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Introduction: 
Stroke is a prolonged interruption of the supply of blood to the brain, which causes the 

neural tissue to become starved of oxygen, and ultimately leads to neuronal death. In the 

United States, stroke claims the lives of approximately 795,000 people each year, and 

leaves over 7 million individuals with lasting deficits that directly impact the patient’s 

quality of life. In terms of the economic impact, health care costs and indirect factors that 

are related to lost productivity, as well as the cost incurred by the chronic management of 

patients by caretakers and loved ones, stroke cost the United States economy 73.7 billion 

dollars in 2010 (stroke.org).  

 

Both Cortical and basal ganglia stroke can lead to upper-limb hemiparesis, where the loss 

of ability to control the extremities is a significant contributor to prolonged morbidity and 

decreased quality of life. Patients spend months in occupational therapy, where the goal 

of treatment is to increase patient autonomy by restoring some of the basic functions of 

daily living.  

 

Current rehabilitative practices focus on emphasizing movement of the deficit limb, while 

inhibiting output from the non-affected side. Recent characterization of the neuroplastic 

changes that occurs during stroke recovery has shown that, in some cases, maladaptive 

change may arise through the unchaperoned healing of the patient’s brain (Takeuchi 

2012). In much the same way that a child with amblyopia wears a patch over the good 

eye to strengthen the weaker one, patients that undergo constraint induced movement 

therapy may benefit from physically inhibiting the unaffected limb through casting it in 
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plaster. The patient practices movements with the deficit limb, or is instructed to imagine 

movement of the affected limb while a therapist moves the limb through a series of 

actions. The coordination of the patient’s mental state, and the proprioceptive feedback 

that is associated with the active movement of the limb by the therapist has been shown 

to have benefits in promoting motor recovery (Schaechter 2004, Duncan 1997). The 

difficulty in this approach arises in ensuring the patient’s compliance in properly 

imagining use of the affected limb. In the situation of patients with receptive or 

expressive aphasias, communication with the therapist may be difficult for even simple 

instructions. The abstract concept of imagining the use of a limb can be difficult to 

communicate in these instances, creating a bottleneck in the efficacy of these therapies.  

 

The human mirror neuron system is unparalleled in nature in its capacity to allow us to 

emulate an observed action. The capacity of primates to imitate the actions of successful 

peers in tasks like tool making, hunting and social interaction has been postulated by 

some evolutionary researchers to be at the heart of the incredible success of the species 

(Greene 2012). Mirror neurons are populations of neurons that fire when an action is 

observed, especially a motor action by another living creature. It has been postulated that 

these neurons may have arisen evolutionarily due to the benefit imparted in predicting 

and understanding the actions of other species to facilitate hunting, but have likely 

extended in capacity to play a role in human social interactions (Heyes 2010). Being able 

to imagine the pain of an injured limb, or sense sadness in another person are all likely 
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primate characteristics arising from the sophisticated development of the mirror neuron 

system.  

 

In 1996, Vilayanur Ramachandran pioneered an innovative technique that leveraged this 

powerful evolutionary trait in the use of mirror box therapy. Patients suffering from 

phantom limb pain after amputation were able to reduce or eliminate these sensations 

through the observation of a simple illusion. The patient’s intact limb was presented to 

him or her as a reverse image, seen in a mirror and presented such that it occupied the 

space that the missing limb once inhabited (Ramachandran 1996). Through the viewing 

of the mirror image, patients were able to down regulate the perception of the phantom 

pain (Greene 2012). It may be that the induction of the mirror neuron system and a 

neuroplastic modulation of the phantom pain pathways play a significant role in the 

efficacy of this therapy. What is clear, however, is simply presenting a video does not 

have the same efficacy in pain reduction. This points to an important role of volitionally 

controlled feedback in the therapeutic benefits of mirror box therapy. While this kind of 

approach has been identified as having potential applications in the rehabilitation of 

stroke (Mei Toh 2012, Nojima 2012), the intrinsic setups of these systems in that 

application suffers from some inherent flaws. In traditional mirror therapy, the patient is 

asked to move the healthy limb, potentially invoking a down regulation of the activity of 

the contralateral affected side. While an appropriate strategy for pain reduction, in the 

application to stroke, similar down regulation of the affected side would result in a 

reduction of function. Instead, a means of presenting the same kind of intention mediated 
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feedback in the absence of contralesional cortical activation would present the ideal 

conditions for recovery of function. 

 

Brain-computer interface technologies have been identified as powerful tools in 

replacement and rehabilitation therapies for stroke (Soekadar 2011, Mattia 2012). While 

until recently these systems primarily found novel application in healthy user populations 

(Doud 2011, Royer 2010, Yuan 2008), in a recently published, large clinical assessment 

of the efficacy of brain-computer interface, daily use of the technology was shown to 

promote improvement in the Fugler-Meyer motor function scores when compared to 

controls with randomly moved orthosis robotics (Ramos-Murguialday 2013). As was 

seen in mirror box therapy research, in this application ensuring that the user is actively 

participating in the generation of relevant motor imagery while undergoing movement of 

the affected limb by a therapist or orthotic robot is important for generating the effects. 

While such findings are a huge step forward in the use of brain-computer interface in the 

rehabilitation of stroke, the robotic systems that are proposed for use in the study may 

prove to be prohibitively expensive, need supervision for safe use, and require expert 

maintenance for optimal performance. Such limitations undoubtedly create a barrier to 

access for many lower-income patients. Considering these factors, a system that 

optimally leveraged the therapeutic benefits of both mirror-box therapy and brain-

computer interface technology could be a powerful tool in motor rehabilitation following 

stroke. Efforts to provide such a solution at low cost to patients would mean that this 

approach could be accessible to patients with a wide range of socioeconomic 
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backgrounds. Producing a prototype system that meets these specifications is the major 

motivation of this work.  

 

Here we present a tabletop, immersive 3D environment for motor imagery training in 

stroke. While remaining perfectly still, the subjects could control three-dimensional 

photorealistic hands positioned to create the illusion that the subject’s own hands were 

moving. Analogous to mirror box feedback in the illusory effect generated for the 

subject, this approach did not require the activation of the subject’s muscles, but only that 

the subject focus on the thought of moving the arm or hand. While the patients did not 

receive the proprioceptive feedback present in an orthosis system, the strong visual 

illusion under direct control by the user’s thoughts may prove to be an efficacious and 

cost effective solution for the future of motor rehabilitation in stroke. Using the system 

provided, the subject’s own functional hand may be “mirrored” on the deficit side to 

create the illusion of two functional limbs under direct cortical control. The implications 

of this training are explored in 6 patients who had suffered cortical or basal ganglia 

stroke. Using the system described below, the subject’s were able to achieve control 

accuracies as high as 87.4% (Cursor) or 81% (VR) and showed progression of skill in as 

little as three, two-hour experimental sessions. 

 
Materials and Methods: 
 
Experimental Design: 
The study cohort consisted of 6 subjects with a medical history significant for cortical or 

basal ganglia stroke, and 4 subjects of similar age to serve as healthy controls. Subjects 
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performed 3 experimental sessions of two hours duration during which approximately 10, 

3-minute runs were performed. The exact number of runs and sessions varied depending 

on subject availability. At the beginning of each experimental session, subjects performed 

two clinical assessments of motor ability: the Action Research Arm Test (ARAT), and 

the Box and Block Test (BBT). The performance in these tests was used to establish a 

baseline of motor function in each subject, and to allow for monitoring in changes in 

motor function over the course of the study. Both tests were selected for their ability to 

objectively discriminate between different degrees of motor function. These assessments 

were performed while the subject was seated at a comfortable chair, in front of a table 

containing each test’s materials. 

 

After completing the two motor assessment tests for each session, subjects participated in 

up to 10 trials of three minutes duration during which time one of two motor control tasks 

were performed. In the first task, the subjects controlled a circular cursor that moved to 

the left and right side of a computer screen. For three minutes, targets on the left or right 

side were presented to the subject at random. The subject was instructed to use motor 

imagery of the hands to move the cursor to hit the presented target. Each trial, during 

which a subject was presented with a target, lasted no more than six seconds total, with 

the potential for a trial to end earlier should the target be hit before the six-second time 

limit. In addition to the visual presentation of the target, each subject received auditory 

instruction as to the position of the target.  
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In the second brain-computer interface task, the subject wore a pair of anaglyph 3D 

goggles and viewed a virtual 3D environment. The subjects sat in front of the stimulation 

presentation box, as shown in figure 1.  

The box was constructed such that its top is 

angled toward the subjects with a computer 

monitor built into the surface. In the forward-

facing surface of the box are two holes to 

accommodate the subjects’ arms. In this way, the 

subject could position the arms behind the screen. 

The task begins by showing the virtual interior of 

the box. Inside sit two virtual cups, one holding 

coffee and the other water.  

Figure	  1:	  Experimental	  apparatus	  for	  the	  presentation	  of	  the	  3D	  stimulus.	  The	  subjects	  were	  presented	  
with	  either	  the	  standard	  1D	  cursor	  task	  or	  the	  analogous	  movement	  of	  the	  3D	  hands.	  Subjects	  wore	  
anaglyph	  3D	  goggles	  when	  presented	  with	  the	  VR	  task.	  

Performing motor imagery caused a photorealistic arm to reach out, grasp, and lift the 

cup on the imagined side as shown in figure 2. During the 3-minute task, each trial 

consisted of the subject receiving auditory instruction to reach and grasp either the left or 

right cup. In each experimental session, the subjects performed up to five, three-minute 

experimental runs of each task with the order of tasks randomized via coin flip. 

 
Study Cohort 
The stroke cohort included 1 female and 5 male patients with relevant past history of 

cortical or basal ganglia stroke and ranged in age from 47 to 71. Subjects had experienced 

at least partial hemiparesis as a result of the episode of stroke, implicating motor pathway 
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involvement in the pathogenesis of their condition. Patients were recruited from the 

practices of Dr. Andrew Grande (University of Minnesota Neurosurgery Clinic) and Dr. 

Diane Shipwice (Sister Kenny Rehabilitation Institute). After an initial screening with the 

physicians, all patients were familiarized by a member of the research team with the 

study protocol over the phone. The patient’s had undergone physical rehabilitation 

therapy with some patients continuing participation in therapeutic sessions during the 

course of the study. Among the types of therapy patient’s reported having participated 

were occupational therapy, constraint induced movement therapy, elastic band therapy, 

and in the case of one patient, botox therapy for spasticity relief. Subjects that served as 

healthy controls from the general population were approximately age matched to the 

study cohort. The control cohort included 2 female and 2 male subjects. Prior to 

conducting the study, a change in protocol request was submitted to the U of MN IRB to 

expand current BCI efforts to a stroke population. 

 

 
Table 1: A summary the demographic and clinical information for each of the members of the experimental cohort 
is presented. Asterisk’s denote patient’s for whom the lesioned hemisphere was also the dominant hand. 
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Data Acquisition: 
Participants were seated in a comfortable, padded chair that was fitted with armrests, and 

with seat height adjusted to each participant’s preference.  An EEG cap with 64 sensing 

electrodes was fitted to the subject’s head with electrodes positioned according to the 10-

20 international system. Data were filtered from DC-200Hz and were acquired at a 

sampling rate of 1000Hz using a Neuroscan Synamps 2 amplifier. During the 

experimental recordings, subjects placed their hands into the forward facing holes, as 

shown in Figure 1.  Data were then ported to the BCI2000 software platform with no 

spatial filtering. Subjects attended three experimental sessions, each consisting of ten, 

three-minute experimental trials. Trials were randomized via coin flip such that 

approximately 50% of recorded trials were performed using the virtual reality hands 

feedback and 50% of trials were performed using the traditional 1D cursor task, a task 

that is widely available as part of the BCI2000 distribution. In the traditional 1D cursor 

task, an autoregressive filter outputs the time-varying amplitude of a chosen frequency 

component of a given electrode’s signal. The cursor’s position is a weighted difference of 

the 12Hz component of the user’s C4 and C3 electrodes. In the presented protocol, the 

initial system settings used the C4 and C3 electrodes weighted at +1 and -1 respectively. 

Using the offline analysis toolbox provided with the BCI2000 distribution, more complex 

subject specific electrodes and weightings could be chosen as training progressed.  The 

virtual reality hands environment was implemented as a Java application that operated 

with the traditional cursor task active in the background. Data were sent from the 

BCI2000 cursor task to the virtual hands program every 30ms over the UDP data 
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transmission protocol in order to update the position of the virtual hands, mapping the 

position of the hands to the position of the cursor in 1D space. 

 
Virtual Reality Hands Task 
The implementation of an online, immersive 3D feedback system that displays 

photorealistic human arms and hands that are positioned in alignment with the subject’s 

actual arms and hands is an important, novel component of this study. Participants 

viewed the stimulus while seated in a comfortable chair, and were given a pair of 3D 

anaglyph goggles to use during the stimulus presentation. Although in reality only 

viewing an angled screen that was set into the top of the stimulus box, to the subjects it 

appeared as though they were peering “through” the top of the stimulus presentation box 

and viewing the inside. In addition, subjects were presented with a pair of hands that 

moved inside the box in coordination with their production of motor imaginations as 

shown in figure 2. 

 
Figure	  2:	  The	  3D	  stimulus	  presented	  to	  the	  subjects	  simulated	  the	  movement	  of	  hands.	  The	  movement	  of	  
the	  virtual	  hands	  coincided	  with	  the	  position	  of	  a	  traditional	  BCI	  cursor	  task.	  In	  this	  setup,	  the	  figure	  shows	  
how	  cursor	  movement	  to	  the	  left	  of	  the	  screen	  coincides	  with	  a	  left	  hand	  reaching	  out	  to	  grasp	  and	  lift	  a	  
cup.	  	  
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While previous studies and systems have offered 3D avatar hands as feedback for brain-

computer interface control (Mattia 2012), the addition of photorealism and the 

positioning of the subject’s actual hands to align with the avatar hands introduces 

additional elements from the fundamentals of a mirror neuron system (MNS). Subjects 

reported that it was easy to imagine that the stimulus hands and arms were in fact their 

own, and reported an unusual, disconnected sensation when the virtual arms moved in the 

direction that was opposite of the imagination. The importance of embodiment in BCI 

avatar systems has been emphasized in past literature that is aimed at higher dimensional 

limb control using BCI (Velliste 2008). This virtual reality stimulus and instructions 

regarding its operation were more readily understood when explained to the older patients 

in the study, in comparison to the more abstract instructions related to the use of the 

traditional 1D cursor task. 

 
Results 
The Action Research Arm Test (ARAT), and the Box-Block test (BBT) were chosen to 

assess the degree of motor deficit in each patient that was enrolled in the study, and 

assess the stability of the deficit during the experimentation period. These evaluations 

were chosen because of their comparable objectivity and ease of implementation within 

the laboratory setting. The ARAT assesses subjects in four broad categories of motor 

action, and has varying levels of difficulty based on subject performance. The motor 

competencies that were tested include grasp, grip, pinch, and gross movement. The Box 

and Block exam is another clinical test of motor function chosen for its simplicity of 

application, high resolution of objective criteria, and familiarity to the patient population. 
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In the Box and Block exam, subject move as many colored cubes from the lid of one side 

of an open box, across an elevated barrier and over to the other side. No significant 

changes in ARAT. Modest improvement was seen with the BBT in one subject. 

However, the performance on such metrics informed the research team of the degree of 

deficit severity for each of the subjects. Subjects that participated in the study were 

assessed on the grounds of control accuracy, speed and fluidity when using the brain-

computer interface. These behavioral outcomes are summarized in figure 3 for the three 

experimental sessions that each subject completed. The metrics have been presented for 

both the subject’s deficit and non-deficit side and have been broken out by experimental 

task (virtual reality v.s. traditional cursor control). Table 2 summarizes the overall group 

performance in comparison to the control cohort.  

 
Accuracy of control was calculated as the percent valid correct metric (PVC) as 

previously reported, and was computed as the number of correct target acquisitions 

divided by the number of attempts that ended in either a success or failure (Doud 2011). 

The PVC calculation is straightforward and is outlined in equation 1. 

𝑃𝑉𝐶 =
𝐶𝑜𝑟𝑟𝑒𝑐𝑡  𝐴𝑡𝑡𝑒𝑚𝑝𝑡𝑠

𝑇𝑜𝑡𝑎𝑙  𝑇𝑟𝑖𝑎𝑙𝑠 − 𝐼𝑛𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒  𝑇𝑟𝑖𝑎𝑙𝑠 

In this metric, not making a decision in a given target presentation trial does not 

contribute to the overall score, but an incorrect decision is penalized. Under these criteria, 

subjects varied considerably in performance. Figure 3 shows the progression in the PVC 

accuracy metric over three experimental sessions. PVC can be directly calculated for both 

the virtual reality, and traditional cursor tasks since both tasks retain the same underlying 
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timing and rules. As a group, only the VR task on the side of the affected hand showed 

improvement in PVC accuracy over the three experimental trials.

 

Figure	  3:	  Behavioral	  outcomes	  data	  for	  cursor	  and	  virtual	  reality	  control	  on	  subject's	  deficit	  and	  non-‐
deficit	  sides.	  

 
In performance of standardized clinical examinations of motor function such as the 

ARAT and box block test, the fluidity with which a motor action can be performed is a 

marker of the degree of disease severity. It is of interest whether the impairment of 

fluidity of movement that is seen in the context of stroke carries through to the control of 

a brain-computer interface. Fluidity of control was calculated as the distance traveled 

toward the desired target, divided by the minimum travel distance required to 

successfully reach the target as shown in equation 2. This quantity may be referred to as 

redundancy of movement (ROM) and is expressed as follows. 

𝑅𝑂𝑀 =   100 ∗
𝑑𝑖!

!!!

𝑀    
 
In this equation, n is the number of programmatic steps during a given experimental trial. 

The numerator of this equation is the sum of all position changes that the cursor makes in 
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the direction of the desired target. M is the minimum distance required to successfully hit 

the target, supposing a direct path is followed. In this way, ROM represents a percentage 

of the minimum necessary distance for target acquisition, and has a minimum value of 

100 percent for a target acquisition where the cursor moved only towards the desired 

target with no redundant displacement. 

Thus highly oscillatory paths to the target would report high ROM, while a direct path, 

even achieved over a longer time period would produce a low ROM score. Only modest 

differences were seen between the stroke population and the control group for the 

redundancy of movement metric. The largest difference was seen between the non-

affected side in the virtual reality task and the non-affected side in the cursor task for the 

patient population. Subjects’ non-affected hand acquired targets with an average ROM of 

210.1% using standard cursor control, while achieving an ROM of 225.3% when using 

the modified virtual reality task. The method of stimulus presentation was the only factor 

that was altered between these two conditions. 

 

Speed of control may be easily assessed in the presented paradigm through the use of a 

hits-per-minute metric. In this case, we report the number of successfully implemented 

hits and divide by the total trial time. Subjects in both the control and patient populations 

scored comparable hits-per-minute, with around 1 hit extra scored per minute by the 

patient population. Little to no difference was seen in speed of control whether the target 

was presented on the patient’s affected or non-affected side (+- .1 hit per minute). Table 2 

summarizes the experimental results in all behavioral metrics for the population and 
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compares it to the control group in these metrics of interest. 

 

Table	  2:	  Summary	  of	  experimental	  results	  for	  the	  patient	  cohort	  as	  compared	  to	  the	  control	  group.	  NA	  is	  
the	  patient’s	  non-‐affected	  side	  and	  is	  presented	  for	  both	  the	  VR	  and	  the	  Cursor	  Task,	  together	  with	  the	  
affected	  side.	  

 
Time Frequency Analysis 
 
The Morlet wavelet technique is a well-characterized method of investigating the 

frequency components of a signal while retaining temporal information (Büssow 2007). 

In contrast to the fast Fourier transform technique (FFT), the time course over which the 

signal propagates is retained in the Morlet treatment. Furthermore, the resulting output of 

multiple such time courses may be averaged to produce a time-dependent characteristic 

response for a signal or system of interest. While a comprehensive treatment of the 

Morlet algorithm and the nuances of this analysis are beyond the scope of this 

investigation, basic Morlet analysis is informative in assessing the function of the BCI 

when used by healthy users or those with neurological deficit. Differences between the 

cursor-based feedback, should they exist, may also be identified through this analysis 
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technique. Before becoming immersed in a description of the TFR findings, let us review 

the expectations for motor imagery-mediated activation of a brain computer interface.  

Using electrodes C3 and C4, a motor imagination of the left hand should cause 

desynchronization of the contralateral hemisphere, and will be reflected in a drop in 

amplitude in the C4 electrode. To accompany this, an increased synchronization of the 

C3 electrode will appear. This phenomena is known as ERD/ERS, the event related 

synchronization and event related desynchronization accompanying motor imagery. A 

right imagination could be expected to produce the opposite result. In a patient with 

stroke however, depending on the location and severity of the lesion a similar left 

imagination may have various outcomes. In the event that viable neural tissue is missing 

below the sensor, no meaningful SMR desynchronization or contralateral ERS will be 

expected. In the event that some viable tissue remains, desynchronization may occur, but 

due to lost connectivity from the lesion, the accompanying contralateral ERS may be 

diminished or fail to occur entirely. Table 3 summarizes the expected outcomes in 

healthy and stroke subject groups. It is possible that the contralateral ERS during motor 

imagery is partially effected via transmission through the basal ganglia corticospinal 

pathways before being relayed back to the contralateral cortex. For this reason, a subject 

with basal ganglia stroke could lose the capacity to affect ERS. 

 Control Imagine 
Left 

Stroke (Left ) Imagine	  
Left 

Control Imagine	  Right Stroke (Left) Imagine	  
Right 

C3 éé ê or no change êê ê or no change 

C4 êê é or no change éé éé or é 

Table	  3:	  Possible	  anticipated	  outcomes	  for	  ERD/ERS	  modulation	  for	  control	  and	  patient	  subjects. 
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These expectations were tested against the averaged time-frequency reconstructions from 

two subjects training periods. One basal ganglia stroke patient and one age and gender 

matched control were used to perform a comparative analysis and identify the means by 

which each user become competent in the brain computer interface. Figure 4 shows the 

initial 25% and the final 25% of each subjects training. Each subplot is the average of 80 

or more independent trials. At time 0 the target was presented to the subject and the 

motor imagery period begun. This period lasted a maximum of 6 seconds. Trials were 

selected on the grounds that they last at least 4 seconds. Raw data were detrended and a 

notch filter was implemented to remove a significant AC artifact prior to Morlet 

processing. 

Figure 4 shows the neural signal during right and left imagination periods for the standard 

cursor task. The control subject shows very little modulation of the C3 electrode, which is 

compensated for by the control the subject was able to exert over the β band. Late in 

training, this subject’s control signal was changed to include C4 18Hz weighted at +1. 

This proved to be an effective control strategy and reflects the importance of control 

signal optimization in achieving good control results. 

 

Using the cursor task, the representative basal ganglia stroke (left deficit) subject shows 

no modulation of C3 or C4 during the Left imagination state. This was one of the 

possible expected outcomes presented in Table 3 for a patient with a left deficit. During 

the right imagination state, C4 does seem to exhibit ERS. This could be caused by the 
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retained functionality of the engaged right side, which, at least in the first 25% training 

period, appeared to respond to suppression of mu in the C3 electrode. 

 
In contrast to the cursor task, when the subject was using the VR task, modest C4 

suppression is seen in figure 5 in the last 25% of left imagination training sessions. In 

both left and right imagination tasks, the stroke subject modulated signal in the high mu 

range, indicative of a particularly focal or specific motor action. This effect of inducing a 

more focal signal can be seen in the topographical spatial representation given in figure 6. 
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Figure	  4:	  β	  modulation	  of	  the	  C4	  electrode	  allows	  this	  control	  subject	  to	  successfully	  control	  the	  system.	  The	  
stroke	  patient	  does	  not	  show	  much	  capacity	  to	  modulate	  activity	  during	  the	  left	  state,	  but	  can	  produce	  
temporally	  relevant	  desynchronization	  when	  imagining	  right	  (non-‐lesion	  side). 
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Figure	  5:	  The	  virtual	  reality	  task	  showed	  similar	  activation	  patterns	  to	  those	  of	  the	  traditional	  cursor	  task.	  
Of	  note	  is	  the	  expanded	  mu	  range	  activity	  for	  the	  basal	  ganglia	  stroke	  subject.	  	  As	  before,	  modulation	  of	  β	  
allowed	  the	  control	  subject	  to	  successfully	  control	  the	  system	  with	  only	  the	  C4	  electrode. 
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When considering the differences arising in the signal from the stimulus, we would 

anticipate a more robust neural activation when presented with the virtual reality hands 

task. This expectation can be explained by the following considerations. In the standard 

cursor task, the motor imagery that is produced by the subject is entirely internally 

driven. The subject imagines a motor activity that exists only in his or her own mind. The 

motor imagery is then interpreted by the subject, such that it corresponds the task at hand, 

in many cases, the movement of a cursor or avatar in proportion to the magnitude of 

imagination. Even for a trained subject, fixating on a single imagination or motor task can 

be challenging, and the novelty of a given imagination may wear off. When we consider 

in contrast the activation elicited by viewing a virtual hand under neural control, a type of 

feedback reinforcement can be anticipated. In this scenario, the passive observation of the 

stimulus alone has been shown to elicit a cortical motor response in the mirror neuron 

literature. Coupling this effect with a sense of subject agency may well create a positive 

feedback system in which neural activation promotes further embodied movement, which 

in turn further activates the mirror neuron system. The expectation then, would be a more 

powerful neural response when viewing the virtual hands stimulus when compared to the 

keyboard task. Despite the	  wider expected bandwidth produced by this stimuli, cuing the 

subject to particular motor stimulus  could be expected to produce a more focal control 

signal, as is reflected in the figure 6  scalp topography. 	  
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Figure	  6:	  Topographic	  analysis	  for	  a	  representative	  subject.	  The	  activated	  control	  signal	  for	  an	  averaged	  
series	  of	  trials	  shows	  progression	  towards	  a	  more	  focal	  signal.	  R	  squared	  values	  are	  presented	  as	  the	  
degree	  of	  difference	  in	  the	  behavior	  of	  each	  component	  between	  the	  subject’s	  left	  and	  right	  imagination	  
states.	  

This analysis showcases the progression from the untrained state with diffuse cortical 

activation, to a focal activation pattern most conducive to use with a brain-computer 

interface system. It is interesting to note the focal nature of the response elicited by use of 

the virtual reality feedback. While focal, the degree of separability of imaginative states 

(as reflected by the R squared value) was seen to be less in the virtual reality task when 

compared to the cursor control task. 

 

To take a deeper look at the changes that are present when performing the brain-computer 

interface task with a virtual reality vs. standard cursor task, a more advanced spectral 

analysis was performed on a single subject’s data. The subject chosen showed 

progressive improvement over three 2-hour sessions from 42 blocks transferred with the 

affected side in session 1 to 59 blocks transferred on the affected side on session three as 
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measured by the box-blocks test. While a modest improvement, this functional change 

represents a change from 54.56% to 76.6% age matched healthy capacity (Mathiowetz, 

1985). To eliminate some of the noise seen in previous analyses and get a better sense of 

the underlying signal, the patient’s signal was band-pass filtered (7-40Hz) with a 60 Hz 

notch filtering (using Matlab’s onboard filtering capabilities). In addition, a simplified 

“nearest neighbor” Laplacian spatial filter using the four electrodes surrounding C3 and 

C4 was implemented. The results of the described analysis are shown in figure 7. Upon 

inspection of the figure, it is clear that enhanced theta activation (4-7Hz) is present for 

imagery of the right hand when using the virtual reality stimulus. This differential theta 

activation is not seen when viewing similar conditions for the cursor task. Theta 

synchronization has been linked to the induction of the mirror neuron system and has 

been postulated as a necessary condition for effective neuroplastic (Hebbian) learning 

(Del Giudice, 2009).  
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Figure	  7.	  Averaged	  time-‐frequency	  reconstruction	  for	  a	  single	  subject’s	  motor	  training	  during	  the	  three	  
experimental	  sessions.	  Subsection	  a.	  shows	  cursor	  task	  averaged	  trials	  and	  subsection	  b.	  shows	  virtual	  
reality	  averaged	  trials.	  Note	  the	  activation	  of	  theta	  activity	  (4-‐7	  Hz)	  during	  right	  imagination	  with	  the	  
virtual	  reality	  environment.	  Theta	  synchronization	  has	  been	  linked	  to	  induction	  of	  the	  mirror	  neuron	  
system	  and	  to	  neuroplastic	  (Hebbian)	  learning.	  
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Discussion 
 
The performance assessment for the virtual reality system presented for use with a stroke 

population may be thought about in two ways. In one sense, it may be seen as ideal for 

the system to outperform the standard cursor task in the presented metrics. This would be 

the ideal case for a replacement therapy. However, we may also consider the case in 

which performs equal or nearly equal to the standard system to be a favorable outcome. 

To borrow an analogy from weight training, two exercises may be performed at equal 

numbers of repetitions, to an equal degree of completion and at equal speed but may offer 

different capacities to impart benefit. The exercise that best isolates the desired muscle 

group, and which preferentially trains it is the preferred practice.  Unlike a replacement 

technology, the proposed system should be thought of an exercise platform, where 

engagement with the control system is as important as the outcome of successful target 

acquisition. Metrics like ROM or the time to hit metric are informative in their ability to 

discriminate between the affected and non-affected side, but should not necessarily be 

crucial in system comparison. Since the standard BCI2000 cursor task algorithm is 

implementing the movement of the virtual reality hands, this should be self-evident.  

 

If then the system may be thought to perform equally, or approximately equally in most 

regards to the traditional cursor task, one may ask what benefit the system imparts to the 

user? Supposing the system does not substantially subtract from the user’s control 

capabilities, in the context of stroke rehabilitation, the ability to perform mental practice 

with task relevant feedback is an important therapeutic characteristic. Rather than 
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interfacing with an abstract cursor, the subject can allow the feedback to inform the 

motor imagery. This becomes important with older, less technically savvy patients who 

may fail to grasp the abstraction of motor imagery controlling a cursor, but who may 

readily understand the concept of thinking about hand movement to move an image of 

hands. Performing a task that the user is hoping to pair with eventual regained 

functionality, i.e. “I imagine movement of my hand and see my hand move” is at the core 

of Hebbian plasticity, the concept that neurons that fire in temporal and spatial proximity 

to each other acquire dependent characteristics and promote each other’s functioning. By 

pairing a meaningful control task to the actuation of motor imagery, the fundamental 

principles of this type of plasticity may be leveraged towards a therapeutic goal. Motor 

imagery while using the virtual reality environment induced theta activation in the 

affected hemisphere of a basal ganglia stroke subject. This may be related to the 

induction of the mirror neuron system when presented with a realistic motor feedback 

stimulus as contrasted with the standard cursor task. Using the standard cursor task, 

similar theta activation was not induced. This subject for whom the theta activation was 

shown to be differentially active during the virtual reality task showed the greatest 

change in ability to perform the Box and Blocks test, progressing from 42 blocks 

transferred with the affected side in session 1 to 59 blocks transferred on the affected side 

on session three as measured by the Box and Blocks test, a change from 54.56% to 76.6% 

age matched healthy capacity (Mathiowetz, 1985).  

Another truly powerful aspect of the system is the low cost involved in its 

implementation. Inexpensive 3D cameras widely available for use in extreme sports (in 
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this case the 3D setup for the GoPro camera series available for approximately $800) 

were perfectly serviceable for use in creating a wide array of experimental stimuli. The 

importance of this factor in the system design is twofold. 

 

Photorealistic hands may be created at low cost. In the implementation of a similar 

system by researchers at the Santa Lucia Neurological hospital in Rome Italy (Kaiser 

2012), the avatar hands used for a randomized controlled trial were modeled with a 

computer graphics software package. While some attention was paid to creating a 

platform that could alter the appearance of the computer model to match a subject’s hand 

size, color and gender, it was not trivial to alter the feedback of such a system, and heavy 

distortion is seen in videos of the projected feedback related to both the imperfection of 

the three-dimensional model and the surface upon which the stimulus was projected. In 

contrast, the proposed system employs a photorealistic 3D presentation system. Stimulus 

creation is performed in a shooting stage where either a caregiver or the patient may 

serve as the model for the video produced. This video is integrated into the system and 

provides feedback to the patient during training. For patients who retain the use of one 

arm, the healthy arm may be used for the video model and mirrored to create a stimulus 

with two functional arms that are perfectly matched to the patient. Patient goals may be 

identified and quickly integrated into the system. A diverse set of tasks such as turning a 

key, using a brush or opening a door handle are quick and easy to implement. The 

addition of patient centric goal based training is a crucial element to any rehabilitation 



   28 

 

strategy and is leveraged in this system in hopes of creating a strong motivation in the 

patient group to continue engagement with the device. 

 

Spectral analysis supports an activation of a more focal control signal that engages the 

upper bounds of the mu band. This is intuitive to understand when we consider the nature 

of the stimulus presented. In contrast to an internally driven motor imagery event as 

would be used to drive a cursor, the subject was shown a photorealistic hand reaching 

with the intent to grasp an object. The characteristics of realism, goal-based action and 

synchrony to the users thoughts all may play a role in eliciting a strong motor neuron 

response in addition to the naturally evoked EEG changes seen in general purpose SMR 

brain-computer interfaces. The analysis supports the concept that the ability to modulate 

a single electrode, even when this is not the intended function of the system, can lead to 

users with a high degree of control and who possess a strong sense of agency. In the case 

of the stroke patient, a mechanism of retained functionality may be the induction of 

desynchronization in the lesioned cortex through the action of the healthy cortex. 

However, the degree to which the lesioned cortex may itself desynchronize and induce 

synchrony in the healthy cortex may be limited depending on the severity of the disease 

process. 

 
Conclusions 
 
Currently approved therapies for evidence-based treatment of hemiparetic stroke are 

mainly limited to lengthy rehabilitation sessions with a specialist, or some variant of 

constraint induced therapy. While patient rehabilitation is often diminished greatly after 



   29 

 

6-months following the stroke, it is not until 2 years post event that improvements in 

motor function truly are recognized to plateau. In order to get the most rehabilitative 

benefit, patients must have a system of rehabilitation that is simple to use, affordable, and 

requires little technical expertise. Furthermore, those therapies which aim at functional 

recovery of the activities of daily living are more likely to have a lasting benefit on 

patients perceived quality of care and functional outcomes. It is these therapies that find 

the greatest capacity for subject engagement and retention through what is most certainly 

a frustrating recovery process. 

 

Here we have presented a system that addresses the rehabilitation of stroke from all of 

these perspectives. The low-cost nature of the system, even in its prototype phase, 

promises an even more affordable solution should the design be mass-produced. The 

attention paid to the realism of the stimulus means that the patients interacting with the 

device would have some meaningful positive feedback early in training, and at the same 

time receive a stimulus that will pair what they are thinking with the desired mode of 

recovery. Furthermore, the attention paid to the realism of the provided feedback may be 

paid back in the system’s capacity to powerfully induce the activation of the patient’s 

mirror neuron system and play a role in enhanced neuroplastic learning. 

 

Performance using this system was found to be comparable to that achieved when 

presenting the subjects with the traditional cursor training task for brain-computer 

interface. However, the subject engagement and perception of utility to recovery was far 
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higher when using the virtual system. Furthermore, neurological activation patterns were 

found to be more spatially focal, and to elicit a broader range and higher power signal 

when conducting time frequency and topographic analysis. Further explorations will 

focus on the patient customization of the system through both the use of novel control 

signals, and the refinement of the stimulus to match with patient specific goals. These 

factors form the human side of brain-computer interface and represent a discipline of 

study in the field that has yet to undergo full expansion. Through the unity of novel 

training techniques, user interface refinement and customization, algorithm development 

and human-factors research, all geared at delivering what patients are most interested in 

from the system, we may begin to initiate a translational period of brain-computer 

interface research. It will be in this phase that these systems may begin to move from 

concept to implementation in a clinically meaningful way. 
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