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ABSTRACT
Sport related concussion (SRC) affects human performance in many ways and 
there is a need to improve the clinical identification and management processes. 
This thesis studied the multimodal performance-based measurements in SRC of 
(v.2009-2010, n=113; 2012-2014, n=185) Finnish professional male ice hockey 
players aged 16 to 40 years.

The first aim was to analyse the correlation and associations of cognitive 
performance (ImPACT® test), King-Devick reading speed- (K-D) and Balance 
tests performance to age, education, and prior self-reported concussions in a 
pre-season baseline sample. Second aim was to compare the baseline cognitive 
(ImPACT®) performance of Finnish professional male ice hockey players to other 
published language groups to examine the impact of cultural differences. The 
usability of a novel Motor and Cognitive test battery (MotCoTe) and the changes 
in multilimb reaction times and balance control after a sports-related concussion 
were evaluated.

ImPACT®, but not K-D or Balance tests, were found to be associated with age. 
There were no association in education or previous concussions in the ImPACT®, 
K-D and Balance tests. The performance in ImPACT® was found to differ in the 
Finnish sample compared to those previously published from elite English and 
Czech speaking hockey players. Normative values for Finnish professional ice 
hockey players in ImPACT®, K-D test and balance are presented. Additionally, 
a novel Multilimb reaction time test battery was evaluated in total of 113 players 
before season and nine athletes showed decreased reaction time and balance 
following a concussion. Tests with higher cognitive processing requirements and 
double limb action were more sensitive than the simple reaction time tests. Also, 
compared to the baseline measurements poorer performance after concussion 
was observed, especially when Romberg Quotients were analysed. Correlations 
between K-D results and ImPACT® were significant at baseline, but correlations 
between K-D-time and Balance were not found.

In conclusion, the results emphasize the importance of separate norms for 
athletes from diverse cultural and language backgrounds. Also, age should be 
considered in preparing the norms. A similar approach is encouraged for other 
countries as well. Normative data can be used to interpret ImPACT®, K-D and 
balance test performance following an SRC when baseline data is not available. 
Improving the multifaceted evaluation methodology can enhance also sport 
concussion follow-up and rehabilitation processes. The results of this study will 
help the medical health professionals make better informed decisions in managing 
SRC.

Keywords: Concussion; sport; cognition; motor performance; balance; reference 
values



TIIVISTELMÄ
Urheilussa tapahtuvat aivotärähdykset vaikuttavat ihmisen suorituskykyyn monin 
eri tavoin, ja siksi kliinisiä tunnistus- sekä seurantaprosesseja on kehitettävä koko 
ajan. Tässä väitöskirjatutkimuksessa selvitettiin urheilussa tapahtuvien aivotäräh-
dysten arvioinnissa käytettäviä monialaisia tutkimusmenetelmiä (v.2009-2010, 
n=113; 2012-2014, n=185) 16–40-vuotiaalla suomalaisella ammattijääkiekkoilijalla. 
Ensimmäinen tavoite oli analysoida kognitiivisen suoriutumisen (ImPACT®-
testi)-, King-Devick lukunopeuden (K-D)- ja tasapainotestien välisiä korrelaatioita, 
niiden yhteyttä ikään, koulutukseen ja itseilmoitettuihin aivotärähdyksiin 
ennen pelikautta toteutetuissa lähtötasokartoituksissa. Toisena tavoitteena oli 
verrata suomalaisten ammattilaisjääkiekkoilijoiden lähtötasoa kognitiivisessa 
(ImPACT®) suoriutumisessa muiden julkaistujen kieliryhmien lähtötasoihin 
kulttuurien välisten suorituserojen merkityksen ymmärtämiseksi. Lisäksi 
väitöskirjatutkimuksessa tutkittiin uudenlaisen motoris- ja kognitiivisen testistön 
(MotCoTe) käytettävyyttä sekä aivotärähdyksen jälkeisiä muutoksia reaktioajoissa 
ja tasapainon hallinnassa. 
 Väitöskirjassa esitetään suomalaisten ammattilaisjääkiekkoilijoiden viitearvot 
ImPACT®-, K-D- sekä tasapainontesteille. ImPACT®-, K-D- ja tasapainotesteisssä 
suoriutumisella ei ollut yhteyttä koulutusvuosiin tai aiempiin aivotärähdyksiin. 
Ainoastaan suoriutumisessa ImPACT®-testissä havaittiin yhteys ikään. 
Suomalaisten ImPACT®-suoriutuminen erosi aiemmin julkaistuista tsekin- sekä 
englanninkielisten jääkiekkoilijoden suoriutumisesta. Lisäksi arvioitiin ennen 
kauden alkua yhteensä 113 ammattilasjääkiekkoilijan suoriutumista kognitiivisesti 
vaikeutuvassa neljän raajan reaktioaikatestistössä. Yhdeksän urheilijaa arvioitiin 
aivotärähdyksen jälkeen, jolloin havaittiin heikompaa suoriutumista verrattuna 
lähtötilanteeseen reaktionopeuden sekä tasapainon osalta. Kognitiivisesti 
vaikeammat reaktiotestit sekä kahden raajan reaktiotestit olivat herkempiä kuin 
yksinkertaiset reaktioajat. Lisäksi tasapainosuoriutumisessa havaittiin enemmän 
huojuntaa, etenkin Rombergin testin suhteellisella arvolla (RQ) mitattuna. Eri 
testejä vertaillessa korrelaatiot K-D-tulosten ja ImPACT® suoriutumisen välillä 
olivat merkitseviä lähtötilanteessa, mutta korrelaatioita K-D-testiajan ja tasapainon 
välillä ei löytynyt. 
 Yhteenvetona tuloksista voidaan todeta, että erillisiä viitearvoja tarvitaan 
urheilijoille, joilla on erilainen kulttuuri- ja kielitausta. Myös ikä tulisi huomioida 
viitearvoja laadittaessa.  Samanlaiseen viitearvojen laatimiseen kannustetaan 
myös muissa kieli- ja kultuurialueilla.  Viitearvoja voidaan käyttää tulkittaessa 
ImPACT®-, K-D- ja tasapainotestin tuloksia aivotärähdyksen jälkeen, etenkin 
jos lähtötason testitulosta ei ole käytettävissä. Monialaisten arviointimenetelmien 
kehittäminen tukee myös aivotärähdysten seurannan ja kuntoutuksen prosesseja. 
Tämän tutkimuksen tulokset toimivat terveydenhuollon ammattilaisten 
päätöksenteon tukena urheilijoiden aivotärähdyksen jälkeisten tilojen arvioinnissa.

Avainsanat: Aivotärähdys urheilu, kognitio, motorinen suoriutuminen, tasapaino, 
viitearvot 
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1  INTRODUCTION
Concussions or mild traumatic brain injuries (mTBI) are common neurological 
injuries in many sports, especially those involving body contact, collisions or high 
speed. Approximately 1.6 to 3.8 million sport related concussions (SRC) occur 
annually in United States (Daneshvar, Nowinski, McKee, & Cantu, 2011; Langlois, 
Rutland-Brown, & Wald, 2006). 

by acute injury characteristics (Harmon et al., 2013).  The signs and symptoms 
following the injury cannot be otherwise explained by drug, alcohol, medication use, 
or other injuries (such as cervical injuries or peripheral vestibular dysfunction) or 
other comorbidities (psychological or medical conditions) (McCrory et al., 2017a). 
Typical elements after SRC are cognitive problems involving attention, concentration 
or memory, physical symptoms such as headache and fatigue, or behavioural and 
emotional alterations that can persist for varying lengths of time (Khurana & Kaye, 
2012). Also, vestibular and ocular impairment are typical (Harmon et al., 2019).  

symptom, but more often it presents with symptoms and impairment with multiple 
components or signs and symptoms (Harmon et al., 2019). 
 Symptom evaluation is one of the most important indicators of concussion 
(Garcia et al., 2018). Due to the nature of injury, multiple systems (i.e., cognitive, 
somatosensory, vestibular, and visual systems) are often involved. Whenever 

vestibular, ocular motor, visual, neurocognitive, psychological and cervical features 

Allen, O’Keefe, & Hicks, 2001). Therefore, a multimodal approach including 
self-reported symptom scores, as well as balance and neurocognitive testing, 
is helpful for the concussion evaluation (McCrory et al., 2013). SRC assessment 
can be divided in three categories: Preseason-, acute/sideline- and Subacute/

for the diagnosis of SRC (Harmon et al., 2019). In the acute stage the recognition 
of suspected concussion using multimodal testing guided via expert consensus is 
recommended. The recommended instruments are SCAT for sideline assessment, 

potentially concussed athletes (Patricios et al., 2017).
 In subacute or prolonged cases accurate diagnosis and management can reduce 
the risk of repeated injury (McCrea et al., 2009) and prolonged recovery (Asken et al., 
2016; Elbin et al., 2016). Because of the normal variation of athletes’ performance, 

balance at pre-season, but not all athletes have the opportunity for baseline testing 

normative values improve the accurateness of clinical SRC assessment (Snyder & 
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The primary aim of this study is to evaluate and provide methods for SRC 
assessment to be used in Finland. The selected framework is multidomain 
approach, the assessment of motor as well as cognitive functions both separately 
and in combination, which may prove to have value in differential diagnostics in 
mild deficits.

2  REVIEW OF THE LITERATURE
2.1  SPORT RELATED CONCUSSION (SRC)

According to the latest Consensus statement on concussion in sport (McCrory et 
al., 2017a), Sport Related Concussion (SRC) is a traumatic brain injury induced by 
biomechanical forces. Several common features that may be utilised in clinically 
defining the nature of a concussive head injury include

 

In SRC, the clinical signs and symptoms cannot be explained by other features, 
such as drug, alcohol, or medication use, other injuries (such as cervical injuries, 
peripheral vestibular dysfunction, etc) or other comorbidities (eg, psychological 
factors or coexisting medical conditions) (McCrory et al., 2017b).
 Concussion is a subset of mild traumatic brain injury (often used interchangeably) 
and it is defined as a traumatically induced transient disturbance of brain function 
that involves a complex pathophysiological process (Harmon, et al., 2019). TBI 
is classified mild when loss of consciousness (LOC), if present, is shorter than 30 
minutes and the Glasgow Coma Scale falls between 13 and 15 (Vos et al., 2012) 
and posttraumatic amnesia (PTA) not greater than 24 hours (Ruff, et al., 2009). 
Despite normal MRI and CT scans, the concussed athlete can have cognitive 
problems involving attention, concentration or memory, physical symptoms such 
as headache, or behavioural and emotional alterations that can persist for varying 
lengths of time (Khurana & Kaye, 2012).
  The mechanics of the most common form of TBI injuries creating two 
acceleration forces, anteroposterior and rotary (Martin, 2016). Because of the 
inertia, the impact creates shock waves through the brain and through the skull, 

1 SRC may be caused either by a direct blow to the head, face or elsewhere on the  
 body with an “impulsive” force transmitted to the head, 
2 SRC typically results in the rapid onset of short-lived impairment of neurological  
 function that resolves spontaneously. In some cases, symptoms and signs may  
 evolve over of minutes to hours, 
3 SRC may result in neuropathological changes, but the acute clinical signs and  
 symptoms largely reflect a functional disturbance rather than a structural injury  
 and, as such, no abnormality is seen on standard structural neuroimaging studies. 
 SRC results in a graded set of clinical signs and symptoms that may or may not  
 involve LOC. Resolution of the clinical and cognitive symptoms typically follows a  
 sequential course. However, in some cases symptoms may be prolonged. 
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both distort and stretch the brain separately. These overlapping waves expands 
the skull opposite the blow, so creating a damaging negative pressure injury to the 
brain, stretch and tear long tracts to the spine and blood vessels running from the 
brain to the dura causing contre coup contusion. Typical for rotatory acceleration 
forces is that they damage the inter-hemispheric connections of the brain, especially 
the corpus callosum, between the hemispheres (Martin, 2016), and may cause 
lesions in the orbital and lateral surfaces of the frontal and temporal lobes (Bigler, 
2007). Diffuse TBI evokes complex cellular and subcellular responses in both the 
neuronal somata and its axonal branches. The injury affects axonal projections 
and small blood vessels within and from the brain stem, the parasagittal white 
matter of the cerebrum, the corpus callosum, the gray-white junctions of the 
cerebral cortex (Orsolya & Povlishock, 2007). Acceleration–deceleration forces 
may also have shearing effects on the long nerve fibres coursing throughout 
the brain, also known as diffuse axonal injury (DAI). This term is somewhat 
misleading in that the actual pattern of injury is more accurately characterized 
as multifocal (Meythaler et al., 2001). The neurocircuitry and structures of 
these areas are subservient to attention, memory and executive functions which 
are commonly disrupted following TBI (McAllister, 2011). Impairment of the 
executive functions, frontal system and its basal ganglia–thalamic connections 
lesions, and frontal metabolic deficits, have been detected in a wide variety of 
both psychiatric and medical disorders and are strongly associated with functional 
outcomes, disability, and specific problem behaviors (Royall, et al., 2002). 
  Recently it has been shown (Sen, 2017) that TBI leads to structural and 
functional damage in cranial nerves, optic nerve tract or other circuitry involved in 
vision, and occipital lobe. As a result of these, the function associated with vision 
processing and perception are significantly affected and may cause blurred vision, 
double vision, decreased peripheral vision and blindness (Sen, 2017).
 
 
2.1.1  EPIDEMIOLOGY OF SRC 
 
It is estimated that worldwide new TBI cases occur 50–60 million annually, 
2.5 million in European Union (28 member states, indexed 490 000 per 100 
million population) and in the USA 3.5 million per year (indexed 1.090 per 100 
million population (Maas et al., 2017). Over 90% of those are classified as mTBIs. 
Epidemiological reports of the Finnish incidence vary from 95-100 (Alaranta et al., 
2000), 117 (Winqvist et al., 2007) to 221 (Numminen, 2011) per 100.000 people. 
One interesting finding from the Finnish birth cohort of Winnqvist et al. (2007) 
was that by the age of 35, 3.8% of the cohort had experienced TBI. Because of the 
varying methods and varying sources of data, estimates of the TBI incidence and 
prevalence should be viewed with caution (Corrigan et al., 2010).
 In sports, the variability of concussion rate depends on age and gender (Marar 
et al., 2012). In Europe, the statistics are inconsistent but a review of 13 studies of 
concussion in 12 sports reported an incidence of 0.23 (95% CI 0.19–0.28) per 1000 
athlete exposures to sport (Pfister et al. 2016). American football, Rugby and ice-
hockey have the highest incidence ratio but when measured with hours of sport, 
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equestrian and cycling have the highest rate of SRC (McCrory et al. 2013; Theadom 
et al., 2014). 
 In ice hockey, the risk of injury is higher than in many other sports: the total rate 
of concussions among 15 different collegiate sports was estimated at 0.28 per 1000 
athletic-exposures but in male ice hockey the rate was 0.41 (Daneshvar et al., 2011; 
Hootman, Dick, & Agel, 2007). Tuominen and colleagues analysed concussions 
in all the International Ice Hockey Federation (IIHF) World Championships and 
Olympic Winter Games between 2006 and 2015 and the average injury rate for 
concussion was 1.1 per 1000 ice hockey player-games (Tuominen et al., 2017). 
Furthermore, Pauelsen et al. made a longitudinal cohort study from 1984 to 2013 
in one high professional ice hockey team which showed a significant increase of 
concussion incident rate and a trend toward longer rehabilitation periods due to 
concussion during this follow-up time. From a total of 267 players, 90 players (34%) 
sustained a total of 162 concussions between 1984 and 2013. The total incidence 
rate ratio for the whole study period was 1.06 (95% CI, 1.03-1.10) (Pauelsen et al., 
2017).
 It has been estimated that TBI costs the global economy approximately $US400 
billion annually. and rapid improvements in prevention, care, and research is 
needed to reduce the huge burden and societal costs of TBI (Maas et al., 2017).

2.1.2  SIGNS AND SYMPTOMS OF SRC

In a suspected SRC the typical physical signs are loss of consciousness, amnesia, 
neurological deficits, balance impairment (McCrory et al., 2017b). The symptoms 
can involve one or more of the four clinical domains, physical, cognitive, emotional 
and sleep, as described in Table 1 (Harmon et al., 2013).

Table 1  The clinical domain areas typically seen in SRC (Harmon et al. 2013)

Physical Cognitive Emotional Sleep
• Headache 
• Nausea 
• Vomiting 
• Balance problems 
• Dizziness 
• Visual problems 
• Fatigue 
• Sensitivity to light 
• Sensitivity to noise 
• Numbness/  
   tingling 
• Dazed 
• Stunned

• Feeling mentally ‘foggy’ 
• Feeling slowed down 
• Difficulty concentrating 
• Difficulty remembering 
• Forgetful of recent infor- 
   mation and conversations
• Confused about recent  
   events 
• Answers questions 
   slowly 
• Repeats questions

• Irritable 
• Sadness 
• More   
   emotional 
• Nervousness

• Drowsiness 
• Sleep more than      
   usual
• Sleep less than  
   usual
• Difficulty falling     
   asleep

The most typical symptoms according to Lovell et al. (2006) study of high school 
and collegiate athletes were headaches (78.5%), fatigue (69.2%), feeling slowed 
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down (66.9%), drowsiness (64.2%), difficulty concentrating (65.8%), feeling 
mentally foggy (62.3%), dizziness (61.2%) and memory (55.0%) . 
 The clinical profile recognizing these domains leads to a more specific prognosis 
and better targeted treatment. Because of the high impact nature of concussive 
injuries, other injuries often co-occur. Neck-, vestibular- and eye injuries are 
common in sports (Gurley et al., 2013). These injuries have overlapping symptoms 
and can therefore be confused, for instance with whiplash type of injuries 
(Greenwald & Gurley, 2013; Leslie & Craton, 2013). Therefore, both possibilities 
should be kept in mind after a sport related head injury assessment (Hynes & 
Dickey, 2006). Physical symptoms such as sleeping disorders, vestibular, visual, 
balance, dizziness, neck pain, headache and cervical problems or migraine can 
be treated with pharmacological or non- pharmacological interventions, such as 
physiotherapy interventions (Collins et al. 2016, Broglio et al. 2015, Schneider et al 
2014).
 Typical TBI outcome in brainstem injuries are fatigue and generalized slowing 
of information processing even if the injury is mild (Cantor et al. 2007, De Monte et 
al. 2005). Cognitive, emotional, behavioural and physical problems influence each 
other. Decreased tolerance and autonomic dysfunctions in activity are typical after 
SRC (Leddy et al 2007). The clinical presentations of concussion are heterogeneous 
and difficult to localize to one specific anatomic location.  Many of symptoms are 
not specific to concussion. Headaches, mood changes, fogginess, dizziness, visual 
changes, fatigue and neck pain and can also originate from other aetiologies. Also, 
symptoms can go unnoticed and unrecognised by the athlete or people around 
them (Harmon et al., 2019). 

2.1.3  SRC RECOGNITION

The acute or sideline recognition of SRC relies on clinician evaluation based upon 
objective and subjective information from the athlete. As listed in the Concussion 
Recognition Tool, the on-field signs (the so-called red flags) that warrant immediate 
remove from play and evaluation of a physician include neck pain or tenderness, 
double vision, weakness or tingling/burning in arms or legs, severe or increasing 
headache, seizure or convulsion, loss of consciousness, deteriorating conscious 
state, vomiting, increasing restlessness, agitation or combativeness (McCrory et 
al., 2013).
 Many types of assessments have been designed to measure the acute effects 
of concussion, but the Sport Concussion Assessment Tool (SCAT; now in its 
5th edition SCAT5) is used widely by health care professionals for the acute 
assessment. SCAT is based on medical- and injury related information and relies 
on three aspects: symptom evaluation, cognitive screening, and motor screening. 
On-field evaluation includes observable signs (red flags), Glascow Coma Scale 
(GCS), orientation, and cervical exam. Side-line evaluation includes symptoms, 
Standardized Assessment of Concussion (SAC), neurologic exam and balance 
testing. (Echenmedia et al., 2017). Symptom evaluation is graded from on a Likert-
type scale ranging 0 (none) to 6 (severe) using the information given by the athlete 
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about the subjective feeling of symptoms. Cognitive screening (SAC) includes 
orientation, the immediate and delayed word list recall, and concentration tasks of 
digits backwards and months reversed (McCrea, 2001).  The latest version (SCAT5) 
includes an option to use 10 words instead of previous 5 to minimise ceiling 
effects and offers six alternative stimulus sets for use (Echenmedia et al., 2017).  
Motor testing includes Balance tests (Modified Balance Error Scoring System, 
M-BESS, Guskiewicz, 2003) and a timed Tandem gait test 3+3 meters. M-BESS 
is conducted double leg feet together (the so-called Romberg test position), single 
leg, and tandem positions. All tests are conducted on a hard floor, and balance 
tests are conducted with eyes open and eyes closed conditions, optionally also on 
soft foam. Finger- to nose and neck status is checked (Echemendia et al., 2016).  
 Abnormal performance in SCAT, following an injury induced by biomechanical 
forces, can be indicative of a concussion (Patricious et al., 2017). Defining abnormal 
performance in the side-line evaluation should be based on reference values. In a 
Finnish study, Hänninen et al. (2016) recommended, that 6 or more errors more 
(occurred 5.7% in the sample) in M-BESS should be defined as abnormal in adult 
ice-hockey players after SRC. Hänninen et al. (2017) also concluded that when 
post-injury SCAT3 scores are compared to individual pre-seasonal baseline scores, 
the Symptom Score worsening of 4 or more, the symptom severity worsening of 6 
or more (occurred 9.5%), the SAC total score declining under 24 points or more 
(occurred 8.6% of the sample) can imply a concussion (Hänninen et al., 2017).
 Other assessment methods applied at laboratory/office involve computerized 
neurocognitive evaluation tools, sensorimotor tests, oculomotor tests, screening 
tests for the vestibular system, head impact sensor systems and visuomotor reaction 
time tests. Also, invasive blood-based biomarkers for brain injury, functional 
neuroimaging quantitative electroencephalography (EEG) and imaging studies 
can be used (McCrory et al., 2017a; Harmon et al., 2019).

2.2  PERFORMANCE BASED SRC EVALUATION

2.2.1  COGNITIVE EVALUATION IN SRC

Since the first International Conference on Concussion in Sport in Vienna 2001, 
neuropsychological testing has played an important role in SRC evaluation and 
management (Aubry et al., 2002; McCrory et al., 2017a). As a part of a multi-
domain assessment protocol, neuropsychological tests offer performance-based 
information that aids in the clinical management of SRC (Broglio, Macciocchi, & 
Ferrara, 2007; Echemendia et al. 2013; Grindel, Lovell, & Collins, 2001; Putukian, 
2011). Accurate diagnosis and management might reduce the risk of repeated 
injury (McCrea et al., 2009) and prolonged recovery (Asken et al., 2016; Elbin et 
al., 2016).
  Neuropsychological assessment can reveal subtle changes in performance 
(Broglio & Puetz, 2008; De Monte, Geffen, May, & McFarland, 2010; Lau, Collins, 
& Lovell, 2011; Moser et al., 2007; Putukian, 2011), and previous research has 
endorsed the effectiveness of neuropsychological testing in assessing mTBI (De 
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Monte et al., 2005). Decrements in cognitive performance may persist even in 
athletes no longer reporting subjective symptoms (Broglio, Macciocchi, & Ferrara, 
2007).  Neuropsychological assessment has therefore been recommended as one 
of the tools in making the decision on return to play (RTP) after injury (Doolan, 
Day, Maerlender, Goforth, & Gunnar Brolinson, 2012; McCrory et al., 2009; 
Shuttleworth-Edwards, 2009).
  In a meta-analysis based on 21 studies involving 790 cases with SCR and 2014 
controls, effects were found in six cognitive domains: orientation, attention, 
executive functions, memory acquisition, delayed memory, and global cognitive 
ability (Belanger & Vanderploeg, 2005). Acute effects (within the first 24 hours) 
of concussion were greatest for delayed memory, memory acquisition, and global 
cognitive functioning. The analysis provides evidence that SRC has no significant 
effect on neuropsychological function by7–10 days postinjury in the athletic 
population at large. Similar trend has been found with the work of Iverson, et al. 
(2006) showing that the worst performance is found at the first day post-injury, 
with improvement of the cognitive problems by 5-10 days post-injury.
Among the mTBI the most often assessed cognitive domains are mental processing 
speed, attention, and executive functions (Allen & Gfeller, 2011; Belanger & 
Vanderploeg, 2005; Putukian, 2011). Divided attention has long been studied in 
mTBI (Stuss et al., 1989) and especially relevant are the different networks of 
attention, such as alerting, orienting and executive control (Petersen & Posner, 
2012). They are reflected in the test domains of forced choice efficiency and 
inhibitory cognitive abilities (Allen & Gfeller, 2011). A more recent meta-analysis 
(Karr, 2014) showed that the executive functions appear to be most susceptible to 
multiple mTBI.
 In evaluation of these domains, traditional paper and pencil tests can be 
used but require skilled personnel, whereas computerized test batteries allow 
automatized administration and scoring (Allen & Gfeller, 2011; Putukian, 2011) as 
well as the measurement of more precise reaction times (RT). Computerized RT 
measurements are helpful in the detection of subtle changes of motor function and 
attention (Broglio et al., 2007; Collie et al., 2006a) and their test-retest reliability 
has generally found to be good (Broglio et al., 2007; Collie, Darby, & Maruff, 2001; 
Schatz, 2010). Among concussed athletes, the performance of a symptomatic group 
has been found to decline on computerized tests of simple, choice, and complex 
RTs when compared to both asymptomatic concussion and non-concussed control 
groups (Collie et al., 2006b). Based on the meta-analysis by Belanger & Vanderploeg 
(2005) however, there is still room for improvement in the sensitivity of attention 
tests.
 The Immediate Post-Concussion Assessment and Cognitive Testing (ImPACT®) 
is a widely used computerized test battery considered to be useful in screening 
cognitive changes related to SRC (Broglio et al., 2007; Elbin, Schatz, & Covassin, 
2011; Fazio, Lovell, Pardini, & Collins, 2007; Iverson, Lovell, & Collins, 2003; Lovell 
& Collins, 2002; Schatz, Pardini, Lovell, Collins, & Podell, 2006). The test battery 
consists of three main parts: demographic data, health history, and prior history of 
concussions; the Post-Concussion Scale for measuring subjective symptoms; and 
a computerized neurocognitive test. Similarly, CogSport (currently re-named as 
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Axon Sports test) is used in SRC evaluation (Collie et al., 2003). The debate over 
their reliability, validity, as well as their ability to correctly classify players’ cognitive 
status is still ongoing (Farnsworth et al. 2017; Mayers & Redick, 2012; Randolph et 
al., 2011; Schatz, Kontos, & Elbin, 2012; Shuttleworth-Edwards, 2011), indicating 
a need for further study. Invalid performance incidence may increase with large 
group versus individual administration, use in nonclinical settings, and among 
those with ADHD or learning disability (Gaudet et al. 2017).

2.2.2  BALANCE TESTING IN SRC

The ability to maintain postural control is determined by input from visual, 
vestibular, and somatosensory systems (Gurley, Hujsak, & Kelly, 2013). Following 
concussion, communication between these sensory systems can be disrupted 
causing postural instability (Guskiewicz, 2001).
  Balance and gait abnormalities are frequent after SRC (Guskiewicz, Ross, & 
Marshall, 2001; Khurana & Kaye, 2012). Sensomotor and balance testing have 
become an important part of concussion evaluation, particularly in the acute stage 
(Broglio & Puetz, 2008; Davis, Iverson, Guskiewicz, Ptito, & Johnston, 2009; 
Eckner, Kutcher, & Richardson, 2010; Harmon et al., 2013; Khurana & Kaye, 
2012; Mayers & Redick, 2012; McCrory et al., 2009; McCrory et al., 2017a; Sosnoff, 
Broglio, & Ferrara, 2008). Balance deficits are mainly reported to resolve in 3 to 
7 days after concussion (Guskiewicz et al., 2001; McCrea et al., 2005), but recent 
evidence following concussion identified, using instrumented measurement, 
lingering impairments for at least 1 month (Buckley et al. 2016). 
 The Clinical Test of Sensory Integration for Balance (CTSIB), the Balance Error 
Scoring System (BESS), and the Sensory Organization Test (SOT) are the most 
used tests for balance assessment after concussion (Guskiewicz, 2001). CTSIB and 
BESS assesses static balance with eyes closed on three stances on either hard or soft 
surface and can be done in sideline, while SOT alters the available somatosensory 
or visual information and uses a technical force plate to measure the ability to 
minimize postural sway (Guzkiewicz, 2001; Giza et al., 2013; Harmon et al., 2013; 
McCrory et al., 2013). In addition to static balance, also dynamic balance, gait and 
rhythmic coordination have been found to be impaired following traumatic brain 
injury (Basford et al., 2003; Rinne et al., 2006).
 The traditional Romberg test is also frequently used as a part of concussion 
assessment (Murray, Salvatore, Powell, & Reed-Jones, 2014). The influence of eye 
closing on stability can be expressed using the Romberg’s quotient, RQ (Van Parys 
& Njiokiktjien 1978; Dornan, Fernie, & Holliday, 1978; Morioka, Okita, Takata, 
Miyamoto, & Itaba, 2000; Le & Kapoula, 2008; Kapoula, Gaertner, Yang, Denise, 
& Toupet, 2013). Romberg test is conducted feet together eyes open and closed and 
the result of RQ is the relative difference between those tests. 
 Balance tests are normally conducted using stop-watch and error grading, but 
the test positions used in SRC evaluation have also been used in computerized 
balance testing in different clinical applications, such as hearing-impaired children 
(De Kegel et al., 2011), elderly falls (Howcroft, Lemaire, Kofman, & McIlroy, 2017), 
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and multiple sclerosis (Kalron, 2017). Computerized force plates offer more precise 
and objective measurement of balance performance. However, when computerized 
force plates are used it is difficult to compare results across studies using different 
devices. Common nominators, such as potentially the RQ, are needed.

2.2.3  OCULAR AND VESTIBULAR FUNCTION TESTING IN SRC

Multidoman sideline evaluation tools have been developed, including tests of 
vestibular-ocular function. Akhand and collagues (2019) stated recently that 
ocular motor changes in performance after concussion reflect generalized 
neurophysiologic changes can affect a variety of cognitive processes. (Akhand 
et al. 2019). The King-Devick Test® (K-D) has been adopted as an assessment 
instrument for concussion (Putukian et al., 2013) and highlighted as a relevant 
measure of performance in SRC screening (Patricious et al. 2017). The K-D test 
measures overlapping motor and cognitive functions as it measures processing 
speed, visual tracking, and saccadic eye movements. Several studies about K-D 
test and athletes have been published (Galetta, Brandes et al., 2011; Galetta et al., 
2011; Galetta et al., 2013; King, Clark, & Gissane, 2012; King, Brughelli, Hume, & 
Gissane, 2013; Leong, Balcer, Galetta, Liu, & Master, 2014; Tjarks et al., 2013). 
These studies have reported findings from male athletes between the ages of 12- 
and 53-years playing rugby, ice hockey, boxing, mixed martial arts, soccer, football 
and basketball. Anderson & Biely (2017) found a relationship between K–D score 
and age; as scores worsened with age. Also, a relationship in test performance and 
education with performance time decreasing as education increased. A significant 
increase in post-concussion K-D test times (means: 3.1-11.1 seconds) have been 
observed compared to pre-injury performance. High test–retest and inter-rater 
reliability have been reported (Galetta et al., 2011).  Subtle learning effects have 
been associated with repeated K-D test (Galetta et al., 2011; Galetta et al., 2011; 
King et al., 2012; King et al., 2013,). The use of K-D test requires a baseline test as 
well as an understanding of potential learning and practice effects (McCrory et al 
2017a). 

2.2.4  IMPAIRMENT DETECTION USING BASELINE TESTING AND   
   NORMATIVE DATA IN SRC

Post-injury assessments must be interpreted by comparing the post-injury 
performance either with an individual baseline performance or with normative 
data. Given the individual variation in memory, attention and other cognitive 
skills, comparison to population norms alone can be insufficient (Putukian, 
2011; Shuttleworth-Edwards, 2009). An often-used methodological paradigm 
among sports injury assessment is baseline testing where pre-injury baseline 
results are used in comparisons with the results after head injury (McCrory et al., 
2013; Shuttleworth-Edwards, 2011). Decrements in test performance or greater 
intra-individual variability in performance may indicate prolonged or persisting 
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impairment (Collie et al., 2006a; Majerske et al., 2008). 
 For ImPACT®, Iverson, Lovell, and Collins (2003) have defined reference values 
for reliable change in the neurocognitive test scores that can be used when baseline 
scores are available for individual comparison after concussion. Despite critical 
views (Mayers & Redick, 2012; Randolph et al., 2005; Randolph, 2011; Randolph, 
Lovell, & Laker, 2011) towards baseline testing, it has been strongly recommended 
by many supporting studies (McCrory et al., 2013; Shuttleworth-Edwards, 2009; 
Shuttleworth-Edwards, 2011). In professional contact sports (e.g., the US National 
Hockey League and National Football League), baseline testing is mandatorily 
conducted. Score comparison must be interpreted with caution, however. Athletes 
who either show a decrease or no change in performance compared to baseline, 
in contrast with the improvement observed in asymptomatic and non-injured 
athletes, should be evaluated further (Collie et al., 2006a). Also returning to 
baseline may not be a reliable indicator of full recovery in all cases. However, 
when properly used and interpreted, baseline testing may add useful information 
to the management (McCrory et al., 2013) of SRC by giving access to pre-injury 
levels of cognitive functioning (Shuttleworth-Edwards, 2011). In the absence of 
baseline data, normative values that usually accompany commercially available 
neurocognitive test methods can be used to interpret post-injury performance. 
Normative data is also helpful when used in combination with an individual’s 
baseline score, especially when baseline performance is not accurate (e.g., under-
estimates a person’s true ability) (Echemendia et al., 2012; Schmidt, Register-
Mihalik, Mihalik, Kerr, & Guskiewicz, 2012). To improve options for effective 
concussion management, pre-injury characteristics of athletes by characterizing 
testing performance by sex, concussion history, or ADHD/LD history may be add 
valuable information and used for comparison (Merritt et al. 2017).
 Although methods such as the ImPACT® have been translated into many 
languages, there are limited studies that assess the adequacy of these translations 
or the cultural equivalence of each test version. Cultural, ethnic, and linguistic 
differences on traditional paper-and-pencil neuropsychological tests are widely 
recognized (Agranovich & Puente, 2007; Bure-Reyes et al., 2013; Cherner et al., 
2007; Norman et al., 2011; Shuttleworth-Edwards et al., 2004). It is not known 
whether ImPACT® norms developed in the United States are an appropriate 
reference base for the population in other countries. Differences in baseline 
performance between English speaking and Spanish speaking Hispanic youth 
athletes have been found on ImPACT® (Ott, Schatz, Solomon, & Ryan, 2014). 
Significant variability has also been observed in test-retest reliabilities among 
different linguistic subsamples in National Hockey League athletes in the USA 
(Bruce, Echemendia, Meeuwisse, Comper, & Sisco, 2014). Results from French-, 
Czech-, and Swedish-speaking adult subsamples were compared by Bruce et al. 
(2014) and some performance differences were noted. 

2.3  MOTOR AND COGNITIVE PERFORMANCE

Motor performance is connected to activity control which is a fundamental part of 



20 21

human functionality especially in sports. Cognition in psychology refers to mental 
functions associated with receiving-, processing- and storing of information. 
Perception, recognition, problem solving, attention, memory and learning are 
some of the functions included in the concept of cognition. The executive control 
functions (ECF) broadly encompass a set of cognitive skills that are responsible 
for the planning, initiation, sequencing, and monitoring of complex goal directed 
behaviour (Royall et al., 2002). Working memory is a major component in human 
thought processes by providing an interface between vision, long term memory 
and action (Baddeley, 2003). Psychomotor tasks can be characterized as those 
involving a perceptual and motor response load (Chaiken et al., 2000). In their study 
Chaiken and co-workers (2000) administered a set of cognitive and psychomotor 
tasks, and based on their confirmatory factor analysis concluded that psychomotor 
ability is a unitary factor where much of the variance can be accounted for by 
general cognitive ability or working memory capacity and time estimation ability. 
When psychomotor tasks are practiced, they become increasingly constrained 
by processing speed (Chaiken et al., 2000). Working memory may impact on 
psychomotor ability via complexity and via novelty. Therefore, it is not a surprise 
that cognitively able individuals tend to do well on psychomotor tasks (Chaiken et 
al., 2000) and on the other hand people with cognitive problems tend to perform 
slower (Dell`Acqua et al. 2003; Dell`Acqua et al. 2006). One example of this is 
the delay of a response when two simultaneous stimuli occur, also known as the 
psychological refractory period (Serrien et al., 2007).

2.3.1  MOTOR ACTION AND REACTION TIME

In (neuro)psychological testing, an important aspect is to measure the speed of 
the response following a stimulus. This, even in its simplest form, requires a motor 
response such as a movement of a finger or a hand. Before making inferences 
regarding the processing speed, movement as a basic motor performance should 
be evaluated. There are many versions of the upper limb tapping test which can 
be made more demanding both in its motor and its cognitive requirements (hand-
tapping, finger-tapping with one or more fingers, single hand, both hands, with or 
without a signal, etc). When evaluating motor actions, it is important to understand 
the variety of ways in which the upper limbs interact with each other in a context-
specific manner. The increasing complexity of the required motor sequences in 
terms of the number of limbs moved, or the number of movements per limb, is 
reflected in the increasing activity of the human motor system. By varying the task 
difficulty level and by engaging both sides of the body separately and in combination, 
tests of motor performance can be used as sensitive indicators of the integrity of 
brain function and action control (Serrien, Ivry, & Swinnen, 2007). Jobbágy et al. 
(2005) have recommended personalisation of tests, such as for the finger-tapping 
test, the score of one or more fingers can be more informative than the score of the 
hand (Jobbagy et al., 2005).
 In reaction time tests the examinee must initiate the response as quickly as 
possible when the stimulus is presented. The reaction process may be conceived 
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of as a race between different parallel sensory inputs to the motor system, with 
response latency determined (Miller & Ulrich, 2003).  Simple RT decreases with 
increasing the size, brightness or duration of the stimuli (Miller & Ulrich, 2003). 
Reaction time tests allows the detection of very subtle cognitive changes, and the 
detection of performance variability (Collie et al., 2001).
 Choice reaction time tasks require distinct responses for each possible class of 
stimulus. For example, the observer may be asked to press one button if a red light 
appears and a different button if a yellow light appears. Usually when measuring 
choice reaction time the subject move the arm from the press pad in order to 
make a response to one (single) or any one (choice) of the many stimulus. Limb 
movement time together with the reaction time form the motor performance. The 
total performance time can increase or decrease following changes in cognitive 
function (Riekkinen et al., 2008). Go/No-Go reaction time tasks require to react 
when one stimulus type appears and withhold a response when other stimulus 
types appear, for example, to press the button when a red light appears and not to 
respond when a green light appears.
 The association between cognitive and motor function has been found to be less 
apparent prior to injury but neural insults resulting from mTBI may lead to stronger 
cognitive-motor association (Sosnoff et al., 2008). A shift along the continuum from 
automatic to more controlled information processing for movement, as reflected 
by more pronounced intersensory processing and integration of information, 
with an increase of attentional effort, is associated with aging (Heunincks et al., 
2005; Heunincks et al., 2008). The results suggest that the age-related slowing 
in visual choice reaction time (CRT) latencies is largely due to delays in response 
selection and production (Woods et al., 2015). These kinds of outcomes are typical 
in Alzheimer’s disease (Christ et al., 2018) and response inhibition deficit following 
TBI and ie. in Stroop tasks (Dimoska et al., 2011).

2.3.2  COMPLEX COGNITIVE AND MOTOR CONTROL

Reaction time can also be measured in conditions requiring increasingly complex 
attention. The role of attention and cognition in different types of motor performance 
is still unclear. Several models of attention exist but Posner and Petersen in their 
model differentiate between alerting, orienting, and executive attention (Petersen 
& Posner, 2012). A primary question in motor control research is also how the 
central nervous system deals with the organisation and execution of several tasks 
in parallel or consecutively (Vangeluwe et al., 2004). Tasks that involve minimal 
motor control, but high attentional load can be useful in understanding how higher-
order cognitive processes may be engaged during complex actions. 
 Complex attention can be evaluated for instance with tasks requiring executive 
control such as response inhibition or conflict resolution. Inhibition ability 
allows an individual to control their impulses and withdraw habitual (prepotent) 
responses to stimuli. Conflict resolution refers to the ability to guide behaviour 
purposefully even in face of conflicting stimuli or information. Both can be seen 
as representing executive attention (Petersen & Posner, 2012). In the Stroop task 
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the prepotent response to be inhibited is reading what the word spells when the 
instructions require one to say the color of the ink.The task is made difficult by the 
conflicting information between the colour-word and the print colour. Similarly, 
in the Flanker task spatial information between the arrow in the middle and the 
surrounding arrows is either congruent or incongruent, conflicting.  Reaction time 
difference between responses to congruent and incongruent stimuli reveals the 
cognitive load for the executive attention. 
 Two conditions that have been used to explore rapid updating, evaluation 
and reconfiguration of task goals of cognitive control are task switching and 
multi-tasking (Serrien et al., 2007) and most of these studies of motor–cognitive 
association have been done using examinations of dual task performance—
typically, cognitive tasks during walking or balancing. Performance variability 
in gait during dual tasking has been studied simultaneously with cognitive tasks 
requiring attention such as spelling words, reciting months, or subtracting by 7s 
(Parker, Osternig, Van Donkelaar, & Chou, 2007), or a modified Stroop (Catena, 
Van Donkelaar, & Chou, 2011). A normal strategy is to prioritize the gait or balance 
task, and to ignore or postpone completion of the secondary task (Yogev-Seligmann 
et al. 2007, Shumway-Cook & Woollacott, 2000; Al-Yahya et al., 2011). 
 The difference between physically well recovered TBI subjects and healthy 
controls has been found in agility, rhythm-coordination, agility and balance. 
(Vartiainen et al. 2006; Sarajuuri et al., 2013). Furthermore, in the same population 
the interaction between motor performance and cognition has been reported, 
and that the information processing, attention and executive functioning may be 
associated with motor performance (Sarajuuri et al., 2013). In addition, fine motor 
performance in a dual task—for example, finger tapping combined with word 
repetition—has been found to decrease following acute mTBI (De Monte et al., 
2010; De Monte et al., 2005).  The decreased motor function and balance as well 
as slower responses in dual-task performance following TBI reflect a slowing of 
central processing as well as problems in divided attention in the face of increased 
cognitive load (Battistone, Woltz & Clark, 2008; Dell’Acqua, Pashler, & Stablum, 
2003; Dell’Acqua, Sessa, & Pashler, 2006; De Monte et al., 2010; Incoccia, 
Formisano, Muscato, Reali, & Zoccolotti, 2004; Register-Mihalik et al., 2013). One 
hypothesis is that in cognitive function and concurrent motor tasks, mTBI reduces 
the attentional resources required to perform each task separately (Sosnoff et al., 
2008). Also, it has been noted that mild traumatic brain injuries can result in 
abnormal movement due to a multilevel central nervous system malfunction (De 
Monte et al., 2010). Better integration of cognitive and functional assessments may 
offer greater clinical utility (Royall et al., 2007). There is a functional interest in 
examining motor and cognitive performance in combination as well as in isolation 
(Register-Mihalik, Littleton, & Guskiewicz, 2013; Serrien et al., 2007; Sosnoff et 
al., 2008; Bayot et al. 2018). According to systematic review by Lee, Sullivan, & 
Schneiders, (2013), assessing motor performance in a dual-task paradigm may add 
test sensitivity allowing improvements in the detection of longer lasting effects of 
concussion (Lee, Sullivan, & Schneiders, 2013). 
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2.4  CONCUSSION MANAGEMENT AND REHABILITATION 

Typically, SRC clinical symptoms resolve spontaneously with 80% to 90% of older 
adolescents and adults returning back to pre-injury clinical functioning within 
two weeks (McCrea et al., 2013). Although concussion symptoms are typically 
temporary, some individuals suffer prolonged recovery or persistent symptoms 
(Scopaz & Hatzenbuehler, 2013). The use of the term ‘persistent symptoms’ 
following SRC should reflect abnormal clinical recovery, symptoms that persist 
beyond expected time frames (ie, >10–14 days in adults and >4 weeks in children) 
(McCrory et al., 2017b). Some of the features such as headache or depression are 
risk factors symptoms persisting over 4 weeks (Iverson et al., 2017).
 SCR symptoms must resolve prior to returning to sport activity. The protocol 
should be stepwise in combination of activities and rehabilitation. The current 
recommendations prescribe a brief period of rest during the acute phase (24–48 
hours) after injury, and after that the patients are encouraged to become gradually 
and progressively more active while staying below their cognitive and physical 
symptom-exacerbation thresholds, that is, activity level should not bring on or 
worsen their symptoms (McCrory et al., 2017b). The exact amount and duration 
of rest need further studies, however. Multiple studies suggest that physiological 
dysfunction may outlast current clinical measures of recovery, supporting the 
buffer zone of gradually increasing activity before full contact risk (Kamins et 
al., 2017). In youth, return to activities should always include return to school 
guidelines (Harmon et al., 2019)
 Treatment should be individualised, and targeted in medical, physical and 
psychosocial factors identified on assessment. There is preliminary evidence 
supporting the use of: (a) an individualised symptom-limited aerobic exercise 
programme in patients with persistent post-concussive symptoms associated with 
autonomic instability or physical deconditioning, and (b) a targeted physical therapy 
programme in patients with cervical spine or vestibular dysfunction, if necessary 
combined with (c) a collaborative approach including cognitive behavioural therapy 
to deal with any persistent mood or behavioural issues (McCrory et al., 2017a). 
 Evaluation process is an important part of rehabilitation planning.  If the 
acute phase of the injury is carefully evaluated and effectively managed, the 
rehabilitation result can be optimized (Gurley, Hujsak, & Kelly, 2013). Although 
different sideline tests are widely used, there is a continuing need for tests that 
can accurately detect the effects of a concussion immediately following injury and 
that can also identify symptoms reliably during the follow-up in order to optimize 
rehabilitation processes and the recovery.
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3  AIMS OF THE STUDY
The objective was to study the multimodal performance-based measurements in 
SRC evaluation using a sample of Finnish professional male ice hockey players:

The primary aims of this study are:

1 To study the associations of ImPACT®, K-D and Balance tests performance to   
 age, education, and prior self-reported concussions in a pre-season baseline  
 sample.  

2 To compare the baseline cognitive (ImPACT® test) performance of Finnish  
 professional male ice hockey players to other published language groups  

3 To establish Finnish normative values for the ImPACT® and K-D tests.  

4 To evaluate the usability of a novel Motor and Cognitive test battery  
 (MotCoTe) and the changes in multilimb reaction times and balance control   
 after a sports-related concussion.  

5 To study the relationship between evaluation methods: ImPACT®, K-D and   
 Balance tests 

4  SUBJECTS AND METHODS 

The study was approved by the Ethical Committee of the Helsinki Uusimaa 
Hospital District, and each participating subject signed a written informed consent 
according to the Declaration of Helsinki.

4.1  PARTICIPANTS

4.1.1  STUDIES I-II

A total of 185 professional male ice hockey players from five teams in the Finnish 
national league were evaluated to obtain pre-season (before games started) 
baseline data from ImPACT®, K-D- and balance tests [seasons: 2012-13 (n=118) 
and 2013-14 (n=67)]. Exclusion criterion was any concussions or limb injuries 
present one month or less prior to baseline testing. The results of the first baseline 
only were included for those participating both times. One player was excluded 
from the study because of invalid test results, defined as an ImPACT® Impulse 
Control Composite score above 30. The mean age of the participants was 23.8 years 
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(SD=5.6, range=16-40). All players were Finnish and Caucasian. Mean education 
was 11.58 years (SD=1.4, range=9-16). The mean number of self-reported prior 
concussions sustained was 0.90 (Md=0, SD=1.2, range=0-7). Of the players, 46.5% 
(n = 86) reported one or more prior concussions.
The effect of age was studied by dividing the participants into three groups: (i) 
<20 years (n=53), (ii) 20-26 years (n=72), and (iii) >26 years (n=59). The effect 
of education was studied by forming two groups: (i) 12 years or more (n=70), 
and (ii) less than 12 years of education (n=102). Twelve participants had missing 
information on education. The effect of prior concussions was studied by forming 
two groups based on reported history: (i) players with no prior concussions (n=99), 
and (ii) players with one or more prior concussions (n=85) in Study I, and (i) no 
concussions (n=99), (ii) one or two concussions (n=44), and (iii) three or more 
concussions (n=44) in Study II.

4.1.2.  STUDY III

During the season 2009-2010, four Finnish national ice hockey league teams 
participated in the study and 113 male players aged 17 to 38 (Mean 24.6, SD 5.7) 
were assessed using MotCoTe- and balance tests. Baseline tests were conducted in 
pre-season, before the games started. All the participants were healthy professional 
ice hockey players. Exclusion criterion was any concussions or limb injuries present 
one month or less prior to baseline testing. The subjects’ body mass indexes (BMI) 
were within the normal range. Their dominant side was rated in terms of writing 
and kicking a ball, and 101 (89%) of the participants were right-handed.

During the season, 13 athletes sustained a head/neck-related injury in the 
participating teams. Nine (mean age 24.4, SD 6.4) were followed up according to the 
study protocol while four were unavailable for assessment within the required time 
frame (36 hours). The injury mechanisms were boarding (4), open ice tackle (2), 
falling after losing balance (2) and hockey stick hitting the face (1). In neurological 
screening, immediately after concussion, two subjects suffered LOC, seven had 
PTA (mean duration 12 min), seven had balance or walking problems, seven were 
confused and one had difficulties in gaze shifting. The mean SCAT score was 7.7 
(SD 7.2) after the concussion, 5.1 (SD 4.2) at the second measurement, and 0 (data 
for one case missing) in the after-season test. Only one player had symptoms at the 
three months’ follow up, the mean duration of symptoms for others was 6.3 days 
(SD 4.6). 

A control group of seven non-concussed volunteer players of similar age and 
dominance was formed from the original pool of players, and they underwent 
a follow up assessment after the season. No statistical differences were found 
between the groups (Mann- Whitney U not significant) for the comparison on age, 
height, and weight, the number of previous concussions, and the time since last 
concussion.
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4.2  METHODS

All tests were conducted in a quiet environment, at least 15 minutes after exercise 
during daytime (8am to 4pm) by two experienced health care professionals. The 
participants were encouraged to adjust their posture, stretch their hands and take 
deep breaths during breaks between different parts of the test.  They were also 
asked to avoid speaking during actual testing. Concussion group participants 
(Study III) were instructed to report the presence or increase of any symptoms at 
the time of the assessment. 

Background data, such as years of education, special education needs, and the 
number of prior concussions were collected from self-reports at the time of testing. 
At the start of each test, the examiner gave an overall demonstration of the test. 
During the season 2012-2014 the baseline tests were performed in the following 
order: ImPACT®, K-D and balance tests. Each session lasted approximately 45 
minutes (Study I & II). During the season 2009-2010 the baseline and post-injury 
tests were performed in the following order: MotCoTe and balance tests. Each 
session lasted approximately 30 minutes (Study III).

4.2.1  IMPACT®-TEST

Cognitive performance was assessed with Finnish language version of ImPACT®, 
which includes six cognitive subtests: Word memory (immediate and delayed), 
Design Memory (immediate and delayed), X’s and O’s, Symbol Match, Color Match, 
and Three Letter Memory. Composite index scores for Verbal Memory, Visual 
Memory, Visual Motor Speed, Reaction Time, and Impulse Control are derived 
by combining correct responses and reaction time measures across subtests. 
There are total of four composite scores. Verbal Memory composite score is the 
average percent correct for a word recognition (immediate and delayed scores)-, a 
symbol number match-, and a letter memory- with an interference task. The Visual 
Memory composite score is comprised of the average percent correct scores from 
a recognition memory task (the discrimination of a series of abstract drawings, 
immediate and delayed scores), invenieng mouse clicking task (a number sequence 
from 25 to 1) and a working memory task that requires the identification of 
illuminated  letters X’s or O’s. The Reaction Time composite score is the average 
response time (in milliseconds) on a choice-, and a go/no-go reaction time tasks, 
and (similar as in visual memory composite scores) symbol match task as in the. The 
weighted average of three tasks that are done as interference tasks for the memory 
paradigms is the represent of a processing speed composite. The Impulse Control 
composite score represents the total number of errors of omission or commission 
on the reaction time tests. This composite was not one of the dependent measures 
for this study protocol (Iverson et al., 2003).
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4.2.2  KING-DEVICK TEST® TEST

The K-D test measures processing speed, visual tracking, and saccadic eye 
movements (Galetta et al. 2015). In the K-D test, the athlete reads aloud single-
digit numbers displayed on three cards from left to right as quickly as possible, 
but without errors. The three test cards are preceded by a demonstration card. The 
times required in the three test cards are separately recorded in seconds using a 
stopwatch and the sum of the times is the K-D time score. Misspeaks on numbers 
are recorded as errors only if the subject does not immediately correct the mistake 
(Galetta et al., 2015). In our study the test was administered twice, consecutively. 

4.2.3  MOTOR COGNITIVE TEST BATTERY 

The evaluation of multilimb reaction times was carried out using a computerized 
Motor Cognitive Test battery (MotCoTe, developed within the project).

The MotCoTe is a computer-based reaction time test battery, programmed with 
the Delphi development environment at the Finnish Institute of Occupational 
Health. MotCoTe consists of six multilimb reaction time tests. In each reaction time 
test, a frame (5 cm x 15 cm) with a fixation cross at the centre is shown on screen. 
Arrows appear at the corners of the frame, each corner representing the respective 
limb: an arrow in the upper right corner represents the right hand, an arrow in the 
upper left corner the left hand, and arrows in the lower right and left corners of the 
frame the right and left foot respectively. Two hand and two-foot switches, one for 
each limb, are interfaced with the computer with millisecond precision. The subject 
is instructed to press the switch indicated by the arrow as quickly as possible. Each 
subtest with each limb consists of a set of 10 stimuli. The interstimulus interval 
varies randomly between 1500 and 3000 milliseconds. In each reaction time test, 
the median response time for the 10 reaction stimuli is used in the analyses. For 
each participant, anticipatory responses (defined as responses faster than 100 ms) 
were excluded from further analysis. The data were collected by three persons who 
were familiar with the test with the first author always present. The tests were 
carried out in a quiet environment with the subject sitting at a desk with his shoes 
removed for foot pedal use. The participants familiarised themselves with each 
subtest and were instructed to press the switches with the palm of the hand or the 
ball of their foot (requiring the movement of the wrist joint or ankle joint), rather 
than a finger or a toe. 
 The simple reaction time tests are described in Fig 1. (simple, choice, inhibition 
and conflict RT in single limb) and double reaction time tests with varying attentional 
demands in Fig 2. (Simple double and Choice double limb RT conditions). All tests 
were done with all limbs and limb combinations.  In the first set of analyses (un-
pooled data, see below), the results of the right hand are reported for the single 
limb conditions. In double limb conditions, the results of left and right hand 
(LH+RH) representing bilateral motor processing, right hand and foot (RH+RF) 
representing unilateral motor processing, and right hand and left foot (RH+LF) 
representing crosslateral motor processing are reported.
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Fig 1  Visual description of Simple Reaction time test conditions: Single Limb: 1.1 Simple, 1.2   

1.1 Simple
The arrow appears in a pre-defined corner 
(known to the subject) of the frame pointing 
towards the corner. The subject is instructed 
to press the correct switch as quickly as 
possible when the arrow appears. The test is 
repeated for each limb. The test starts with 
the left hand, proceeding to the right hand, 
left foot and right foot.
1.2 Choice
The arrow appears randomly in any corner of 
the frame, pointing towards the corner. The 
subject has to press the corresponding switch 
as quickly as possible.

1.3 Inhibition
The arrow appears randomly in any corner 
pointing either towards the corner or to-
wards the centre of the frame (away from the 
corner). The subject is instructed to respond 
by pressing the switch only when the arrow 
points to the corner, and inhibit the response 
when the arrow points to the centre.

The arrow appears randomly in any corner 
but is now inside a black disc. The arrow 
points randomly towards any of the four cor-
ners. The subject is instructed to ignore the 
location of the arrow respective to the frame 
(the corner position now giving conflicting 
information), and to respond with the limb 
indicated by the direction the arrow points to
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Fig 2  Visual description of Double Reaction time test conditions: Double limb: 2.1 Simple double,  
      2.2 Choice double

2.1 Simple Double
Arrows appear at the same time in two 
different pre-defined corners and subject has 
to respond with two limbs simultaneously. 
First, the arrows appear for the upper limbs 
bilaterally, then for the lower limbs, then the 
upper and lower limbs unilaterally on the 
same side, and finally, upper and lower limbs 
crosslaterally. 
2.2 Choice Double
Arrows appear simultaneously in two  
random corners, requiring the subject to 
choose the response with the right  
combination of two limbs. 

4.2.4  BALANCE TESTS

Balance control was measured using a computerized force plate (HUR-labs 
Oy, Kokkola, Finland). The participants stood quietly for 30 seconds overall in 
conditions with a closed stance eyes either open or closed on either hard or soft 
foam. In the balance test the measured parameters for sway were area (SA, mm²), 
length (SL, mm), and standard deviation of speed (SS, mm/s). In Study III, only 
eyes open hard foam (EOHF) and eyes closed soft foam (ECSF) results are reported. 

For participants in Studies I and II (unpublished results), a relative balance 
change, Romberg Quotient (RQ), was calculated as the ratio between comparable 
eyes open and eyes closed parameters (eyes closed divided by eyes open) on hard 
surface (RQ1) and soft foam (RQ2). The Romberg quotients were computed for 
Length, Area, and VelocitySD.

4.3  STATISTICAL METHODS

The means (M), medians (Md), standard deviations (SD), and ranges are presented 
as descriptive statistics. All statistics were performed with IBM SPSS statistics 
versions 19.0 and 25.0.

4.3.1 IMPACT® DATA ANALYSIS (STUDY I)

Composite scores for Verbal Memory, Visual Memory, Visual Motor Speed, and 
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Reaction Time were normally or near normally distributed when examined using 
the Shapiro-Wilk test and Normal Q-Q plots. The Impulse Control composite 
score was skewed and is analyzed separately using non-parametric statistics. The 
performance of the Finnish players was compared with published adult values 
of English-, French-, Czech-, and Swedish-speaking subsamples from Bruce et 
al. (2014) using GraphPad QuickCalcs online calculator with two-tailed t-tests. 
Adjusting for the multiple comparisons yielded a required Bonferroni corrected 
p-value of 0.003. For the pairwise group comparisons, the effect size d corrected 
for different group sizes and standard deviations is reported. Effect sizes around 
0.2 are considered small, those around 0.5 medium, and those around 0.8 large 
(Cohen, 1988).
 General linear models (GLM) were used to assess the effects of demographic 
and injury history variables on the four composite scores. A one-way between 
subjects’ multivariate analysis of variance (MANOVA with subsequent ANOVAs 
and Bonferroni corrected pair-wise comparisons) was first carried out to assess 
the impact of age on the ImPACT® composite scores (Verbal Memory, Visual 
Memory, Visual Motor Speed, and Reaction Time). Partial eta squared (ηp²) values 
are reported for effect sizes. Effect sizes around 0.01 are considered small, those 
around 0.06 medium, and those above 0.14 large (Cohen, 1988). The effects of 
education and concussion history were examined with two-way MANOVAs also 
including age as a factor. Impulse Control was analyzed separately with Mann-
Whitney U and Kruskal-Wallis tests. 

4.3.2  KING-DEVICK TEST® DATA ANALYSIS (STUDY II)

The better trial (faster time) was recorded for all the subjects. Data for both trials 
was available for 124 subjects. The normality of distributions was tested with the 
Shapiro-Wilk test.  The K-D performance was compared between demographic 
groups (age, education, and concussion) with the Kruskal-Wallis test. Only time 
was used as an indicator of performance because no errors were made by the 
subjects. A repeated measure general linear model (GLM) was used to measure 
the associations between the K-D subtest and the three grouping variables. The 
association between the first and second measurement was examined by the 
intraclass correlation coefficient (ICC) and the Pearson correlation. 

4.3.3  MOTOR COGNITIVE TEST BATTERY DATA ANALYSIS  
          (STUDY III)

A RT difference (change score) between the first (baseline) and the second 
measurement is calculated by subtracting the time used for the first measurement 
from the time used for the second in each subtest. A positive value indicates an 
increase in the performance time, suggesting poorer performance. Due to the small 
group sizes and non-normal distributions, the differences between the concussion 
group and the control group are analysed using non-parametric Wilcoxon rank-
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sum and Mann-Whitney U tests. For the simple, choice, inhibition and conflict 
conditions each four limbs were analysed, increasing the observations four-
fold. For the double limb simple and choice conditions, unilateral, bilateral and 
crosslateral combinations of limbs were analysed, increasing the observations two-
fold. As the reaction times between limbs in each test did not show statistically 
significant differences, a second set of analyses was carried out and the reaction 
times of different limbs and limb combinations were pooled for each case. To study 
how increasing cognitive demands within the RT tasks affect the performance we 
pooled four single limb data into one limb data for different conditions forming 
variables Simple, Choice, Inhibition, and Conflict for Single limb conditions 
and variables Simple Bilateral, Simple Unilateral, Simple Crosslateral, Choice 
Bilateral, Choice  Unilateral, and Choice Crosslateral for Double limb conditions. 
Differences in reaction times between the pooled limb groups were compared with 
the independent group t-test. Group demographics were compared using Mann-
Whitney U test. All statistical tests were two-tailed with exact significances, and the 
level for significance was set at p < 0.05. For the group comparisons, the effect size 
r and z-score are also reported. Effect sizes around 0.1 are considered small, those 
above 0.3 medium and those above 0.5 large (Field, 2013).

4.3.4  BALANCE DATA ANALYSIS

A one-way between subjects’ multivariate analysis of variance (MANOVA with 
subsequent ANOVAs and Bonferroni corrected pair-wise comparisons) was 
carried out to assess the impact of the demographic variables on the Romberg test 
scores (sway length, sway area, and standard deviation of velocity) at baseline. For 
ANOVAs, partial eta squared (ηp²) values are reported for effect sizes and the level 
of statistical significance was set at 0.05. 
A repeated measures MANOVA was also performed to study the effect of 
somatosensory condition (hard surface vs soft foam) and visual condition (eyes open 
vs closed) and their interaction on the sway parameters.  The Romberg quotients 
were further examined by comparing the difference between parameters (Length, 
Area, VelocitySD) in both RQ1 and RQ2 using repeated measures ANOVAs. Effect- 
size correlation r is also reported. Effect sizes around 0.1 are considered small, 
those above 0.3 medium and those above 0.5 large.
 In Study III, a change score between the first (baseline) and the second (post-
injury) measurement was calculated by subtracting the sway parameters in the 
first measurement from those of the second. A positive value indicates an increase 
in sway, suggesting poorer performance. The differences between the concussion 
group and the control group are analysed using non-parametric Wilcoxon rank-
sum and Mann-Whitney U tests.

4.3.5  CORRELATION BETWEEN TESTS

Correlations were calculated between K-D and ImPACT® composites as well as 
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K-D and Balance variables. Principal Component Analysis (PCA) was conducted on 
the 11 items of all tests (K-D, ImPACT® Composites and Balance) with orthogonal 
rotation (Varimax). The Kaiser-Meyer Olkin (KMO) measure verified the sampling 
adequacy for the analysis. The acceptable limit of KMO has been set to 0.5 (Field, 
2013). 

5  RESULTS
The performance of the Finnish male ice-hockey players in the cognitive and balance 
(unpublished data) tests at pre-season baseline stratified by age is presented in 
Appendix Table 2, by education in Table 3, and by concussion history in Table 4.

5.1  PRE-SEASON IMPACT® (STUDY I)

Statistically significant differences in ImPACT® test performances between 
language groups emerged on the Visual Motor Speed and Reaction Time 
composites. Compared to the English-speaking subsamples, Finnish participants 
had lower scores on Visual Motor Speed [t(301)=3.23, p=.001, |d|=0.38] and 
slower Reaction Times  [t(301)=4.11, p<.001, |d|=0.48]. Compared to the Czech 
speaking subsample, Finnish participants had higher scores on Visual Motor 
Speed [t(224)=3.12, p=.002, |d|=0.52]. The samples were comparable in terms of 
age and education.
 Within the Finnish sample, there was a statistically significant difference in 
ImPACT® test performance between the three age groups [F(8,356)=2.69, p=.007; 
Wilks’ Lambda=0.89, ηp²=0.06]. Differences associated with age occurred on 
Visual Motor Speed [F(2, 181)=3.24, p=.041; ηp²=0.04] and Reaction Time [F(2, 
181)=9.21 p<.001; ηp²=0.09] composites.  The oldest group (>26 years olds) had 
lower scores than the middle age group (20-26 years olds) on the Visual Motor 
Speed composite (p=.037). For the Reaction Time composite, the oldest group was 
slower than the youngest group (p=0.001) and the middle group (p=0.001). 
 The three age groups differed in level of education and concussion history, 
but not in their special education histories (Study I). Level of education was 
not associated with cognitive test performance [F(4,163)=0.99, p=.42; Wilks’ 
Lambda=.98, ηp²=0.02], nor was there an interaction between age and education 
[F(8,326)=0.74, p=.66; Wilks’ Lambda=.97, ηp²=0.02] while the effect of age 
remained significant [F(8,326)=2.04, p=.041; Wilks’ Lambda=0.91, ηp²=0.05]. 
There was also no statistically significant difference between the previously 
concussed and non-concussed group [F(4,175)=0.036, p=.99; Wilks Lambda=1.00, 
ηp²=0.001] or an interaction between age and concussion history [F(8,350)=0.79, 
p=.61; Wilks’ Lambda=.97, ηp²=0.02] while the effect of age remained significant 
[F(8,350)=2.47, p=.013; Wilks’ Lambda=0.90, ηp²=0.05]. Impulse Control was 
associated with age [K-W (2)=26.04, p<0.001] but not with education level (p=.09) 
or with concussion history (p=.25). 
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ImPACT® normative values for each age group are presented separately in Study I.

5.2  PRE-SEASON KING-DEVICK TEST® (STUDY II)

There were no statistically significant differences in the K-D time between the age 
groups [H(2) = 0.270, p = 0.874], the education groups [H(1) = 0.709, p = 0.400], 
or the concussion groups [H(2) = 0.249, p = 0.883]. In the three repeated measures 
GLMs, a significant main effect for the trial (p < 0.001) was found. There were no 
interactions between trial and age, education, or history of concussion (p > 0.1 in 
each). The second trial was performed faster in 163 of 185 subjects (88%). 
 K-D normative values for the whole group combined are presented in Study II.

5.3  PRE- AND POST-INJURY MOTOR COGNITIVE TEST  
       BATTERY (STUDY III)

The concussion group and the control group did not differ in their baseline reaction 
time performance (Mann- Whitney U not significant). As seen in the Study III, 
Figure 3, the concussion group showed a subtle trend of increased reaction times 
from the pre-injury baseline to the post-concussion measurement and an improved 
performance from the post-concussion to the following retests. In the control group 
the reaction times tended to decrease in re-testing, indicating learning. 
 The RT differences (change scores) from baseline to the second test compared 
between the concussion and the control group are described in Study III. All effect 
sizes are medium to large. In the single limb condition, the Inhibition change 
score differed significantly between the groups (p<0.05); the reaction time in the 
concussion group increased between measurements while in the control group it 
decreased. 
 In the double limb RT condition, the Choice Double RH+LH reaction time 
differed significantly between the concussion and the control group. Again, the 
concussion group performed slower and the control group faster in follow-up 
compared to baseline. 
 In the second set of analyses, using the pooled RT data of all limbs, the Inhibition 
and Conflict change scores differed statistically significantly between the groups 
(p<0.05 and p <0.001 respectively) in the single limb condition. In the double limb 
RTs, all the conditions, except Simple Bilateral, significantly differed between the 
groups (p<0.05 or p <0.01 in all). In all tests the reaction time in the concussion 
group increased while in the control group it decreased in follow-up.

5.4  PRE- AND POST-INJURY BALANCE (STUDY III)

For the pre-season baseline balance scores on the participants of studies I-II (see 
Appendix Tables 2, 3 and 4, unpublished results), there were no statistical differences 
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 When the raw values were analysed, all sway parameters (Length, Area, and 

(from hard surface to soft foam) and with the change in the visual conditions (from 

surface RQ1; F(1.079,168.338) =35.271 and soft foam RQ2; F(1.056,173.162)= 

VelocitySD parameters in RQ1, see Table 6 (unpublished data).  

Table 5  The effect (repeated measures F statistics values) of somatosensory and visual condition 
   in sway parameters

Sway Area Sway Length Standard Deviation 
of Sway Velocity

Somatosensory 458.55** 1250.90** 736.92**
Visual 488.54** 1176.27** 820.50**
Somatosensory x Visual 267.16** 586.16** 327.78**

Degrees of freedom (df) = 1,155 in all, ** p<0.001
Somatosensory = hard surface vs. soft foam, 
Visual = Eyes open vs. eyes closed, 
Somatosensory x visual = interaction of surface and visual condition combined

Table 6  Comparison of Length, Area and VelocitySD parameters in RQ1 and RQ2 conditions

Sway Length Sway Area

Sway Area
      Hard Surface: RQ1
      Soft Foam: RQ2

F(1,156)=33.502*, r=0.28
F(1,164)=121.469*, r=0.45

Standard Deviation  
of Sway Velocity
     Hard Surface: RQ1
     Soft  Foam: RQ2

F(1,156)=3.241, r=0.04
F(1,164)=5.674*, r=0.05

F(1,156)=38.731*, r=0.28
F(1,164)=129.058*, r=0.45

* p<0.05

RQ1 is the ratio between eyes open divided eyes closed in hard surface
RQ2 is the ratio between eyes open divided eyes closed in soft foam



35

medium. A trend for the balance, especially for eyes closed, soft foam, was observed 
however suggesting decreased performance in the concussion group but improved 
performance in the control group in follow-up. At post-injury, hard surface results 

between groups in sway length (U=5.0, p=.005), sway velocity (U=5.0, p=.005) 
and standard deviation of sway velocity (U=8.0, p=.013). Among the concussed, 

2.14 (1.9-2.4) post-injury (Table 7).

Table 7  The mean and Standard deviation (Length, Area, Velocity and VelocitySD) in RQ hard   
  surface and soft foam conditions in post injury measure, * p<0.05

Concussed 
n=9

Non- Concussed 
n=7

Sway Area
    Hard Surface: RQ1
    Foam: RQ2

2.02 (0.41)
2.87 (1.42)

1.75 (0.34)
1.83 (0.77)

Sway Length    
     Hard Surface: RQ1
     Foam: RQ2

1.56 (0.38)
2.14 (0.35)

1.40 (0.32)
 1.56 (0.35)*

Sway Velocity    
     Hard Surface: RQ1
     Foam: RQ2 

1.56 (0.38)
2.14 (0.35)

1.40 (0.32)
1.56 (0.35)*

Standard Deviation  
of Sway Velocity
      Hard Surface: RQ1
       Soft  Foam: RQ2

1.57 (0.37)
2.13 (0.47)

1.50 (0.19)
1.53 (0.40)*

5.5  PRE-INJURY CORRELATION BETWEEN  
EVALUATION METHODS (UNPUBLISHED RESULTS)

except for Impulse Control (Table 9). K-D time was not correlated with balance 
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Table 8  Inter correlations between KD Test scores and ImPACT composite scores (N=187). 

Verbal 
Memory

Visual 
Memory

Visual Motor  
Speed

Reaction  
Time

Impulse  
Control

KD 
Total

Verbal  
Memory

1 .391** .206** -.055 -.043 -.042

Visual  
Memory

.391** 1 .236** -.207** -.164 -.098

Visual  
Motor  
Speed

.206** .236** 1 -..474** -.017 -.379**

Reaction  
Tme 

-.055 -.207** -.474** 1 -.136 -.187*

Impulse  
Control

-.043 -.164* -.017 -.136 1 .037

KD Test -.042 -.098 -.379** .187* .037 1

**. Correlation is significant at the 0.01 level (2-tailed). 
*. Correlation is significant at the 0.05 level (2-tailed).

Table 9  Inter correlations between KD Test scores and Balance (N=156). 

KD 
Test

Easy 
Balance  
1

Easy 
Balance 
2

Easy  
Balance 
3

Difficult
Balance  
1

Difficult
Balance  
2

Difficult
Balance  
3

KD Test 1 -.045 .111 -.045 -.049 -.041 -.049
Easy  
Balance 1

-.045 1 .473** 1** .409** .223** .409**

Easy 
Balance 2

.111 .473** 1 .473** .197* .332** .197*

Easy 
Balance 3

-.045 1** .473** 1 .409** .223** .409**

Difficult 
Balance 1

-.049 .409** .197* .409** 1 .671** 1**

Difficult 
Balance 2

-.041 .223** .332** .223** .671** 1 .671**

Difficult 
Balance 3

-.049 .409** .197* .409** 1** .671** 1

**. Correlation is significant at the 0.01 level (2-tailed). 
*. Correlation is significant at the 0.05 level (2-tailed).
Difficult Balance 1; Velocity, Soft foam, eyes closed; Difficult Balance 2; Area, Soft foam, 
eyes closed, 
Difficult Balance 3; Length, Soft foam, eyes closed
Easy Balance 1; Velocity, Hard foam, eyes open; Easy Balance 2 ; Area, Hard foam, eyes 
open; 
Easy Balance 3; Length, Hard foam, eyes open
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PCA was conducted on the 11 items of cognitive and balance tests (K-D Time, four 
ImPACT Composites and three sway parameters in hard surface-eyes open and 
soft foam-eyes closed conditions) with Varimax rotation on data gathered from 
the 156 participants in Studies I and II. Impulse control loaded only on itself and 
was excluded from the subsequent analyses. KMO verified the sampling adequacy 
for the analysis, as all KMO values for individual items were >.67. Bartlett’s test of 
sphericity x² (55) = 4809.78, p<.001, indicated that correlations between items 
were sufficiently large for PCA. An initial analysis was run to obtain eigenvalues 
for each component in the data. Four components had eigenvalues over Kaiser’s 
criterion 1 and in combination explained 74.24% of the variance. The convergence 
of the scree plot and Kaiser’s criterion justified retaining four components in the 
final analysis. Table 10. shows the factor loadings after rotation. The items that 
cluster on the same components suggest that component 1. represents Difficult 
Balance (eyes closed on soft foam), component 2. Easy Balance (eyes open on hard 
floor), component 3. Memory (verbal and visual memory) and component 4. Speed 
(visual motor speed, reaction time and K-D time).

Table 10  Varimax rotated component loadings for K-D,ImPACT and Balance (N=185).

Rotated Factor loadings
Item 1 Difficult  

Balance
2 Easy 
Balance 

3 Speed 4 Memory

Difficult Balance 1; 
Velocity

0,944 0,215 -0,044 0,001

Difficult Balance 2; Area 0,817 0,116 0,027 -0,004
Difficult Balance 3; 
Length

0,944 0,215 -0,044 0,001

Easy Balance 1; Velocity 0,202 0,938 -0,094 -0,070
Easy Balance 2 ; Area 0,127 0,676 0,197 -0,026
Easy Balance 3; Length 0,202 0,938 -0,094 -0,070
Visual Motor Speed 0,075 -0,02 -0,795 0,260
Reaction Time 0,109 -0,074 0,704 -0,146
KD Test -0,093 0,084 0,707 0,140
Verbal Memory 0,090 -0,075 0,026 0,863
Visual Memory -0,097 -0,055 -0,244 0,786

Extraction Method: Principal Component Analysis.   
Rotation Method: Varimax with Kaiser Normalization.
Factor loadings over .67 appear in bold

Difficult Balance 1; Velocity, Soft foam, eyes closed; Difficult Balance 2; Area, Soft foam, 
eyes closed, Difficult Balance 3; Length, Soft foam, eyes closed
Easy Balance 1; Velocity, Hard foam, eyes open; Easy Balance 2 ; Area, Hard foam, eyes 
open; Easy Balance 3; Length, Hard foam, eyes open
  



38 39

6  DISCUSSION
This thesis studied the pre-season performance of 185 Finnish professional male 
ice hockey players aged 16 to 40 years on the ImPACT®, K-D and Balance tests. 
ImPACT®, but not K-D or Balance tests, were found to be associated with age. 
There were no association of education or previous concussions in the ImPACT®, 
K-D and Balance tests. The performance in ImPACT® was found to differ in 
the Finnish sample compared to other language and cultural groups. Normative 
values for Finnish professional ice hockey players in K-D test and ImPACT® are 
presented. Additionally, a novel Multilimb reaction time test battery MotCoTe 
was evaluated in total of 113 players before season and nine athletes were assessed 
following a concussion. Reaction time deteriorated after SRC compared to healthy 
controls, especially in more cognitively demanding tasks. Correlations between 
K-D results and ImPACT® were significant at baseline, but correlations between 
K-D-time and Balance were not found. In a principal component analysis, easy 
and difficult balance, memory and speed were identified as separate components 
of performance at baseline. 

6.1  ASSOCIATIONS OF IMPACT®, K-D AND BALANCE   
   TESTS PERFORMANCE TO AGE, EDUCATION, AND   
    PRIOR SELF-REPORTED CONCUSSIONS (STUDIES  
    I & II)

The ImPACT® scores were related to age in this sample, as expected. Generally, 
increasing age is associated with lowered motor as well as processing speed 
(Salthouse, 1996; Salthouse, 2009) and the effect becomes more evident after 
the age of 30. Most of our participants were below 26 years, with a mean age of 
23.8 years, but the effect was already visible in this age range warranting age-
specific reference values. Age did not affect all tasks in a similar fashion, however. 
In ImPACT®, the effect was seen in speed related scores, but K-D time did not 
show the effect. Also, there were no association between education and cognitive 
performance in this sample.
 Performance in pre-season cognitive tests (ImPACT® and K-D) in the present 
study was not significantly affected by one or more reported concussions. This is in 
line with several previous studies suggesting the absence of neurocognitive effects 
of prior concussions (Iverson, Brooks, Lovell, & Collins, 2006; Brooks et al., 2013; 
McKay, Brooks, Mrazik, Jubinville, & Emery, 2014). However, the effect may be 
visible after several prior concussions. Concussion history has been shown to be 
associated with decrements on ImPACT® memory scores when there have been 
three or more concussions (Iverson, Gaetz, Lovell, & Collins, 2004), but not with 
one or two previous concussions (Iverson et al., 2006).
 Balance scores were not related to age or education in our study. In this age 
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group only a limited number of studies are available for comparison. Worse postural 
control has been reported in previous reports in older age groups. Iverson and 
Koehle (Iverson & Koehle, 2013) reported that BESS error scores increased with 
age in community-dwelling adults between 20 and 69 years of age. In addition, 
age-related changes in postural control between 20-29 to 60-79 years (Speers, Kuo, 
& Horak, 2002) and from 30-39-years up to 80 years of age have been observed 
(Era et al., 2006). Given that our study included elite athletes, most of whom were 
in their 20s, it is not surprising that we did not see age-related differences. In the 
Canadian BESS normative study, 20-29-year olds and 30-39-year olds performed 
similarly (Iverson & Koehle, 2013).

6.2  COMPARISON OF THE BASELINE COGNITIVE  
       PERFORMANCE OF DIFFERENT LANGUAGE   
         GROUPS AND THE FINNISH NORMATIVE VALUES  
          FOR THE IMPACT® AND K-D TESTS (STUDY I & II)

The performance of Finnish professional male ice hockey players aged 16 to 40 
years on the ImPACT® test differed from the previously published English and 
Czech language samples (Bruce et al., 2014) on the Visual Motor Speed and 
Reaction Time composites.  

There have been concerns that norms developed in the US may not be a 
suitable reference base for different ethnic populations (Shuttleworth-Edwards, 
Whitefield-Alexander, Radloff, Taylor, & Lovell, 2009; Bruce et al., 2014; Ott et 
al., 2014; Tsushima & Siu, 2014). One study suggests that US normative data on 
ImPACT® are appropriate for use with South African athletes whose first language 
is English (Shuttleworth-Edwards et al., 2009), but other language versions were 
not examined. Significant variability in test-retest reliability as well as performance 
has been found among the different language versions of ImPACT® (Bruce et al., 
2014; Ott et al., 2014; Echemendia et al., 2016). Based on the results of the present 
study, having language and culture specific normative data might improve clinical 
interpretations of cognitive test scores derived from ImPACT®.
The median best K-D time was 40.0 seconds (IQR = 36.5-43.9s; range 24.0-65.7s). 
The current findings are similar to results reported by Galetta and colleagues with 
professional North American ice hockey players (n = 27, mean = 40.3s, SD = +/- 
6.4s, range = 29.4 - 58.3s) and for football, soccer, and basketball players (n = 219, 
median = 37.9s, SD = not reported, range = 23.4-58.0s) (Galetta et al., 2011; Galetta 
et al., 2013). Average scores from those studies were in the average classification 
range compared to this study. The average scores for boxers and MMA fighters (n 
= 39, median = 44.6s, SD = not reported, range = 32.0-58.2s) were slower than the 
present sample, falling in the below average range (Galetta et al., 2011). The lowest 
baseline scores were reported by King and colleagues for amateur rugby league 
players (n = 37, median 47.3s, SD = not reported, range = 28.0–80.3s and n = 50, 
median 48.2s, SD = not reported, range = 34.6-62.0s) (King et al., 2012; King et 
al., 2013). The average score for the rugby players was on the border between the 
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below average range to poor compared to this study of hockey players. According 
to these comparisons, sports specific normative values for K-D time are needed. 
 In the present study, the range of scores was broad (e.g., 24–65 s for the K-D 
best time). The normative classification ranges are helpful for interpreting post-
concussion test scores. For instance, an athlete achieving a total score of 43 
seconds post-injury will fall into the ‘Average’ classification range and is therefore 
performing at a level where 50% of the athletes normally perform. Without a 
reliable baseline measurement, it is not possible to know if that score indicates 
a decline for that individual or not. For an athlete with a pre-injury performance 
time of 33 seconds (the ‘Superior’ classification range), the slowing would indicate 
a significant decrement. A worsening of an average of five seconds following 
concussion compared to baseline K-D time has been reported (M. S. Galetta et al., 
2013; King et al., 2012). At the other end of the continuum, an athlete performing 
at 48 seconds 24 hours after a concussion would have a score in the unusually 
low classification range—but whether this represents a small or large decline in 
functioning is unknown without a reliable baseline. In the absence of baseline 
scores, a K-D time of over 60 seconds following a concussion can be considered 
universally abnormal according to prior studies on athletes (Tjarks et al., 2013). 
Our results confirm this; only 1.6 % (n=3) of our subjects scored over 60 seconds 
on the pre-season baseline testing. In general, scores in the unusually low range 
should be considered potentially problematic because approximately 90% of 
athletes score above this range.

6.3  USABILITY OF THE MOTOR AND COGNITIVE TEST  
       BATTERY AND THE CHANGES IN MULTILIMB  
       REACTION TIMES AFTER A SPORTS-RELATED  
       CONCUSSION (STUDY III)

During one season, nine hockey players (from 113) were assessed following 
a concussion. Compared to the baseline measurements, a trend of reduced 
performance seen in increased reaction times after concussion was 
observed. Differences between the concussion group and the control group 
of nonconcussed athletes were found in subtests with higher cognitive load 
in both single and double limb conditions. This was seen especially after  
pooling the data from separate limbs. 

In our study we used tests which require inhibitory and conflict resolution ability 
while also engaging the full motor system with all four limbs and choice reaction 
simultaneously. In the multilimb RTs, the tasks that demanded higher attentional 
control (choice inhibition reaction times as well as multilimb conditions) were 
found to be more indicative of a performance decrease while the simpler RT 
tasks were less sensitive. Based on the meta-analysis by Belanger & Vanderploeg, 
(2005) attention has been the domain most often assessed in concussion studies, 
but the effect size for the difference between concussion and control group has 
been remained modest. The tasks in MotCoTe increase cognitive load starting 
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from a single RT to a choice RT, then to one requiring inhibition and finally to a 
condition where conflicting information is given and high-level attentional control 
is demanded. In addition to the traditional single limb performance, the simple 
and choice reaction times were also tested using upper or lower limbs bilaterally; 
upper and lower limbs unilaterally and finally cross laterally. 

In neuropsychological assessments the Stroop and other inhibition or conflict 
related tests have been used for assessing executive attention (Petersen & Posner, 
2012). Different RT and divided attention tasks are included also in the ImPACT®, 
HeadMinder and CogSport batteries (Schatz & Putz, 2006). Novel in our approach 
was the use of tests which require inhibitory and conflict resolution ability while 
also engaging the full motor system with all four limbs and choice reaction 
simultaneously.  Our results indicate that processing speed depends on the number 
of tasks involved in the response situation from a motor, psychomotor or cognitive 
point of view.

 It is common to have multiple system involvement in traumatic brain injuries 
affecting to our postural control, vision or cognitive processing abilities. The injury 
mechanism and -symptoms in concussion overlap for instance with whiplash 
type of injuries (Greenwald & Gurley, 2013; Leslie & Craton, 2013), therefore 
both possibilities should be kept in mind after a sport related head injury (Hynes 
& Dickey, 2006). The assessment of motor as well as cognitive functions both 
separately and in combination may prove to have value in differential diagnostics. 
In assessing symptoms and recovery and making return-to-play decisions, we 
suggest a multifaceted approach to assessment, where clinical evaluation, self-
reported symptom appraisal, as well as objective tests of different modalities are 
combined.

The sensitivity increase is likely due to the integrative requirements of the 
processes: multilimb coordination requires complex, integrative motor control and 
increasing the associated cognitive challenge requires an integrated effort between 
different brain areas (Serrien et al., 2007). More research is needed to delineate 
the benefits of measuring simultaneously motor and cognitive performance after 
concussion. If proven reliable, this approach could also be applied to monitoring 
the rehabilitation process.

6.4  USABILITY OF BALANCE CONTROL TESTING  
       AFTER A SPORTS-RELATED CONCUSSION (STUDY  
       III AND UN PUBLISHED DATA FROM STUDIES I  
       AND II)

The Romberg test performance in four different conditions was evaluated at 
baseline and significant interactions between the visual and the somatosensory 
inputs was found. All sway parameters derived from the computerized balance 
board showed the change from the easiest (hard surface, eyes open) to the most 
difficult (soft foam, eyes closed) condition. The significant interaction between 
conditions supports the use of RQ, the ratio between eyes closed and eyes open, to 
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study the effect of somatosensory conditions on postural stability. 
Significant differences that were found between the RQ parameters suggest 

caution in interpretation, however, when comparing results across studies. RQ 
was originally suggested to be around 2.5 by the French Posturology Association 
but has since been shown to vary as a result of convergence (Le & Kapoula, 2008) 
and stance conditions (Morioka et al., 2000). RQ scores for sway length and area 
in closed stances were reported to be around 1.5 in healthy adult males (Morioka 
et al., 2000). In our study, both sway length and velocity SD on the hard surface 
had a mean of around 1.5, but on soft foam the mean quotients increased to around 
2.3.  The association between somatosensory conditions, sway parameters, and RQ 
within the Finnish sample can be illustrated as follows: the sway length quotient 
of 2.3 on a hard surface (RQ1 Length) represents extremely atypical performance 
but on soft foam (RQ2 Length) it represents average performance. For sway area, 
quotient of 2.3 on a hard surface (RQ1 Area) represents average performance and 
on soft foam (RQ2 Area) it represents above average performance. 

In Study III we found no statistically significant differences between the 
concussed and the nonconcussed groups in the balance scores. There was a subtle 
trend of increased sway in the concussed athletes as opposed to a decreased sway 
in controls, but the effect sizes were small to medium. Relative intraindividual 
change from one condition to another was not analysed in that study, however. An 
amplified reaction to a change in visual conditions (from eyes open to eyes closed), 
to the change in somatosensory conditions (from hard surface to soft foam) or 
the intra-individual interaction of both conditions might indicate the effect of 
concussions on balance (Gurley et al., 2013; Guskiewitcz 2001). An increase in 
RQ ratios after concussion may serve as an indicator of somatosensory integration 
problems due to injury. Applying the present normative values to an illustrative 
case from Study III showed an unaffected RQ in sway length on hard surface 36 
hours after concussion (RQ1 1.94 at baseline compared to 2.18 after concussion), 
but an impaired RQ on soft foam relative to baseline (RQ2 1.85 compared to 2.82) 
falling in the below average range. The difference between sway parameters in RQ1 
and RQ2 conditions supports their use because they seem to measure different 
aspects of sway. 

These results give normative guidelines for balance scores and the relatively 
increasing sway from the easiest (hard floor, with eyes open) to most difficult (soft 
foam, eyes closed).
In sideline measurements and the absence of computerized systems the balance 
error scoring system (BESS) and Sensory organization tests (SOT) are perhaps the 
most used. They are reliable, easy to administer and applicable for an objective 
balance evaluation (Greenwald et al., 2013; Ruhe et al., 2014). 

To achieve the most effective tests, the soft foam and the relations of normal 
individual change should be studied more. According to our results individual 
relative change in sway length almost tripled from easy to difficult balance 
conditions In the future, these kinds of relative changes could be the value 
indicating the change after concussion and somatosensory integration problems as 
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they have been recommended to be a tool to discriminate elderly fallers (Howcoft 
et al., 2017).
6.5  CORRELATION BETWEEN METHODS AT BASELINE  
       (UNPUBLISHED DATA FROM STUDIES I AND II)

The statistically significant correlation on the K-D time was associated with 
visual motor speed and reaction time in this study. The correlations of ImPACT® 
reaction time and visual motor speed to K-D time at baseline were high. This is 
not surprising, both measuring the performance speed, though different ways. 
Following a concussion, ImPACT® reaction time and visual motor speed have also 
been found to improve in parallel with K-D time (Tjarks et al., 2013).

The statistically significant correlation on the K-D time was not related to 
balance in the current sample. Though postural control is affected during visual 
perturbation (Cripps et al., 2018) and they are connected in the vestibular system, 
this underlines the need of multilevel approaches in post-concussion evaluation. 
In theory, in maintaining visual and postural control several overlapping systems 
(visual, vestibular and somatosensory) are involved (Gurley 2008) and typical 
symptoms after SRC are involved to those regions. These results support the use 
and study of K-D- test in sideline after concussion added to SCR protocols. The 
correlation between these protocols and their inter-individual alterations might be 
the key of understanding the effect of concussions on balance (Gurley, 2013). 

Analysed together in a single model, PCA, a multivariate data analysis technique, 
transformed the concussion measures (K-D Time, ImPACT® Composites, 
Balance) into new uncorrelated composite variables defined as difficult balance, 
easy balance, speed and memory. While relatively independent at baseline, these 
four elements are essential in concussion management. Motor slowness, memory 
problems, dizziness and balance problems are some of the main symptoms after 
a concussion (Harmon et al, 2013; Collins et al., 1999). It has been emphasized in 
previous literature that cognitive and motor capacities are linked (Serrien et al., 
2007). In light of the present results, it is important to evaluate them separately. 
Multidomain aspects are important in both the acute recognition of concussion 
as well as the evaluation of recovery and return to participation (Guskiewicz & 
Register-Mihalik, 2011). Furthermore, the recovery processes of cognitive and 
postural capabilities seem to occur independent of and therefore testing either one 
alone is insufficient to identify recovery (Littelton & Guskiewicz, 2013).

6.6  LIMITATIONS 

The current results pertain to professional male ice hockey players and may 
therefore not be generalizable to other sports, to non-athletes, or to women. 
Participating teams came from Southern parts of Finland, near the capital region, 
which may also limit generalizability. Also, the number of previous concussions 
is defined by the athletes themselves and is open to subjectivity and errors in 
reporting. Similarly, type of SRC couldn’t be verified later.
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In Study I, the different language and cultural groups were not assessed as part 
of the present study; the data for comparisons came from a published article. 
Despite the same age range, education and elite level, and described similar testing 
conditions, there may be other factors influencing the comparability of the findings. 
The group sizes were larger than those of Bruce et al. (2014), but quite small when 
subdivided into age groups. Therefore, these reference values should be considered 
preliminary and should be expanded upon. 

In Study III, the group of concussed athletes was also small; therefore, our 
findings only serve as preliminary evidence of the usability of the novel test. Larger 
samples are needed to verify the results and data for example re-test reliability 
would be necessary before a new method can be applied to clinical use. To overcome 
the limited number of sustained injuries during the season, we conducted two 
separate sets of pooled data analyses, also adding to the number of statistical 
comparisons.  Another limitation is related to the follow-up period which should 
have been defined similarly for all subjects. The control group was retested only 
after the season while for the concussion group the first retest time depended on 
the time of the injury; some early in the season, some later. First follow-up was 
within 36 hours of the injury, which resulted in unfortunate exclusion of cases due 
to slow flow of information from the teams to the researchers. Also, the diagnosis 
was not verified by a neurologist and/or using brain imaging.

7  CONCLUSION AND PRACTICAL  
    IMPLICATIONS

In conclusion, the cognitive test results in this study, derived from ImPACT®, 
differed from those previously published from elite English and Czech speaking 
hockey players, justifying separate norms for athletes from diverse cultural 
and language backgrounds. This study presents preliminary normative data for 
professional Finnish ice hockey players that can be used to interpret ImPACT®, K-D 
and balance test performance following an SRC when baseline data is not available 
or used as in combination for comparison. Moreover, there were age effects within 
the total sample in ImPACT®, justifying age-specific norms. A similar approach is 
encouraged for other countries as well. 

Due to the nature of biomechanical forces leading to concussion and related 
injuries, multimodal approaches are needed (Collins et al. 2016). In the future, 
it is important to study the use of valid postural / vestibular as well as cognitive 
measures in combination for monitoring the effects of concussion and recovery. In 
assessing symptoms and recovery and making return-to-play decisions, we suggest 
a multifaceted approach to assessment to every stages of concussion protocol 
(acute, sideline, clinic and follow up in rehabilitation), where clinical evaluation, 
self-reported symptom appraisal, as well as objective tests of different modalities 
are combined.

The K-D test is a new method and it has been highlighted as a promising sideline-
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test in the field of concussion management (Putukian et al., 2013). Compared to 
the current tests such as SCAT5 or ImPACT®, the test measures different aspects 
of functioning, so it may prove to have value as an additional method for assessing 
the acute effects of concussion. In balance measurement, Romberg Quotient scores 
are not tied to any particular device and are being used already in different settings 
to evaluate balance control (Howcroft et al., 2017; Lin et al. 2013).  RQ may be a 
useful tool when comparing balance results across studies but parameters used, 
and conditions applied must be taken into consideration. More research of the K-D 
and balance tests is needed on the intra-rater reliability, test-retest reliability over 
clinically relevant intervals (e.g., 1 day, 1 week, 1 month, and 3 months), validity, 
and clinical usefulness of the tests in athletes with concussions before health care 
professionals can have more confidence in using those.
Additionally, we studied how increasing cognitive demands within the reaction 
time task affect the performance and the reaction time decrement after SRC. 
Concussed subjects showed a trend of slowing processing speed and motor control 
that later resolved with recovery from the trauma. While simple reaction time 
tests in this study did not appear to detect the subtle changes typically resulting 
from minor head trauma, tests with higher cognitive processing requirements and 
double limb action were more sensitive. The novel approach presented here may 
be a useful addition in assessing performance changes. Improving the evaluation 
methodology can enhance also SRC follow-up and rehabilitation processes.

In the highest Finnish professional male ice hockey league, defining the SRC 
protocols and recommendations has been a long process. When this study began, 
no uniform processes were in place. SCAT baseline testing has been a golden 
standard since the 2013–14 season and ImPACT test since 2016. The league today 
recommends day-of-injury SCAT testing for all players with suspected concussion, 
follow up on the third day also using other methods including ImPACT, and return 
to play when results have returned to baseline. Current requirement is to perform 
the baseline test regularly, and each team also has an independent concussion 
protocol – i.e., a common practice for team medical personnel to conduct follow-
up tests with potentially injured athletes. The results of this study will help the 
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medical health professionals make better informed decisions in managing SRC.
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Table 3  Finnish reference values by education for ImPACT®, King-Devick and Balance scores

n Mean Median SD n Mean Median SD
IMPACT Education <12 Education >11
Verbal Memory 103 84.8 85.0 9.7 70 86.7 88.0 8.8
Visual Memory 103 75.4 76.0 12.8 70 76.7 77.0 10.8
Visual Motor 
Speed

103 38.8 39.2 6.3 70 39.9 39.7 6.5

Reaction Time 103 0.60 0.60 0.08 70 0.63 0.61 0.11
Impulse Control 103 5.0 4.0 5.4 70 3.5 3.0 2.4
KING-DEVICK Education <12 Education <12
1st test 72 42.0 41.9 6.3 59 42.7 42.0 7.5
2nd test 98 40.2 40.2 5.9 63 40.2 39.7 6.5
Total 103 40.2 40.2 5.8 70 40.1 38.6 6.4
BALANCE Education <12 Education <12
1. Hard floor, 
eyes open
Length 81 383.9 380.1 98.9 65 383,9 358.5 98.8
Area 81 337.7 279.6 195.5 65 323.2 265.7 190.5
Velocity SD 81 7.11 6.85 1.93 65 7.18 6.72 2.04
2. Hard floor, 
eyes closed
Length 81 571.3 563.3 171.4 65 596.9 574.2 141.7
Area 81 566.0 524.1 259.3 65 585.5 486.4 370.1
Velocity SD 81 10.44 10.37 3.84 65 10.56 10.01 2.50
Romberg 
Quotient 
(RQ1)
Length 81 1.52 1.46 0.39 65 1.59 1.57 0.29
Area 81 1.99 1.75 1.10 65 2.14 1.74 1.39
Velocity SD 81 1.52 1.54 0.52 65 1.52 1.51 0.32
3. Soft foam, 
eyes open
Length 81 497.8 467.3 108.1 65 500.8 496.0 109.7
Area 81 497.1 420.8 244.6 65 479.1 405.4 263.1
Velocity SD 81 9.50 8.86 2.51 65 9.33 9.33 2.20
4. Soft foam, 
eyes closed
Length 81 1079.1 1030.3 254.9 65 1168.6 1171.3 206.5
Area 81 1462.1 1282.4 655.5 65 1612.3 1566.5 633.3
Velocity SD 81 19.8 19.0 5.00 65 21.1 20.6 4.87
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n Mean Median SD n Mean Median SD
BALANCE Education <12 Education >11
Romberg 
Quotient 
(RQ2)
Length 81 2.22 2.16 0.53 65 2.41 2.40 0.57
Area 81 3.33 3.00 1.66 65 4.01 3.65 1.94
Velocity SD 81 2.17 2.02 0.64 65 2.36 2.17 0.70

sample size, SD = standard deviation
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