � 0.02; P � 0.874).

Figure 2. Experimental set-up.
The placement of the 2 sensors
(arrows) was on the forehead
and the back of the head, re-
spectively. The participants were
seated in front of a computer and
were asked to find their natural
head posture. The distance from
the participants� earlobe to the
computer monitor was 100 cm.
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Undershoots. Repeated-measures ANOVA revealed sig-
nificant differences between patterns within groups (df �
2; F � 551.23; P � 0.001) and a significant group-
pattern interaction (df � 4; F � 4.33; P � 0.001).
Significant differences were found between test occasions
1 and 2 (df � 1; F � 9.23; P � 0.002). However, looking
at individual paired t test for each group-pattern combi-
nation, a significant difference was only revealed in the
difficult pattern in the asymptomatic group (t � �2.36;
df � 53; P � 0.022).

Overshoots. Repeated-measures ANOVA revealed sig-
nificant differences between patterns within groups (df �
2; F � 86.47; P � 0.001) but there was not a significant
group-pattern interaction (df � 4; F � 1.11; P � 0.348).
Significant differences were revealed between test occa-
sions 1 and 2 (df � 1; F � 29.60; P � 0.001). The
individual paired t test for each group-pattern combina-
tion showed significant differences in all patterns in the
asymptomatic group, in the difficult pattern in the non-
trauma group, and in the medium pattern in the WAD
group between test sessions.

Relationship Between the Test Results and the
Questionnaires

No significant differences were found. For example, a
2-way ANOVA including NDI as a covariate when mod-
eling AA in the patient groups, taking into account pat-
tern type differences, revealed no significance (df � 1;
F � 0.75; P � 0.390). Figure 5 shows a scatter plot
comparing the AA results versus the NDI scores.

Discussion

The results of this study indicate that the new Fly method
is both reliable and valid for measuring movement con-
trol of the cervical spine. Several reliability statistics were
used to provide information regarding whether some
outcome measures were more reliable than others, and

whether the new method was reliable for different groups
of subjects as well as for individual subjects. The ICC2,1

results (Tables 2 and 3) indicate that the outcome mea-
sures were sufficiently reliable to observe change in each
of the 3 subject groups, except for “overshoots” in the
asymptomatic and the nontrauma groups. In AA, the
ICC values ranged from 0.53 to 0.72 (95% CI, 0.32%–
0.82%). In DA, the ICC values ranged from 0.14 to 0.82
(95% CI, �0.03% to 0.89%). The lower range (0.14–
0.42) comes from the overshoots measure. Larger varia-
tions between subjects (as indicated by bigger SDs of the
means) result in higher ICC values in the 2 patient
groups, compared with the more homogeneous data for
the healthy control group (Table 2).20 The LOA for AA
reflect this, as progressively wider limits were observed
across the easy, medium, and difficult patterns and the
control, nontrauma, and WAD groups, respectively (Ta-
ble 2 and Figures 3A–C). Contrary to the ICCs, the LOA
indicates the results in the unit of measurement. LOA can
therefore be used as a “reference range,” because when
the difference between 2 measurements, as a result of, for
example, treatment intervention, is outside LOA, it rep-
resents a real change.21 It implies that relatively larger
differences in an individual performance would be re-
quired in the symptomatic groups to confidently state
that a real change had taken place.

No systematic changes between the test-retest trials
were noted for the variables in the AA measures, as zero
was included in the 95% CI, except for the easy pattern
in the asymptomatic group, which possibly indicates a
learning effect. For DA, the “time on target” variable
revealed no systematic changes between the test-retest
trial. The same applied for the “undershoots,” except in
the difficult pattern for the asymptomatic group. All sub-
jects spent less time “ahead of target,” and the greatest
fluctuations were observed in the “overshoots” variable,
revealing systematic changes between test-retest in all

Table 2. Test-Retest Reliability for Amplitude Accuracy (mm) in Each of the 3 Movement Patterns and Each of the 3
Subject Groups (n � 18 in Each Group)

Movement Pattern Test 1 Mean (SD) Test 2 Mean (SD) Mean Difference, (95% CI) ICC2,1 (95% CI) 95% LOA

Asymptomatic
Easy 1.78 (0.33) 1.70 (0.35) 0.09 (0.01 to 0.17) 0.59 (0.38–0.74) �0.42 to 0.60
Medium 2.17 (0.44) 2.08 (0.47) 0.09 (�0.02 to 0.21) 0.53 (0.32–0.70) �0.58 to 0.78
Difficult 2.64 (0.52) 2.54 (0.59) 0.10 (�0.03 to 0.25) 0.56 (0.34–0.72) �0.66 to 0.88

Nontrauma
Easy 2.06 (0.52) 2.01 (0.53) 0.05 (�0.05 to 0.16) 0.71 (0.55–0.82) �0.54 to 0.65
Medium 2.70 (0.88) 2.67 (1.01) 0.02 (�0.17 to 0.23) 0.67 (0.49–0.79) �1.29 to 1.34
Difficult 3.42 (1.30) 3.26 (1.26) 0.17 (�0.09 to 0.43) 0.72 (0.56–0.82) �1.02 to 1.36

Whiplash
Easy 2.52 (0.78) 2.66 (1.05) �0.15 (�0.35 to 0.05) 0.68 (0.51–0.80) �1.47 to 1.68
Medium 3.45 (1.45) 3.36 (1.31) 0.08 (�0.22 to 0.39) 0.67 (0.49–0.79) �1.46 to 1.63
Difficult 4.09 (1.51) 3.95 (1.52) 0.14 (�0.21 to 0.48) 0.65 (0.47–0.78) �1.93 to 2.21

All participants
Easy 2.12 (0.64) 2.12 (0.81) 0.01 (�0.08 to 0.07) 0.75 (0.67–0.81) �0.90 to 0.89
Medium 2.77 (1.13) 2.70 (1.11) 0.07 (�0.06 to 0.19) 0.73 (0.65–0.79) �1.15 to 1.28
Difficult 3.38 (1.31) 3.25 (1.31) 0.14 (�0.01 to 0.28) 0.73 (0.65–0.79) �0.70 to 0.97
Across patterns 2.76 (1.18) 2.69 (1.19) 0.07 (�0.01 to 0.14) 0.78 (0.74–0.81) �0.89 to 1.03

Mean (SD) for test session 1 and 2; mean difference, 95% CI (test 2 � test 1); Intraclass correlation coefficient (ICC 2,1) (95% CI); and 95% LOA.
SD indicates standard deviation; CI, confidence interval; ICC, intraclass correlation coefficients; LOA, limits of agreement.
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Figure 3. A, Bland and Altman
graph with LOA. The differences
between test sessions 1 and 2
(Test 2 � Test 1) in the easy
pattern, plotted against their
mean for each subject in the AA
(mm) in 18 asymptomatic sub-
jects, together with the 95% CI
and the 95% LOA. B, Bland and
Altman graph with LOA. The dif-
ferences between test sessions
1 and 2 (Test 2 � Test 1) in the
easy pattern, plotted against
their mean for each subject in
the AA (mm) in 18 nontrauma
subjects, together with the 95%
CI and the 95% LOA. C, Bland and
Altman graph with LOA. The dif-
ferences between test sessions
1 and 2 (Test 2 � Test 1) in the
easy pattern, plotted against
their mean for each subject in
the AA (mm) in 18 WAD subjects,
together with the 95% CI and the
95% LOA.
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patterns for the asymptomatic group, in the difficult and
medium patterns for the nontrauma group and the WAD
group, respectively (Table 3).

According to Rankin and Stokes,20 at least 50 subjects
are needed in reliability studies; otherwise, the 95%
LOA would be too wide. Therefore, one reason for the
wider LOA in the symptomatic groups in this study may
be the small sample size. However, the wider LOA in the
WAD group compared with the nontrauma group can-
not be explained by small sample sizes alone. Wider LOA
in the WAD group may parallel the clinical observation
that symptoms in patients with WAD tend to change
more from one time or day to another, when compared
to patients with nontraumatic neck pain. To be 95%
confident of detecting a real change in the easy pattern,
the wider LOA in the WAD group suggests that AA, on
average, would need to decrease (improve) by about 1.47
mm, and increase (deteriorate) by about 1.68 mm. Indi-

vidual improvement in patients with WAD would there-
fore need to exceed the scores of the asymptomatic
group. A patient with WAD and an AA of 2.52 mm
would have to show improvement of 2.52 � 1.47 �
1.05, to reveal a real change, which is a better perfor-
mance than the mean outcome measure for the asymp-
tomatic group (1.78 mm) (Table 2). This example shows
that the clinometric properties of the measurements, de-
scribed by the reliability measures, may differ from what
clinicians judge as minimally and clinically important
changes. Instead of using LOA as a “reference range,”
we suggest that a reference database of normal values for
each age group and gender would be more useful when
assessing improvements in the symptomatic groups. De-
velopment of a normative database for the new Fly
method is already in progress.

The 3 incrementally difficult movement patterns gen-
erated by the new Fly method were significantly different

Asymptomatic Non−Trauma Whiplash

Barplot with SE−bars
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Figure 4. Within and between
group comparison for AA. The
results revealed significant dif-
ferences between all 3 move-
ment patterns within each group
and between each of the 3
groups, respectively.

Table 3. Test-Retest Reliability for Directional Accuracy (%) in Each of the 3 Movement Patterns and Each of the 3
Subject Groups (n � 18 in Each Group)

Test Pattern

Test Session 1, Mean (SD) Test Session 2, Mean (SD) ICC2,1 (95% CI)

Time on
Target Overshoots Undershoots

Time on
Target Overshoots Undershoots

Time on
Target Overshoots Undershoots

Control
Easy 63.3 (12.9) 13.3* (7.4) 23.4 (11.2) 64.9 (13.5) 10.9 (5.9) 24.2 (13.6) 0.62 (0.43 to 0.76) 0.21 (�0.03 to 0.45) 0.56 (0.35 to 0.72)
Medium 54.8 (13.5) 7.9* (5.3) 37.3 (12.6) 54.4 (13.2) 5.7 (4.0) 39.9 (13.4) 0.58 (0.37 to 0.74) 0.32 (0.07 to 0.54) 0.57 (0.36 to 0.73)
Difficult 40.1 (9.3) 12.1* (7.1) 47.8* (11.3) 40.7 (9.5) 8.1 (5.3) 51.2 (10.7) 0.56 (0.35 to 0.72) 0.38 (0.09 to 0.60) 0.50 (0.27 to 0.68)

Nontrauma
Easy 54.7 (19.1) 14.7 (9.2) 30.6 (19.8) 53.9 (17.9) 14.5 (9.5) 31.5 (18.8) 0.78 (0.65 to 0.86) 0.42 (0.17 to 0.62) 0.69 (0.53 to 0.81)
Medium 44.0 (16.1) 8.1 (5.4) 47.9 (16.0) 41.7 (16.4) 7.8 (4.8) 50.5 (16.8) 0.64 (0.45 to 0.77) 0.14 (�0.14 to 0.39) 0.58 (0.38 to 0.73)
Difficult 30.6 (12.9) 11.9* (6.8) 57.4 (14.4) 32.7 (14.2) 9.5 (6.2) 57.8 (16.1) 0.76 (0.61 to 0.85) 0.34 (0.09 to 0.55) 0.68 (0.51 to 0.80)

WAD
Easy 42.7 (20.5) 14.9 (11.5) 42.4 (21.8) 42.1 (20.3) 12.6 (9.7) 45.3 (23.8) 0.72 (0.56 to 0.82) 0.61 (0.41 to 0.75) 0.82 (0.71 to 0.89)
Medium 34.1 (16.5) 9.8* (5.6) 56.1 (17.1) 33.3 (16.9) 7.6 (5.2) 59.1 (18.1) 0.81 (0.70 to 0.89) 0.57 (0.33 to 0.74) 0.79 (0.65 to 0.87)
Difficult 24.4 (12.9) 11.3 (6.5) 64.3 (13.7) 25.7 (16.0) 10.2 (7.5) 64.1 (18.9) 0.74 (0.59 to 0.84) 0.62 (0.42 to 0.76) 0.70 (0.53 to 0.81)

Mean (SD) for test session 1 and 2, and intraclass correlation coefficient (ICC2,1) (95% CI).
*Significant differences by paired t test between test session 1 and test session 2.
SD indicates standard deviation; CI, confidence interval; WAD, whiplash-associated disorders; ICC, intraclass correlation coefficients.
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within and between each of the 3 subjects groups (Fig-
ure 4). The results of this study fulfilled the expected
clinical requirements of the new Fly method that the
group with whiplash would perform significantly worse
than the nontrauma neck pain group. The method can be
used both as an assessment and a treatment method.

The treatment can consequently be started at each
patient’s respective impairment level, enhancing gradual
progression in the treatment for deficits of movement
control in the cervical spine. In motor skill learning it is
important that the level of task difficulty is adjustable to
the individual patient’s skill level, to ensure that the ex-
ercise is neither too difficult nor too trivial to perform.
This aspect has been highlighted in the challenge point
framework theory.22 The optimal challenge point repre-
sents the degree of task difficulty needed for an individual
of a specific skill level to optimize learning. By adjusting
the task difficulty to the change in ability, the optimal
challenge point is maintained.22 This can be accomplished
by moving on to the next difficulty level in the new Fly
method (Supplemental Digital Content 1, Video, online
only, available at: http://links.lww.com/BRS/A476, which
demonstrates both the assessment and the treatment part of
the Fly method in a clinical setting).

We hypothesize that the differences between the
symptomatic groups may reflect sudden versus gradual
onset. Higher scores in the WAD group may be due to
direct damage to the mechanoreceptors and their axons,
because they have lower tensile strength than the sur-
rounding collagen fibers.23 Therefore, this may lead to
effects similar to those of “deafferentation,” which
causes diminished accuracy and adaptability when com-
plex tasks (reflected by the incremental movement pat-
terns in this study) are tested.24 Muscle fatigue may be
the cardinal sign in the nontrauma group25 and may be

caused by the Cinderella syndrome, which has been well
described elsewhere.26 Arthrogenic pain inhibition may
be more prominent in the WAD group.27,28 Thus, higher
test scores and variability for the WAD group compared
with the nontrauma group in the new Fly test (Tables 2
and 3) and the NDI (Table 1) may be inherent in the new
test patterns and the onset or etiology of the symptoms.
Moreover, no relationship was revealed between the test
results, on the one hand, and pain, disability or fear of
movement, on the other, which strengthens the test re-
sults obtained in this study.

Key Points

● The new Fly method provides reliable and valid
measures for movement control of the cervical
spine and can be used both as an assessment and
treatment method, ensuring gradual progression
in the treatment for deficits of movement control
in patients with neck pain.

● Three incrementally difficult movement patterns
(easy, medium, and difficult), each of which was
repeated 3 times in random order, were tested on
2 occasions 1 week apart. An asymptomatic
group, a nontrauma group, and a group with
WAD, Grade II, participated.

● The method revealed significant differences be-
tween patterns within each group and between
groups respectively for the 2 outcome variables,
AA and DA.

● Higher means and wider LOA across patterns
and subject groups are reasoned to be inherent in
the new Fly method and the subject groups
tested. The wide LOA supports the development
of a normative database for reference when as-
sessing improvement in deficits of movement
control in the cervical spine in patients with neck
pain.

Supplemental digital content is available for this article.
Direct URL citations appear in the printed text and are
provided in the HTML and PDF versions of this article
on the journal’s Web site (www.spinejournal.com).
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a b s t r a c t

In this study, the first normative database of movement control in the cervical spine has been estab-
lished. For this purpose the Fly Test was used, which is a reliable and valid clinical test capable of
detecting deficient movement control of the cervical spine in patients with neck pain and its associated
disorders. One hundred and eighty-two asymptomatic persons, eighty-three men and ninety-nine
women, aged 16e74 years, divided into six age groups, were recruited. The Fly Test, using a 3-space
Fastrak device, recorded the accuracy of cervical spine movements when tracking three incrementally
difficult movement patterns. Amplitude accuracy (AA), directional accuracy (DA), and jerk index (JI) were
compared across patterns and age groups. A multivariate analysis of variance revealed a significant effect
for age (p < 0.001) but not gender (p > 0.05). Lower accuracy for AA and DA in all three movement
patterns was observed in the groups of subjects aged 55e64 and 65e74 years, and also for JI in the easy
and medium patterns. Knowledge of normative values for the Fly Test is important and useful in iden-
tifying impaired movement control and monitoring the effectiveness of treatment interventions in
patients with neck pain of traumatic and non-traumatic origin.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

No database of reference normal values exists for movement
control of the cervical spine. The Fly Test is a clinical test designed
to detect impaired neck proprioception while subjects are moving
their head and neck (Kristjansson et al., 2004). Recently the Fly Test
was developed further and was found to be both a reliable and
a valid test for detecting deficient movement control of the cervical
spine (Kristjansson and Oddsdottir, 2010). The test has been carried
out on patients with traumatic and non-traumatic neck pain, as
well as asymptomatic persons (Kristjansson and Oddsdottir, 2010).
The Fly Test addresses an important proprioceptive function, which
is the regulation of movements, i.e. the detection and correction of
errors through feedback and reflex mechanisms, while performing
active movements (Gandevia and Burke, 1992; Prochazka, 1996;
Kristjansson and Oddsdottir, 2010). There are three outcome
measures in the Fly Test, amplitude accuracy (AA) and directional
accuracy (DA), which have been found to be reliable and valid

measures, as well as smoothness of movement indicated by jerk
index (JI), which has not been validated yet. These variables
represent three different but interrelated aspects of movement
control (Woodworth, 1899; Taylor and McCloskey, 1988; Gandevia
and Burke, 1992; Gandevia et al., 1992; Elliott et al., 2001).

In the reliability testing of the Fly Test, progressively wider
limits of agreement (LOA) were observed across the study groups;
control e non-trauma neck pain e whiplash-associated disorders
(WAD) (Kristjansson and Oddsdottir, 2010). In order to detect
clinically important changes between two measurements, for
example as a result of treatment intervention, LOA with 95%
confidence interval can be used as a reference range (Lexell and
Downham, 2005). According to the wide LOA in the WAD group,
it became clear that to be capable of detecting a real change in
performance on the test, individual improvement would have to
exceed the scores of the asymptomatic group (Kristjansson and
Oddsdottir, 2010). Unpublished data indicates that intervention
by the Fly exercise program narrows LOA in the WAD group.
However, instead of using LOA as a reference range, a reference
normal of asymptomatic persons, classified according to age and
gender, was suggested to be more useful when assessing
improvements in the symptomatic groups. In a one year prospec-
tive study, the Fly Test revealed for the first time diverging courses

* Corresponding author. Skildinganes 12, IS-101 Reykjavik, Iceland. Tel.: þ354
899 6406; fax: þ354 564 1799.
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of impaired cervical movement control, in persons involved in
motor vehicle collisions (Oddsdottir and Kristjansson, 2012). Half of
the participants who depicted the worst results at the start of the
study improved their movement control gradually over the one-
year period, whereas the opposite was true for the other half of
the participants (Oddsdottir and Kristjansson, 2012). Therefore it is
important in practice to have reference normal values, which the
two divergent courses of movement control in the cervical spine
can be measured against.

The main purpose of this paper is to publish a normative data-
base of movement control of the cervical spine, measured by the Fly
Test, and tomake the database available to interested clinicians and
researchers.

2. Methods

2.1. Participants

The participants in the studywere 182 asymptomatic individuals,
83 men and 99 women; the age range was 16e74 years. The mean
height was 175 cm (�8.2), mean weight was 76.6 kg (�14.8) and
mean body mass index (BMI) was 24.9 (�4.0). To be included the
participants should not have had symptoms from the head, neck or
shoulder area forat least oneyearbefore testing, a score below tenon
the Neck Disability Index (NDI) (Vernon andMior, 1991) and no pain
on a Visual Analogue Scale (VAS). The participantswere divided into
six age groups (16e24, 25e34, 35e44, 45e54, 55e64, and 65e74
years) (Table 1). Recruitment for the study was performed by con-
tacting various schools and companies in the Reykjavik municipal
area and asking for volunteers. Individualswere excluded if they had
a history ofmusculoskeletal pain or injury to the neck during the last
year, symptomsofdizzinessorvisualdisturbances. Systemicdiseases
or psychological disorders of any kind excluded participation. All
participants completed questionnaires recording demographic data
and general health. Informed consent was obtained from the
participants after ethical clearance from the National Bioethics
Committee.

2.2. Measurements

Neck movement was recorded using a 3-space Fastrak system
and the Fly Test, which is a custom-made software program. Fig. 1
shows the experimental set-up. Further detailed description of the
experiment can be found in previously published papers by
Kristjansson et al. (2004) and Kristjansson and Oddsdottir (2010).
Data collection was carried out in a variety of community locations
(e.g. schools, offices, companies etc.); a portable system linked to
a laptop computer was utilized.

Two cursors, one blue and one black, were seen on a computer
screen. The blue cursor (derived from the Fastrak system) indicated
movements of the head. The black cursor (derived from the Fly
software program) traced the movement patterns represented by

x(t) and y(t) in a coordinate system on the computer screen. Only
the cursors were visible on the computer screen, not their trajec-
tories, which made prediction of movements difficult. A software
program was used to format and process the data for analysis. The
participants were asked to use the cursor, derived from the sensors
on the head to follow as accurately as possible the cursor of the Fly.
The duration time is fixed, but the velocity of the Fly (target) varies
between movement patterns as well as the path curvature within
each pattern, so that the Fly moves faster on straight segments and
slower in bends. Three different movement patterns of varying
difficulty were used for the test procedure (Fig. 2): easy, medium,
and difficult. The outcomemeasures were amplitude accuracy (AA),
directional accuracy (DA) and jerk index (JI). AA was recorded by
continuously calculating the absolute distance (radius) in milli-
metres between the two cursors during the test sequence. The
criterion used was error magnitude (test accuracy). The absolute
value (unsigned) was calculated in pixels and converted into mil-
limetres by multiplying by .36 (1 pixel ¼ .36 mm in this test). For
DA, an invisible free zone was created surrounding and moving
with the target (the Fly). During a trial, the percentage of the total
time spent within, ahead of, and behind the free zone represented
DA’s time on target, overshoots and undershoots, respectively. The
shape and size of the free zone was determined by plotting the
coordinates (x,y) of ten healthy individuals and this determined
a zone representing the difference between the actual points and
the pre-defined points. By using vectors (At(Pt � Qt)), a scatter plot
was obtained which was distributed around the centre of the
coordinate system. The circle around the centrewas divided into 24
equally large sectors. Then for each of the 24 sectors, quartiles were

Table 1
Number of participants in each age group.

Age-group Gender Total

Male Female

16e24 13 26 39
25e34 26 23 49
35e44 15 24 39
45e54 10 19 29
55e64 5 7 12
65e74 14 0 14
Total 83 99 182

Fig. 1. Experimental set-up. The placement of the 2 sensors was on the forehead and
the back of the head. The participants were seated in front of a computer screen and
were asked to find their natural head posture facing forward. The distance from the
participants’ earlobe to the computer monitor was 100 cm.

Fig. 2. From left to right: easy, medium and difficult movement patterns traced by the
Fly, which the participants were required to follow by moving their head and neck. The
duration of the patterns was 25, 40 and 50 s, respectively.
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found and standard deviations of the distance from the centre were
measured. In this study, the size of the free zone was decided to be
two standard deviations from the centre (Kristjansson and
Oddsdottir, 2010).

Jerk, smoothness or ease of movement, was calculated and
represented by an index normalized by the smoothness of the path
of the Fly itself (JI). This was done by calculating the third derivative
of the two-dimensional position data x(t) and y(t) and integrating
the quadratic sum over time, using the equation based on theworks
of Teulings et al. (1997):

J ¼
Z " 

d3x
dt3

!2

þ

 
d3y
dt3

!2#

dt

The integral was evaluated for both the path that the Fly
covered, JFly and the path created by the patient, Jp. The normalized
jerk value was calculated using the relation:

Jnorm ¼
Jp
JFly

This ensured that geometrical and temporal features of various
curves of the Fly did not influence the jerk value.

2.3. Procedure

The participants were provided with written and verbal infor-
mation about the test procedure and demographic data were
recorded. The intention and nature of the task required of the
participants was explained. To familiarize them with the task, all
participants executed one movement pattern twice. This pattern
was not used for measurements. The participants were then
required to repeat each of the three movement patterns three
times, with a 10 s interval between each trial. The test was per-
formed in random order across patterns and trials. The participants
had no knowledge about the different difficulty grades of the
patterns. The same examiner performed all measurements.

2.4. Data analysis

Number and means with standard deviation (SD) were used for
description of data. Analysis of variance (ANOVA) with repeated
measures was used for comparison of the dependent variable,

patterns. The multivariate General Linear Model with post hoc
analysis was used to determine the significance of difference in AA,
DA and JI respectively, for the main factors age and sex. Pearson
correlation analysis was used to ascertain the association between
the test results versus the weight, height and BMI. The absolute
error in millimetres was used to indicate AA. DA or time on target,
overshoots versus undershoots, were each indicated as the
percentage of the total time used to perform the trial. Finally, the
normalized jerk, JI valuewas calculated. Themean of three trials for
each movement pattern was calculated for each subject for the
three dependent variables. Analysis was performed with the
procedures implemented by the SPSS 18.0. The significance level
was set at p < 0.05.

3. Results

The multivariate analysis of variance indicated a statistically
significant effect for age (p < 0.001), but not for gender (p > 0.05).
Therefore normative data were only distributed according to age.
The oldest age group (65e74) had the highest AA test results for all
three movement patterns, indicating less amplitude accuracy,
which was significantly less accurate than for each of the other age
groups (Table 2). For DA (time on target, overshoots and under-
shoots) the oldest age group (65e74) showed significantly
less directional accuracy than most other age groups, except for the
55e64 age group, where the difference was not significant
(Tables 3e5). Slightly higher JI was observed with increasing age,
but overall the JI test results did not differ significantly with age
(Table 6), except in some cases in the easy and/or medium patterns;
the 45e54 and 55e64 age groups had significantly higher JI than
each of the younger age groups in the easy and medium patterns.
The test results (AA, DA and JI) did not correlatewith weight, height
or BMI (r < .08).

4. Discussion

The study focused on the construction of a new database of
reference normal for movement control in the cervical spine. The
Fly Test is useful in discriminating patients with WAD from those
with non-trauma neck pain, as well as asymptomatic persons
(Kristjansson and Oddsdottir, 2010). The main purpose of
publishing such data is to provide clinicians with a reference to use

Table 2
Normative database for the Fly Test e amplitude accuracy in mm.

Amplitude accuracy Age-group Mean Standard
deviation

95% confidence interval

Lower bound Upper bound

Easy 16e24 2.6 .6 2.4 2.7
25e34 2.2 .6 2.1 2.3
35e44 2.4 .7 2.3 2.6
45e54 2.5 .7 2.4 2.7
55e64 2.5 .4 2.3 2.8
65e74 3.2 1.1 3.0 3.4

Medium 16e24 2.8 .7 2.6 3.0
25e34 2.5 .6 2.4 2.6
35e44 2.7 .8 2.5 2.9
45e54 2.7 .7 2.5 2.9
55e64 2.9 .7 2.7 3.2
65e74 3.9 1.4 3.6 4.1

Difficult 16e24 3.2 .8 3.0 3.4
25e34 2.9 .8 2.8 3.1
35e44 3.0 .9 2.9 3.2
45e54 3.1 .8 2.9 3.3
55e64 3.3 .6 3.0 3.6
65e74 4.3 1.4 4.0 4.6

Table 3
Normative database for the Fly Test e directional accuracy e time on target (%).

Directional accuracy
time on target

Age-group Mean Standard
deviation

95% confidence interval

Lower
bound

Upper
bound

Easy 16e24 39.0 15.6 35.9 42.1
25e34 49.7 19.2 46.9 52.5
35e44 42.6 17.9 39.3 45.4
45e54 40.9 16.9 37.3 44.5
55e64 36.5 11.9 30.9 42.1
65e74 27.7 14.6 22.6 32.9

Medium 16e24 36.6 16.3 33.6 39.6
25e34 44.3 17.4 41.6 47.0
35e44 38.6 17.8 35.6 41.6
45e54 37.5 16.0 34.0 41.0
55e64 28.6 13.3 23.2 34.0
65e74 20.3 13.8 15.3 25.3

Difficult 16e24 28.3 11.9 25.9 30.6
25e34 33.9 14.4 31.8 36.0
35e44 30.8 14.1 28.5 33.2
45e54 29.3 12.1 26.6 32.0
55e64 24.6 9.6 20.4 28.8
65e74 15.9 9.3 12.0 19.8
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for comparison when using the Fly Test. Knowledge of normative
values for the Fly Test is important and useful in identifying and
monitoring symptoms and treatment interventions in patients with
impaired cervical kinaesthetic sensibility of traumatic or non-
traumatic origin.

According to the incidence distribution of WAD, the database
contains a larger group of persons in the younger age groups as
research has consistently found a peak in the younger age groups at
16e24 years (Spitzer et al., 1995; Bring, 1996; Ferrando et al., 1998;
Quinlan et al., 2004) and that younger age was associated with
slightly higher risk of WAD compared with age 55 years and older
(Berglund et al., 2003; Holm et al., 2008). However, larger subject
numbers in the older groups would have increased the veracity of
the findings in these groups. Females tend to have a higher inci-
dence of emergency department-treated neck strain/sprain than
males (Quinlan et al., 2004). The effect of gender as a prognostic or
risk factor of outcome in WAD appears to be modest, although it
seems that females are at slightly greater risk (Carroll et al., 2008;
Holm et al., 2008). In our asymptomatic study group, there was no
effect of gender but the performance in the Fly Test was affected by
age, as worse performance for AA and DA was observed in the

groups of subjects aged 55e64 and 65e74 years. Clinical studies
have demonstrated that older asymptomatic adults exhibit
impaired proprioception; both impaired joint position sense and
difficulty in regulation of body orientation during cervical propri-
oceptive disturbances (Shaffer and Harrison, 2007; Teng et al.,
2007; Patel et al., 2010).

The AA and DA values in the present study were slightly higher
than for the asymptomatic group in our reliability study of the Fly
Test (Kristjansson and Oddsdottir, 2010). This might be due to
a more homogenous group in the reliability study or to the fact that
different settings were used during the measurements for the
database, as a portable system was used in different locations. The
precision and reproducibility of the measurements are critical and
require the full co-operation of the persons being measured, in the
way that they are required to perform at a maximal level. In the
present study, test results were calculated from nine repetitions in
random order across patterns. The results indicated consistency in
performances, as there was no effect of repetitions in AA and DA. In
the current study, the results of the jerk calculations were not
considerably affected by age, although some of the younger age
groups showed significantly lower JI in the easy and medium
patterns than two of the older age groups. Therefore JI would serve
well as a normal reference for the performances in the three
different movement patterns, irrespective of age. Calculation of
movement jerk as an indicator of smoothness, characterizing
coordinated humanmovements, has been assessed in patients with
neck pain of insidious and traumatic origin, and the results have
indicated motor control disturbances (Feipel et al., 1999; Sjölander
et al., 2008).

For measurements to be clinically and scientifically useful they
must be reliable and sufficiently sensitive to detect clinically
important changes after treatment interventions. It became clear in
the reliability testing of the Fly Test, that higher means and wider
LOA across patterns and subject groups might be inherent in the Fly
Test and the subject groups tested (Kristjansson and Oddsdottir,
2010). The wider LOA in the WAD group may parallel the clinical
observation that symptoms in patients with WAD tend to change
more from one day to another, presumably related to a broader
range of signs and symptoms, when compared to patients with
non-traumatic neck pain (Kristjansson and Oddsdottir, 2010). Using
LOA as a reference range to detect changes after treatment inter-
ventions, the difference before and after treatment for a patient

Table 4
Normative database for the Fly Test e directional accuracy e overshoots (%).

Directional accuracy
overshoots

Age-group Mean Standard
deviation

95% confidence interval

Lower bound Upper bound

Easy 16e24 17.2 11.1 15.4 18.9
25e34 15.3 8.1 13.7 16.9
35e44 16.5 10.1 14.8 18.3
45e54 16.1 10.3 14.0 18.1
55e64 13.6 8.0 10.5 16.8
65e74 11.6 9.4 8.6 14.5

Medium 16e24 12.0 7.5 10.9 13.1
25e34 10.0 5.7 9.0 11.0
35e44 10.4 6.3 9.3 11.6
45e54 9.9 6.3 8.7 11.3
55e64 7.4 4.9 5.4 9.5
65e74 7.4 4.5 5.5 9.3

Difficult 16e24 14.2 8.6 12.9 15.5
25e34 13.0 7.3 11.8 14.1
35e44 11.7 6.7 10.4 12.9
45e54 12.0 6.9 10.5 13.5
55e64 7.8 4.2 5.5 10.2
65e74 8.6 5.6 6.5 10.8

Table 5
Normative database for the Fly Test e directional accuracy e undershoots (%).

Directional accuracy
undershoots

Age-group Mean Standard
deviation

95% confidence interval

Lower bound Upper bound

Easy 16e24 43.8 19.6 40.3 47.3
25e34 34.9 19.2 31.8 38.0
35e44 41.1 21.1 37.6 44.6
45e54 43.0 17.4 38.9 47.0
55e64 49.8 15.5 43.5 56.1
65e74 60.7 19.1 54.8 66.5

Medium 16e24 51.4 18.3 48.2 54.6
25e34 45.6 17.3 42.8 48.5
35e44 50.9 19.7 47.7 54.1
45e54 52.5 16.4 48.8 56.2
55e64 63.9 14.2 58.2 69.7
65e74 72.3 14.3 66.9 77.6

Difficult 16e24 57.4 15.9 54.7 60.2
25e34 53.1 16.1 50.7 55.5
35e44 57.4 16.3 54.8 60.2
45e54 58.7 12.7 55.5 61.8
55e64 67.5 11.7 62.6 72.4
65e74 75.4 10.2 70.9 79.9

Table 6
Normative database for the Fly Test e jerk index (normalized values).

Jerk index Age group Mean Standard
deviation

95% confidence interval

Lower bound Upper bound

Easy 16e24 1.7 .2 1.6 1.7
25e34 1.7 .1 1.6 1.7
35e44 1.7 .2 1.6 1.7
45e54 1.8 .2 1.7 1.8
55e64 1.7 .1 1.7 1.8
65e74 1.7 .2 1.6 1.8

Medium 16e24 1.7 .1 1.6 1.7
25e34 1.7 .1 1.6 1.7
35e44 1.7 .1 1.6 1.7
45e54 1.8 .1 1.7 1.8
55e64 1.8 .1 1.7 1.8
65e74 1.8 .2 1.7 1.8

Difficult 16e24 1.4 .1 1.4 1.5
25e34 1.5 .1 1.4 1.5
35e44 1.5 .1 1.3 1.5
45e54 1.5 .1 1.4 1.5
55e64 1.5 .1 1.4 1.5
65e74 1.5 .1 1.4 1.5

Significant differences between patterns; easy andmedium in the age group 25e34;
medium and difficult in all age groups.
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must be outside this reference range, to represent a clinically
important change. It is clear that the smaller the reference range,
the more sensitive the measurements are and that although the
measurements can be highly reliable, the reference range may be
too wide to be clinically or scientifically useful (Lexell and
Downham, 2005). In the case of monitoring treatment progres-
sion inwhiplash patients with deficient cervical movement control,
comparisonwith normal reference values according to relevant age
group in the Fly Test, will be highly beneficial for the clinician.

The main limitation of the study was how few subject were
recruited in the older age groups and therefore the results for those
age groups cannot refer to the general population. The aim is to
enlarge the database for all age groups.

5. Conclusion

A database of movement control in the neck has been con-
structed, measured by the Fly Test, using the Fastrak device. This
database may help in assessing the performance and monitoring
progress of patients with neck pain and its associated disorders, by
providing a baseline data set for movement sense, one aspect of
cervical kinaesthesia.
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a b s t r a c t

A longitudinal study was conducted to observe persons with neck pain after motor vehicle collisions. The
aims were to reveal the prospective development of cervical kinaesthesia and to investigate the asso-
ciation between the test results and self-reported pain and disabilities. Two different cervical kin-
aesthetic tests, the Fly test and the Head-Neck Relocation test, measured movement control and the
relocation accuracy of the cervical spine, respectively. Self-assessment measures included pain intensity
(VAS), neck pain and disability (NDI), fear of re-injury (TAMPA) and psychological distress (GHQ-28).
Seventy-four subjects entered the study, but 47 were eligible, as they participated in all 4 measurements
at 1, 3, 6 and 12 months post-collision. According to the performances on the two kinaesthetic tests, the
subjects could be classified into improvement and non-improvement groups, respectively. The result
revealed, for the first time, two different courses of deficient cervical kinaesthesia. About half of the
participants showed significant deteriorating performances in both kinaesthetic tests throughout the
year (p < 0.002), while the other half improved their performances (p < 0.02). Generally, the relation-
ships between the kinaesthetic tests and the self-assessment scores were not significant, irrespective of
the performances on the two kinaesthetic tests. Accordingly, the results of the questionnaires correlated
poorly or weakly with the kinaesthetic test results at all assessment points. The need for developing
a new questionnaire, capturing the symptoms prevalent in patients with neck pain and cervical senso-
rimotor impairments is urgent. What determines the two different kinaesthetic courses need to be
scrutinised in future research.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The actual course of impaired cervical kinaesthesia, i.e. whether
cervical kinaesthesia is likely to improve, reoccur, persist or worsen,
is still unknown regarding patients with whiplash-associated
disorders (WAD). Several cross-sectional studies have revealed
deficient head-neck relocation accuracy, indicating impaired posi-
tion sense, in patients with WAD compared to asymptomatic
controls (Kristjansson et al., 2003; Treleaven et al., 2003; Sterling
et al., 2003; Feipel et al., 2006). Two cross-sectional studies have
revealed deficient movement control of the cervical spine, indi-
cating impaired movement sense, in patients with WAD compared
to an asymptomatic control group (Kristjansson et al., 2004) as well
as a non-trauma group (Kristjansson and Oddsdottir, 2010).

The aforementioned cross-sectional studies provide a “snap-
shot” in time, as impaired cervical kinaesthesia and prevalent
symptoms from the neck are assessed at the same time. Any such
factor found to be associated with symptoms from the neck at one
point in time could be a precursor (risk factor), a prognostic factor
for failure to recover or a consequence of symptoms from the neck
(Carroll et al., 2008a).

Research on the course of impaired cervical kinaesthesia
requires longitudinal research design, which permits tracking of
study participants over time. We suggested that those who show
impaired cervical kinaesthesia within 1 month and at 3 months
post-collision are at risk of developing persistent cervical kin-
aesthetic deficits, revealed also at 6 months and 12 months post-
collision. Our suggestion was built upon the only published
research in this field, a 3-month follow-up study on motor
dysfunction in WAD (Sterling et al., 2003). The aforementioned
study by Sterling et al. revealed that those with moderate/severe
symptoms according to scores on the Neck Disability Index (NDI)
had deficient head-neck relocation accuracy within 1 month post-

q This study was conducted at LSH University Hospital, Reykjavík, Iceland
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collision which remained unchanged at 3 months post-collision
(Sterling et al., 2003).

The primary aim of this study was to determine the actual
course of impaired cervical kinaesthesia in patients withWAD. Two
distinct clinical tests for cervical kinaesthesia measured movement
control accuracy and relocation accuracy, respectively. The former
test, called the Fly test, replicates that of Kristjansson et al.
(Kristjansson et al., 2004). The latter test, the Head-Neck Relocation
test (HNR test), replicates that of Revel et al. (Revel et al., 1991).

The secondary aim of this study was to investigate the associ-
ation between the test results of cervical kinaesthesia and self-
reported neck pain and disability as well as fear of movement and
general psychological state.

2. Methods

2.1. Study design

A prospective study was conducted to observe persons who had
endured a whiplash injury after motor vehicle collisions (MVCs) at
four successive assessments over a one-year period. The initial
assessment took place 1 month after the MVC and the follow-up
assessments at 3, 6 and 12 months post-collision.

2.2. Subjects

The whiplash subjects were recruited through the Emergency
Department at Landspitali-University Hospital (LUH) in Reykjavik,
Iceland, which maintains a database for people exposed to MVCs.
Both genders between the ages of 18e65 were included in the
study if they met the criteria of WAD I, II or III. WAD IV, multiple
traumas, concussion or head injury from MVC, previous history of
whiplash injury or prior symptoms from the head or neck,
systematic diseases or psychological disorders of any kind excluded
participation. The recruitment took place from December 2006
until September 2009. The subjects were contacted via telephone
from LUH at 3 weeks post-collision. Those reporting neck pain at
that time and fulfilled the inclusion-exclusion criteria were offered
participation 1 week later. Seventy-four subjects entered the study.
The participants were advised to “act as usual” during the study
period. All gave informed consent after ethical clearance from the
National Bioethics Committee.

2.3. The Fly test

The Fly is a clinical test that measures deficits of movement
control in the cervical spine. The method is briefly summarised
here; for details, the reader is referred to Kristjansson et al.
(Kristjansson et al., 2004). The patients were equipped with
tracking sensors (Fastrak, Polhemius, USA) on the head and asked
to track a cursor (a fly) on a computer screen as accurately as
possible. There were two cursors visible on the computer screen;
a blue one (derived from the Fastrak system) indicated movements
of the head, and the other cursor, a black one (derived from the Fly
software program), traced three generated movement patterns
(Fig. 1). Only the cursors were visible on the computer screen, not
their trajectories, whichmakes prediction of movements difficult. A
custom software programwas used to format and process the data
for analysis.

2.4. The Head-Neck Relocation test

The HNR test replicates that of Revel et al. (Revel et al., 1991). It
measures the accuracy of relocation of the head to natural head
posture (NHP). The Fastrak tracking device (Fastrak, Polhemius,

USA) was used, with one sensor placed on the forehead and the
other placed over C7. For details, the reader is referred to Krist-
jansson et al. (Kristjansson et al., 2003), who found this test to be
the most reliable among several tests relocating a set point in range
(Kristjansson et al., 2001).

2.5. Self-assessment

All subjects graded their pain intensity on a 10 cm visual
analogue scale (VAS), anchored by “no pain” and “pain as bad as it
can be”. The subjects also completed the NDI (Vernon and Mior,
1991), measuring activity limitations due to neck pain; TAMPA, an
indicator of fear of movement/re-injury (Kori, 1990); and General
Health questionnaire-28 (GHQ-28), indicating the general psycho-
logical well being (Goldberg, 1978).

2.6. Procedure

The order of the measurements was the same at all 4 successive
assessment points. The subjects first completed the VAS, then NDI,
followed by TAMPA and GHQ-28. Age, gender and claim status were
recorded. The examinerwas blinded to the subjects’ responses on the
questionnaires. The intention and nature of the tasks was explained
and the subjects instructed to assume a comfortable sitting position
facing forward, with relaxed shoulder girdle and hands resting in
their laps. The HNR test was performed first, followed by the Fly test.

In the Fly test, the subjects were asked to use their neck
movements to track as accurately as possible a moving fly (the
target) on the computer screen. To familiarise them with the test
procedure, one movement pattern was performed once and was
not used for the measurements. Threemovement patterns, A, B and
C, were used for measurements. The subjects were required to
repeat each movement pattern three times, with a 10-s interval
between each trial (Fig. 1). The test was performed in random order
across patterns and trials.

In the HNR test, the subjects were blindfolded and the starting
position was sitting with the head in the natural resting posture;
the subjects were asked to remember that position. They were then
asked to turn their head-neck in full active rotation and then return
and verbally indicate, as accurately as possible, when they had
relocated the starting position. This point was recorded by activa-
tion of the electronic marker switch. Three trials of each of the two
movement directions, rotation left and right, were performed.
Between each trial, the subjects’ head positionwas adjusted back to
the original starting position by the examiner, who was guided by
the real-time display on the computer screen.

2.7. Data analysis

In the Fly test, the mean error of the three trials for each
movement pattern was calculated for each individual and repre-
sented the accuracy with which the subjects could follow the Fly.
Since there was no difference between the mean accuracy errors
across patterns, as revealed by paired t-tests (p > 0.05), they were

Fig. 1. The movement patterns A, B and C (from left to right) traced by the Fly, the
duration of each trial was 30, 20 and 40 s, respectively.

G.L. Oddsdottir, E. Kristjansson / Manual Therapy 17 (2012) 60e65 61



Paper III 

109 

  

combined, and the mean error of patterns A, B and C for each
subject was used for analysis (FlyABC).

In the HNR test, the relocation error was calculated by using the
mean of the absolute errors for the three trials of each movement
direction, and these values were used for analysis. Paired t-tests
indicated no difference in relocation errors between movement
directions e rotation left and right (p > 0.05) e so the mean relo-
cation errors of left and right rotationwere used in further analysis.

A repeated measures general linear model (ANOVA) was used to
identify whether the measurements differed over time. The
dependent variables were the mean accuracy errors in the Fly test,
the mean relocation errors in the HNR test and the scores of VAS
and the questionnaires, and a within-subject factor of time (four
levels: 1month, 3, 6 and 12months post-collision). Age, gender and
claim status were used as covariates in this analysis.

Classification into subgroups was based on each subject’s test
results in the first assessment at 1 month versus at 12 months post-
collision, respectively. The subjects were therefore divided into two
subgroups that showed improved performances on the two tests,
Fly-improvement group (Fly-IG) and HNR-improvement group
(HNR-IG), versus two groups that showed deteriorating perfor-
mances, Fly-non-improvement group (Fly-NIG) and HNR-non-
improvement group (HNR-NIG). In order to estimate and adjust
the observed measurements for regression towards the mean
(RTM) effects, analysis of covariance -ANCOVA- was used, and the
coefficient b from the regression analysis is the estimated treat-
ment effect adjusted for RTM (Barnett et al., 2005). The dependent
variables in the ANCOVA were the mean accuracy and relocation
errors in the Fly and HNR tests, respectively, from the 4th
measurement, with the group as a fixed factor and the mean
accuracy/relocation errors from the 1st measurements as cova-
riates. Independent t-test was used to calculate the between-group
differences at each assessment time-point.

Two-way ANOVA with VAS and the questionnaires as covariates
and Pearson’s correlation coefficient were used to ascertain the asso-
ciation between the test results and the scores of VAS and the ques-
tionnaires.Number, subjects,meansandSDswereused fordescription
of data. Analyses were performed with the procedures implemented
by the SPSS 18.0. The significance level was set at p < 0.05.

3. Results

3.1. Subjects

Forty-seven subjects (18 males, 29 females), mean age 35.09
years (�12.02), completed all 4 assessments and were included in

the analysis. The reasons given by the 27 subjects who did not
complete all 4 assessments varied: moving away from Reykjavik
municipal area, not having time to attend, lack of interest. None of
the 47 participants were in the process of closing a compensation
claim during the research period. Demographics of all participants
and the subgroups included are presented in Table 1. Overall, about
half of the participants improved their performances on both
cervical kinaesthetic tests, while the other half showed deterio-
rating performances (Tables 2 and 3).When viewing the test results
of the total subjects (n ¼ 47), there was no significant change in
accuracy error (p > 0.05) on either test over the test period, or any
correlation between the two tests, except weak correlation at 6
months post-collision, (r ¼ .28, p ¼ 0.054).

3.2. The Fly test

Table 2 presents the mean and standard deviation of the accu-
racy error for the combined movement patterns (A, B and C) across
months and the two subgroups with corresponding p values.

At 1 month post-collision, the mean accuracy error in the Fly-IG
was 3.8 mm (�1.6) and was 3.1 (�.7) mm in the Fly-NIG (Table 2
and Fig. 2). This between-group difference at 1 month did not
reach significance (p ¼ 0.056). By 12 months, the performances
were opposite, as the Fly-IG had improved (2.9 mm � .7) and was
significantly better than in the Fly-NIG (3.8 mm � .9) (p ¼ 0.004).
The observed change when adjusted for the effects of RTM indi-
cated that the adjusted difference between the subgroups was
significant (b ¼ �1.15; 95% CI: �1.50, �.79).

There was no effect of age (p ¼ 0.61) or gender (p ¼ 0.83) or
claim status (p ¼ 0.75) on the accuracy error in the Fly test.

3.3. HNR test

Table 3 presents the mean and standard deviation of the
combined relocation error from the rotation left and right in HNR
test.

The between-group difference at 1 month post-collision was
significant, as there was less relocation error in the HNR-NIG (2.3�

�1.2) than in the HNR-IG (3.9� �1.9) (p ¼ 0.002). By the end of the
12th month, the opposite was true, as the performance of the HNR-
NIG (4.1� �2.7) was significantly worse than in the HNR-IG (2.6�

�1.6) (p ¼ 0.019) (Fig. 3). The adjusted difference between the
subgroups was significant (b ¼ �3.16; 95% CI: �4.15, �2.16).

There was no effect of age (p ¼ 0.36), gender (p ¼ 0.51) or claim
status (p ¼ 0.28) on the relocation errors in the HNR test.

Table 1
The demographics and subdivision of the study participants into groups along with claim status.

Total participants
(n ¼ 47)

Fly-IG
(n ¼ 23)

HNR-IG
(n ¼ 25)

Fly-NIG
(n ¼ 24)

HNR-NIG
(n ¼ 22)

Age in years (mean � SD) 35.1 (�12.0) 38.0 (�12.6) 36.2 (�13.7) 32.3 (�10.9) 33.8 (�9.9)
Gender (% female) 61.7 60.9 60.0 62.5 63.3
Claim submitteda 18/47 10/23 10/25 8/24 8/22

No significant between-group differences in gender, age or claim status was revealed.
a Claim status 12 months post MVC.

Table 2
Results of the Fly test showing the mean (�SD) of the accuracy error (mm) for combined movement patterns (A, B and C) at each assessment point over the year.

Subgroup 1 month post MVC mean
(�SD)

3 months post MVC mean
(�SD)

6 months post MVC mean
(�SD)

12 months post MVC mean
(�SD) c

p value

Fly-IG (n ¼ 23) 3.8 (�1.6) 3.7 (�1.1) 3.2 (�.9) 2.9 (�.7) 0.019a

Fly-NIG (n ¼ 24) 3.1 (�.7) 3.2 (�.8) 3.5 (�.9) 3.8 (�.9) 0.001b

a Bonferroni post hoc test revealed significant differences between 1st and 12th month (p < 0.05).
b Bonferroni post hoc test revealed significant differences between 1st and 6th month (p < 0.05), 1st and 12th month (p < 0.05) and 3rd and 12th month (p < 0.05).
c Significant differences between subgroups (p < 0.05). Fly-IG ¼ Fly-improvement group. Fly-NIG ¼ Fly non-improvement group.
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3.4. Self-assessment

The results of each questionnaire across the whole sample and
the four subgroups indicated no clear-cut tendency towards more
or less disability, as no significant results emerged across most
items, except the NDI results (Fig. 4). Two subjects reported no
disability (score < 10) at 1 month, but 14 (30%) at 12 months. Forty
subjects reported mild-to-moderate neck pain and disability (score
10e48) at 1 month, compared to 27 at 12 months. Five subjects
reported severe disability (>48) at 1 month, but 6 subjects at 12
months post-collision.

3.5. Correlation analysis e cervical kinaesthetic tests vs. self-
assessment

Comparison of the correlation between the results of the Fly test
on one hand and the results of VAS and the questionnaires on the
other hand, for the Fly-NIG at the 4 successive assessment points,
are presented in Table 4. The Fly-IG results did not correlate with
the scores of the questionnaires, except with GHQ-28 at 1 month
post-collision (r ¼ .65; p < 0.001). The HNR test results did not
correlate with the scores on the questionnaires at any assessment
point.

4. Discussion

The results of this prospective study revealed two different
courses of deficient cervical kinaesthetic sensibility after MVCs.

About half of all participants who depicted less movement accuracy
and relocation accuracy at 1 month post-collision improved their
performances significantly on the two kinaesthetic tests over the
one-year period. The opposite was true for the other half of the
participants, who depicted significant better performances at 1
month post-collision than at 12 months post-collision. Interest-
ingly, this is in accordance with recent data that indicate that up to
50% of injured people will fail to fully recover after MVCs (Carroll
et al., 2008b).

The crossover in improving versus deteriorating performances
took place at different time points for the two cervical kinaesthetic
tests. In addition, the direction of the two different courses was
more straightforward in the Fly test, whereas the two courses in the
HNR test were more fluctuating (Figs. 2 and 3). It strengthens the
results of this study that the two tests, conceptualised to measure
two different but interrelated aspects of cervical kinaesthesia,
movement sense and position sense, respectively (McCloskey,
1973; Proske, 2006), showed similar divergences at the start and
at the end of the study (Figs. 2 and 3). However, the fact that no
correlation was seen between the two tests and only half of the
participants depicted similar diverging courses on the two tests,
underpin that the two tests represent distinct kinematic variables.
Proprioception is a relatively complex sense that consists of
a number of distinct “percepts”. Proprioceptive percepts are
distinct from one another, presumably because they are derived
from different sensory receptors and different types of central
processing (Cordo et al., 1994, 2000).

Comparison of the results at 12 months in the present study
with a study using the same test and measurement method show

Fig. 2. The means (SE) for the two different performances on the Fly test at 4
successive assessment points over a one-year period. Note: The crossover in perfor-
mances takes place between 3rd and 6th month post-collision. The subgroup differ-
ences at 1 month were not significant (p ¼ 0.056) but significant differences were
revealed at 12 months post-collision (p ¼ 0.004).

Fig. 3. The means (SE) for the two different performances on the HNR test at 4
successive assessment points over a one-year period. The subgroup differences at 1
month and 12 months post-collision were significant (p ¼ 0.001 and p ¼ 0.019
respectively).

Table 3
Results of the Head-Neck Relocation test (HNR-test) showing the mean (�SD) of the relocation errors (in degrees) from rotation left and right combined (absolute mean error)
at each assessment point over the year.

Subgroup 1 month post MVC mean
(�SD) c

3 months post MVC mean
(�SD)

6 months post MVC mean
(�SD)

12 months post MVC mean
(�SD) d

p value

HNR-IG (n ¼ 25) 3.9 (�1.9) 3.5 (�1.3) 3.5 (�1.5) 2.6 (�1.6) 0.001a

HNR-NIG (n ¼ 22) 2.3 (�1.2) 3.4 (�1.7) 2.7 (�1.4) 4.1 (�2.7) 0.002b

a Bonferroni post hoc test revealed significant differences between 3rd an 6th month (p < 0.05).
b Bonferroni post hoc test revealed significant differences between 1st and 3rd month (p < 0.05) and 1st and 12th month (p < 0.05).
c Significant differences between subgroups (p < 0.05).
d Significant differences between subgroups (p < 0.05). HNR-IG ¼ HNR-improvement group. HNR-NIG ¼ HNR-non-improvement group. Note: Twelve participants showed

improved performance on both the Fly and HNR tests and 11 participants showed deteriorating performances on both tests. Only 1 subject showed no change between the first
and last measurements in the Fly test, and was included in the Fly-IG.
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that a similar accuracy error was reported in the Fly test in a small
group of asymptomatic people (n ¼ 10) as in the Fly-IG. In turn,
a chronic whiplash group (n ¼ 10) showed a higher average accu-
racy error (5.4 mm) (Kristjansson et al., 2004) than the Fly-NIG
(3.8 mm) in this study. This may indicate that the plateau has not
been reached in the deteriorating course in the Fly-NIG in the
present study (Fig. 2). A longer follow-up is therefore recom-
mended. There were similar results between the HNR test in the
present study compared to both the HNR-IG and asymptomatic
subjects in other studies (Kristjansson et al., 2001; Sterling et al.,
2003) as well as for the HNR-NIG and test results obtained by the
chronic whiplash population in other studies (Kristjansson et al.,
2003; Treleaven et al., 2003). The greater movement- and reloca-
tion inaccuracies reported in patients with chronic symptoms after
MVCs render it very important to find these patients early on
according to the course set out in this study. The literature is sparse
on when deficient proprioception becomes apparent after injuries
asmost studies are concernedwith proprioception deficits pre- and
post intervention. Some prospective studies on the extremities
have reported deficient proprioception both early (Friden et al.,
1997) and late (Leanderson et al., 1996) after injury but not the
two divergent courses revealed in our study.

Neck pain and its associated disorders after MVCs is resistant to
most conservative interventions, in both the acute (Verhagen et al.,
2007) and chronic stages (Jull et al., 2007; Stewart et al., 2007).
Describing the course of deficient cervical kinaesthesia is an
important step for identifying a possible modifiable prognostic
factor for recovery such that interventions may bemore specifically
directed and potentially avert the course to chronicity. Deficits of
cervical kinaesthesia are a part of a broader entity captured by the
term sensorimotor impairments, which describes all the afferent,
efferent and central integration and processing components
involved in maintaining stability in the postural control system

through intrinsic motor-control properties (Gerritsen et al., 1998).
Interferences to the afferent input from the cervical region in those
with neck pain may be a possible cause of symptoms such as
disturbed head-neck awareness, disturbed neck movement control
and visual disturbances, as well as signs of altered postural stability
including cervicogenic dizziness or unsteadiness. The aforemen-
tioned cervical sensorimotor impairments, which may be present
to a variable extent in each individual patient, are usually subtle
and may not be detected by conventional physical examination
procedures (Kristjansson and Treleaven, 2009). In practice this
means that disturbed neck movement control and disturbed head-
neck awareness has to be continuously monitored as the treatment
addressing these impairments progresses. The Fly test and the HNR
test seem to be appropriate measures to monitor these impair-
ments. The implications of such impairments for the joints in the
extremities have been well described (for review see (Ergen and
Ulkar, 2008)), although such an extrapolation is not straightfor-
ward as the less researched cervical spine, especially the upper
cervical spine, is a very delicate sensory organ due to its direct
neurophysiological connections to vital organs and functions in the
head (McCough et al., 1951; Dutia, 1991; Hülse, 1998; Neuhuber,
1998).

The self-assessment scores decreased in almost all items in all
subgroups, irrespective of the improving or deteriorating perfor-
mances on the two kinaesthetic tests. The only significant changes
over the year occurred in the NDI in the Fly-NIG and HNR-IG (Fig. 4).
The correlation between the test results and the questionnaires
were better in the Fly test, than the HNR test, particularly in the Fly-
NIG, which showed weak to fair correlation (Table 4).

Our study, which is in accordance with many other studies
(Bombardier and Tugwell,1987; Heikkilä and Åström,1996; Rix and
Bagust, 2001; Sterling et al., 2003; Ylinen et al., 2004; Armstrong
et al., 2005; Chiu et al., 2005; Sandlund et al., 2006; Treleaven
et al., 2006; Kristjansson and Oddsdottir, 2010), revealed a weak
or fair relationship between the physical outcome measures under
investigation and questionnaires measuring short- and long-term
impacts of neck pain and disability. This is in line with new
research on the content analysis of ten neck-shoulder pain and
disability questionnaires which ascertained that the correspon-
dence between the symptoms expressed by those affected and the
content of the questionnaires was low (Wiitavaara et al., 2009). It is
therefore urgent to develop questionnaires that are specific to the
conditions they are supposed to capture (Bombardier and Tugwell,
1987; Guyatt et al., 1993; Hoving et al., 2003). We therefore
recommend, a development of a new questionnaire that assesses
the symptoms vocalised in patients with cervical sensorimotor
impairments. This can be accomplished by using the experience of
those people affected, in combination with relevant research into
this field and existing professional knowledge to enhance the val-
idity of such a questionnaire (Wiitavaara et al., 2009).

The next step should be to conduct studies to understand what
determines the course set out in this study, not only for deficits of
cervical kinaesthesia, but also for cervical sensorimotor impair-
ments as a whole. In other words, to determine whether cervical

Table 4
Comparison of Pearson’s Correlation coefficient r (p values) between the results of the Fly test versus VAS and the questionnaires at each assessment point in the Fly-NIG
(n ¼ 24).

Correlation between 1 month post MVC 3 months post MVC 6 months post MVC 12 months post MVC

Fly-NIG vs. VAS .38 (p ¼ 0.06) .59 * .67 * .56 *

Fly-NIG vs. NDI .65 * .60 * .72 * .59 *

Fly-NIG vs. Tampa .11 (p ¼ 0.60) -.06 (p ¼ 0.77) .30 (p ¼ 0.14) .06 (p ¼ 0.76)
Fly-NIG vs. GHQ-28 .62 * .42 * .37 (p ¼ 0.07) .63 *

* Significant correlation, p < 0.05. Fly-NIG ¼ Fly non-improvement group; VAS ¼ Visual Analogue Scale for pain; NDI ¼ Neck Disability Index; Tampa ¼ Tampa Scale of
Kinesiophobia; GHQ-28 ¼ General Health Questionnaire-28.

Fig. 4. The means (�SD) on the scores of the NDI at 4 successive assessment points for
the 4 subgroups and the total participants. Significant differences were revealed in the
HNR-IG and the Fly-NIG (p ¼ 0.017 and p ¼ 0.026, respectively) over the one-year
period, no between-group differences were revealed.
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sensorimotor impairments are important prognostic factors for
persistent or recurrent symptoms from the neck.

5. Conclusion

This study identified, for the first time, two different courses of
deficient cervical kinaesthesia in symptomatic people after MVCs.
Significantly diverging results were depicted at 1 month versus at
12 months post-collision in both tests. Those who depicted worse
results at the start improved their performances significantly
during the one-year course, whereas the opposite was true for
those who depicted better results at the start. The study revealed
a fair, weak or no relationship between the results of the kin-
aesthetic tests and the self-assessment measures. The need for
developing a new questionnaire that captures the symptoms
prevalent in patients with neck pain and sensorimotor impair-
ments is urgent.
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ABSTRACT: 
Study design: Controlled laboratory study using a cross-sectional design. 

Objectives: To investigate whether the Fly Test can be used to differentiate patients with 

whiplash-associated disorders (WAD) from asymptomatic persons who deliberately feign 

symptoms and from WAD patients who exaggerate symptoms. 

Background: The lack of a valid clinical test makes it difficult to detect a justifiable cause for 

compensation claims in traumatic neck-pain disorders. 

Methods: The Fly Test recorded the accuracy of cervical spine movements in patients with 

WAD (n=34) and asymptomatic persons (n=31). The participants followed a moving "Fly" on a 

computer screen with a cursor from sensors mounted on the head. Two conditions were 

tested, sincere versus feigned efforts. In the former, the participants moved their neck as 

accurately as possible. In the latter, a short text was presented describing a fictitious accident 

(asymptomatic group) or imagining more intense pain/suffering (WAD group), and the test 

was performed as affected by these more serious conditions. Amplitude accuracy (AA), time-

on-target (ToT), and jerk index (JI) were compared across patterns, conditions, and groups. 

Results: The sincere effort in the WAD group was significant compared to the feigned effort 

of the asymptomatic group (P<0.001). For AA, correct categorization of 81.5% of the 

performances was made, where a mean score above 5.5 mm differentiated feigned versus 

sincere efforts in asymptomatic and WAD groups respectively (sensitivity 79.4%, specificity 

67.7%). For ToT, a score above 11% indicated correctly categorized WAD patients, 

(sensitivity 82.4%, specificity 64.5%). 

Conclusion: The Fly Test can provide clinicians a clue when patients are feigning or 

exaggerating symptoms. 

 
 

Key words: whiplash claims, fraud, classification, movement control, cervical spine  
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INTRODUCTION  

 Insurance fraud related to whiplash injuries is a widespread problem 

worldwide (Coalition Against Insurance Fraud, 2014; Insurance Bureau of Canada, 

2014; Insurance Fraud Bureau UK, 2014). It has been stated that whiplash injury is 

easy to fake and difficult to disprove, leading to a high proportion of fraudulent claims 

(Association of British Insurers, 2012). According to the Association of British 

Insurers (ABI), fraudulent claims are thought to be a major contributor towards the 

increased premiums of 40% for average auto insurance in the UK from 2010 to 2011. 

ABI believes that about 133,000 false claims were made in the UK over the course of 

2010. Three-quarters of personal injury claims in UK are for whiplash, where insurers 

pay out over £2.2 billion a year in claims for whiplash (Association of British Insurers, 

2012, 2013; Tackling whiplash: Prevention, care, compensation., 2008), adding an 

extra £90 to the average annual auto insurance premium (Association of British 

Insurers, 2013). The increase in whiplash claims in the UK by a third over the past 

three years occurs against a 20% fall in the reported number of traffic accidents to 

the police between 2006 and 2011 (Association of British Insurers, 2012, 2013). This 

underpins the proposition that some who have been exposed to motor vehicle 

collision (MVC) may deliberately be faking symptoms or insincerely be attributing 

some of their complaints to such an event (Ferrari & Russel, 1999). Fraudulent 

whiplash claims based on staged accidents are estimated to cost the UK insurance 

industry between £75–110 million every year, representing 5% of all whiplash claims 

(Tackling whiplash: Prevention, care, compensation., 2008).  

 Genuine patients with whiplash-associated disorders (WAD) who are still 

symptomatic despite numerous physical treatments and medical care take the 

natural course of action of seeking compensation for their chronic symptoms. Not 

surprisingly, patients with chronic WAD have a poor reputation due to these 

compensation claims, especially as no demonstrable patho-anatomical signs can 

usually be detected to justify them (Kristjansson, 2004). The inability of the 

healthcare system to detect a justifiable cause for the complaints to make a 

compensation claim is therefore very unsatisfactory for genuine patients, the 

healthcare system, and the third-party payers (Kristjansson, 2004). The nature of the 

relationship between compensation-related factors and health is unclear (Spearing & 

Connelly, 2011), and the association with persistent symptoms after whiplash are 

often interpreted as evidence that compensation affects health (Spearing & Connelly, 

2011). Although fraud may exist, clinical research suggests that up to 50% of 

patients will never fully recover from a whiplash injury following an MVC (Carroll et 

al., 2008), making it difficult to readily refute that a real injury has occurred.  

 Despite several attempts to differentiate feigned performances in WAD from 

genuine ones on diverse physical tests (Baydal-Bertomeu et al., 2011; Dvir et al., 

2004; Dvir et al., 2001; Prushansky, 2006; Vernon et al., 2010) no such test has yet 

been optimized. The Fly Test is a new clinical method that assesses the deficits of 

movement control in the cervical spine in real time and has been found to be both 

reliable and valid (Kristjansson & Oddsdottir, 2010). The Fly Test has been carried 

out on patients with traumatic and non-traumatic neck pain, as well as on 

asymptomatic persons (Kristjansson & Oddsdottir, 2010), where its capability to 

discriminate significantly between the 3 subject groups was revealed. The Fly Test 

addresses regulation of movement through feedback and reflex mechanisms, i.e., 

the detection and correction of errors, while performing active movements (Gandevia 

& Burke, 1992; Kristjansson & Oddsdottir, 2010; Prochazka, 1996). Several studies 

have revealed impaired cervical kinesthesia in patients with WAD (Feipel et al., 2006; 

Kristjansson et al., 2003; Kristjansson et al., 2004; Sterling et al., 2003a; Treleaven 

et al., 2003) and suggested that this impairment may be one of the factors related to 
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the chronicity of whiplash symptoms (Kristjansson & Treleaven, 2009). The present 

study was undertaken to further the development of the Fly Test (Kristjansson & 

Oddsdottir, 2010) by introducing jerk as the third outcome measure. The Fly Test’s 

three outcome measures – amplitude accuracy (AA), time on target (ToT) and jerk 

index (JI) – were used to differentiate sincere versus feigned performances among 

patients with chronic WAD and asymptomatic persons. A case-control study was 

conducted. The aims of the study were twofold: primarily to determine if the Fly Test 

is useful in differentiating genuine patients with WAD from asymptomatic persons 

acting as if they were injured and, secondarily, from those patients with WAD who 

exaggerate their symptoms and thereafter to ascertain the capability of the Fly Test 

to discriminate between the sincere performances of the two groups of participants, 

chronic WAD and asymptomatic persons. The hypothesis was that one or all three 

outcome measures of the Fly Test would be capable of discriminating genuine 

patients with WAD from those who are not. 

METHODS 

Participants 

 The demographics of the 65 participants recruited for the study are shown in 

table 1. They were divided into asymptomatic (n=31) and WAD (n=34) groups. 

Samples of convenience were used. The asymptomatic participants were recruited 

from staff in government agencies, diverse local businesses, and students from 

public schools. A history of musculoskeletal pain or injury in the neck excluded 

participation in the asymptomatic group. Patients with persistent WAD grade II were 

recruited through contacts with physiotherapists who are specialists in Manual 

Therapy (MT) in the Reykjavik municipal area, who were fully convinced that the 

patients recruited were genuine patients. Physicians, who diagnosed these patients 

with whiplash-associated disorders, had referred them to the specialists in MT for 

assessment and treatment. Only genuine patients, where the subjective complaints 
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the chronicity of whiplash symptoms (Kristjansson & Treleaven, 2009). The present 

study was undertaken to further the development of the Fly Test (Kristjansson & 

Oddsdottir, 2010) by introducing jerk as the third outcome measure. The Fly Test’s 

three outcome measures – amplitude accuracy (AA), time on target (ToT) and jerk 

index (JI) – were used to differentiate sincere versus feigned performances among 

patients with chronic WAD and asymptomatic persons. A case-control study was 

conducted. The aims of the study were twofold: primarily to determine if the Fly Test 

is useful in differentiating genuine patients with WAD from asymptomatic persons 

acting as if they were injured and, secondarily, from those patients with WAD who 

exaggerate their symptoms and thereafter to ascertain the capability of the Fly Test 

to discriminate between the sincere performances of the two groups of participants, 

chronic WAD and asymptomatic persons. The hypothesis was that one or all three 

outcome measures of the Fly Test would be capable of discriminating genuine 

patients with WAD from those who are not. 

METHODS 

Participants 

 The demographics of the 65 participants recruited for the study are shown in 

table 1. They were divided into asymptomatic (n=31) and WAD (n=34) groups. 

Samples of convenience were used. The asymptomatic participants were recruited 

from staff in government agencies, diverse local businesses, and students from 

public schools. A history of musculoskeletal pain or injury in the neck excluded 

participation in the asymptomatic group. Patients with persistent WAD grade II were 

recruited through contacts with physiotherapists who are specialists in Manual 

Therapy (MT) in the Reykjavik municipal area, who were fully convinced that the 

patients recruited were genuine patients. Physicians, who diagnosed these patients 

with whiplash-associated disorders, had referred them to the specialists in MT for 

assessment and treatment. Only genuine patients, where the subjective complaints 

and results of the physical examination and impairment tests made up a clear clinical 

picture of each patient’s condition, were recruited into this study.	  To be included, the 

WAD group had to have had a history of symptoms from the head or neck after 1 or 

more MVCs for more than 6 months and pain intensity scoring ≥4 on a visual 

analogue scale (VAS) during the last week. Individuals were excluded from the WAD 

group if their symptoms corresponded to grades I, III, and IV, as classified by the 

Québec Task Force on WAD (Spitzer et al., 1995). Systemic diseases or prior 

psychiatric diagnosis of any kind excluded participation. All participants completed 

questionnaires recording demographic data and general health. The WAD group also 

completed the Whiplash Disability Questionnaire (WDQ) (Pinfold et al., 2004), the 

Tampa Scale for Kinesiophobia (Kori, 1990), and graded their minimum and 

maximum pain on a VAS scale. All participants gave their informed consent. The 

National Bioethics Committee approved the study.   

INSERT TABLE 1 

Measurements 

 Movement control of the cervical spine was recorded using a 3-Space 

Fastrak system and the Fly Test, which is a custom-made software program. Figure 

1 shows the experimental setup.  

INSERT FIGURE 1 

Further detailed description of the experiment can be found in previously published 

papers by Kristjansson et al. (Kristjansson et al., 2004) and Kristjansson and 

Oddsdottir (Kristjansson & Oddsdottir, 2010). 

Two cursors, 1 blue and 1 black, were seen on a computer screen. The blue 

cursor (derived from the Fastrak system) indicated movements of the head-neck. 

The black cursor (derived from the Fly software program) traced the movement 

patterns represented by x(t) and y(t) in a coordinate system on the computer screen. 

Only the cursors were visible on the computer screen, not their trajectories, which 
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made prediction of movements difficult. A software program was used to format and 

process the data for analysis. The participants were asked to use the blue cursor, 

derived from the sensors on the head, to follow as accurately as possible the black 

cursor of the Fly. The duration time was fixed, but the velocity of the Fly (target) 

varied between movement patterns, as did the path curvature within each pattern, so 

that the Fly moved faster on straight segments and slower in bends. Three different 

movement patterns of varying difficulty – easy, medium, and difficult – were created 

for the test procedure (figure 2).  

INSERT FIGURE 2 

The outcome measures were amplitude accuracy (AA), time on target (ToT), 

and jerk index (JI). AA was recorded by continuously calculating the absolute 

distance (radius) in millimeters between the two cursors during the test sequence. 

The criterion used was error magnitude (test accuracy). The absolute value 

(unsigned) was calculated in pixels and converted into millimeters by multiplying by 

0.36 (1 pixel = 0.36 mm in this test). For ToT, an invisible free zone was created 

surrounding and moving with the target (the Fly). During a trial, the percentage of 

total time spent within the free zone was calculated and represented ToT. The shape 

and size of the free zone was determined by plotting the coordinates (x, y) of 10 

healthy individuals, and this determined a zone representing the difference between 

the actual points and the predefined points. By using vectors (At(Pt – Qt)), a scatter 

plot was obtained which was distributed around the center of the coordinate system. 

The circle around the center was divided into 24 equally large sectors. Then, for each 

of the 24 sectors, quartiles were found and standard deviations (SDs) of the distance 

from the center were measured. The size of the free zone was set at 2 SDs from the 

center (Kristjansson & Oddsdottir, 2010). Jerk, i.e., smoothness of movement, was 

calculated and represented by an index normalized by the smoothness of the path of 

the Fly itself (JI). This was done by calculating the third derivative of the two-

dimensional position data x(t) and y(t) and integrate the quadratic sum over time, 
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total time spent within the free zone was calculated and represented ToT. The shape 

and size of the free zone was determined by plotting the coordinates (x, y) of 10 

healthy individuals, and this determined a zone representing the difference between 

the actual points and the predefined points. By using vectors (At(Pt – Qt)), a scatter 

plot was obtained which was distributed around the center of the coordinate system. 

The circle around the center was divided into 24 equally large sectors. Then, for each 

of the 24 sectors, quartiles were found and standard deviations (SDs) of the distance 

from the center were measured. The size of the free zone was set at 2 SDs from the 

center (Kristjansson & Oddsdottir, 2010). Jerk, i.e., smoothness of movement, was 

calculated and represented by an index normalized by the smoothness of the path of 

the Fly itself (JI). This was done by calculating the third derivative of the two-

dimensional position data x(t) and y(t) and integrate the quadratic sum over time, 

using the equation based on the works of Teulings et al. (Teulings et al., 1997). The 

integral was evaluated for both the path that the Fly covered and the path created by 

the patient. The normalized jerk value, JI, was calculated using the relation 
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This ensured that geometrical and temporal features of various curves of the Fly did 

not influence the jerk value. Due to the unstable behavior of numerical differentiation, 

the x(t) and y(t) curves of both the path of the Fly and the path created by the subject 

were filtered using a fourth-order Butterworth low-pass filter with a cut-off frequency 

of 4Hz. Secondly, the curves were interpolated using spline filter and resampled at 

50Hz, creating equal time steps between the points, making the numerical 

differentiation less susceptible to errors. The quadratic sums of the third derivative 

were calculated, and the highest 5% of the values were excluded to prevent bias due 

to numerical errors.  

Procedure 

 The participants were provided with information about the test procedure. 

Demographic data were recorded, and the WAD group completed the 

questionnaires. The intention and nature of the task required of the participants was 

explained, i.e., to use their neck movements to track as accurately as possible a 

moving Fly (the target) on the computer screen. To become familiarized with the 

task, they executed one movement pattern twice (a test pattern), and this pattern 

was not used for measurements. The participants were then required to repeat each 

of the 3 movement patterns 3 times, with a 10-second interval between each trial. 

The test was performed in random order across patterns and trials. The participants 

had no knowledge about the different difficulty grades of the patterns.  
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Two conditions were tested using the Fly Test, sincere versus feigned efforts. 

In the former, the participants were instructed to use their head/neck movements to 

track the moving Fly as accurately as possible (sincere effort). In the latter, a short 

vignette was presented describing a fictitious accident (asymptomatic group) or 

imagining more intense pain/suffering (WAD group) (feigned effort), and the test was 

performed as affected by these more serious conditions. A break of 10 minutes 

between the two conditions was included. The protocol resembles the one used by 

Dvir et al. (Dvir et al., 2001) and included reading two different paragraphs for the 

study groups. The following paragraph was read to the asymptomatic participants:  

 “Imagine that 1 year ago, you were involved in a motor vehicle collision. As a 

 result, you have suffered from various symptoms such as headache and 

 neck pain. Today, although symptom free, you claim damages in your neck 

 after this car collision. In the next set of measurements, try to convince me 

 that your claim is well founded and that you still suffer from these symptoms.”  

The following paragraph was read to the WAD group:  

 “Imagine that you are suffering from pain which is much more intense than 

 what you are actually experiencing now. Perform the test again as if under 

 higher level of pain.”  

No instructions regarding the strategy or style of performance were given. The same 

protocol was then followed.  

Data Analysis 

 The absolute error in millimeters ±SD was used to indicate AA. ToT was 

indicated as the percentage of the total time used to perform the trial. Finally, the 

normalized jerk (JI) was calculated. Means of 3 trials for each movement pattern 

were calculated for each subject for all dependent variables and used in the analysis. 

Analysis of variance (ANOVA) with repeated measures was used for comparison 

between the 3 independent variables; patterns, levels of effort (sincere and feigned), 

and groups. The model used to describe the data includes the main effects for the 

pattern and group. Age, gender and claim status were used as covariates in a two-

way ANOVA with AA, ToT, and JI, each as a dependent variable, and type of effort 

as a between-subject factor. Discriminant analysis was undertaken to determine 

whether the WAD group’s sincere and the asymptomatic group’s feigned level of 

effort, on one hand, and the WAD group’s sincere and feigned effort, on the other 

hand, could be categorized on the basis of each of the 3 outcome measures. 

Stepwise discriminant analysis was used, with the level of effort as the two 

dependent variables and the score from the three outcome measures as the 

independent variables. The significance level for all tests was set at 0.05.   

 Pearson’s correlation was used to ascertain the association between the test 

results versus the scores of VAS and the questionnaires. SPSS Version 18 (SPSS 

Inc., Chicago, IL) was used for statistical analysis.  

 
RESULTS 
 
 Subject characteristics, pain intensity, and questionnaire scores are shown in 

table 1. The scores of the questionnaires represent the self-report on the day the 

measurements took place. The VAS indicates maximum and minimum pain intensity 

during the past seven days. The claim status did not affect the WAD group’s 

performances.  

 

Sincere effort in the WAD group versus feigned effort in the Asymptomatic 

group 

Amplitude accuracy  

 The test results are demonstrated in figure 3. The WAD group’s sincere effort 

compared to the feigned effort of the asymptomatic group revealed significant 

differences (F1,581 = 203.390, P<0.01). There was a significant effect for gender (F1,581 

= 10.704, P<0.05) but not for age. The gender-by-effort (type of effort) interaction 

was not significant (F1,580 = 3.125, P=0.078).  Furthermore, discriminant analysis 
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resulted in correct categorization of 81.5% of the aforementioned groups’ 

performances, sensitivity 87.3% (95% CI: 79.4–92.4) and specificity 75.3% (95% CI: 

65.6–82.9). A cut-off score of 5.5 mm in AA could differentiate the feigned 

performance of the asymptomatic group from the WAD group's sincere effort, 

sensitivity 79.4% (95% CI: 63.2–89.7) and specificity 67.7% (95% CI: 50.1–81.4).  

 

 

INSERT FIGURE 3 

Time on Target  

 The results are demonstrated in figure 4. Significant differences between the 

sincere effort in the WAD group and the feigned effort in the asymptomatic group 

were revealed (F1,581 = 127.932, P<0.05). There was no effect of age or gender or 

gender-by-effort interaction. The discriminant analysis resulted in correct 

categorization of 71.8% of the aforementioned groups' performances, sensitivity 

63.7% (95% CI: 54.1–72.4) and specificity 80.6% (95% CI: 71.5–87.4). Furthermore, 

a score above 11% in ToT indicated correctly categorized whiplash patients, 

sensitivity 82.3% (95% CI: 66.5–91.7) and specificity 64.5% (95% CI: 46.9–78.9).  

INSERT FIGURE 4 

Jerk Index  

 An overall value was obtained from the whole curve. Table 2 shows the mean 

JI values in both groups and both efforts. The jerk calculations did not reveal 

significant differences between the WAD and asymptomatic groups’ sincere and 

feigned effort, respectively (P=0.9). There was a significant effect for gender (F1,581 = 

11.817, P<0.05), but not for age. The gender-by-effort (type of effort) interaction was 

significant (F1,580 = 25.112, P<0.001). Furthermore, only 53.3% of the aforementioned 

groups’ performance resulted in correct categorization, sensitivity 62.7% (95% CI: 

53.1–71.5) and specificity 43% (95% CI: 33.4–53.2). With a cut-off score set at 1.79 

the sensitivity versus specificity was 82.4% (95% CI: 66.5–91.7) and 38.8% (95% CI: 

23.7–56.2) respectively.  

INSERT TABLE 2 

 

Sincere versus feigned effort in the WAD group 

 In the WAD group, all 3 measures – AA, ToT and JI – differed significantly 

between types of effort (F2,1220 = 254.833, P<0.01), revealing poorer performances in 

the feigned effort. The discriminant analysis resulted in correctly categorizing 78.4% 

of the WAD group’s effort types, by use of all 3 measures and patterns as predictor 

variables, sensitivity 79.4% (95% CI: 70.6–86.1) and specificity 77.5% (95% CI: 

68.4–84.5).  

Weak or no correlation was found between the test results and the 

questionnaires in the WAD group. The correlation was significant between the test 

results on one hand and the Whiplash Disability Questionnaire and pain intensity 

measured by VAS on the other hand (table 3).  

INSERT TABLE 3 

 

DISCUSSION  
  
 The results of this study indicate that the Fly Test is capable of giving 

clinicians an indication when differentiating genuine patients with non-specific neck-

pain disorders or “common whiplash” (grade II) after MVCs from those who 

deliberately fake and/or exaggerate deficits of movement control in the cervical 

spine. The 3 outcome measures in the Fly Test reflect different aspects of 

proprioception, which is an underlying and complex feedback mechanism of 

movement control (Elliott et al., 2001; Gandevia & Burke, 1992; Gandevia et al., 

1992; Taylor & McCloskey, 1988; Woodworth, 1899) and therefore difficult to 

simulate. Genuine patients benefit from the fact that the movement patterns 

generated in the Fly Test are created within the scientific framework of motor control 
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(Elliott et al., 2001; Lacquaniti et al., 1983; Woodworth, 1899), showing their 

performances according to their actual movement control capacities (Kristjansson & 

Oddsdottir, 2010). The patterns generated by the Fly are following the same 

physiological rhythm as all normal movement patterns, synonymous with the 

grammar of conducting music (Rudolf, 1980). 

The results of the AA and ToT measures in this study revealed that the 

groups‘ performances differed significantly in both levels of effort and between efforts 

within each group as well as between the in-built difficulty levels of the movement 

patterns (figures 3 and 4). These results are in accordance with our prior study 

(Kristjansson & Oddsdottir, 2010). Furthermore, AA and ToT were capable of 

differentiating between the performances of genuine patients with WAD (sincere 

effort) and the feigned performance of the asymptomatic group (feigned effort). The 

asymptomatic group spent significantly more time on target (40%) than did the WAD 

group (25%) in their sincere effort (figure 4). All three parameters, including JI, were 

capable of differentiating genuine versus feigned performances in the WAD group. 

Both groups changed their strategy when asked to feign or exaggerate their 

performances. Scores of 5.5 mm and above in AA, 11% and below in ToT, and 1.79 

and above in JI may be used by clinicians for screening patients with “common 

whiplash” who are suspected of feigning or exaggerating performances. Malingering 

or underperformance of patients‘ test behavior has been suggested when financial 

claims are involved (Schmand et al., 1998). Therefore, the precision and 

reproducibility of the measurements is critical when determining the severity of the 

patient’s disorder. In the present study, the test results were calculated from 9 

repetitions in random order across patterns; the test results indicated consistency in 

performances as there was no effect of repetitions in AA, ToT, and JI. 

Smoothness, i.e., characterizing coordinated human movements, has been 

assessed in patients with neck pain of insidious and traumatic origin, by measuring 

movement jerk, indicating motor control disturbances (Feipel et al., 1999; Sjölander 
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(Kristjansson & Oddsdottir, 2010). Furthermore, AA and ToT were capable of 

differentiating between the performances of genuine patients with WAD (sincere 

effort) and the feigned performance of the asymptomatic group (feigned effort). The 

asymptomatic group spent significantly more time on target (40%) than did the WAD 

group (25%) in their sincere effort (figure 4). All three parameters, including JI, were 

capable of differentiating genuine versus feigned performances in the WAD group. 

Both groups changed their strategy when asked to feign or exaggerate their 

performances. Scores of 5.5 mm and above in AA, 11% and below in ToT, and 1.79 

and above in JI may be used by clinicians for screening patients with “common 

whiplash” who are suspected of feigning or exaggerating performances. Malingering 

or underperformance of patients‘ test behavior has been suggested when financial 

claims are involved (Schmand et al., 1998). Therefore, the precision and 

reproducibility of the measurements is critical when determining the severity of the 

patient’s disorder. In the present study, the test results were calculated from 9 

repetitions in random order across patterns; the test results indicated consistency in 

performances as there was no effect of repetitions in AA, ToT, and JI. 

Smoothness, i.e., characterizing coordinated human movements, has been 

assessed in patients with neck pain of insidious and traumatic origin, by measuring 

movement jerk, indicating motor control disturbances (Feipel et al., 1999; Sjölander 

et al., 2008). In the current study, the results of the jerk calculations showed that the 

JI can be used to discriminate the WAD group’s two levels of effort, showing 

significantly higher JI in the group’s feigned efforts in all 3 movement patterns. This 

parameter may therefore be useful when patients exaggerate their performances. 

Although the JI did not show significant differences between the WAD group’s 

sincere effort and the asymptomatic group’s feigned effort, it may be a useful 

outcome measure in a clinical setting, as the between-group differences in the 

sincere level of effort were significant in the easy and medium patterns (P<0.05) 

(table 2). This is in accordance with another study, where slow- and medium-paced 

movements revealed significant group difference in genuine performances 

(Woodhouse et al., 2010).  

Although the outcome variables in our study appear to be valid indicators of 

whether the subjects are genuine whiplash patients, asymptomatic, or 

faking/exaggerating performances, the main drawback is that no gold standard exists 

for feigning. In the absence of definitive proof that a person is feigning, a pattern 

including a wide range of values is needed that can truly classify 95% (preferably 

99%) of any population at various ages and stages of different conditions and follow-

up points in different settings. This could include asymptomatic persons; subjects 

with no, mild, moderate, or severe WAD; those reporting recovery; and within 

different medico-legal systems (no claim, care claim, disability claim) and claim 

statuses (soon after the MVCs, during the claim process, months after the claim is 

closed). No single test can detect fraudulent compensation claims, therefore, a 

collection of questionnaires and impairment tests including the Fly Test, with more 

sophisticated variables, are necessary in order to identify those individuals that are 

faking.  

The main limitation of the present study is that the results cannot be 

transferred to persons with severe WAD. Some persons, for example with suspected 

but undetected upper cervical spine hypermobility, may not be able to perform the 
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Fly Test because of the incremental difficulty levels of patterns that are generated in 

a random order by the software for each test session. For such a worst-case 

scenario (see illustrations in figure 5 showing a 40-year-old female with a score of 84 

on the Neck Disability Index), the Fly Test has to be modified, including only the easy 

pattern with different sizes and velocities of the Fly’s trajectories. According to the 

results of the present study (scores >5.5 mm in AA), this patient would be suspected 

of faking her performances when she, in fact, is a genuine patient.  

INSERT FIGURE 5 

This shortcoming of the Fly Test became evident to some extent in the present study, 

as some of the patients with more severe WAD had problems in executing the 

difficult pattern in the Fly Test. The question remains, how can one expect this test to 

be of any use in clinical settings if severely injured patients score equally as those 

who fake? In a prospective study identifying distinctive trajectories for pain/disability 

and posttraumatic stress disorder, the effects of injury compensation claim 

lodgement on the trajectories was examined (Sterling et al., 2010). The study 

revealed that claim lodgement had no significant association with a more severe pain 

and disability trajectory. Therefore, patients with severe pain and disability are less 

likely to be faking. On the other hand, it can be reasoned that patients with no or mild 

symptoms will be more likely to feign their performances for secondary gains 

(Sterling et al., 2010). The inconsistency in the gender distribution of the study 

groups and that they were not age matched could also be considered as a limitation 

of the study, especially because of the significant gender effect in AA and JI, but 

more women were recruited in the study. As a consequence, it cannot be ruled out 

that this has had an impact on the results. 

Fear-avoidance beliefs as measured by Tampa were not elevated in our 

study. In fact, although some subjects revealed more pain and disability, their Tampa 

scores remained lower and correlated poorly with their test results. Furthermore, no 

association was found between the Tampa and the sincere performances in the Fly 
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results of the present study (scores >5.5 mm in AA), this patient would be suspected 

of faking her performances when she, in fact, is a genuine patient.  
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This shortcoming of the Fly Test became evident to some extent in the present study, 

as some of the patients with more severe WAD had problems in executing the 

difficult pattern in the Fly Test. The question remains, how can one expect this test to 

be of any use in clinical settings if severely injured patients score equally as those 

who fake? In a prospective study identifying distinctive trajectories for pain/disability 

and posttraumatic stress disorder, the effects of injury compensation claim 

lodgement on the trajectories was examined (Sterling et al., 2010). The study 

revealed that claim lodgement had no significant association with a more severe pain 

and disability trajectory. Therefore, patients with severe pain and disability are less 

likely to be faking. On the other hand, it can be reasoned that patients with no or mild 

symptoms will be more likely to feign their performances for secondary gains 

(Sterling et al., 2010). The inconsistency in the gender distribution of the study 

groups and that they were not age matched could also be considered as a limitation 

of the study, especially because of the significant gender effect in AA and JI, but 

more women were recruited in the study. As a consequence, it cannot be ruled out 

that this has had an impact on the results. 

Fear-avoidance beliefs as measured by Tampa were not elevated in our 

study. In fact, although some subjects revealed more pain and disability, their Tampa 

scores remained lower and correlated poorly with their test results. Furthermore, no 

association was found between the Tampa and the sincere performances in the Fly 

Test. This is in accordance with our previous studies (Kristjansson & Oddsdottir, 

2010; Oddsdottir & Kristjansson, 2012). Weak or no correlation has earlier been 

demonstrated between Tampa and other physical measures as well as self-reported 

neck pain and disability in WAD (Sterling et al., 2003a; Sterling et al., 2003b). These 

results contradict the assumption that patients with chronic WAD grade II are 

characterized by fear-avoidance beliefs alone (Nederhand et al., 2004; Nieto et al., 

2009).  

CONCLUSION 

The Fly Test was used to differentiate genuine patients with WAD from asymptomatic 

persons who deliberately fake symptoms and from patients exaggerating symptoms. 

The results can provide clinicians an indication when patients with “common 

whiplash” are feigning/exaggerating performances, since the outcome measures 

correctly categorized 72–81.5% of the subjects. As yet, the Fly Test cannot be used 

to detect fraudulent compensation claims.  
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Table 1. Comparison of demographics and level of pain intensity and results 
of the questionnaires 

 WAD group        
(n=34) 

Asymptomatic group 
(n=31) 

Age* (yr) 42.1 (8.7) 37.9 (16.7) 
Gender (male/female) 6/28 15/16 
VAS (max/min (0-10)) 7.8/3.0 - 
WDQ (0-130) 57.3 (30.5) - 
Tampa (17-68) 32 (6.2) - 
Claim status (closed/open) 25/9 - 
*No significant between group differences. Data, except for gender, VAS and claim status are 
expressed as mean (SD). Abbrevations: WAD, whiplash-associated disorder; VAS, Visual analogue 
scale; WDQ, Whiplash Disability Questionnaire; Tampa, Tampa scale for kinesiophobia. 
 
 
Table 2. Jerk Index in each of the 3 movement patterns and in the 2 levels of 
effort, for the WAD and asymptomatic groups* 

Level of effort   
movement pattern 

WAD group             
(n=34)  

Asymptomatic group 
(n=31) 

Sincere effort   
                Easy† 1.78 (0.26) 1.69 (0.19) 

Medium† 1.79 (0.23) 1.74 (0.15) 
Difficult 1.48 (0.19) 1.49 (0.15) 

Feigned effort   
            Easy† 1.99 (0.59) 1.83 (0.35) 

Medium  1.86 (0.35) 1.83 (0.30) 
Difficult 1.54 (0.30) 1.50 (0.28) 

* Data are mean (SD) normalized values. Significant differences were revealed between patterns within 
both groups (P< 0.01) and between types of effort within groups (P< 0.01). † Significant between-group 
differences (P< 0.05). Abbrevations: WAD, whiplash-associated disorder.  
 
Table 3. Correlation coefficient r for the relationship between the test results 
and the questionnaires for the WAD group 

 AA ToT JI 
VAS max 0.31* -0.31* 0.00 
VAS min 0.46* -0.47* 0.11 
WDQ 0.44* -0.42* -0.01 
TAMPA -0.04 0.01 -0.09 

* Significant correlation at the 0.01 levels. Abbrevations: AA, Amplitude Accuracy; ToT, Time on Target; 
JI, Jerk Index; VAS, Visual Analogue Scale for pain; WDQ, Whiplash Disability Questionnaire; TAMPA, 
Tampa Scale for Kinesiophobia. 
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Figure 1. The Fly Test. Experimental set-up. The placement of the two sensors was on the forehead and the back of 
the head. The participants were seated in front of a computer screen and were asked to find their neutral head 
posture facing forward. The distance from the participants’ earlobe to the computer screen was 100 cm. 

 
 
 
 
 

 
Figure 2. The movement patterns of the Fly. From left to right: Easy, medium, and difficult movement patterns traced 
by the Fly, which the participants were required to follow by moving their head and neck. The duration of the patterns 
was 25, 40,  and 50 seconds respectively. 
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Figure 3. Amplitude accuracy (AA). Mean (SE). Significant differences between patterns and types of effort within 
both groups (P<0.01). Significant between-group differences in both levels of effort (P<0.01). No effect of age or 
repetitions. 

 
 

 
Figure 4. Time on Target (ToT) (subvariable of directional accuracy (DA)). Mean (SE). Note: Higher percentage 
indicates better performance. Significant differences between patterns and types of effort within both groups (P < 
0.01). Significant between-group difference in both levels of effort (P < 0.01). No effect of age, gender or repetitions. 
	  

 
 
 
 
 
 
 

 

 
Figure 5. Performances of a patient with severe disability after MVC. Two movement patterns in pink (performances 
in blue). On the left the patient's shoulders are held still. On the right, the patient is allowed to support her head with 
the hands. During the Fly Test while the patient was allowed to support the head, her performance in AA was 
recorded as following: easy pattern =5.77mm (±4.74); medium =5.85mm (±4.75); difficult =7.73mm (±6.84). 
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APPENDIX 1 

Roc analysis of the amplitude accuracy (AA) and time-on-target 
(subvariable of directional accuracy (DA, ToT)). 
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Table 1. Sensitivity-specificity (95% CI) study I. 
AA AS vs. Non-Trauma AS vs. WAD Non-Trauma vs. WAD 

Sensitivity 77.1% (61–87.9) 89.7% (76.4–95.9) 66% (51.7–77.8) 

Specificity 63.0% (51.5–73.2) 72.4% (61–81.6) 62.3% (49.7–73.4) 

Positive Predictive Value 0,5 (0.37–0.63) 0.648 (0.51–0.76) 0.574 (0.44–0.69) 

Negative Predictive Value 0.85 (0.73–0.92) 0,926 (0.82–0.97) 0.704 (0.57–0.81) 

Likelihood Ratio + 2.086 (1.47–2.96) 3.259 (2.19–4.85) 1.749 (1.19–2.56) 

Likelihood Ratio - 0.363 (0.19–0.68) 0.142 (0.01–0.36) 0.546 (0.35–0.85) 

 
DA ToT AS vs. Non-Trauma AS vs. WAD Non-Trauma vs. WAD 

Sensitivity 66% (52.6–77.3) 74% (61–83.4) 58.9% (45.9–70.8) 

Specificity 65.5% (52.3–76.6) 76.4% (63.2–86) 59.6% (46.1–71.8) 

Positive Predictive Value 0.648 (0.51–0.76) 0.778 (0.65–0.87) 0.611 (0.48–0.73) 

Negative Predictive Value 0.667 (0.53–0.78) 0.722 (0.59–0.82) 0.574 (0.44–0.69) 

Likelihood Ratio + 1.912 (1.27–2.89) 3.132 (1.86–5.26) 1.459 (0.98–2.17) 

Likelihood Ratio - 0.519 (0.34–0.79) 0.344 (0.22–0.54) 0.689 (0.47–1.01) 

AA=Amplitude accuracy; AS=asymptomatic group; Non-Trauma=Non-Trauma group; WAD=Whiplash-

associated disorder group; DA ToT=Directional accuracy Time-on-Target. 
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APPENDIX 2 

User instructions for the Fly Method. 

 

“The Fly”– A new objective assessment and treatment solution for deficits of 
movement control in the cervical spine. 

Introduction and set-up  

“The Fly“ is a new clinical method that assesses the ability of patients with neck pain 

to correct cervical spine movements on a moment-to moment basis. The method has 

recently been reformed and will be made available in the clinical setting both as an 

assessment and a treatment method. 

The following instructions are giving to the patient before the test: A Fly, derived from 

the computer program, and a cursor, derived from the sensors on your head, will 

match each other in the center of the computer screen at the very beginning of the 

test. 

Then the Fly will start to move. You will be required to follow the Fly with the cursor, 

by moving your head and neck as accurately as possible. 

To familiarize you with the test procedure you will be asked to trace one movement 

pattern once. 

The Assessment Part of the Fly 

In the assessment part of the Fly, 3 incremental difficult movement patterns are 

repeated 3 times in random order. 

The assessment part has three outcome measures, each of which represent three 

different aspects of proprioception.  

The results are downloaded into a report: Amplitude accuracy is indicated by mean 

deviations of movements in millimeters ± 2 standard deviations. Directional accuracy, 

or time on target, undershoots versus overshoots are each indicated as a percentage 

of the total time used to perform the trial.  

Jerk index is the third outcome measure and calculates the smoothness of 

movements, indicated by an index from 0-10. 
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The Fly Exercise Program  

The treatment part of the Fly Method is essentially a new computer generated 

exercise program designed to improve coordination of cervical spine movements. The 

patient is asked to trace incremental difficult movement patterns. For that purpose the 

exercise program contains three classes of movement patterns: easy, medium, and 

difficult. 

One or more of the following variables can be chosen as an extra option to make an 

exercise trial easier or more difficult: 

 The size of the trajectory can be reduced or enlarged – 

resulting in smaller or bigger ranges of movement. 

 The direction of the Fly can be reverted. 

 The size of the Fly: Normal size, one smaller and one bigger 

size can be chosen. 

 The velocity of the Fly: Normal velocity, 2 slower velocities and 

2 faster velocities can be chosen 

When the patient clicks the "Get Patterns" button, 9 exercise patterns are displayed in 

random order on the screen, which make up one treatment session. 

Feedback during and after an exercise trial is an essential part of the Fly Exercise 

Program. The following feedback is given: 

 1. Results of performance: The patient is given constant feedback 

while performing the exercise trial. The cursor changes color according to 

how close or far the cursor is in relation to the Fly: When the Fly and the 

cursor are in close approximation the cursor is green; when the cursor is 

behind or ahead of the Fly the cursor is yellow or red respectively. This 

feedback indicates the directional accuracy of the cervical spine movements. 

 2.  Results of outcome: The results of outcome on completion of the 

test are shown in two ways for the patient: First, by displaying a column, 

which indicates in percentages a) the time on target, indicated by the green 

color b) the time behind target or undershoots, indicated by the yellow color 

and c) the time ahead of target or overshoots, indicated by the red color. 

Second, the trajectory of the Fly pattern and the pattern traced by the patient 

is displayed graphically after the exercise trial is finished to visually express 

the patient’s amplitude accuracy. A blue color represents the path traced by 

the patient and a purple color represents the pattern traced by the fly. 
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After one or two weeks with daily or every other day, 15 minutes of training, re-

assessment is performed, which will decide whether the patient can start on a more 

difficult stage in the exercise program. 

An important thing to note is that the patient can treat his or her own neck in the Fly 

Exercise Program while the clinician attends other tasks. The patient can also access 

these programs trough the Internet by username and password at home or at the 

office. 
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