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Abstract

Objectives This experiment assessed the effectiveness of three interventions; neurofeedback,
motor imagery and physical training, on their ability to improve visuomotor accuracy, measured
by scores achieved on a dart throwing task.
Methods Thirty-two female participants, all with no experience in dart throwing, took part and
were assigned to either one of the three experimental conditions, or a control group (eight per
condition). Training sessions for neurofeedback (NFB) involved participants encouraging both
Theta rhythms and Sensorimotor rhythms (SMR). For Motor Imagery (MI), internal (1st person)
imagery was used, where participants had to imagine throwing a dart and for physical training (PT)
participants physically practised dart throwing. Measurements were recorded pre-intervention,
after two weeks (6 sessions) of training (mid-intervention), after 5 weeks (15 sessions) of training
(in total; Outcome Measure 1) and again two weeks after training had finished (Outcome Measure
2).
Results from Mid-intervention, Outcome Measure 1 and Outcome Measure 2 were compared to
baseline scores achieved pre-intervention and showed all three interventions to significantly
increase performance on dart throwing compared to the Control group.
Conclusion Our findings show that, as well as traditional physical practise, both motor imagery
and neurofeedback can effectively improve performance on a fine visuomotor task.

Keywords: mental imagery; motor performance; procedural memory; motor learning; visuomotor
accuracy
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Introduction
Eye-hand coordination is a vital element of daily life. It allows us to respond with precise
movement to visual objects at an extremely fast rate. Accuracy and ability of visuomotor
coordination changes throughout the lifespan, developing throughout childhood, from infancy to
adolescence (Caetano, 1995) and decreasing in older age (Lee, Kwon, Son, Nam, & Kim, 2013).
Visuomotor accuracy can be influenced further, however, depending on various factors. For
example, through practise, one can become adept at a certain sport or ability related to a daily
routine. This increase of skill can be attributed to long-term potentiation (LTP), a strengthening of
synapses, in this instance, in the brain regions responsible for visuomotor memory (Ma et al., 2010;
Packard & Knowlton, 2002). In this study we investigated three methods that have been shown to
increase performance in sports, albeit through different processes: neurofeedback, motor imagery,
and physical training.
It is well known that by physically practising a task, performance improvements are inevitable.
There are however other methods shown to be effective at increasing performance on visuomotor
tasks. One such method is Neurofeedback (NFB). NFB provides individuals with access to current
brainwave/cortical activity through the use of visual or auditory depictions provided by
electroencephalography (EEG). The mechanisms of NFB training are thought to work through the
use of operant conditioning (Hammond, 2011; Vernon et al., 2003), where regulation and
suppression of unwanted oscillatory brainwaves allow for greater focus on tasks at hand (Vernon,
2005). Whilst improvements are initially short term, through continuous training sessions, longterm improvements have been found (ref). It has many clinical applications, including treatment
for ADHD (Baumeister et al., 2016; Jahani, Pishyareh, Haghgoo, Hosseini, & Ghadamgahi Sani,
2016), anxiety, depression, alcoholism (Peniston & Kulkosky, 1989; Saxby & Peniston, 1995),
post-traumatic stress disorder (Peniston & Kulkosky, 1991), autism and many more (for a review,
see Hammond, 2011).
There are many theory-driven protocols of NFB, developed for a variety of needs. One protocol,
Alpha/Theta, requires the participant to encourage Theta (4-7 Hz) rhythms over Alpha (8-12Hz)
(Orndorff-Plunkett, Singh, Aragón, & Pineda, 2017). This method of NFB training was first used
in a clinical setting by Eugene Peniston, who went on to publish a series of papers highlighting its
usefulness for alcoholics, substance addicts and post-traumatic stress disorder (PTSD) sufferers,
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in comparison to traditional pharmacological methods (Peniston & Kulkosky, 1989, 1991; Saxby
& Peniston, 1995). Alpha/Theta training has also yielded positive results in non-clinical settings
with increases in performance found in both sports (Mirifar, Beckmann, & Ehrlenspiel, 2017) and
cognitive domains (Gruzelier, 2009).
Other protocols of NFB have been developed and implemented throughout research with the focus
shifted towards performance enhancement, specifically in sport. Theta/Sensorimotor Rhythm (1215Hz; SMR) protocol attempts to teach the subject to promote high frequencies of SMR, which
are associated with increased attention (Kober et al., 2015), as well as increased performance in
sports requiring fine motor accuracy (Cheng et al., 2015; Cheng et al., 2017). Vernon and
colleagues found Theta/SMR NFB training to significantly increase performance on working
memory tasks (Vernon et al., 2003). When comparing the effectiveness of both Alpha/Theta and
Theta/SMR protocols, an increase in performance of ophthalmic microsurgeons was found for
both, independent of each other, compared to a Control group (Tomas Ros et al., 2009).
Another method that has been previously used to improve performance in a wide range of tasks is
mental imagery. Widely used amongst athletes, mental imagery can be defined as the creation or
re-creation of an experience or action within the mind without direct external stimuli (Morris,
Spittle, & Watt, 2005). It has been shown that when performing mental imagery of a visual task,
the same areas of the primary visual cortex (V1, V2) are activated as would be in actual visual
perception (Pearson, Naselaris, Holmes, & Kosslyn, 2015).
The use of mental imagery in sport and procedural learning can be referred to as Motor Imagery
(MI). MI has been shown to be as effective as physical training (PT) for performance enhancement
of a task (Haghkhah, Sohrabi, Torbati, & Hajatmand, 2014; Kornspan, Overby, & Lerner, 2004).
When used in conjunction with PT, MI has been shown to increase performance to a greater degree
than PT alone (Vaezmousavi & Rostami, 2009). Three types of goal-directed MI have been
suggested in the literature, internal (1st person), external (3rd person) and kinaesthetic (feelings and
sensations associated with movement). Yu et al., (2016) showed when participants used internal
imagery, performance was increased for a wide range of sports, whereas when external imagery
was practised, increase in performance was only seen for open sports and team games. It has also
been shown that whilst external imagery may allow for particular tasks to be completed faster,
internal imagery can provide greater accuracy (White & Hardy, 1995).
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Using three independent conditions and a Control group, the present study attempts to highlight
the most effective method of training (NFB; MI; PT) to increase performance on a fine visuomotor
task, in this instance, dart throwing. For the MI condition, internal MI was used as this has been
shown to be most effective for this particular task (White & Hardy, 1995; Yu et al., 2016). For the
NFB condition, both alpha/theta and theta/SMR protocols was used, as both have been shown to
improve performance on slow, self-paced tasks. By also including a two-week retention interval,
the three methods can be assessed on their ability to induce LTP and facilitate long-term motor
memory changes. It was hypothesised that in all three experimental conditions (NF; MI; PT),
performance increases will be found following each respective training intervention (Preintervention to Outcome Measure 1 and 2). It is also hypothesised that each experimental condition
will increase in performance compared to the Control group.

Methods
Participants
Thirty-two female participants (age range 21-26, mean[SD] = 22.500[1.066]) took part in this
study. They were randomly assigned to one of the four experimental conditions
(Neurofeedback/Motor Imagery/Physical Training/Control). All participants were naïve to the
purpose of the study and none of them were familiar with neurofeedback training, motor imagery
nor dart throwing. They were right-handed without any history of neurological disorders with
normal or corrected to normal vision. They gave written informed consent. The study was
approved by the local ethics committee in the School of Sports and Exercise Sciences, Urmia
University.
Procedure
Participants took part in four testing and 15 training sessions over six weeks. See Figure 1 for the
procedure. In the first session, participants were familiarised with principles of dart throwing such
as holding, aiming, throwing the dart, and scoring. Then, participants were asked to throw darts
for three practice trials. Performance was measured via 10 attempts of attempts throwing darts and
scores were recorded. Following the pre-intervention testing session, participants took part in five
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weeks of training based on their allocated group, please see below for condition. Each week
consisted of three training sessions. Two weeks in the training, participants took part in a testing
session to assess their mid-intervention performance. Finally, participants took part in two more
testing sessions to measure their performance immediately (Outcome Measure 1) and one week
(Outcome Measure 2) following training. Sessions Pre- and Mid-intervention and Outcome
Measure 1 took part on a separate day than the training sessions.

Figure 1. Procedure of the study

Dartboard
In this study, a typical circular dart board compressed with paper was used with a diameter of 453
mm and thickness of 12. The dartboard was hung on the wall in the laboratory so that the centre
of the dartboard was at a height of 1.72m from the ground. A line was traced on the ground at a
distance of 2.20m from the dart board and the subjects would be behind the line when throwing
the darts. Five metal-arrow darts weighing 25 grams and 15 cm long were used.
Intervention Methods
Neurofeedback (NFB) – FlexComp Infiniti 10 channel EEG system (Thought Technology Ltd.,
Canada) was used for EEG acquisition. Electrodes were placed on C3 and Pz based on 10-20
international EEG electrode placement system. Oscillatory brain activity was displayed via
Biograph Infiniti (Thought Technology Ltd., Canada) in the form of coloured bars on the computer
screen. Two protocols were used: Alpha/Theta and Theta/Sensorimotor Rhythm (SMR). The
training protocol Alpha/Theta included recording activity in the alpha and theta frequency bands
while the participant had their eyes closed. Participants were asked to relax and listen to pleasant
sounds like coastal waves breaking softly. This protocol has been shown to boost brain activity in
alpha and theta. Alpha/Theta training is an appropriate training pattern by which one attempts to
increase theta band activity level compared to alpha. It has been shown that this combination leads
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to higher creativity and well-being (Gruzelier, 2009). Theta/SMR protocol runs with open eyes
and includes an increase of SMR in the range of 12-15 Hz and a decrease of theta in the range of
4-7 Hz. Theta/SMR protocol has been shown to increase attention and concentration (Cheng,
Huang, et al., 2015; Cheng, Hung, et al., 2015; Cheng et al., 2017). In each session before starting
NFB training, baseline measures were recorded with eyes closed (electrode Pz for the Alpha/Theta
protocol), and with eyes open (electrode C3 for the Theta/SMR protocol). The Alpha/Theta
protocol lasted for 20 minutes based on the activity of the Pz electrode. In this protocol audio
feedback was provided. Subsequently Theta/SMR protocols was administered for 10 minutes
based on the activity of the C3 electrode. In this protocol audio and visual feedback were provided.
Motor Imagery (MI) – Three types of goal-directed MI have been suggested in the literature,
internal (1st person), external (3rd person) and kinaesthetic (feelings and sensations associated
with movement). We used an internal imagery method as previous literature suggests it to be most
effective for this particular task (White & Hardy, 1995). Each motor imagery session lasted 30
minutes. Participants performed two blocks of 15 throwing attempts. Following each session,
participants were asked to rate the quality of their imagination (Louis, Guillot, Maton, Doyon, &
Collet, 2008) on the scale of 1 (no mental imagery at all) to 6 (apparent mental imagery).
Physical Training (PT) – Each training session contained 15-minute of exercising in which
participants performed 30 throws.
Control – Each session of the Control group consisted of 30 minutes of reading books.
Data Analysis
To account for inter-subject variability, performance in the Mid-intervention, Post-Intervention,
Outcome Measure 1 and Outcome Measure 2 was normalised to the individual's performance in
the Pre-intervention session. Due to a low number of participants and non-normal distribution of
the data, Mann Whitney U test was used to compare the normalised-performance of the
participants in the different group of training (Neurofeedback, Motor Imagery and Physical
Exercise) with the Control group. Cliff's Delta effect size is reported.
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Results
All participants followed the procedure of the study and took part in all of the sessions. The MI
ratings showed that following the second intervention session participants were fully comfortable
with imagining the throws (all ratings >= 5).
Table 1 shows the summary of the performance of the participants in different groups and different
testing sessions. Normalised data was calculated for each participant, see Figure 2.

Figure 2. Normalised performance of the participants. Dots indicate individual normalised
performance in each experimental group. Lines indicate the median of the values in each group and
session.

Table 2 shows the summary of the Mann Whitney U tests conducted on the data. Results show that
participants in all the training groups performed better in the Outcome Measure 2 compared to the
Control condition.
Table 1. Summary of the median value of performance of participants
Group

PreIntervention

MidIntervention

Outcome
Measure 1

Outcome
Measure 2

Neurofeedback

100

102

121.5

113.5

Motor Imagery

87.5

101.5

131

129.5

Physical Exercise

96

89

107

110

Control

117

101

112

82
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Figure 2. Normalised performance of the participants. Dots indicate individual normalised
performance in each experimental group. Lines indicate the median of the values in each group and
session.
Table 2. Summary of the Mann Whitney U test; comparing the normalised performance of the
participants in the training groups with the Control group.
Comparison

Mid-Intervention

Outcome Measure 1 Outcome Measure 2

Neurofeedback vs. Control

U = 30.50, p = 0.875

U = 12.50, p = 0.040* U = 12.00, p = 0.036*

Delta = 0.046

Delta = 0.609

Delta = 0.625

U = 15.00, p = 0.073

U = 23.50, p = 0.372

U = 9.00, p = 0.016*

Delta = 0.531

Delta = 0.265

Delta = 0.718

U = 18.00, p = 0.141

U = 11.00, p = 0.027*

Delta = 0.437

Delta = 0.656

Motor Imagery vs. Control

Physical Exercise vs. Control U = 16.00, p = 0.092
Delta = 0.500

Note: normalised performance is calculated based on performance in each group divide by the
performance in the pre-training phase. Cliff’s Delta values are reported for effect size. * p < 0.05

Discussion
As hypothesised, the results above suggest all three conditions (NFB; MI; PT) increased
performance from Pre-intervention in both Outcome Measure 1 and significantly so in Outcome
Measure 2 compared to the Control group. Little difference between conditions was found when
comparing each of the experimental conditions, improvements from Pre-intervention to Outcome
Measure 1 and 2 found across all.
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It is important to consider the mechanisms influenced by each condition in order to understand
these results. MI, like PT, improved performance on dart throwing through the process of
reconsolidation. By either physically practising the task, or imagining it, with the desired
consequence in mind, the brain is repeatedly exposed to the same mechanisms (Newell, 1991; for
a model see Adams, 1971), thus improving motor skills. Neuroimaging studies indicate that the
primary motor cortex (M1) is engaged during both MI and PT of motor tasks (Kami et al., 1995)
with M1 also shown to be a vital element in the consolidation process of newly learned motor
skills (Muellbacher et al., 2002; Ziemann, 2004). From M1, the acquired skill follows a pathway
where it will eventually reach the cerebellum (Imamizu, Kuroda, Miyauchi, Yoshioka, & Kawato,
2003). Following successful completion of a motor action, over time, long-term potentiation (LTP)
occurs in both M1 and the cerebellum (Krakauer & Shadmehr, 2006). Failed attempted actions,
however, encourage long-term depression (LTD), thus fine-tuning mechanisms which in time
allows for greater accuracy and ease of execution (Hirano, 2013).
In the current study, unlike both MI and PT, the NFB training participants were exposed to, was
in no way related to the dart throwing task. Instead, by gaining control over brain activity,
participants were able to consciously increase or decrease oscillatory activity in certain brain
regions, allowing for purposeful attentional improvements. Using EEG, Cheng et al., (2015) found
skilled dart players to possess higher levels of SMR immediately before execution than non-skilled
individuals, again reinforcing the involvement of SMR, particularly for dart throwing. This
highlights that as dart throwing is a complex skill, and such variability was seen between the
conditions, it may be useful in future to use skilled dart players, this way, scores are less likely to
be attributed to chance and more to the interventions.
Whilst similar performance increases for visuomotor coordination were found in all three
experimental conditions, each condition has strengths and weaknesses for practical
implementation. For example, if one wanted to increase skill in a sport, it would be appropriate to
use any of the three methods; although MI techniques and PT are easily accessible so may provide
favourable options. In a clinical setting, however, some of the methods may not be accessible to
the entire population. By highlighting that all three are as effective as one another, the appropriate
method can be chosen to suit the need of the individual. An example of the suggested use of each
method is shown in Table 3.

Neurofeedback, Imagery and Physical Training on Dart Throwing

Page 11 of 18

Table 3. Suggested application of methods.

Brain damaged patients

Physical
Training

Motor Imagery

Neurofeedback

×

×

×

×

×

Physically disabled
Physical fitness

×

General cognitive enhancement

×

×

Those suffering a brain lesion (region dependent, for example, visual object agnosia, see
Behrmann, Winocur, & Moscovitch, 1992) may be able to partake in MI for rehabilitation, but not
PT. In patients suffering from a stroke affecting motor deficits, when used alongside traditional
rehabilitation methods, MI was shown to aid motor rehabilitation significantly more than those
methods alone (Page, Levine, Sisto, & Johnston, 2001). Moreover, MI can be used in most
instances for rehabilitation of motor skills (Jackson, Lafleur, Malouin, Richards, & Doyon, 2001)
including physical injuries in sport (Green, 1992), unless damage is present in the parietal lobes
(Sirigu et al., 1996).
Another method that can be used for rehabilitation, as well as a tool to interact with external world,
of both neurological diseases and physical disabilities, is brain-computer interface (BCI). BCI
acquires brain signals using EEG, analyses the signals and transforms the activity into commands
that are then sent to an output device (e.g., a prosthetic limb or electronic wheelchair; Shih,
Krusienski, & Wolpaw, 2012). Training to use a BCI requires some form of NFB, in order to gain
control over brain waves associated with motor control (typically SMR). Hwang, Kwon and Im
(2009) used a MI type NFB, displaying real-time brain activation maps during imagery to
participants. They found MI improved control and performance for BCI, with those partaking in
MI condition able to control SMR to a greater degree, thus increasing the effectiveness of the BCI
(see also; Kondo, Saeki, Hayashi, Nakayashiki, & Takata, 2015). Similarly, NFB alone has been
shown to improve motor performance on an individual suffering from a traumatic brain injury
(Wing, 2001).
Whilst there have been studies comparing the effectiveness of both Alpha/Theta and Theta/SMR
independently of one another (see Ros et al., 2009; Vernon et al., 2003), to the authors’ knowledge,
this is the first experiment subjecting participants to more than one protocol of NFB in a single
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condition. Rationale for including both protocols was formulated on the basis that encouraging
Theta frequencies in the brain is beneficial to working memory performances

(Klimesch,

Doppelmayr, Schimke, & Ripper B., 1997) and increasing SMR before execution of a fine motor
task, has been shown to increase attention, which in turn, improves performance (Cheng, Huang,
et al., 2015; Cheng et al., 2017; Ji-Ho, Min-Jung, & Yu-Jin, 2017).
In the context of performance in sport, NFB may extend further than just attentional and working
memory processes, with research suggesting that SMR may help to facilitate early acquisition of
a motor task (T. Ros, Munneke, Parkinson, & Gruzelier, 2014) and the promotion of Theta rhythms
may encourage LTP in hippocampal regions (Abrahamsson, Lalanne, Watt, & Sjöström, 2016;
Law & Leung, 2018). This promising discovery may allow the use of NFB training to be used in
the rehabilitation of injuries requiring relearning of actions or movements such as stroke, traumatic
brain injury.
This study has highlighted the usefulness of neurofeedback, motor imagery and physical training
in their ability to enhance visuomotor coordination based on scores achieved on a dart throwing
task. Whilst we have shown the effectiveness of all three protocols in a sample of healthy students,
future research should use a patient and elite samples, to assess the effectiveness of individual
methods in more specific populations. With other recent promising research, as well as the results
achieved in this study, the effects of these non-pharmacological methods of cognitive enhancement
can stretch into multiple domains.
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