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Abstract 

Background: Rugby has the highest incidence of Sport Related Concussion of 

any contact sport. Despite considerable media interest and research, the 

underlying relationship between participation in rugby union and the 

manifestation of concussion is poorly understood. To address this problem, 

novel, non-invasive technologies  have been developed to measure brain health 

in a quantative and real-time manner. These technologies include the ‘Brain 

Gauge somatosensory system’ which provides a diagnostic system for overall 

brain health. 

Aim: For the first time, the Brain Gauge was used to monitor and measure brain 

health amongst a group of five University rugby players over the course of six 

games during the 2017/2018 playing season. An unmatched group of four non-

rugby playing University students were used as controls. 

Methods: The Brain Gauge technology was used to measure: Reaction Time 

(RT), Sequential (SEQA) and Simultaneous Amplitude Discrimination (SIMAD) 

and Reaction Time variability (RTVar).  The raw data underwent statistical analysis 

to test for differences within and between individuals and for changes across the 

six-week testing period. In addition, the Rivermead Post Concussion 

Questionnaire was used to monitor changes in symptoms across the 6 week 

testing period. 

Results: There were significant differences between individuals for three of the 

four brain health (RT, SIMAD, RTVar) measurements. In contrast only one of the 

four brain health measurements (SIMAD) displayed statistically significant 

changes over the six-week testing period. Pairwise correlation analysis detected 

strong correlations between RT and RTVar together with the following symptoms 

from the Rivermead Questionnaire: nausea (0.95), fatigue (0.90), feeling 

depressed (0.93) and poor memory (0.95). 

Conclusions: The Brain Gauge somatosensory system accurately measured 

fluctuations in brain health and provided quantative baseline data to support future 

studies. Further research is required to establish the causal relationship between 

brain health, concussion and participation in University rugby union. 
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1 Introduction 
 

Direct impacts to the head or neck have been proposed as significant contributing 

factors to mild traumatic brain injuries such as concussion (King et al. 2003). 

Concussion associated with sports is commonly known as Sports Related 

Concussion (SRC) and is defined as ‘a traumatic brain injury induced by 

biomechanical forces’ (McCrory et al., 2017; Powell, 2017). The incidence of SRC 

is increasing  at an alarming rate globally and is now considered a major risk to 

players participating in contact sports  such as Rugby Union where tackling 

between players is common and permitted (McKee et al., 2009; Spiotta et al., 

2011; Johnson, 2012; Jordan, 2013; Mez et al., 2017).  This increased risk of injury 

can be explained by the distribution and absorption of energy within contact 

situations such as tackling which is a major factor in contact sports such as rugby. 

Recent  published literature has identified that the frequency of injury in contact 

sports such as Rugby Union is  approximately 87 per  1000 player hours and 

therefore represents one of the largest incidences of concussion in any contact 

sport (Palmer-Green, Trewartha and Stokes, 2008; Gardner et al., 2014; Rafferty 

et al., 2018) 

When SRC is diagnosed and treated early and in a timely manner the adverse 

effects of SRC such as cognitive, balance and symptoms deficits (Broshek, De 

Marco and Freeman, 2015; D. A. King, Hume and Tommerdahl, 2018) can be 

resolved within 10 days of rest. However, during the period between concussion 

and full recovery, it is critical that the player does not receive a second concussion. 

If a player does sustain a subsequent concussion, whilst they are recovering, the 

injury can have serious consequences including death. Such an injury is referred 

to as Second Impact Syndrome (SIS) and often results from the same individual 

receiving another impact shortly following the first impact without adequate time 

for the individual to recover (Marshall and Spencer, 2001; Giza, Prins and Hovda, 

2017). This results in an injury with potentially severe consequences, including 

increased intracranial pressure and in extreme cases death (McKee et al., 2009). 



Dylan Powell 

 2 

The large heterogeneity in progression of symptoms and recovery times from 

concussion makes it very difficult to accurately and objectively monitor and track 

concussion and determine when it is safe to return to normal activity or sport. As 

a consequence, there is currently no objective or ‘gold standard’ method of 

diagnosing or monitoring recovery from concussion (McCrory et al., 2017). 

Novel and new disruptive technologies such as somatosensory devices have been 

developed to measure and monitor the central nervous system and provide 

promising avenues to measure in a non-invasive way subtle changes in brain 

function and health (Tommerdahl, Favorov and Whitsel, 2010; D. A. King, Hume 

and Tommerdahl, 2018). This has led to the application of the Brain Gauge 

somatosensory assessment (D. A. King, Hume and Tommerdahl, 2018)  to monitor 

differences  between concussed and non-concussed individuals and their 

recovery.  

The growing number of SRC in both professional and amateur rugby has prompted 

closer dialogue between academia and health bodies regarding the safety and 

welfare of players participating in contact sports. In addition, a greater awareness 

and surveillance of SRC has highlighted the difficulties of accurately diagnosing 

SRC in a timely manner, particularly during matches or immediately after 

competition. Hence without an accurate agreed and robust ‘gold standard’ for 

diagnosis of concussion there is a significant risk that many concussions are 

missed resulting in a major risk to player safety and welfare.  

In response, there is a growing awareness and concern as to the risks within rugby 

union posed to players suffering SRC. This has led to governing bodies releasing 

guidelines to support the identification and symptoms of SRC. These include: 

World Rugby “Recognise & Remove” and the Rugby Football Union’s “Headcase” 

initiative (World Rugby, 2018). These guidelines aim to promote timely recognition 

of concussion in players and subsequent removal from play to avoid further danger 

to players. Beyond professional sport, there is also increasing concern 

surrounding the risk of traumatic brain injury to adolescent and youth players 

undertaking contact sport (Powell, 2017). 
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Research has shown that children and adolescent athletes: are more susceptible 

to concussion, take longer to recover; and may have more significant injuries 

arising from Second Impact Syndrome (McCrory et al., 2017). 

At the professional level, reviewing the incidents of suspected SRC has been 

made easier with the use of slow motion video. In addition, the introduction of Head 

Injury Assessment (HIA) protocol allows adequate time out of the game for 

assessment of players by independent physicians to make more informed 

decisions regarding diagnosis of SRC. This has served to increase the likelihood 

of timely and accurate diagnosis and the appropriate medical intervention or 

treatment (McCrory et al., 2017; Powell, 2017). 

However, outside of professional rugby, the level of medical support has declined 

relative to the professional game. Without adequate medical support compared to 

their professional counterparts, adolescent and amateur athletes are at an 

elevated risk of having SRC diagnosis delayed or missed entirely. Hence, there is 

a significant need to objectively assess if there are any risks associated with 

players participating in University Rugby Union where the availability of medical 

support is less than that which is available at the professional level.  

This study will monitor levels of mental acuity in a sample of University rugby 

players over a six-week period by utilizing a somatosensory system that measures 

mental acuity or brain health. The potential of using a multi-parametric visualization 

approach to monitor the effect of University rugby on brain health will also be 

assessed.  

The observations, data and findings emerging from this study have direct 

relevance and implications for the physiotherapy profession, particularly sports 

physiotherapists. Typically, physiotherapists are directly involved in the 

communication and management of individuals during their recovery from a 

concussive injury, where critical decisions by doctors are taken regarding when 

players should be allowed to return safely to resume playing. Methods that support 

accurate and objective diagnosis of concussion and subsequent recovery will 

enhance treatment protocols and general safety of players involved in contact 

sport.   
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More generally a quantitatively robust, low cost and reproducible approach to 

measure brain health in a range of different environments will have broad 

applications across the clinical, allied health sciences and sports medicine 

professions including opportunity to remotely monitor recovery from concussion. 

2 Literature Review 
Despite the focus and emphasis of research on injury associated with contact 

sport, the risk of injury remains high, particularly  in Rugby Union (Palmer-Green 

et al. 2008 Cunningham et al 2008). This has led to the belief that injury is ‘part 

and parcel’ of playing contact sports and players will recover with no long-term 

negative adverse effects. 

However, researchers at the turn of the millennium suggested that there may be a 

more serious and detrimental underlying ‘hidden epidemic’ associated with 

participation in contact sports. Marshall and Spencer (2001) highlighted the 

harmful irreversible effects of participation in contact sports and in particular the 

problem of undiagnosed mild traumatic brain injury or Sports Related Concussion 

(SRC).These observations and conclusions arose from decades of biomechanical 

data collection arising from head impact in contact sports such American Football 

and Rugby. In parallel with these investigations, a significant number of case 

studies had also been published, which examined the cadavers of retired and 

deceased NFL players. On examination, it appeared that many of these sportsmen 

displayed large structural abnormalities within brain tissue and signs of Chronic 

Traumatic Encephalitis (CTE). These structural abnormalities have been proposed  

to result from their involvement in American football where biomechanical data has 

highlighted  the exposure of players to massive physical forces (Baugh et al., 2012; 

Mccrory et al., 2013; Mez et al., 2017). 

These inter-connected trends and observations have raised many questions 

regarding the safety of players participating in contact sport. This literature review 

aims to present the current knowledge of concussion related risks associated with 

contact sports and secondly the evolution and development of novel, non-invasive 

technologies to monitor brain health as surrogates for the detection of concussion 

in contact sport.  
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2.1 Exploring the Risks Associated with Participation in Contact 
Sports 

Over the past five decades, large strides have been made in the collection of 

biomechanical data relating to head impacts across a variety of contact sports 

(Moon, Beedle and Kovacic, 1971; Reid et al., 1971; Rowson et al., 2009; Baugh 

et al., 2012). As far back as 1970, advancements in the design and instrumentation 

of accelerometers in helmets provided opportunity to monitor head acceleration 

data for athletes during games. These technological advances enabled the 

magnitude of force exposed to the heads of athletes to be estimated. Crucially 

these were restricted to only those games that allowed or required the wearing of 

helmets, therefore games such as Rugby Union did not benefit from these 

interventions. These seminal studies did however lay the foundation for 

investigations into the quantification of the potential risk associated with contact 

sport and  brain injury (Moon, Beedle and Kovacic, 1971; Reid et al., 1971). 

Subsequently research carried out within the National Football League (NFL) has 

allowed the retrospective quantification and construction of 31 impacts to the head 

from game video footage (Pellman et al., 2003; Rowson et al., 2009; Crisco et al., 

2011). Of these 31 impacts, 80% were concussive and enabled the researchers 

to develop injury risk curves for mild traumatic brain injury (Rowson et al., 2009; 

Powell, 2017). 

Nominal values for brain injury were found to be 98g of linear acceleration and 

rotational acceleration of 6432 (rad/s2) (Pellman et al., 2003; Baugh et al., 2012). 

In comparison, non-helmeted sports such as youth female soccer, have identified 

peak acceleration of 63g and 8869 rad/s2 (Baugh et al. 2012; Hanlon & Bir 2012). 

Within this study there were no reported concussions. However, the absence of a 

rigorous protocol for the detection of concussion makes it difficult to rule out the 

occurrence of concussion within this study (Powell, 2017). 

A pivotal paper published by King et al (2015) investigated the magnitude and 

frequency of head impacts sustained by one amateur rugby-union team in New 

Zealand utilizing accelerometer mouthguards. To our knowledge this was the 

earliest study to use accelerometer mouthguards which measured impact data in 
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amateur Rugby Union. King et al (2015) identified more than 20,687 impacts 

greater than 10g over the duration of the study.  

Unexpectedly, the average amount of impacts per game (77) is considerably 

higher than other published data (18 per game) for American College Football 

(Rowson et al., 2012). 

Overall these empirical results reinforced the hypothesis that the forces vary with 

the type of sport played. The contrasting style of play and the use of protective 

equipment in American Football makes cross comparison between sports such as 

rugby difficult to draw robust evidence based conclusions. Furthermore, there are 

also experimental difficulties that limit the veracity and utility of the published 

results. These include experimental error (10% error for linear and rotational 

acceleration) and saliva that sometimes renders impacts non-detectable. These 

factors contribute to incomplete data sets and reduces the overall impact of the 

studies to real world situations.  

The limited availability of reproducible data, makes it difficult to establish the 

precise  relationship between the force of impact and the likelihood of Sports 

Related Concussion (SRC). This is further confounded by the suggestion that 

individuals differ in their susceptibility to concussion and is further influenced by 

gender, weight, and previous exposure to concussions (King et al., 2015). These 

factors may serve to help explain why the identification of a specific threshold level 

of impact, known to induce concussion has proven too difficult to define (Martini et 

al., 2013; McCrory et al., 2017). 

As a consequence, definitions stipulated by the Concussion In Sports Group 

(CISG) do not provide any differentiation in the severity of the injury nor any further 

understanding of the intrinsic processes that may be associated with SRC  

(McCrory et al., 2017). Rather, a set of common features or symptoms are 

provided to medical staff attending games that can be used to identify concussive 

head injuries. These include: headaches, general pain loss of consciousness, 

balance and cognitive deficits making the definition of SRC even more challenging 

and subjective with a major burden of responsibility being placed on clinical 

judgement (McCrory et al., 2017). Although biomechanical data has provided an 

important initial contribution to our understanding of the type and nature of forces 
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involved in SRC there is no agreed quantitative metric assigned to measure impact 

induced SRC. Thus, individual management and return-to-play decisions are 

undertaken by medical professionals who rely solely on clinical judgement 

(Mccrory et al., 2013; McCrory et al., 2017). 

This has serious implications for the management and safety of players. Without 

fully understanding what level of force is associated with concussion it makes it 

very difficult to: a) mitigate the risk b) recognise players who may be at risk or 

indeed have suffered a concussion c) objectively and safely assess when a player 

is safe to return and participate in sport. This is hugely challenging to players, 

coaches, medical staff, administrators and parents who are becoming increasingly 

aware of the risks associated with SRC. These factors have prompted further and 

more innovative approaches to measure brain health and to provide accurate and 

high-resolution methods to assess and track neurological disorders that include 

concussion. 

2.2 The Concept: Non-Invasively Assessing Brain Health 
Despite the considerable emphasis and research into the underlying causes and 

factors influencing concussion, little progress has been made in our understanding 

and subsequent diagnosis of concussion. Current contemporary methods for 

assessing neurological disorders such as SRC are often inadequate due to poor 

accuracy, lack of portability,  high cost  and the inability to  generate high resolution 

data to support objective decision making or diagnosis (Patton, 2016; McCrory et 

al., 2017). In the last decade, development of  devices such as the Brain Gauge 

(Corticalmetrics, 2018) have provided novel approaches to asses brain health.  

The concept takes advantage of the direct connection between a patient’s skin 

and the cortex within their brain. This creates a measurable sensory signal that 

results from interactions between specific areas within the brain that are activated 

by stimulating the skin. Both human and animal models have been used to  

demonstrate  a significant  correlation between sensory percept in humans and 

patterns of brain activity (Tommerdahl, Favorov and Whitsel, 2010).  

This research has been extended to include a number of neurological conditions 

that include concussion (Lovell et al., 2003; Tommerdahl, Favorov and Whitsel, 

2010; Tommerdahl et al., 2016). 
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2.3 The Brain Gauge – a ‘Vital Sign’ for Brain Health? 
The causes of hypertension are complex with many different factors contributing 

to the condition. However, measuring a patient’s blood pressure is often 

considered highly accurate, cheap and an accurate estimate of an individual’s 

health. Hence,  vital signs are a well-established feature and accurate predictor of 

the health status of a patient (Handler, 2009; Wieling and Schatz, 2009). 

Somatosensory devices have been proposed as a potential future equivalent ‘vital 

sign’ for a patient’s brain health (Tommerdahl et al. 2018). This is due to sensory 

percept relying on many features crucial to the central nervous system (CNS) to 

perform habitual activities. In addition, an intact peripheral nervous system is 

required for signal transmission to the spinal cord. Lastly, the cerebral cortex which 

is involved in high level processing of signals has to be able to spatially and 

temporally integrate information which it has received. This requires numerous 

points of processing in both sensory aspects of the cortex and higher-level 

function.  

For these reasons  the somatosensory system as described by King et al (2018) 

is ideally positioned to be used as a diagnostic system for the CNS. Firstly, the 

design of the somatosensory system means that areas of the skin correspond to 

specific regions of the cortex in a reliable manner.  

Vibration of two adjacent finger-tips, stimulates brain activity in two adjacent 

cortical regions that have been shown to interact in a predictable fashion. Ambient 

environmental noise in the somatosensory system can be controlled during the 

testing period. Furthermore, the somatosensory system is the only sensory system 

that has been shown to be highly integrated with response to pain, and this is 

highly relevant  to SRC, where pain is often reported (Trahan et al., 2001; Martin 

et al., 2017). More generally, brain physiology studies over the past century have 

shown that cortical-cortical interactions play a significant role in sensory 

perception. This means adjacent and adjacent neuronal assemblies interact with 

one another and these interactions result in distinct percept’s. For example the 

Nobel prize winner Georg von Békésy was the first to describe lateral inhibition, 

the means by which active neurons  inhibit the activity of the cortical neuronal 

assemblies surrounding them (von Békésy, 1959). 
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It should be noted that von Békésy developed this hypothesis or concept based 

on sensory perceptual experiments. In other words, an important 

neurophysiological mechanism was characterized simply by measuring an 

individual’s perceived response to sensory stimuli. In subsequent decades, 

neurophysiological experiments – including those conducted by Tommerdahl et al 

(2010) who demonstrated the concept of lateral inhibition (Tommerdahl, Favorov 

and Whitsel, 2010). Sensory perception also provides a platform for high resolution 

analysis of brain health which is highly relevant to SRC. One example of a sensory 

perceptual test is the eye chart – most people can be prescribed lenses based on 

a simple and basic eye exam using an eye chart. A high degree of corrective 

optical precision is attained by this simple sensory perceptual test and verbal 

interaction with the patient.  Similar opportunities exist for the adoption of 

inexpensive somatosensory technology to measure and monitor various aspects 

of brain health without the need to deploy expensive and invasive imaging 

technology. For example, most people can differentiate  a change of ‘between 10 

and 20%’ in the intensity of stimuli on adjacent fingers as described by Weber’s 

Law (Francisco et al. 2008; Tommerdahl et al. 2010,Tommerdahl et al. 2018). 

Currently no imaging procedure or devices would be able to detect such  

differences in cortical response and would also require the involvement of  highly 

trained specialists. In this context, the Brain Gauge is a timely and important 

development that can assess an individual’s brain health easily and accurately and 

is sensitive to a number of neurological disorders including SRC.  

An increase in the production of testing instruments has resulted in a reduction in 

price of the testing units, allowing more widespread use in the allied health 

professions and sport. Greater accessibility to somatosensory devices will open 

up new opportunities for deployment in a range of new situations and 

environments including patient recovery and/or response to treatment that can be 

monitored remotely.  

Somatosensory devices are attracting considerable interest from the research 

community who are assessing the role of this technology in monitoring mental 

acuity. For example, a recent case study published by King et al 2018 analysed 

and described the utility of the Brain Gauge in monitoring the recovery of a single 
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patient with concussion. The research demonstrated that a multi-parametric 

measure of cortical metrics was related to patterns of recovery and the range of 

symptoms displayed by the patient who sustained a mild head injury after falling 

off her bicycle.  

The application and deployment of somatosensory devices in rugby union and 

other contact sports is in its infancy. As outlined in the Introduction there is a 

pressing need to better understand the relationship between playing rugby and the 

incidence of SRC. Despite the growing interest in this topic there has been no 

formal structured analysis of the risks to brain health associated with participation 

in University rugby.   

Rugby is a popular University sport for both men and women where the incidence 

and risk of SRC has not been comprehensively studied. As such it provides an 

ideal test bed to explore the utility of low cost somatosensory technology to monitor 

brain health of rugby players during the playing season. Without adequate medical 

support and monitoring, University rugby players may be at an elevated risk of 

concussions being missed or undiagnosed, which represents an elevated risk to 

University rugby players.  

Therefore, there is a demand to develop; low cost and objective methods for 

monitoring brain health across individuals and teams which can be readily 

employed by Universities and players.  
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2.4 Aims of the Research 
Critically evaluate the potential of the Brain Gauge somatosensory technology to 

systematically monitor changes in aspects of brain health in University rugby 

players. 

Objectives 

1. Evaluate the practical role of Brain Gauge somatosensory technology to 

measure and monitor aspects of brain health and function over a six-week 

period for a sample of male University rugby players. 

2. Discuss the opportunities to incorporate data from Brain Gauge 

somatosensory assessment tool to support Physiotherapists and medical 

staff in making informed decisions on the management of Sports Related 

Concussions in University rugby. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Dylan Powell 

 12 

3 Methodology & Approach 
 

3.1 Experimental Design 
 

This project represents an exploratory study of the effects of University Rugby on 

brain health assessed via a novel neurosensory based method during the 

2017/2018 rugby season. The study measured five male rugby players (Mean age 

21.40 ± 1.02 years, height, 185.00 ± 7.15 cm, body mass, 84.75 ± 11.86 kg) across 

approximately 6 games. In addition, four inactive controls (mean: age 24.75 ±1.29 

years, height, 181.12 ± 6.73 cm, body mass, 95.40 ± 12.48 kg) were also included 

who were not currently participating in Rugby Union or any other contact sport. 

The inclusion criteria for the study is that all players are to be full-time 

undergraduate and postgraduate students.  

 

 

Figure 1 Protocol Schematic of Study Design. 
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3.2 Participant Recruitment 
A higher education institution was selected based upon the practical needs of data 

collection. The whole performance rugby squad were asked to participate in the 

study based on a volunteer sample cohort. A full debrief and associated 

information was provided to the whole squad and only those who volunteered to 

take part were included in the study. Potential participants were given the 

researcher’s email address and those who were interested in participation asked 

to email the researcher after 48 hours to provide enough time to make an informed 

decision.  

3.3 Data Collection 
A mobile and non-invasive tactile stimulator, the Brain Gauge device (as shown in 

Figure 1) was used to deliver stimuli to adjacent fingertips (2nd and 3rd digit) of 

participants left hand (Francisco et al., 2008; Tommerdahl, Favorov and Whitsel, 

2010). By exploiting the somatotopic relationship that exists between the skin and 

cortex, biologically based hypothesis driven protocols have been designed 

(Corticalmetrics, 2018) to investigate changes that occur with cortical-cortical 

interactions. It has been shown that these interactions are altered by neurological 

trauma such as mild Traumatic Brain Injury (mTBI) or concussion. This allows 

changes in sensory perception to be readily and efficiently measured and carried 

out within a series of tests (~3 minutes per test), which equates to a total battery 

of tests taking between 15-25 minutes. For the convenience of testing players 

within the limits available for this study, a shortened test of approximately 8 

minutes was used for the testing battery. The testing occurred at a mutually 

convenient time every week during the course of the study to allow short term 

effects in addition to seasonal effects to be measured. No data was shared outside 

of this study, to eliminate any potential conflicts of interests that might affect player 

selection decisions.  
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3.4 Brain Gauge Somatosensory Assessment Procedure 
 

As previously described by King et al (2018) the Corticalmetrics programme runs 

participants through the battery of testing. The battery of tests lasted approximately 

8 minutes from start to finish and is completed with participants sat down at a 

laptop. The two probes on the Brain Gauge device provide a stimulus through 

vibration (25-50hz) for participants index (D2) and third (D3) fingers. The 

participants are then asked to respond by pressing their D2 and D3 according to 

the specific test undertaken.  

 

 

 

 

 

 

 

 

 

Figure 2 Brain Gauge Somatosensory Device 

 

The 6 measures calculated by the Brain Gauge technology are: Speed, Accuracy, 

Plasticity, Focus, Fatigue and Corticalmetric. The specific calculations are 

displayed in Appendix 1. The raw output data for Reaction time (RT), Sequential 

and Simultaneous Amplitude Discrimination and Reaction Time variability were 

also analysed. The SPSS statistical software package was used to analyse the 

data generated.  
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3.5 Additional Measures 
 

Subjects underwent baseline height (cm) and weight (kg), testing at the start of the 

study. Alongside these measures the number of minutes each player has 

participated in BUCS rugby was also recorded, to ensure consistent participation 

in rugby union. All 5 experimental participants played a full 80 minutes of Rugby 

Union throughout the 6 weeks of rugby games. 

Multiple mental acuity measures together with responses to a detailed 

questionnaire (self-report Rivermead) was also included in the analysis to support 

the study. Throughout the testing protocol no concerns were raised regarding 

player welfare including abnormal findings on the Brain Gauge test scores and or 

the Rivermead questionnaire. 

 

3.6 Statistical Analyses 
 

The data collected include both interval and ordinal data, resulting in a data set 

representing information across multiple individuals and time (weekly intervals). 

This allowed variation within and across individual to be analysed. All data was 

analysed with the SPPS statistical software package and presented in the form of 

Linear Regression, paired t-tests, Analysis of Variances (ANOVA) analyses and 

Pearson’s Correlation matrices. 
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3.7 Ethical Considerations in the Study 
 

Although this study was largely observational in nature, researchers have a duty 

of care to raise any concerns where results indicate that participants may be at 

risk of significant harm. To mitigate the risk of harm to participants, it is important 

that all potential adverse findings to participants are reported to those responsible 

for their medical care. Since this study utilised a novel technology and approach 

which has not been tested using University rugby players it is difficult to quantify 

what represents an abnormal observation. However, it was agreed that any 

Rivermead Questionnaires which were scoring highly, or any large changes in 

Brain Gauge (adversely) scores would result in appropriate action to alert 

University staff and/or medical professionals.  This was not required during this 

study, with no concerns raised by any participant’s scores or symptoms.  
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4 Results 
4.1 Descriptive Statistics 
Nine individuals were assessed for four measures of mental acuity over a 6-week 

period during their rugby playing season (2017-2018). Five of the individuals were 

active rugby playing participants, while four of the individuals who were not 

involved in rugby related activities were utilised as controls.  

Measures were obtained using the Brain Gauge somatosensory assessment and 

the data is summarized below in Table 1. The full data obtained with the brain–

gauge assessment tool is provided in Appendix 1. Table 1 shows a summary of 

the mean and standard deviation for each of the participant across four measures 

of mental acuity. The results demonstrate wide variation between individuals for 

each specific measure. For example, a threefold difference in reaction time 

variability (RT variability) was observed between participant C and D and a fourfold 

difference in simultaneous amplitude discrimination was observed between 

participant D and E. 

Table 1 Summary Statistics for four measures of mental acuity gathered by the Brain Gauge somatosensory 
device expressed as Mean +/- Standard Deviation for each participant together with four controls. 
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Individual differences for each of the five participants is displayed graphically in 

Figure 1 for Reaction Time (Fig 3A), Sequential Amplitude Discrimination (Fig 3B), 

Simultaneous Discrimination (Fig 3C) and Reaction Time Variability (Figure 3D).  

4.2 Reaction Time (RT) 
Using the full dataset, an analysis of variance (ANOVA) identifed statistically 

significant inter-participant differences for Reaction Time [F(8)=107.999, p<0.001]. 

However, only one individual was identiifed with a statistically significant difference 

when directly comparing rugby and non rugby playing participants, a one-way 

multivariate analysis of variance (repeated measures) was conducted to determine 

whether there was a statistically significant difference in Reaction Time (RT) over 

the six-week period of assessment. Two measures of reaction time were 

assessed; Reaction Time A and Reaction Time B. Initial quality control, via the 

visual assessment of a boxplot and a Shapiro-Wilk test (p > .05), discovered no 

outliers and confirmed the normality of the data distribution. 

Figure 3 Individual differences in measures of mental acuity across 6 weeks. Panel A corresponds to Reaction 
time, Panel B corresponds to Sequential Amplitude Discrimination and Panel C Simultaneous Amplitude 
Discrimination. Panel D corresponds to Reaction Time variability. 



Dylan Powell 

 19 

Mean (+/- Standard Deviation) RT increased from week 1 (224.97 ± 49.76 

milliseconds) to week 2 (231.63 ± 61.68 milliseconds) and week 3 (235.85 ± 64.22 

milliseconds).  

In week 4 RT decreased (233.43 ± 62.47) then rose sharply in week 5 (247.70 ± 

85.59 milliseconds) and finally decreased in week 6 (223.75 ± 63.98 milliseconds).  

Despite these trends, the differences in RT across time for the combined 

dependent variables were not statistically significant, [F (10, 28) = 0.615, p = .788; 

Wilks' Λ = .672; partial η2 = .180].  

4.3 Sequential Amplitude Discrimination (SEQA) 
In contrast to Reaction Time, no statistically significant differences between 

participants for Sequential Amplitude Discimination (SEQA) [F(8)=0.9845, 

p=0.435]. In addition, a one-way repeated measures ANOVA was conducted to 

determine whether there were statistically significant differences in SEQA over 

time.  There were no outliers in the data, as assessed by inspection of a boxplot. 

SEQA scores were normally distributed at each time point, as assessed by 

Shapiro-Wilk's test (p > .05). Mauchly's test of sphericity indicated that the 

assumption of sphericity had not been violated, χ2(14) = 22.47, p = .088. Based 

on the mean ± standard deviation data presented in Fig 3B, SEQA decreased 

consistently from week 1 (39.90 ± 24.74 microns) to week 2 (38.00 ± 25.90 

microns), week 3 (30.90 ± 26.76 microns) week 4 (21.55 ± 21.60 microns), week 

5 (36.58 ± 37.15 microns) and week 6 (21.40 ± 23.56 microns). However, no 

statistically significant differences in SEQA over time were detected [F(5, 40)= 

1.27, p = .296]. 

4.4 Simultaneous Amplitude Discrimination (SIMAD) 
For Simultaneous Amplitude Discimination (SIMAD) there were no statistically   

significant differences between participants [F(8)=2.98, p=0.013], when the full 

dataset was analysed. However, seperate analyses including only the rugby 

playing participants detected statistically significant inter-participant differences 

[F(4)=4.356, p=0.00968]. In contrast, there were no statistically significant inter-

participant differences between non-rugby playing control participants 

[F(3)=1.629, p=0.2505].  
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This suggests that variance in SIMAD is greater in rugby players than non rugby 

playing participants, and that these two groups should be considered separate for 

future analyses.  

The ability of the SIMAD metric, which measures one’s ability to accurately 

determine which of two stimuli is larger in size (amplitude), to discriminate between 

between active rugby players shows promise of the technology to detect 

differences in mental acuity as a result of physical strains experienced during 

rugby matches. However, the lack of varaition in SIMAD scores for the non-rugby 

playing controls limited the ability to separate experimental from control 

participants.  

A one-way repeated measures ANOVA was conducted to determine whether there 

were statistically significant differences in SIMAD over time.  Initial quality control, 

via the visual assessment of a boxplot and a Shapiro-Wilk test (p > .05), discovered 

no outliers and confirmed the normality of the data distribution. However, the 

assumption of sphericity was violated, as assessed by Mauchly's test of sphericity, 

χ2(14) = 31.71, p = .007. Therefore, a Greenhouse-Geisser correction was applied 

(ε = 0.432).  The modified one-way repeated measures ANOVA detected 

statistically significant changes in SIMAD over time, with SIMAD in week one 

(64.22 ± 31.72 microns) decreasing in week two (52.33 ± 25.38 microns), week 

three (51.78 ± 40.11 microns), week four (36.11 ± 34.74 microns), week five (23.58 

± 30.41 microns) and week six (20.09 ± 24.03 microns. The ANOVA detected a 

statistically significant difference at the 5% level [F(2.160, 

17.278)=3.846.p=0.039]. 

4.5 Reaction Time Variability (RT variability) 
For Reaction Time (RT) variability statistically significant differences were found 

when analysing the full dataset [F(8)=2.839, p=0.0083]. Statistically significant 

differences were also detected when seperately analysing rugby playing 

participants  [F(4)=3.798, p=0.0087]. However, there were no significant 

differences between individuals within the control, non-rugby playing, participants 

[F(3)=2.536, p=0.083]. This suggests that RT variability is greater in rugby players 

than non rugby playing participants.  
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A one-way repeated measures ANOVA was conducted to determine whether there 

were statistically significant differences in RT variability over time in rugby playing 

participants. There were no outliers and the data was found to be normally 

distributed, as assessed by boxplot and Shapiro-Wilk test (p > .05), respectively. 

Mean RT variability increased between Week 1 (14.12 ± 8.803), Week 2 (19.55 ± 

5.51), Week 3 (21.48 ± 10.84) and Week 4 (43.22 ± 41.63) but then decreased in 

Week 5 (30.08 ± 18.36) and week 6 (15.64 ± 3.82). However, there were no 

statistically significant changes in RT variability over time [F (5, 15) = 1.134, p = 

0.385].  

In summary, only Simultaneous Amplitude Discrimination out of four raw output 

dependent variables (Reaction time, Sequential amplitude discrimination, 

simultaneous amplitude discrimination and Reaction Time variability) showed 

statistically significant differences over time.  

4.6 Practical Utilisation of the Brain Gauge Technology 
Normalised multi-parametric data obtained from the Brain Gauge system is 

presented graphically in Figures 4 and 5 for participants C and E. For each 

participant, measures of mental acuity (Accuracy, Focus, Speed and Fatigue) are 

presented. The lower number (closer to zero) and colour (red) indicates a 

deterioration of performance for that particular measure of brain health. In contrast, 

a higher score (closer to 100) indicates a healthier score. Using radar plots to 

visualize the data allows a rapid and objective means of measuring physiological 

differences between and within individuals. This is shown below for two of the 

participants and illustrates differences between participants C and E for any given 

time point. Furthermore, measurements for each individual over the six-week time 

period can be visualized and compared. 
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Figure 4 Radar Plots (showing visual representation of variation in 4 measures of mental acuity across a 6 
week period for participant C. 

 

 

 

Figure 5 Radar Plots (showing visual representation of variation in 4 measures of mental acuity across 6 weeks 
for participant E. 
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Radar plots for the five participants (A,B,C,D,E) together with four controls 

(A,B,C,D) are shown in Appendix 4 for four measures of mental acuity collected 

over a six-week period. Visualisation of the data in the form of spider plots 

reinforces the results obtained from the statistical analysis of the Brain Gauge 

variables where differences between individuals were more prominent than 

changes detected over time.  

This can be seen in Figure 4 where participant C shows dramatic changes in 

accuracy, focus and speed in Week 3, followed by subsequent improvement in 

weeks 5 and 6. The overall profile pattern for participant C differs from participant 

E (Figures 4 and Figure 5). Interestingly, for both participants mental acuity 

appears to deteriorate in the intermediate weeks (3 & 4), followed by subsequent 

improvements in week five and six.  

 

4.7 Rivermead Symptom Questionnaire Pearson’s Correlations  
Data from pairwise Pearson correlations of average symptom scores (self-

reported Rivermead Questionnaire) is displayed in Table 2 in the form of a heat 

map. Positive correlations (0->1) are denoted in red, while negative correlations (-

1->0) are denoted in blue. The intensity of the colour increases as the strength of 

the association increases. Scrutiny of Table 2 allows for potential correlations 

between symptoms to be identified e.g. fatigue and nausea correlate highly 

together (0.98), as well as sleep disturbance and headaches (0.98). In contrast, 

irritability and light sensitivity show little or no association (-0.01). It should be 

noted that blurred vision or light sensitivity show consistent negative correlations 

with all other symptoms (excluding themselves).  
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4.8 Relationship between Rivermead Symptom Score and 
average Brain Gauge data 

 

Data from pairwise Pearson’s correlations between average symptom score (from 

Self-reported Rivermead Questionnaire) and Reaction Time, Reaction Time 

Variability, Sequential Amplitude Discrimination and Simultaneous Discrimination 

obtained from the Brain Gauge Somatosensory device are shown in Table 3 and 

visualised in Figure 6. Of particular note is the positive correlation between 

reaction time and the following symptoms: nausea (0.95), fatigue (0.90), feeling 

depressed (0.93) and poor memory (0.95). This positive correlation and trend is 

also observed for reaction time variability.   Light sensitivity (-0.28) and Blurred 

vision (-0.23) were found to be weakly and negatively correlated with Reaction 

Time. The other Brain Gauge metrics, Sequential and Simultaneous Amplitude 

Discrimination were found to be positively correlated with Restlessness (0.81 and 

0.85 respectively).These correlations can be easily visualized in the heat map 

(Figure 6 where the darkness of the square represents an increasing negative 

correlation between two factors, while lightness indicates an increasing positive 

correlation between two factors. This can make it difficult to identify intermediate 

correlation values (those around 0). Therefore, more detailed conclusions can be 

drawn from the data. presented in Table 3. In addition, the correlation does not 

imply any causative relationship between the symptom questionnaire and the 

Brain Gauge data but highlights important trends and associations. 

Table 2 shows a heatmap of a pairwise Pearson’s correlations between average symptom scores across rugby playing 
individuals 
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Figure 6 shows a Heatmap of a Pairwise correlational analysis between average Rivermead Symptom Score 
and Average Brain Gauge score (Reaction Time, Reaction Time Variability, Simultaneous Amplitude 
Discrimination and Sequential Amplitude Discrimination). 

Table 3 Pairwise correlation matrix between average symptom score of Rivermead Symptom Questionnaire 
and average scores for; Reaction Time, Reaction Time Variability, Sequential Amplitude Discrimination and 
Simultaneous Amplitude Discrimination. 
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5 Discussion 
5.1 Context and significance of the study 
This study has addressed an important problem that is of growing importance in 

contact sport, namely the incidence and consequences of Sports Related 

Concussion (SRC) (Marshall and Spencer, 2001; Pellman et al., 2003; McCrea et 

al., 2004; McCrory et al., 2013). It has been estimated that the incidence of 

concussion or mild traumatic brain injury ranges from 1.6 million to 3.8 million 

affected people per annum in the USA, with one in five individuals being younger 

than 19 and treated for SRC (Maegele, 2018).  While concussion awareness has 

improved over the past decade (Giza, Prins and Hovda, 2017), it is difficult to 

diagnose and treat because of the absence of established and agreed criteria that 

accurately define SRC (McCrory et al 2017). The incidence of SRC has received 

widespread acknowledgement, most notably in the media (Armytage, 2018; 

Schofield, 2018) since the reporting of post-mortem examination of brains from 

deceased American Football players that showed a high proportion of chronic 

traumatic encephalopathy (CTE) (Mez et al., 2017). Furthermore there has been 

one report of CTE in a deceased rugby player (Stewart et al., 2016). This has 

placed greater pressure on sporting bodies to review protocols in the professional 

levels of rugby union. Despite this focus in the professional levels of sport, the 

majority of SRC actually occurs at the amateur level. Without adequate medical 

cover and training relative to their professional counterparts, adolescent and 

amateur athletes are at an elevated risk of having SRC diagnosis delayed or 

missed entirely. This has in some cases called for contact sports to be banned in 

younger age groups (Kirkwood et al., 2015). Despite the ‘public outcry’ there has 

been little appetite to address SRC in a systematic manner to provide the objective 

evidence base to support the safety and welfare of players at the amateur and 

adolescent levels of the game.  

Diagnosis and monitoring of SRC is hugely challenging. Recovery from SRC may 

take days or weeks, with individuals often experiencing dizziness, headaches, 

double vision, memory problems, irritability and depression (McCrory et al., 2017). 

The wide variability in severity and type of symptoms experienced following a 

concussion makes diagnosis and return to play decisions very difficult.  
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Premature return to play following a concussion without adequate recovery time, 

can lead to potentially serious consequences including death (Lovell et al., 2003). 

Hence there is an urgent need to develop and test new methods of objectively 

detecting and monitoring the neuro-functional effects of concussion in contact 

sports such as rugby. Traditional methods based on established neurological and 

radiological procedures are highly efficient at detecting serious brain injuries and 

fractures of the skull, but are less effective at detecting defective neurocognitive 

function associated with SRC (Tommerdahl et al., 2016; Corticalmetrics, 2018). 

Therefore, clinicians have to rely on subjective and observational clinical 

judgement to diagnose, monitor and determine a player’s readiness to return to 

play. This has potential serious consequences for players who are allowed to 

resume playing prematurely. These factors have prompted the development of 

new disruptive technologies to measure brain health, concussion and other 

neurological disorders. (O’Connor et al., 2017). In this study the Brain Gauge 

(Corticalmetrics, 2018) somatosensory system  was used for the first time to 

monitor and measure aspects of brain health in a group of five rugby players over 

the course of a single playing season.  

 

5.2 The Brain Gauge Technology and its Applicability to Sports 
Related Concussion (SRC) 

The Brain Gauge is a novel and innovative brain health assessment system that 

takes advantage of the well-documented relationship between the sensory nerves 

in the fingers and the projection of those nerves to corresponding regions in the 

brain (D. King, Hume and Tommerdahl, 2018). It is a mouse sized device that uses 

fingertip vibration patterns to probe cortical function and thereby determine and 

identify specific aspects of compromised neural function. 

It’s development is based on over five decades of basic research in neurobiology 

and technology development resulting in a series of hands on battery 

neurocognitive tests that has been scientifically validated to measure the effects 

of concussion and other neurological disorders (Tommerdahl et al., 2018).  
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The method has similarities to the way eye testing is conducted at an optician: as 

you answer the questions correctly, the successive questions become more 

difficult in order to approach your limits of detection. The results are recorded in a 

series of metrics that relate to cognitive function and include: focus, fatigue, 

reaction time and timing perception. The combination of these metrics represents 

an individual’s overall ability to process information.  

The Brain Gauge has a number of distinct advantages to measure brain health. 

These include real time measurement of brain function which is ‘biologically’ based 

using the somatosensory system (D. A. King, Hume and Tommerdahl, 2018; 

Tommerdahl et al., 2018). In addition, the tests originate from long-standing 

neuroscience research. The objective data outputs allow for rigorous statistical 

significance testing which can give probability scores to be assigned to the 

findings. Furthermore, the Brain Gauge offers several advantages for assessing 

concussed individuals. As shown by King et al (2018), the approach does not 

depend on the availability of base line data which enables participants to be tested 

and monitored without any prior knowledge or assumptions regarding concussion.  

 

5.3 Novel Aspects of the Study 
Within the limits of sample size (n=5), this research has demonstrated the ability 

to successfully monitor measures of mental acuity across a period of 6 games 

using the Brain Gauge somatosensory device. One of the most important clinically 

relevant finding from this study is that significant differences were detected 

between individuals for 3 of the 4 (Reaction Time, Simultaneous Amplitude 

Discrimination and Reaction Time Variability) measures of mental acuity 

measured by the Brain Gauge somatosensory device.  

This significant finding suggests that the Brain Gauge is able to detect variation 

between individuals across multiple measures linked with brain health. This has 

major implications for the widespread utility of the Brain Gauge to accurately 

assess the brain health of individuals.  
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This finding supports the initial data produced by Tommerdahl (2010) and King 

(2018), who demonstrated that the Brain Gauge was sensitive and objective in 

monitoring changes in brain health of a single individual case study recovering 

from concussion. With reference to the reaction time metric, the group mean of 

240 in milliseconds (ms) appears to exceed the normal range (150-200 

milliseconds) considered to be normal. This has implications for the 

characterisation of what is considered ‘normal’ for University  rugby players, where 

reaction time has not been quantified amongst University   rugby players. Recently 

published research identified that 18-22 year old military males exhibited a mean 

reaction time of 220 milliseconds (ms) ±3 ms (Cole et al., 2018). However, the 

sample size within our cohort of players is too small to draw broader conclusions.  

Reaction Time variability (RT variability) has been shown to be related closely to 

attentional function and frontal lobe function (Tamm et al., 2012; Cole et al., 2018; 

D. King, Hume and Tommerdahl, 2018). High RT variability score is associated 

with migraine, non-headache chronic pain, and traumatic damage to the 

cerebellum. Therefore, RT variability is an important parameter when considering 

the brain function of individuals. Both the mean RT variability of experimental and 

control participants were within the range of 15-30ms and no significant differences 

were detected between experimental and control participants. In addition, there 

were no significant changes in RT variability over time (p>0.05). This suggests  an 

absence of an aggregation effect on measures of mental acuity over time. Studies 

comparing neurological status and reaction time performance have been 

conducted over the past century and date back to 1868. It is well established that 

both reaction time and reaction time variability can be compromised with 

impairment in neurological function (Donders, 1969; MacDonald, Nyberg and 

Bäckman, 2006; Tamm et al., 2012).  

More recently, reaction time tasks have been shown to affected when suffering 

from concussion, together with reaction time variability which has shown to be 

correlated with attention and focus  (Eckner et al. 2015; Ruesch 1944).  

Due to the relatively short nature of the study (6 weeks) we are unable to ascertain 

whether these reaction times are within the ‘normal’ range for these participants 

or whether these could be due to impairment in neurological function attributed to 
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participation in rugby union. This clearly demonstrates the need for more base line 

data on brain health for University  rugby players and other contact sports. 

The normative ranges for healthy individuals described from previous studies for 

both Simultaneous Amplitude Discrimination and Sequential Amplitude 

Discrimination are 20 and 70 microns (Francisco et al., 2008; Zhang et al., 2008). 

The group mean for Sequential Amplitude Discrimination were all within this 

normative ranges of 20-70 microns.  This suggests that the sample of rugby 

players used in the study fall within a normative range considered to be ‘healthy’, 

unlike Reaction Time, whereby all experimental participants except one were 

outside the normative range. Comparison of the Sequential versus Simultaneous 

Amplitude Discrimination (AD) tasks provides an unique insight into the process of 

lateral inhibition as described by (Tommerdahl, Favorov and Whitsel, 2010). The 

‘Accuracy’ metric computed by the Brain Gauge is calculated using both 

Sequential and Simultaneous AD tasks and the ‘Plasticity’ metric is calculated from 

the relationship between the two. In healthy participants  the Simultaneous AD 

score has been demonstrated to be approximately equal to the Sequential AD 

score (Francisco et al., 2008). The important measure is the ratio of the 

Simultaneous AD score to the Sequential AD score: the poorer the score for the 

Simultaneous task relative to the Sequential task, the lower the score for plasticity. 

The Simultaneous Amplitude Discrimination should not be more than 50% higher 

than that of Sequential Amplitude Discrimination. Poor scoring for Simultaneous 

AD has been found to be common in participants exhibiting hypersensitivity e.g. 

migraines (Nguyen et al., 2013). Based on the data from the current study, there 

appears to be considerable variation between individuals for percentage 

differences between Simultaneous Amplitude Discrimination and Sequential 

Amplitude Discrimination (Figure 7), with some individuals (participant C and A) 

displaying large differences. However, none of the individuals had a percentage 

difference greater than 50% suggesting that the participants could considered 

within normal functioning for the plasticity index. 

A second finding with clinical importance was the absence of a statistically 

significant effect of time on measures of mental acuity (RT, RT variability, 

Sequential Amplitude Discrimination) measured over the six-week testing period. 
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This suggests that within this experiment, measures of mental acuity are not 

changing over time and the Brain Gauge produces robust results over the testing 

period. 

 

 

 

 

 

 

 

 

Figure 7 Averaged Percentage difference between Simultaneous Amplitude Discrimination and Sequential 
Amplitude Discrimination expressed as percentage. (% Across all individuals  (A,B,C,D) 
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5.4 Brain Gauge Symptom Correlation Analysis  
The Rivermead Post Concussion Questionnaire has been used extensively in 

monitoring and tracking recovery of patients from SRC (Eyres et al., 2005; 

Herrmann et al., 2009; de Guise et al., 2016). Furthermore, currently multi stage 

return to play protocols state that a participant must be symptom free before 

progressing to the next stage and ultimately before returning to play (McGrath, 

2010; Hollis et al., 2012; Johnson, 2012). However, studies monitoring cerebral 

blood flow have also shown that although players may be symptom free, 

physiologically the brain has not fully recovered (Meier et al., 2015; Churchill et al., 

2017). Therefore closely analysing the relationship between brain function and 

symptom severity is an important step in validating the accuracy and reliability of 

symptoms based questionnaire such as the Rivermead or Sports Concussion 

Assessment Tool (McCrory et al., 2017). 

Results from pairwise correlations between average Brain Gauge scores and 

average symptom questionnaire score showed ‘Feeling depressed (0.93)’ and 

‘Poor memory (0.95)’, were both strongly positively correlated with increased 

Reaction Time and Reaction Time variability. This supports earlier conclusions 

that reaction time tasks are affected within SRC patients and are shown to be 

correlated with attention and  task focus (Eckner et al. 2015; Ruesch 1944).  

Contrastingly Light sensitivity (-0.28) and Blurred vision (-0.23) were found to be 

consistently weakly and negatively correlated with Reaction Time scores. Of more 

interest, Sequential and Simultaneous Amplitude Discrimination were found to 

correlate strongly with Restlessness (0.81 and 0.85 respectively). This 

corroborates with research demonstrating simultaneous AD is compromised in 

populations with hypersensitivity which could include restlessness (Nguyen et al., 

2013). These initial results suggest that there could be trends and patterns 

between symptoms and specific brain function. With further research examining 

larger data sets a more robust relationship between Brain Gauge score and 

symptom score could be established. 

In addition, pairwise correlation analysis was undertaken among the average 

symptom scores themselves. The aim of this was to explore if any symptoms 

correlated well with any other types of symptoms. Fatigue and Nausea showed 
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strong positive correlations (0.98) as well as sleep disturbance and headaches 

(0.98). Contrastingly, irritability and light sensitivity did not show evidence of 

association (-0.01).  

To date most research on SRC has been observational and has not benefited from 

the deployment of novel technology developed from laboratory-based 

neuroscience research. Although preliminary, this study has attempted to address 

this shortcoming through the deployment of Brain Gauge technology to determine 

brain health in University  rugby players. Concussion represents a highly complex 

injury that will require further research to support clinical management and the 

evidence base to comprehensively guide future return to play guidelines for rugby 

and other contact sports. 

 

5.5 Limitations of the study 
The current study was based on a relatively small sample size (n=5), therefore the 

ability to detect small differences or changes in measures of mental acuity is 

limited.  In addition, the study only focused on the last six games of the season 

rather than a full playing season. This was due to experimental time constraints. 

However, the six games did occur after a period of approximately four weeks of 

‘washout’ period when the students would not have played in any official University   

rugby union games. Furthermore, the control group used in this study was not 

balanced, the control group included inactive rugby players who were currently not 

playing rugby together with non-rugby players. The presence of additional 

extraneous variables such as short-term illness, alcohol intake, sleep, academic 

stress or other commitments may also have confounded the results. In addition, 

participants were asked to describe their concussion history via self-reporting over 

the past 24 months which is highly subjective. Although all testing was completed 

in a constant environment (quiet room) and at regular time intervals it was difficult 

to control prior behaviour of participants in advance of testing.  
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5.6 Future Work opportunities 
This study has provided an initial step towards establishing methods for collating 

brain health data amongst University   rugby players. The study also demonstrated 

the utility and practical application of the Brain Gauge to rugby union. 

The application of this technology could be extended to a range of other sports 

including Soccer, Hockey and Boxing. Within the context of the current study, 

further work could include the testing and incorporation of data from a full squad 

of players tested across the full playing season.  

A comprehensive suite of data including; training regime, diet, sleep, alcohol intake 

and measures of stress would be collated and analysed alongside quantitative 

data from the Brain Gauge. This would enable a more rigorous and statistically 

robust analysis of the relationship between various external quantitative 

parameters (e.g. training regime, diet, sleep, alcohol intake and measures of 

stress) and brain health with a goal of establishing, at an individual level, changes 

in brain function across a full playing season.  

Other opportunities for future work would include extending the approach 

described by King et al (2018), who investigated recovery from concussion for a 

single individual who suffered a bicycle accident. In the current study, no 

concussions amongst the cohort of players were detected. The principles and 

foundations established through this preliminary study could be extended to 

investigate recovery from SRC with appropriate ethical agreement and support.   

More broadly, the application for somatosensory devices such as the Brain Gauge 

has broad applicability beyond SRC. Indeed, the Brain Gauge was originally 

developed from several decades of neurophysiological research and provides a 

robust, non-invasive, real time method to measure brain health. Although not yet 

fully explored in the allied health profession, clear opportunities exist for the 

exploitation of this technology for the detection, treatment and monitoring of patient 

recovery in the fields of other neurological disorders such as stroke, Parkinson’s 

and mental health, substance abuse and ageing.  
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6 Conclusions 
This study has demonstrated that the Brain Gauge somatosensory technology is 

capable of detecting significant differences between rugby players across a broad 

range of brain health measures. These include Reaction Time, Reaction Time 

Variability and Simultaneous Amplitude Discrimination, which collectively provide 

real time measures of overall brain health. Although significant differences were 

detected between individuals, with the exception of Simultaneous Amplitude 

Discrimination, there were no statistically significant changes in measures of brain 

health over time. This demonstrates the Brain Gauge technology to be robust and 

capable of providing reliable data.  

Through the inclusion of the Rivermead Symptom Questionnaire, it was possible 

to relate individual symptoms with measures of brain health determined by the 

Brain Gauge technology.  

For example, a consistent positive correlation was detected between individuals 

exhibiting restlessness and increased Simultaneous Amplitude Discrimination and 

Sequential Amplitude Discrimination scores. A second example is Reaction Time, 

which is strongly positively correlated with a suite of related symptoms that include 

Nausea, Fatigue, Feeling Depressed and Poor Memory. In other words, slower 

Reaction Time is associated with the above symptoms.  

Overall this study has demonstrated the potential of this approach to be deployed 

by physiotherapists and medical staff to help detect and monitor the recovery of 

players and their safe return to play following SRC. In addition this approach opens 

up the potential of remote monitoring of recovery from Sports Related Concussion 

through the use of Brain Gauge technologies for a range of contact sports. 
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8.2 Appendix 2: Showing individual results for all participants 
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8.3 Appendix 3: Rivermead Questionnaire used to measure 
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