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Abstract

Brain-computer interfaces (BCIs) might restore communication to people severely disabled by
amyotrophic lateral sclerosis (ALS) or other disorders. We sought to: 1) define a protocol for
determining whether a person with ALS can use a visual P300-based BCI; 2) determine what
proportion of this population can use the BCI; and 3) identify factors affecting BCI performance.
Twenty-five individuals with ALS completed an evaluation protocol using a standard 6 x 6 matrix
and parameters selected by stepwise linear discrimination. With an 8-channel EEG montage, the
subjects fell into two groups in BCI accuracy (chance accuracy 3%). Seventeen averaged 92 (+
3)% (range 71-100%), which is adequate for communication (G70 group). Eight averaged 12 (+
6)% (range 0-36%), inadequate for communication (L40 subject group). Performance did not
correlate with disability: 11/17 (65%) of G70 subjects were severely disabled (i.e. ALSFRS-R <
5). All L40 subjects had visual impairments (e.g. nystagmus, diplopia, ptosis). P300 was larger
and more anterior in G70 subjects. A 16-channel montage did not significantly improve accuracy.
In conclusion, most people severely disabled by ALS could use a visual P300-based BCI for
communication. In those who could not, visual impairment was the principal obstacle. For these
individuals, auditory P300-based BCIs might be effective.
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Introduction

As amyotrophic lateral sclerosis (ALS) progresses, communication becomes increasingly
difficult; and consequently a person may progress through a variety of assistive devices (e.g.
speech output keyboards, single switch scanning, eye-gaze) (1). All assistive communication
technologies require some form of muscle control. In the late stages of the disease,
communication that does not depend on muscle control may become the only viable option.
Brain-computer interfaces (BCIs) translate brain signals into new outputs that replace,
restore, enhance, supplement, or improve central nervous system (CNS) function (2). Thus,
they might be used to restore simple communication to people severely disabled by ALS.

To date, most people with ALS have not elected to accept mechanical ventilation as the
disease progresses, and thus the numbers who might benefit from BCI-based communication
have been small. However, the new availability and effectiveness of mechanical ventilation
(3-5), the growing evidence that people with late-stage ALS can enjoy a reasonable quality
of life (6,7), and the high impact of communication on quality of life (8) have increased the
need for and the value of BCls that can restore communication ability. People who accept
ventilation usually have longer life spans and thus need communication systems longer. BCI
technology might provide a longer-term solution for these individuals when other devices
(i.e. eye-gaze systems) are no longer reliable (9). BCI could be introduced at any time and
could thus help to ensure communication and control throughout the course of disease.

Over the past two decades, both non-invasive and invasive BCI systems have been explored
as possible means to provide communication and control to severely disabled people (10).
For example, electroencephalographic (EEG) activity recorded from the scalp can measure
P300 evoked potentials (11), sensorimotor rhythms (SMR) (12), and slow cortical potentials
(SCP) (13). Other non-invasive BClIs use magnetoencephalography (MEG) (14) and
functional magneto-resonance imaging (fMRI) (15). Invasive methods include
electrocorticography (ECoG) in which signals are recorded from electrode arrays on the
cortical surface (16), and recording of local field potentials (LFPs) or single-neuron activity
by microelectrode arrays inserted into the cortex (17). At the same time, very few studies
have explored BCI capability in the population that needs this technology, people with
severe neuromuscular disabilities such as late-stage ALS (18).

Use of the P300 evoked potential (also called the oddball response) as the basis for a BCI
was initially demonstrated by Farwell and Donchin (11). Since this original description,
P300-based BCls have been explored in the laboratory by many different research groups
(reviewed in (19)). For example, in the P300 BCI speller, a 6 x 6 matrix containing 36
characters is displayed on a screen and the user attends to a desired character (the target)
while the characters flash randomly. About 300 ms after the desired character flashes, a
positive deflection occurs in the EEG. This is the P300 event-related potential (ERP). By
flashing each character a number of times, and averaging the EEG following each one, the
BCI can usually identify the desired character (i.e. the character that evokes a P300 ERP). A
P300 BCI requires minimal user training, and can provide a capacity for slow but reliable
communication to most people.
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P300-based BCI usage has been explored in small numbers of people with ALS or other
severe neuromuscular disabilities (9,20-24). These initial studies indicate that P300 BCls
might be useful to people with ALS for communication and control. In order to help to
realize this potential benefit, the present study sought: 1) to define an effective and efficient
standard protocol for determining whether a person severely disabled by ALS can use a
P300-based BCI for basic communication; 2) to determine what proportion of this
population can use this BCI for communication; and 3) to identify the factors that may
impair or prevent effective BCI use. The results validate a useful standard protocol, indicate
that most people severely disabled by ALS can use the BCI, and identify factors that prevent
use. Thus, they contribute significantly to the clinical dissemination of BCls to serve people
with severe neuromuscular disabilities.

The 25 subjects (19 males and 6 females) were referred for an initial evaluation with the
Wadsworth (P300-based) BCI-Home system by the Center for Rehabilitation Technology
(CRT) at Helen Hayes Rehabilitation Hospital (West Haverstraw, New York) or were self-
referred. The study was reviewed and approved by the Institutional Review Board of Helen
Hayes Hospital. Evaluation took place in the subject’s home (n = 23) or the CRT (n = 2).
The inclusion criteria were those of VVaughan et al. (10): diagnosis of ALS (referred by
medical professionals with a probable or definite diagnosis); little or no remaining useful
motor control; dissatisfaction with current communication device; stable physical and social
environment; caregiver and/or family support for participation; desire to live (e.g. on
mechanical ventilation or planning to adopt it when needed) and to retain useful
communication; medically stable; an interest and willingness to use BCI technology; ability
to provide reliable “yes” and “no” responses. Informed consent was obtained from each
subject in the following manner: the investigator learned from the caregiver or a family
member the individual’s method of providing a yes/no response; the consent form was either
read by or to the subject; and the subject was asked five questions verifying that she/he
understood the consent, had had all questions answered, and agreed to participate. The mean
age of the subjects was 55.8 (£ 8.6 SD, range 41-72) years; their mean ALS Functional
Rating Scale-Revised (ALSFRS-R) (25) score was 6.2 (£ 8.1 SD, range 0-25). Eighteen
(72%) were 100% ventilator dependent (scores < 10); five had scores of 13-18; and two had
scores in the 20s. The inclusion of many people who were extremely disabled is a distinctive
feature of this study.

Evaluation protocol

All aspects of BCI operation and data collection were controlled by the BC12000 software
platform (26) running on a Lenovo T61 laptop (Intel Core2 Duo CPU, 2 Ghz, 1.9 GB of
RAM, Windows XP SP3). The user viewed a separate 50-cm Dell monitor at a distance of
about 1 m.
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Subject task

The subject sat in his/her own wheelchair or bed or in a comfortable chair facing the
monitor. The monitor was either on a rolling stand or an over-the-bed table; and its position
was adjusted appropriately for each user. The evaluation consisted of nine runs. Each run
represented one word (i.e. The/quick/brown/fox/jumps/over/the/lazy/dog), for a total of 35
characters (trials) that included every character in the English alphabet. For each trial, the
subject was asked to pay attention to the target character and to count the number of times it
flashed. These instructions were carefully explained and illustrated; and the first run did not
begin until the subject indicated full understanding of the task. After each run, each subject
was asked if she/he wished to continue. The entire evaluation, including consenting process,
electrode cap application, task instructions, nine runs, and cap removal occupied 60-90 min.

Stimuli presentation

The user’s monitor (Figure 1) displayed 36 items (i.e. English characters and numbers)
arranged in a 6 x 6 matrix. The items were light gray and the background was black. In the
evaluation protocol, the ‘text-to-spell” bar above the matrix displayed the word to be spelled.
At the beginning, the words “Waiting to start” were displayed over the matrix and the first
target (i.e. the first letter of the word to be spelled) was shown in parenthesis at the end of
the word. For example, in Figure 1 the target is the letter ‘B’. After 4 s, items began to flash
in groups of 4-6 items (i.e. either a scattered set of items with no two items adjacent
(checkerboard (CB) format; 21 subjects) or a single row or column (RC format; 4 subjects))
(11,22). For each letter selection (i.e. referred to as a single trial), the groups flashed in a
random order (at a rate of 5.3 Hz for the RC format and 4 Hz for the CB format) until each
target had flashed 10-30 times (depending on the subject). Each trial was followed by a 4-s
pause during which the matrix items did not flash and the next letter in the word to be
spelled was displayed in parenthesis in the ‘text-to-spell” bar. When each letter of the word
had served as the target item, the phrase ‘“Time Out’ was displayed and the run was over.
After several minutes, the next run began.

Electroencephalography (EEG)

A 16-channel electrode cap (Electro-Cap International, Inc.) with tin electrodes at locations
F3, Fz, F4, T7, C3, Cz, C4, T8, CP3, CP4, P3, Pz, P4, PO7, PO8 and Oz (Expanded 10-20
System (27) (Figure 1, right-lower inset)) was used for data collection. EEG was referenced
to the right mastoid and grounded to the left mastoid. Signals were amplified using a Guger
Technologies 16-channel g. USBamp biosignal amplifier. Signals were sampled at a rate of
256 Hz, high-pass filtered at 0.5 Hz, and low-pass filtered at 30 Hz. Within the practical
limitations of working in the home environment with extremely disabled, often bedridden
patients, every effort was made to keep electrode impedances as low as possible, generally
below 20 k2. (Kappenman and Luck found minimal impedance-related attenuation of P300
with a 0.5-Hz high-pass filter. (28)) The noisy home environment and the close proximity of
life support equipment often necessitated use of the 58-62-Hz notch filter to reduce 60-Hz
line noise. To evaluate the impact of the recording conditions, later offline assessment by an
investigator blind to the evaluation results gave the EEG traces of each subject a Record
Quality Score (RQS) of 1-4 (1: Poor (i.e. frequent large physiological and/or mechanical
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artifacts (e.g. 60-Hz noise, sudden voltage shifts, EKG activity)); 2: Acceptable (i.e.
frequent minor mechanical and/or physiological artifacts); 3: Good (i.e. few artifacts); 4:
Excellent (i.e. no artifacts)) (based on (29)).

Data analysis

Results

A stepwise linear discriminant function (SWLDA) (30) was used to select and weight the
EEG features (i.e. voltages at specific EEG electrode locations in specific time-periods in
the 800 ms after the matrix flashed) that were used to classify the subject’s response to each
item and to thereby determine which item was the target (i.e. the desired selection) (see (30)
for full description of analysis). SWLDA was used to derive features from the entire 16-
electrode montage and from the 8-electrode subset shown in Figure 1. The results for the 8-
electrode and 16-electrode montages were compared.

Using the data of the first five runs (21 characters), we developed SWLDA classifier
weights with the 8-channel subset. We then applied them online during the last four runs of
data collection (14 characters) to determine online accuracy for each subject. We used the
data from all nine runs (i.e. 35 trials) to compute for each electrode of each subject the
average response to the target item. Typically, the response was dominated by a positive
peak at 250-500 ms (P300) and a later negative peak (LN) at 420-680 ms.

We examined the impact of the severity of the subject’s disability (assessed by ALSFRS-R
score) on BClI accuracy and on P300 and LN amplitudes and latencies. We also examined
the impact on BCI accuracy of: subject age; EEG montage (8- or 16-channel); EEG record
quality score (RQS); number of flashes for each target item; and the number of trials used to
calculate the SWLDA parameters (i.e. EEG features and their weights). Finally, we
compared subjects with high BCI accuracy (> 70%) to those with low BCI accuracy (<
40%) in regard to P300 and LN amplitudes, latencies, and scalp topographies. Most
measures were not normally distributed (31), and thus non-parametric statistical methods
were used (32). A t-test was used for measures that were normally distributed.

BCl performance

Figure 2 shows the BCI accuracies for all 25 subjects. Chance performance is 2.8% (i.e.
1/36). Subject accuracies fall into two distinct groups. Seventeen subjects had accuracies
above 70% (average 92.1 + 2.5% SE, range 71-100%). The other eight subjects had
accuracies below 40% (average 12.3 + 6.2% SE, range 0-36%). The accuracies of the first
group (labeled the G70 (i.e. > 70%) group) were high enough to support successful
communication, while the accuracies of the second group (labeled the L40 (i.e. < 40%)
group) were not (33).

Figure 3 displays subject accuracy vs. ALSFRS-R score. BCI accuracy is not correlated with
ALS-FRS-R score (r = 0.12, p = 0.57). Furthermore, and most notably, many people who
were very severely disabled (score 0-5), had high BCI accuracies, indicating that severe
disability (including complete dependence on mechanical ventilation) does not in itself
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preclude effective use of the BCI-Home system. This finding confirms earlier results with
smaller numbers of subjects with ALS (9,20-22).

The G70 and L40 subject groups did not differ significantly in age, ALSFRS-R score, or
EEG record quality. The distinctive characteristic of the subjects in the L40 group was the
presence in all eight of a visual impairment (e.g. diplopia, nystagmus, ptosis) that apparently
prevented them from seeing the flashing items well enough to achieve high accuracy.

Characteristics of the target responses

The G70 and L40 groups differed significantly in their target ERPs (Table 1). P300
amplitude averaged 3.7 PV (z 0.5 SE) in the G70 group and 1.8 pV (x 0.4 SE) in the L40
group (p = 0.008 by Mann-Whitney rank sum); and LN amplitude averaged —3.4 uV (£ 0.6
SE) in the G70 group and —1.4 uV (£ 0.4 SE) in the L40 group (p = 0.002). BCI accuracy
was significantly correlated with the amplitude of each peak (r = 0.55 and -0.70 for P300
and LN, respectively). The two peak amplitudes were highly correlated with each other (r =
- 0.73, p< 0.001). In addition, P300 amplitude and latency were negatively correlated (r =
-0.41, p=0.04), indicating that shorter latency was associated with higher amplitude. The
shorter P300 latency in the G70 group than in the L40 group neared significance (p = 0.06).
P300 and LN amplitudes and latencies did not correlate with ALSFRS-R score.

The two groups also differed in the location of the maximum P300 amplitude. In the G70
group, P300 was largest at frontal or central locations in 14 of 17 subjects and at occipital or
parietal locations in only three, whereas in the L40 group it was largest at frontal or central
locations in only two of eight subjects and at occipital or parietal locations in six (p = 0.03
by Mann-Whitney rank sum).

Figure 4 shows the average target responses at Fz, Cz, Pz, and Oz for the G70 and L40
groups. The greater peak amplitudes and shorter latencies of the G70 group are evident. The
difference in maximum peak locations (i.e. more anterior in the G70 group and more
posterior in the L40 group) is also apparent.

Alternative protocol parameters

In offline analyses, we investigated the effects of using: 1) the full 16-channel electrode
montage rather than the standard 8-channel montage; 2) fewer numbers of trials to determine
the SWLDA parameters; and 3) fewer flashes.

The 16-channel and 8-channel montage provided comparable accuracies. For the G70 group,
16-channel accuracy averaged 92.9 (£ 2.7 SE)% (range 64-100%) and 8-channel accuracy
averaged 92.1 (+ 2.5 SE)% (range 71-100%). For the L40 group, 16-channel accuracy
averaged 7.0 (£ 3.0 SE)% (range 0-21%) and 8-channel accuracy averaged 12.3 (+ 6.2 SE)
% (range 0-36%). The difference was not significant for either group.

The accuracies presented so far were achieved using SWLDA parameters calculated from
five runs comprising a total of 21 trials. In further offline analyses, we determined the
accuracies provided by SWLDA parameters calculated from 4, 3, 2, or 1 runs (comprising
16, 13, 8, or 3 trials, respectively). Table 1l shows the average accuracies for the G70 group
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and the number of subjects versus the number of trials used to calculate those parameters.
Accuracy declines as the number of trials used declines. Most importantly, when the number
of trials is reduced from 21 to 16, two of the 17 subjects who previously achieved accuracies
>70% no longer do so; and when the number of trials is reduced to eight, five subjects no
longer reach 70%. Thus, it appears that 21 trials were necessary. On the other hand, the
relatively modest reductions in accuracy produced by reducing the number of trials used,
and the fact that the other eight subjects had accuracies below 40%, suggests that using more
than 21 trials would not have enabled any of the L40 subjects to achieve accuracies that
would support BCI use. The five runs (21 trials) used appear to be both necessary and
sufficient.

Finally, offline analyses determined for each subject and each montage the minimum
number of flashes to provide maximum accuracy. The notable aspect of the results was that
16 of the 17 G70 subjects (8-channel montage) and all of the G70 subjects (16-channel
montage) achieved their maximum accuracy with fewer flashes than actually presented
(Table I11). This reduction could markedly reduce trial time and thus substantially increase
the communication rate for people using this system.

Discussion

People with ALS are living longer and with better quality of life due in large part to earlier
and improved respiratory support. The P300-based BCI described here could provide
communication for individuals with ALS and other motor disorders when conventional
devices are no longer suitable. Several studies have explored P300-based BCI
communication in small numbers of people with ALS and have demonstrated stable
performance over time (21,34). In this study, we sought to determine: 1) what proportion of
people with advanced ALS (mean ALSFRS-R = 6) can use the P300-based Wadsworth BCI-
Home system; 2) what factors correlate with BCI performance; and 3) the key requirements
for an efficient and reliable effective protocol with which to evaluate these individuals for
BCI use.

We evaluated the ability of 25 people severely disabled by ALS to use the BCI. Seventy-two
percent were already completely ventilator dependent and others were sufficiently disabled
to be considering ventilator use. This is the largest such group that has been systematically
evaluated for BCI use to date. The preponderance of males in this group (76%) is consistent
with the male preponderance among those with ALS who are ventilator-dependent (35).

The results indicate that the majority (68%) of the subjects could use the BCI with accuracy
sufficient for basic communication (i.e. the G70 group). Visual impairments (i.e. ptosis,
diplopia, nystagmus) were present in those for whom BCI performance was not adequate
(i.e. the L40 group) and appeared to explain the poor performance. This strong correlation
between poor BCI performance and visual impairments in people with advanced ALS is an
important finding, especially since oculomotor function is generally believed to be preserved
in these individuals (36,37). Whether continued disease progression and longer periods of
ventilator dependence impair BCI performance in more people is unclear. Tracking these
metrics would aid in determining the potential value of auditory or tactile BCls (38,39) and
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in deciding when they should be provided. To address these questions, future studies should
examine the impact on visual function and BCI performance of the length of time since
diagnosis and/or since ventilator dependency.

All the subjects were able to provide informed consent and to participate appropriately in the
BCI protocol, indicating that their cognition was not severely impaired. Nevertheless, recent
studies strongly suggest that some may have had cognitive deficits (40). Future studies
should assess the impact of such deficits on BCI performance.

In this extremely disabled population, the amplitudes of the target ERPs were positively
correlated with BCI accuracy. In a less disabled group of ALS subjects (mean ALSFRS-R =
32), Silvoni et al. (41) found that their relatively small P300 amplitudes (at Pz) (6.3 puV vs.
10.5 pV in healthy control subjects) did not affect performance in a cursor movement task.
In the present study, P300 amplitude (measured from zero-baseline) was much smaller,
averaging only 3.7 pV in the G70 group and 1.8 uV in the L40 group. These small
amplitudes may in part reflect disease progression, but the results indicate that the decrease
does not necessarily degrade BCI performance. The significant difference in the amplitudes
of both the negative and positive peaks between the G70 and L40 groups most likely
resulted from the latter’s inability to see the flashing items clearly enough to generate a
classifiable response. While this suggests that P300 amplitude might be used as a tool to
evaluate an individual’s ability to use the BCI, seven of the 17 subjects in the G70 group had
P300 amplitudes < 2.5 pV. Thus, small P300 amplitude is not in itself a bar to BCI use. The
scalp location of the maximum P300 amplitude might be a more reliable indicator: the
maximum was at frontal-central locations for almost all the G70 subjects and at parietal-
occipital locations for almost all the L40 subjects. In addition, P300 latency was < 300 ms in
12 of 17 in the G70 group and > 320 ms in six of eight in the L40 group.

Offline analyses of the present results indicate that the 16-channel montage was not
necessary; the 8-channel montage provided essentially the same results both overall and in
terms of the individual subjects. The two montages yielded the same G70 and L40 groups,
and thus the simpler one could be used in the evaluation protocol. On the other hand,
analysis also indicated that the number of trials used for parameterizing the SWLDA
algorithm could not safely be reduced below the 21 used here. Such reductions would have
removed several subjects from the G70 group. Although using more than 21 trials for
parameterization was not evaluated, the results also strongly suggested that more trials
would not have enabled any of the L40 subjects to move into the G70 group.

For the immediate future at least, a second evaluation session would be worthwhile. In
addition to enabling assessment of the effect of having more trials for parameterization, a
second session would compensate to some degree for the often unpredictable and
uncontrollable day-to-day variations in subject state, home environment, and other factors.
In addition, the adoption of a simple pre-evaluation questionnaire concerning the subject’s
visual and auditory capabilities would be useful.

For the subjects unable to use the BCI due to visual impairments (i.e. the L40 group), simple
measures such as ptosis-glasses (42), or an eye-patch (for diplopia) may be effective. BCls
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that use non-visual (i.e. auditory or somatosensory) stimuli are obviously a more general
solution. Several promising auditory BCI paradigms, and an eyes-closed steady-state visual
evoked potential (SSVEP) BCI, have been described (43,44). With further development,
they may become clinically useful. The cost of the BCI system described here is similar to
currently available eye-gaze devices (45).

This study indicates that most people extremely disabled by ALS can still use a P300-based
BCI system. Several subjects could no longer use their eye-gaze devices, and many wanted
to be tested with the BCI to determine if it was a possible means of communication for them
in the future. Some individuals with ALS who can no longer use an eye-gaze device have
already benefited from BCI technology (9); and others, such as those with spinal muscle
atrophy, severe cerebral palsy, or high-level spinal cord injury, may also find BCI
applications valuable (46).

Small P300 amplitudes did not preclude adequate BCI performance. Adequate performance
was associated with frontal-central P300 locations. An 8-channel EEG montage and the 60—
90 min protocol described here appears sufficient for reliable evaluation of BCI
performance. At the same time, the addition of a second similar session on a subsequent day
is probably worthwhile to control for variations in subject state or environmental factors. For
those with visual impairments, BCls that use non-visual (e.g. auditory) stimuli may provide
a solution.
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Figure 1.
A subject wearing an electrode cap (Electro-Cap International, Inc.) attends to the 6 x 6

matrix of items (i.e. letters and numbers) displayed on a 20” monitor at his bedside. Lower
left inset: the 6 x 6 matrix and the gray ‘text-to-spell’ bar showing the word to be spelled
(‘BROWN?”) and the target letter for the first trial, the letter ‘B’, in parentheses at the end of
the word. In this example, a group of four items is flashing according the checkerboard (CB)
format (22). To encourage attention to the target item, the subject is asked to count the
number of times it flashed. Lower right inset: the 16-channel electrode montage and the
standard 8-channel subset (marked with *X’s).

Amyotroph Lateral Scler Frontotemporal Degener. Author manuscript; available in PMC 2015 May 12.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

McCane et al. Page 14

NUMBER OF SUBJECTS

12

-
o
12

-}
1]

- " . . A A

0-9 10-19 20-29 30-39 4049 S50-59 6069 70-79 ©60-89 90-100
ACCURACY

Figure 2.
BCI accuracy for all subjects (chance accuracy 2.8%). Two groups are apparent: those with

accuracy >70% (the G70 group) and those with accuracy < 40% (the L40 group).
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Figure 3.
ALSFRS-R score versus BCI accuracy for all subjects. A triangle within the circle indicates

the presence of visual impairment. All those with ALSFRS-R < 5 were ventilator-dependent.
It is clear that many who were severely disabled had high BCI accuracy, and that all those
with low BCI accuracy had visual impairments.
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Figure 4.
Average ERPs to the target items at Fz, Cz, Pz, and Oz for the G70 group (solid line, n=17)

and the L40 Group (dashed line, n = 8). The G70 ERPs are larger and are focused more
anteriorly than the L40 ERPs.
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Table |

Average amplitudes and latencies for the positive peak at 250-500 ms (P300) and the later negative peak (LN)

at 420-680 ms for the G70 and L40 subject groups.

P300
amplitude P300 LN amplitude LN latency
V) * latency (ms) Mv) " (ms)

G70group 3.7+05SE 288+21SE -34+06SE 624+23SE
L40group 18+04SE 364+34SE -14+04SE 648+36SE

(* indicates a significant difference (p < 0.01 by Mann-Whitney rank sum) between the G70 and L40 groups.).
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