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Abstract
Brain-computer interfaces (BCIs) enabling the control of a personal computer could provide
myriad benefits to individuals with disabilities including paralysis. However, to realize this
potential, these BCIs must gain regulatory approval and be made clinically available beyond
research participation. Therefore, a transition from engineering-oriented to clinically oriented
outcome measures will be required in the evaluation of BCIs. This review examined how to assess
the clinical benefit of BCIs for the control of a personal computer. We report that: (a) a variety of
different patient-reported outcome measures can be used to evaluate improvements in
how a patient feels, and we offer some considerations that should guide instrument selection.
(b) Activities of daily living can be assessed to demonstrate improvements in how a patient
functions, however, new instruments that are sensitive to increases in functional independence via
the ability to perform digital tasks may be needed. (c) Benefits to how a patient survives has not
previously been evaluated but establishing patient-initiated communication channels using BCIs
might facilitate quantifiable improvements in health outcomes.

1. Introduction

A brain-computer interface (BCI) is a system that
records and processes brain activity to control a com-
puter or other device. BCIs might restore, replace,
enhance, supplement, or improve functions natur-
ally achieved by the central nervous system [1]. Thus,
the potential uses of BCIs are wide-ranging. Previ-
ous applications include physical rehabilitation [2–4],
control of prosthetic limbs [5, 6], and treatment of
drug-resistant epilepsy [7]. But perhaps the most
widely studied use for BCIs is the control of a personal
computer or communication device.

Using a BCI to control a personal computer may
enable users to interact with their physical, digital,
and social environments, for example, controlling
smart home devices, browsing the internet, or using
apps for personal communication. This may be of
benefit to people with a range of disabilities includ-
ing paralysis, which contributes to a large burden of
disease [8]. However, only a few BCIs for controlling

a personal computer have permitted independent
use outside of supervised research sessions [9–14]
and none are clinically approved. To realize their
potential, these BCIs must gain regulatory approval
and be made clinically available beyond research
participation.

To date, BCI development has predominantly
been approached as an engineering rather than a
clinical endeavor. This has been for good reason, as
many manufacturing and computational challenges
remain before the widespread adoption of BCIs may
be realized [15, 16]. However, this has also led to a
predominance of BCI assessment methods focused
on engineering feats rather than patient needs. Com-
mon performance metrics such as information trans-
fer rate or characters typed per minute are useful
for assessing BCI capability, making comparisons
between different systems, and quantifying progress
[17], but they do not directly demonstrate clinical
benefit. Similarly, while user-centered design frame-
works can facilitate a holistic assessment of user
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experience (e.g. [18]), these approaches still evaluate
the engineering of the BCI and not the potential clin-
ical benefit it may provide.

The BCI research community has recognized
that for BCIs to ‘gain traction’ they must appre-
ciably improve patients’ lives. Research efforts have
been directed from the achievement of greater speed
and accuracy (First International BCI meeting [19])
towards collaborative efforts to translate laboratory
success into practical devices that serve the needs
of the end-user (Seventh International BCI Meeting
[20]). As BCI technologies mature, there is an emer-
gent need to transition from engineering-oriented
to clinically oriented outcome measures. Ultimately,
clinical outcomes will determine whether a BCI tech-
nologywill be granted approval as amedical device by
regulatory bodies such as the Food and Drug Admin-
istration (FDA) in the United States.

Which clinical outcome measures to select as trial
endpoints will depend on the intended use of the
BCI technology under investigation. One potential
application of BCIs is rehabilitation of motor func-
tion. While there have been calls for greater stand-
ardization of clinical outcome measurements in tri-
als of BCI-based rehabilitation [21], evaluations of
clinical benefit in these trials need not vary consid-
erably from clinical trials involving non-BCI-based
rehabilitation programs. For example, previous stud-
ies involving BCI-based rehabilitation for post-stroke
motor recovery have used prevailing measures such
as the Fugl-Meyer assessment [2, 4]. Moreover, out-
come measures common to clinical trials of physical
rehabilitation such as the Action Reach ArmTest have
also been utilized to assess function achieved via BCI-
controlled prosthetics [6], where physical function is
replaced rather than restored. Clinical endpoints in
trials of BCIs for the treatment of psychiatric dis-
orders or epilepsy may also be mostly consistent with
previous trials not involving BCIs. For example, BCI-
based interventions for medically intractable partial
epilepsy have measured seizure reduction [7, 22].
However, how to measure clinical benefit from BCI
control of a personal computer (where there may be
no expectation of restoring physical or psychiatric
function) is not well established. This represents a
substantial barrier for developers seeking regulatory
and payor approval for a BCI offering control of a per-
sonal computer.

‘Clinical benefit’ represents a positive, clinically
meaningful effect on how a patient feels, functions, or
survives [23]. Future pivotal trials of BCI technologies
might therefore include outcome measures address-
ing each of these three components of clinical bene-
fit. The goal of this review was to examine how pre-
vious studies have assessed the effects of BCIs on how
a patient feels, how a patient functions, and how a
patient survives. We also consider some other out-
comemeasures thatmay be included in future clinical
trials. We hope this review will be relevant to clinical

trials of all BCI technologies, however, we focus on
how clinical benefit may bemeasured in trials of BCIs
for independent use of a personal computer.

2. How a patient ‘feels’

2.1. Patient-reported outcomes (PROs)
Following theWorldHealthOrganization’s definition
of health as ‘a state of complete physical, mental and
social wellbeing, and not merely the absence of dis-
ease and infirmity’, improvements in health gained
from BCIs may extend beyond measures of mobility
and physical function or biological markers. In fact,
BCIs providing control of personal computers may
not attempt to directly alter physiology at all. In this
case, clinical benefit might be derived from clinically
meaningful improvements in how a patient feels.

PROs can provide information on the status of
a patient’s functioning, symptoms, side-effects, or
health condition as perceived by the patient, as well
as how these change in response to a clinical interven-
tion. Patient reporting also enables the assessment of
states known only to the patient, such as pain intens-
ity or feelings of depression. PRO instruments range
from a single-item rating such as a visual analog scale
to multidomain questionnaires and may involve sur-
veys, interviews, or patient diaries.

PROs may serve as the primary or secondary out-
come measures in clinical trials involving BCIs. They
can provide information on a BCI’s safety and effect-
iveness that may be used to support regulatory and
healthcare decision-making processes. The United
States FDA encourages the collection of patient per-
spectives using well-defined and reliable PRO instru-
ments to provide valid supporting evidence for new
medical devices [24].

Guidelines for the general use of PROs in clinical
trials have been communicated previously [25, 26].
The following discussion addresses the use of PROs
for evaluating BCIs for the control of a personal
computer.

2.2. Quality of life (QOL) and health-related
quality of life (HRQOL)
Among the most common PROs are those that evalu-
ate a patient’s QOL or HRQOL. QOL and HRQOL
are related but distinct concepts. QOL is a general
concept that represents an individual’s perception of
their overall well-being, including non-health-related
aspects of their life. HRQOL is a multi-dimensional
concept that represents a patient’s perception of the
impact of their health status on their QOL. BCIs for
the control of a personal computer could impactQOL
and HRQOL differently. Therefore, capturing both
during clinical trials of BCIs could differentiate the
impact of the BCI on health-related and non-health-
related factors [27]. However, those designing clinical
trials of BCIs should be aware thatQOLmeasuresmay
be considered too general and ill-defined to support
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labeling claims for medical products [28]. HRQOL
measures might therefore be preferable for evaluat-
ing the clinical benefit of BCIs in clinical trials for the
control of a personal computer.

HRQOL encompasses the physical, mental, and
social aspects of health, which may be impacted by
both disease symptoms and treatment side effects.
Dobkin [29] previously presented a framework of
HRQOL that involved five dimensions relevant to
BCIs, as follows:

Physical well-being—including mobility, activity,
self-care dependence, disease symptoms, and treat-
ment side-effects.

Mental well-being—including depression, anxi-
ety, stress, mood, cognitive functioning, and
autonomy.

Social well-being—including social support,
social integration, participation in family/social roles,
participation in work and hobbies, loneliness, and
isolation.

General health—including fatigue, life satisfac-
tion, and perception of overall quality of life.

Caregiver quality of life—including physical, men-
tal, and social well-being, financial stresses, andwork-
life balance.

HRQOL instruments available for use in clin-
ical studies include generic instruments that cover

multiple domains or provide brief summaries of
HRQOL, and instruments that are specific to a single
patient group, symptom, or function. Each has its
own advantages and disadvantages for use in clinical
trials of BCI technologies. Generic instruments such
as the SF-36 [30] are highly validated and applicable
for use with a heterogeneous population of BCI users,
however, these measures often contain inappropri-
ate items. For example, the SF-36 asks participants
about their limitations in ‘vigorous activities such
as running, lifting heavy objects, or participating in
strenuous sports’, which is unsuitable and potentially
insensitive to individuals with severe paralysis of the
limbs. Consequently, the responsiveness, and there-
fore utility, of these generic measures may be limited
in individuals with paralysis. Neurological condition-
specific instruments such as the amyotrophic lat-
eral sclerosis specific quality of l.ife [31], spinal cord
injury–quality of life [32], andmultiple sclerosis qual-
ity of life-54 [33] may include more targeted and
meaningful items than generic questionnaires. These
may be useful in clinical studies of BCI technologies
where all subjects have the same neurological condi-
tion. However, using these instruments could make
cross-condition comparisons of HRQOL responses
impossible, and assessing the clinical benefit of a BCI
for a heterogeneous set of user groups may be more
difficult. This is an important consideration if BCI
technology aims to assist individuals with a common
symptom without regard to etiology.

2.3. Previous use of PROmeasures in BCI research
After evaluating several quality-of-life instruments
for their utility in BCI studies involving individuals
with amyotrophic lateral sclerosis (ALS) and assist-
ive needs for communication [9], Wolpaw and col-
leagues used the McGill Quality of Life Question-
naire (MQOL) to periodically evaluate QOL over the
course of an extended period of independent at-home
use of a surface electroencephalography (EEG) based
BCI [13]. The MQOL ([34]) is a validated method
of assessing QOL in patients with life-limiting ill-
nesses such as ALS. One advantage of the MQOL for
use in clinical trials of many BCIs is that the items
are not heavily weighted towards physical function.
This instrument may therefore be appropriate when
investigating the benefits of BCI technologies that
do not attempt to restore or replace physical func-
tion, such as BCIs for the control of a personal com-
puter. Another feature of theMQOL is that it contains
multiple items within the ‘existential domain’, which
might evaluate a patient’s spiritual well-being. Evalu-
ation of this domain is absent frommanyQOL instru-
ments even though it might be a significant contrib-
utor to overall QOL in many individuals with severe
or life-limiting disease [34].

Wolpaw et al [13] found average scores on the
MQOL did not decrease despite a decline in neur-
omuscular function with disease progression in ten
BCI users with ALS. This result demonstrated that
the benefits of a home-use BCI system may not be
an improvement in QOL but instead a maintenance
in QOL despite disease progression and decreased
function.

Other previous reports involving independent
use of a BCI evaluated QOL using the psychosocial
impact of assistive devices scale (PIADS) [10–12].
The PIADS is a 26-item, self-report questionnaire for
evaluating the perceived benefits of an assistive tech-
nology [35]. The PIADS comprises three subscales
that measure the subject’s perceived impact on feel-
ings of competence (12 items), adaptability (6 items)
and self-esteem (8 items) using a seven-point Likert
scale ranging from −3 (maximum negative impact)
to 3 (maximum positive impact). There are some
potential advantages of the PIADS for use in clin-
ical trials of BCIs. Firstly, as its name suggests, the
PIADS is designed to assess changes occurring in
response to the use of assistive technology. There-
fore, the individual items may be relevant to stud-
ies of many BCIs, and it might be possible to use
this instrument across populationswith various neur-
ological conditions that might benefit from a BCI
technology without compromising the validity of the
scale. Additionally, the respondent also provides an
impression of change score, which might be benefi-
cial with individuals who have communication dif-
ficulties at baseline of a clinical trial. Finally, the
items on the PIADS are not weighted towards physical
function, thus the responsiveness of the instrument
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is not dependent on improvements in physical
function.

Vansteensel et al [12] recorded positive ratings on
all three dimensions of the PIADS (competence: 1.1,
adaptability: 2.2, and self-esteem: 1.0) in their pro-
spective case study involving a 58 year-old woman
in a locked-in state due to ALS who received a fully
implanted subdural-electrode based BCI. The par-
ticipant provided ratings 7–9 months after surgery,
which enabled her to independently control a com-
puter typing software. These ratings were favorable
in comparison to the ratings provided in relation to
her existing eye-tracking system. Holz et al [10, 11]
also found positive effects onQOL asmeasured by the
PIADS in their studies involving at-home use of a sur-
face EEG-based BCI-controlled Brain Painting com-
puter application. Use of the painting software had a
positive impact on happiness, self-esteem, QOL, use-
fulness, self-confidence, productivity, and ability to
participate. However, one participant also reported a
negative impact on independence, which was due to
the user being dependent on caregivers to set up the
system to use the application [10].

One further study involving two individuals with
ALS used the EQ-5D, Hospital Anxiety and Depres-
sion Scale, and a visual analogue scale of pain dis-
tress to examine different components of HRQOL
following 4–12 months of independent use of an
endovascular BCI to operate a tablet computer [14].
The EQ-5D is a widely used, standardized HRQOL
measure [36, 37]. The EQ-5D includes a ‘descript-
ive system’ comprising five single-item dimensions
(mobility, self-care, usual activities, pain and dis-
comfort, and anxiety and depression) and a single
visual analogue scale that measures the patient’s per-
ception of their current health. One advantage of
the EQ-5D is that it is short and simple to com-
plete. This may be beneficial when collecting repeated
measurements at multiple time points, particularly
with individuals with communication difficulties.
As a generic instrument, it may be applied across
patient populations. However, some of the items
(e.g. mobility and self-care) may not be pertinent for
BCI interventions targeting the control of a personal
computer, which may impair responsiveness of the
instrument.

The Hospital Anxiety and Depression Scale
(HADS) is a well validated tool to assess anxiety
and depression in various populations and patient
settings (HADS [38, 39]). The HADS is a symptom
specific scale and may therefore be useful when anxi-
ety and depression is of substantial importance to
the targeted BCI user group and there is reason to
believe the BCI technology under investigation may
have meaningful benefit to these symptoms.

Oxley et al found scores on the EQ-5D andHADS
varied non-linearly with repeated measurements
[14]. Accurately illustrating the effects of a BCI

intervention over time might therefore require the
collection of HRQOL outcomes at numerous time
points over the course of a study and follow-up
period.

2.4. Single-item scales
Single-item scales such as visual analog scales, numer-
ical rating scales, and Likert scales may be used to
quickly measure the state of a patient’s symptoms,
treatment side-effects, functioning, overall HRQOL,
or a change in any of these measures, e.g. a com-
parison to before BCI implantation. The speed and
simplicity of single-item PROs are beneficial in BCI
research where practical constraints such as respond-
ent burden due to communication difficulties may
limit study procedures. The short completion time
of single-item scales also lends itself to a higher tem-
poral resolution of outcome monitoring than can
be achieved using multi-dimensional instruments
without undue burden on participants. BCI research-
ers might therefore consider a more frequent collec-
tion of single-item ratings in addition to adminis-
tering multi-dimensional instruments at fewer, select
timepoints during a study.

Several previous studies have investigated the
psychometric properties of single-item scales. For
example, a single-item QOL scale was found to
demonstrate excellent reliability, good validity, and
good responsiveness compared to multi-dimensional
questionnaires [40]. Single-item measures may also
be suitable for assessments of both anxiety and
depressive symptom severity and psychological func-
tioning [41, 42], satisfaction with life [43], and gen-
eral self-rated health [44]. However, not all con-
structs can be appropriately measured using single
items in place of multi-item questionnaires [45].
If a concept is conceptually narrow, a single-item
scale may be appropriate to measure it, whereas if
a concept is complex, a single item may not rep-
resent the construct as well as multiple items [46].
Moreover, if a single-item scale is used to measure
multi-dimensional constructs such as pain, mood, or
overall HRQOL, it is impossible to identify which
dimension of the construct is being evaluated by the
respondent [47]. This issue is exacerbated when the
scale is used for longitudinal assessments, where a
respondent may be considering different dimensions
of the construct at different time points. Therefore,
single-item scales may better approximate responses
to multi-item questionnaires or subscales that assess
unidimensional constructs [48]. Consequently, pre-
vious efforts have been made to reduce longer multi-
dimensional questionnaires to short forms includ-
ing only one item for each dimension (e.g. the
item demonstrating the highest factor loading for
each dimension). For example, the SF-8 includes just
one question for each of the eight domains covered
by the 36-item SF-36. These shorter versions may
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therefore be more attractive to BCI researchers where
instrument brevity provides considerable practical
advantage, while still preserving the dimensionality
of the construct being assessed. (Note: Although the
SF-8 may have practical advantages compared to the
longer SF-36 it does not include all the items of the
SF-36 often used in economic evaluations of health-
care technologies, which might be important to BCI
developers aiming to bring products to market).

2.5. Neuro-QoL
One further set of PRO measures worth consider-
ing for clinical trials of BCI technologies is Neuro-
QoL [49]. Neuro-QoL is a comprehensive HRQOL
measurement system designed to be psychometric-
ally sound and clinically relevant for individuals
with a neurological condition or disorder. Neuro-
QoL encompasses physical, mental, and social health
domains, and currently contains more than 20 item
banks covering targeted sub-domains. This enables
BCI researchers to selectively measure the constructs
that aremost appropriate for their patient population
and study design.

Neuro-QoL has been tested within clinical pop-
ulations including ALS, multiple sclerosis, mus-
cular dystrophy, stroke, Parkinson’s disease, epi-
lepsy, spinal cord injury, and traumatic brain injury
[50, 51]. The short forms corresponding to the 13 ori-
ginal Neuro-QoL item banks have been validated and
found to demonstrate both high reliability and an
ability to discriminate between patients grouped by
disease burden [49].

The Neuro-QoL was developed using item
response theory. Item response theory-based meas-
ures identify the precise association between each
individual questionnaire item and the latent con-
struct being measured, such that the participant’s
response to an item reflects a measurable ‘amount’ of
the construct [52]. This allows for highly flexible, cus-
tomized administration. Neuro-QoL measures may
be administered using ‘pen and paper’ short forms or
electronically via computer adaptive testing, in which
the selection of items is individually tailored based
upon responses to the previously administered items.
Moreover, custom measures can be created contain-
ing any number and combination of items from the
same bank [53]. Items might be selected to be highly
precise around a cutoff score or based on their sensit-
ivity in a known subgroup. These measures can then
be scored and compared to other measures derived
from the same item bank. Measures are scored using
a standardized T-score metric (US population-based
mean of 50 and standard deviation of 10), which facil-
itates interpretation and comparisons. The Neuro-
QOL also provides normative scoring for a variety of
clinical and demographic populations. Overall, the
Neuro-Qol may allow BCI researchers to construct
valid, study-specific questionnaires that contain few
irrelevant items, reducing respondent burden.

2.6. Further considerations
2.6.1. Patient priorities
The selection of both primary and secondary out-
come measures should be driven by the priorities
of the patient population the BCI aims to accom-
modate. For example, a BCI with a stated aim to
improve QOL/HRQOL should identify what has the
greatest impact on QOL/HRQOL for their target
user group. For individuals with ALS, QOL is more
strongly related to social disability than physical dis-
ability [54]. Similarly, individuals with tetraplegia
often report high QOL if they have good social sup-
port and are free from chronic pain [29]. A BCI for
the control of a personal computer might aim to
increase social support via improved communication
channels or access to online communities. Therefore,
selecting an appropriate PRO measure of social sup-
port might be more of a priority than measures of
typing speed and accuracy for a clinical trial involving
individuals with ALS or tetraplegia (or both).

2.6.2. Practical limitations
Practical limitations in communicating with par-
ticipants should also be considered when select-
ing outcome measures [55]. Longer instruments
such as the SF-36 may be poorly tolerated by indi-
viduals with communication difficulties [56]. Com-
munication difficulties may also make the collec-
tion of PRO measures particularly challenging in
patients with locked in syndrome [57]. Although
some outcome measures may be collected by proxy,
results may not be consistent with patient scor-
ing. As an example, caregivers may rate a patient’s
QOL significantly lower than the patient themselves
[58].

2.6.3. Regulatory guidelines
The FDA has published guidelines for the use of PRO
measures in the evaluation of medical devices [24].
This document states that both single- and multi-
item PRO instruments can provide valuable evidence
for benefit-risk assessments and can be used to sup-
port labeling claims providing the instruments are
validated in the population of interest. The docu-
ment presents key considerations which should be
addressed prior to the inclusion of a PRO in a study
protocol:

• Is the concept being measured by the PRO mean-
ingful to patients?

• Does the PRO represent a primary, secondary, or
exploratory outcome measure?

• Is there sufficient evidence to support the use of
the PRO to measure the construct of interest in the
context of the study design (including patient pop-
ulation)?

• If conducting amultinational trial, is the PRO valid
across cultures and languages?

5



J. Neural Eng. 19 (2022) 021001 A Fry et al

Table 1. Summary of patient reported outcome measures used to measure ‘how a patient feels’ in studies involving independent use of a
BCI for control of a personal computer.

Instrument
Constructs
measured Dimensions measured Brief description

Previously used measures
McGill Quality of Life
Questionnaire [34]

Quality of life Physical, psychological,
existential, social

16 items involving 0–10 numerical
rating scales plus a single item
measuring overall quality of life.
(Revised version includes 14 items
[59]). Total and subscale scores
available as means of individual
items.

Psychosocial Impact of
Assistive Devices Scale [35]

Functional
independence,
well-being, and
quality of life

Competence, adaptability,
self-esteem

26 items each scored between−3
(maximum negative impact) and
+3 (maximum positive impact).
Separate scores are calculated for
each of the three dimensions.

EQ-5D [36] Health-related
quality of life

Mobility, self-care, usual
activities, pain/discomfort,
anxiety/depression

Five items involving either 3- or
5-level Likert scales plus one visual
analogue scale evaluating overall
health state. Scored as a 5-digit code
or converted to a summary index
score.

Hospital Anxiety and
Depression Scale [38]

Anxiety and
depression

Anxiety, depression 14 items involving 4-point Likert
scales. Anxiety and depression
scored separately ranging from
0 to 21.

Visual Analogue Scale Any Any Custom 100 mm line scored
according to the point marked by
the respondent.

Other possible measures
Neuro-Qol [49] Health-related

quality of life
Many available Collection of item banks using a

Likert scale for each item. Scored
using a standardized T-score metric.

2.7. Conclusion
PROs represent the voice of the patient and contribute
to a comprehensive benefit-risk assessment of med-
ical devices. There is noPROmeasure specific to BCIs.
Instead, a wide variety of PRO instruments are avail-
able and previous studies involving independent use
of BCIs for the control of a personal computer have
included mostly different PRO measures (table 1).
Measures that include numerous items relating to
physical function may be less appropriate for assess-
ing BCIs for the control of a personal computer.
Investigators should also consider whether disease-
specific instruments that contain targeted items, or
generic instruments that enable assessments across
different user groups, might be more appropriate for
their needs. Similarly, investigators need to weigh the
advantages of multi-dimensional PROs for compre-
hensive evaluation against the practicality of single-
item PROs. A mix of PROs may be included and
administered at different regularities.

3. How a patient ‘functions’

3.1. Activities of daily living (ADL)
ADLs comprise the fundamental skills required for
independent day-to-day living. Basic ADLs (BADLs),

sometimes referred to as physical ADLs, include
actions required for self-care such as bathing, dress-
ing, toileting, transferring, continence, and feeding.
Instrumental ADLs (IADLs) involve more complex
activities related to independent living within the
community such as using the telephone, shopping,
preparing meals, housekeeping, taking medications,
and managing finances. The capacity to perform
both BADLs and IADLs is required for functional
independence.

Functional disability in BADLs and IADLs has
been measured in many patient populations includ-
ing stroke and spinal cord injury [60, 61]. There
are numerous general and disease-specific instru-
ments that record BADL and IADL capabilities either
in combination or separately. Widely used instru-
ments include the Katz Index of Independence in
ADL [62], the Barthel Index [63], the Lawton IADL
Scale [64], and the Functional Independence Meas-
ure [65].ManyADLmeasures can be collected by self-
report, caregiver report, or observational assessment,
and are therefore feasible for subjects with commu-
nication difficulties. For a review on assessing ADLs,
see Mlinac and Feng [66].

Increasing functional independence is a com-
monly stated goal of BCI technologies. Recording
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changes in ADL status might therefore provide a
measure of a BCI’s ability to increase functional inde-
pendence. As motor neuroprostheses, BCI technolo-
gies can restore or replace motor functions essential
to ADLs including the ability to grasp andmanipulate
objects [6, 67]. Regaining these motor abilities might
immediately improve ADL status. However, BCIs for
the control of a personal computer may not aim to
restore physical function. The use of BADL or IADL
instruments in clinical trials of these technologies is
therefore more challenging.

One previous study assessed changes in IADL
status in two individuals with upper limb paresis
due to ALS who received an endovascular BCI sys-
tem [14]. The participants were trained to control a
tablet computer using eye-tracking software to con-
trol cursor position and the BCI system to gener-
ate clicks in lieu of a computer mouse or track-
pad. The study targeted three items from the widely
used Lawton IADL Scale that could be achieved
using a computer: using a [smart] telephone, shop-
ping, and financial management. Specifically, the
telephone task involved opening a text messaging
application, searching for, and selecting the recipi-
ent, typing ‘hello’, and clicking the ‘send’ button. (A
similar email task was also completed). The shopping
task involved opening a web browser, navigating to an
online store, searching for two specific items, adding
the items to the cart, and clicking on ‘check out’.
The finance task involved navigating to their internet
banking website using a web browser, logging on, and
checking their balance. Both participants, who were
reliant on caregiver assistance to perform these activ-
ities prior to the study, successfully completed each of
the tasks (qualitatively assessed as either successful or
unsuccessful) 106–238 days following implantation.

It is important to note that although the assessed
tasks corresponded to three items on the Lawton
IADL scale, Oxley et al [14] did not claim a score
increase of three points on this scale. Computerized
means of completing IADL tasks may not have been
envisaged by the authors of the original Lawton IADL
scale, or by studies assessing its validity and reliab-
ility. Previously established psychometric properties,
including established norms or clinically important
differences may no longer apply when using the com-
puterized tasks and caution should be applied when
comparing these results to previous findings. Instead,
Oxley and colleagues reported that the computerized
tasks were designed to meet the participants’ real-
world needs and represented a demonstration of the
minimal level of functionality required for task inde-
pendence. As such, the completion of three tasks con-
sidered important to daily living by patients whowere
previously unable to perform them independently
still offers a valid demonstration of increased func-
tional independence.

This example demonstrates some of the limita-
tions arising from the bias of existing instruments

towards physical capability. Many of our daily activit-
ies are nowperformed digitally, often using a personal
computer with internet access. In other words, using a
computer is a 21st century activity of daily living. This
reliance on digital technologiesmay be increased with
physical disabilities, making the ability to perform
digital tasks even more fundamental to daily living
in these populations. However, instruments to meas-
ure the increases in functional independence enabled
via control of a computer are lacking. Validating new
instruments—or perhaps the creation of a Digital
ADL scale—is therefore urgently required. Gaining
regulatory and payor acceptance of digital ADLs as
a core component of functional independence may
present a further hurdle, but this may be a necessary
step in bringing a variety of efficacious digital health
technologies to market.

3.2. Employment
Sellers et al [9] presented a case study of a 51 year-
old with ALS who, despite being unable to use con-
ventional assistive devices, was able to run an NIH
funded research laboratory using his BCI. This indi-
vidual case demonstrated the ability to control a
personal computer using a BCI increased functional
independence in an employment capacity. Pivotal tri-
als may not be able to present this outcome in the
same level of detail as single-subject case studies,
however, the ability to maintain employment repres-
ents an index of functional independence of substan-
tial socioeconomic importance to many individuals.
Measuring vocational and employment outcomes,
such as employment status or hours of work perweek,
might therefore be considered where applicable.

3.3. Further considerations
3.3.1. Patient priorities
As with PROs, patient priorities should be con-
sidered when assessing changes in functioning. Hug-
gins and colleagues investigated the importance of
various BCI-related tasks to individuals with ALS
and spinal cord injury [68, 69]. Tasks commonly
rated as high in importance included operating a
computer, controlling room temperature and light-
ing, and emergency communication. However, rat-
ings varied widely between individuals, and ‘other’
received the highest overall ratings. As control of a
computer enables countless different tasks to be com-
pleted, how patients choose to use a BCI enabling the
control of a personal computer will differ between
individuals. This should be considered before assess-
ing improvements in function using standard instru-
ments or pre-set task lists, which may contain tasks
that an individual has not attempted to perform and
omit meaningful tasks that the BCI enables them to
perform well. Moreover, the tasks individuals per-
form with computers may increase as technology
continues to be integrated into daily life. Therefore,
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Table 2. Summary of outcome measures used to measure ‘how a patient functions’ in studies involving independent use of a BCI for
control of a personal computer.

Instrument
Constructs
measured Dimensions measured Brief description

Previously used measures
Lawton Instrumental
Activities of Daily
Living Scale [64]
(selected items only)

Instrumental
Activities of Daily
Living

Ability to use telephone,
shopping, food
preparation, housekeeping,
laundry, transportation,
responsibility for
medications, and finances

Typically scored using a
0–8-point summary score
with one point per item.

Vocational status Vocational status Case reports, employment
status, or quantification
(e.g. hours worked per
week)

Other possible measures
Digital Activities of
Daily Living Scale

Digital Activities
of Daily Living

Proposed new scale for
development

approaches that are flexible enough to capture novel
uses for computers may be required.

Goal attainment scaling is a method for rating
individually set targets during an intervention [70].
In contrast to traditional measures that include a
uniform set of tasks each rated according to pre-set
criteria, goal attainment scaling includes tasks that
are individually identified as most important to the
patient and criteria are pre-set according to each indi-
vidual’s current and expected levels of task perform-
ance. As such, each patient has an individualized out-
comemeasure, which is scored using a five-point scale
from −2 (achieved much less than expected) to 2
(achieved much more than expected). This stand-
ardized method of scoring allows the composite goal
score to be transformed into a T-score with a mean
of 50 and standard deviation of 10 [70]. Bias in goal
setting can also be checked by comparing the mean
T-score to the expected value of 50. Overall, meth-
odological approaches that consider each individual’s
priorities prior to BCI intervention may best capture
meaningful increases in functioning.

3.4. Conclusion
BCI control of a personal computer may enable
increases in functional independence without
improvements in physical function or mobility.
This includes functional independence in ADLs and
employment, which can be included as trial out-
comes (table 2). While evaluating changes in ADL
status following independent use of BCIs is possible,
existing instruments are heavily dependent on phys-
ical capabilities. The development of new scales may
therefore improve future evaluations of the impact
of a BCI on ‘how a patient functions’. These scales
should be sensitive to the fact that a significant level
of functional independence can now be achieved
with digital technologies that were not widely avail-
able when the original BADL and IADL scales were
developed (more than half a century ago in the

case of the Lawton IADL Scale). Moreover, includ-
ing tasks important to each individual user in these
assessments would also contribute to a meaningful
evaluation.

4. How a patient ‘survives’

4.1. Health outcomes
The effects of BCIs on health outcomes were not
evaluated in any of the publications we considered
within this review. This is unsurprising given only
a few early feasibility studies have included BCIs for
the independent control of a personal computer out-
side of supervised research sessions [9–14]. However,
it is plausible that using a BCI to control a personal
computer could influence health outcomes and future
pivotal trials could aim to capture these potential
benefits where applicable.

4.2. BCI for health-related communication
People with severe communication difficulties such
as those with locked in syndrome represent a target
population for some BCIs. For these individuals, the
restoration of ‘direct personal communication’ may
be considered the most important function of a BCI
[71]. Ineffective means of communication can lead to
negative affect associated with a loss of control, frus-
tration due to not being understood, and an unmet
desire for individualized care [72]. Therefore, BCIs
that offer a reliable method of communication could
provide a voice to these patients and might increase
their autonomy over their healthcare as well as their
daily lives.

It is morally imperative to involve patients in
major healthcare decisions including end of life pref-
erences, yet such decisions are often made by others
on the behalf of fully alert patients with severe com-
munication difficulties. A key aim of some BCIs is to
restore a patient’s ability to communicate important
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healthcare preferences [73, 74], which might be par-
ticularly meaningful for patients without advanced
directives. However, criteria formeeting this outcome
are unclear. Fins and Schiff [75] have argued that a
patient’s inability to initiate questions, give nuanced
responses, or demonstrate understanding commen-
surate with the significance of a decision might leave
doubt over their capacity to consent. For example,
‘yes/no’ responses are unlikely to meet a ‘clear and
convincing’ standard of evidence and might amount
to assent at best [75]. The ability to initiate questions
and give full responses should therefore be reflected
in the outcome measures of trials of BCIs for com-
municating healthcare decisions.

Of course, healthcare decisions do not have to
be life-or-death to be meaningful to patients. Also
important are the day-to-day healthcare choices such
as pain management. Previous studies on intensive
care patients with communication difficulties fol-
lowing respiratory tract intubation have shown pain
to be the most common topic of attempted com-
munication as well as the most difficult topic to
communicate successfully [76, 77]. Happ et al [77]
found that 38% of communications about pain were
unsuccessful, compared to 25% of communications
about other topics. Moreover, communications ini-
tiated by the patient were typically less successful
than those initiated by a care provider [77]. Effect-
ive communication with regards to pain and use of
pain medication is important as undertreatment can
lead to discomfort and distress, whereas inappropri-
ate administration of painmedications including opi-
ates can pose risks such as organ damage and addic-
tion [78, 79]. Future clinical trials might quantify
the number of successful attempts at communication
on different health-related topics (e.g. pain manage-
ment) or record changes in perceived efficiency of
these communications from both the patient’s and
caregiver’s perspective.

The ability to initiate communicationmay be par-
ticularly impactful to patient health. For individu-
als with severe communication difficulties, establish-
ing patient-initiated communication channels using
a BCI might enable the user to inform caregivers of
early symptoms of secondary medical complications
before they are evident from vital signs or routine
monitoring [29]. For example, being able to com-
municate shortness of breath may enable patients to
alert care providers to the onset of respiratory com-
plications (e.g. pneumonia), which are among the
most common causes of hospitalizations and mor-
tality in individuals with paralysis following ALS or
spinal cord injury [80–82]. Earlier identification of
potential medical complicationsmay also permit pre-
ventative or early-stage treatment options resulting
in improved outcomes. For instance, early identi-
fication of respiratory failure and initiation of non-
invasive ventilation can improve survival in individu-
als with ALS [83, 84]. Moreover, in spinal cord injury

populations, it has been shown that effective com-
munication between patients and health profession-
als can optimize prevention of pressure ulcers [85].
BCIs may be instrumental in facilitating this level of
collaboration for patientswith severe communication
difficulties.

BCI for control of a computer may also facil-
itate direct communication between patients and
clinicians using digital platforms. Enhancing the
efficiency of this direct communication may have
several benefits that would not be limited to indi-
viduals with severe communication difficulties. For
example, patients may be embarrassed to discuss
certain healthcare issues with family or aides. Dir-
ect communication between patients and clinicians
might therefore reduce the embarrassment felt by
patients or enable the disclosure of health-relevant
information that would otherwise not have been
reported via an intermediary.

Establishing the efficacy of BCIs for control of
a computer on improving specific health outcomes
(e.g. incidence of pressure ulcers) may not be feas-
ible in heterogenous clinical trial cohorts, however,
more general measures of health outcomes could be
captured. The incidence of any secondary medical
complication, the number and duration of hospital
stays/days out of hospital, and even differences in
mortality are quantifiable during longitudinal stud-
ies of independent home use of BCIs. Importantly,
demonstrating these potential health benefits would
require that the number of participants be suffi-
ciently high, which is a major challenge for clinical
trials of novel invasive BCIs. Sufficient follow-upperi-
ods must also be included within study designs to
reliably capture these metrics. Finally, new channels
for patient-initiated communication might improve
health outcomes without needing to meet formal
standards of an actual ‘alarm’ system.

Secondary medical complications can also be
expensive to treat [86, 87] and additional complic-
ations arising during rehospitalizations can further
inflate medical costs [88, 89]. A reduction in incid-
ence or severity of secondary medical complica-
tions via early identification could therefore decrease
the total financial cost of a patient’s medical care.
Although cost-benefit analyses may not be within the
purview ofmany BCI researchers, achieving a positive
benefit-to-cost ratio can be important for health tech-
nologies to obtain health insurance coverage. Early
and regular collection of economic data alongside
effectiveness data has therefore been recommended to
facilitate the translation of BCI prototypes to clinic-
ally available products [90].

4.3. Further considerations
4.3.1. Safety
Primary and secondary safety endpoints might also
contribute to an assessment of ‘how a patient sur-
vives’. Reported safety outcomes should include a
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detailed description of all adverse events for all par-
ticipants. Scheduled assessments of physical or cog-
nitive ability might also be considered to ensure BCI
placement does not cause a worsening of disability
(accounting for progressive disease states). Anticip-
ated adverse events and safety monitoring will vary
depending on the invasiveness of the BCI modality.
Novel invasive BCIs will require a different approach
to non-invasive BCIs. The collection of adverse event
data is necessary to determine the risk associated with
a BCI, which can be weighed against the potential
benefits.

Adverse event monitoring has been reported by
previous studies involving invasive BCIs for the con-
trol of a computer. Vansteensel et al [12] reported
that their 58 year-old patient experienced one seri-
ous adverse event: a fever arising five days following
the implantation of the subdural electrode array and
subcutaneous transmitter device, which led to read-
mission following discharge from the hospital earlier
on the same day. This serious adverse event resolved
without treatment allowing discharge from the hos-
pital the following day. Postsurgical feeling of numb-
ness in the skin around the left ear and increased
tiredness were also reported but these adverse events
were not serious. Oxley et al [14] reported no ser-
ious adverse events for either of their two par-
ticipants following implantation of an endovas-
cular electrode array and subcutaneous telemetry
unit. One participant experienced a post-procedural-
related episode of syncope one day following surgery,
although it was suggested that this was not device
related.

4.4. Conclusion
Establishing channels for patient-initiated personal
communication is a sought-after BCI function, which
may increase the level of autonomy a patient has over
their healthcare. The discussion above identifies two
potential benefits to this increase in autonomy that
can be evaluated in pivotal clinical trials of BCIs for
the control of a personal computer/communication
device: (a) patients are actively involved in decision
making such that they receive the healthcare they
request, and (b) patients inform care providers
of symptoms of secondary medical complications,
leading to reductions in the incidence or sever-
ity of secondary medical complications. Quantifying
healthcare use (e.g. incidence of secondary medical
complications, volume of hospital stays, etc) may be
used to demonstrate clinical benefit in sufficiently
large clinical trials.

5. Other considerations

5.1. Interdependence
Changes in how a patient feels, functions, and sur-
vives may not be independent of each other. HRQOL
and ADL status may be positively correlated [91, 92],

and both have been suggested to be predictive of
morbidity and mortality [93, 94]. Including separate
measures of how a patient feels, functions, and sur-
vivesmay lead to a greater understanding of how these
constructs are related to each other in patients with
BCIs.

5.2. Non-clinical measures
While the focus of this review was restricted to assess-
ments of clinical benefit, we remain advocates for
holistic, user-centered evaluations of BCI technolo-
gies. Previous research has examined patient prefer-
ences and performance requirements for BCI adop-
tion. For example, a telephone survey of 61 people
with ALS found that 84% of respondents reported
they would be satisfied with a command accuracy of
90%, and 72% of respondents reported they would
be satisfied with a typing speed of 15-19 charac-
ters per minute using a BCI [68]. Accuracy, typing
speed, and numerous other performance metrics (see
[17, 95]) are important for demonstrating that BCI
performance meets acceptable standards for differ-
ent BCI user groups. The external validity of clinical
trial outcomes may be compromised if BCI perform-
ance limits uptake or adherence once the trial has
finished. Patient follow-up focusing on whether par-
ticipants continue to use their BCI and the reasons
for stopping may be important to better understand
informed patient preferences.

As BCI performance improves, more emphasis
may be placed on other aspects of user experience.
Thompson et al [95] have proposed the ‘uFEEL’
framework for BCI assessment, which includes four
user experience factors: usability, affect, ergonom-
ics, and quality of life. ‘Usability’ includes measure-
ments of effectiveness, efficiency, learnability, and
satisfaction. ‘Affect’ concerns participant feelings and
might include how comfortable a system is or the
unpleasantness of any audio/visual stimuli. ‘Ergo-
nomics’ corresponds to human-computer interac-
tions andmight include level of control and cognitive
workload. Finally, the ‘quality of life’ factor was pro-
posed to measure an overall quality of experience and
perceived return on investment. We do not discour-
age investigators from applying this framework; each
of these factors includes worthwhile measures of BCI
engineering. However, we caution readers not to con-
fuse these measures of user experience with measures
of clinical benefit.

Finally, control of a personal computer allows for
a wide variety of tasks to be performed. Both BCI
performance and user experience may influence the
way in which a patient chooses to use a BCI for the
control of a personal computer. This could influence
the effects of a BCI on how a patient feels, func-
tions, and survives both during and after a clinical
trial. Engineering-oriented measures will therefore
remain as important outcomes of BCI research along-
side clinical outcomes.
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5.3. Study design
Conventional randomized controlled trials may not
always be feasible or ethical for studies of BCIs. Sham-
ming implantable BCIsmight be impossible and there
may be no obvious comparator. Furthermore, due to
the potential risks associated with novel implantable
BCI devices, subject numbers in clinical trials may be
limited, particularly in feasibility trials. In these cases,
single-subject or small group analytical approaches
such as regression discontinuity may be more meth-
odologically valid than group comparisons. As many
recipients of BCI technologies may have progressive
conditions or worsening health, the multiple baseline
measurements associated with these approaches are
useful to establish trends in outcome measures prior
to the start of a BCI intervention.

Researchers might also consider retrospective
pretest–posttest designs where participants rate PRO
items twice during the same posttest measurement
occasion; first corresponding to their current feel-
ings following the intervention, and second corres-
ponding to how they felt at a specific time prior
to the intervention (i.e. retrospectively) [96]. This
approach addresses validity concerns associated with
PROs assessed via traditional pre-post evaluation
designs, which can result in weaker than expec-
ted effect sizes. For example, a participant’s internal
frame of reference when rating HRQOL may not be
consistent over time. This approach may also have
practical benefits for participants with severe com-
munication difficulties at baseline. Importantly, this
approach can be used in combination with conven-
tional pre-test post-test assessments. Alternatively,
researchers could consider using a self-anchoring
rating scale such as Bernheim’s Anamnestic Com-
parative Self-Assessment to collect subjective well-
being. Here, self-reported ratings of well-being are
scored between −5 and plus 5, which correspond to
the worst and best periods within the respondent’s
own life experience. Using empirical scale anchors
provides an internal reference instead of abstract
scale anchors that encourage external reference for
determining subjective well-being [97]. This may
improve both sensitivity and responsiveness to inter-
vention compared with conventional questions [98].
Anamnestic Comparative Self-Assessment has pre-
viously been used within target populations of BCI
including individuals with locked-in syndrome [99].
Detailed discussions of these ‘non-traditional’ meth-
odological approaches are beyond the scope of this
review, but we highlight them here for consideration
alongside the selection of outcome measures.

5.4. Other resources
The FDA has recently published a draft guid-
ance document that puts forward many consid-
erations for clinical trials of implanted BCIs in
the United States [100]. This document included
numerous recommendations for pre-clinical testing

as well as considerations regarding patient popula-
tions, informed consent, testing in the home envir-
onment, and investigational and statistical analysis
plans for clinical studies. The document emphasized
that primary and secondary effectiveness endpoints
in pivotal trials must be validated for the intended
patient populations, but indicated feasibility studies
may be used to validate desired metrics where there
is strong justification for the use of novel endpoints.
We recommend BCI researchers consult this helpful
documentation prior to designing clinical trials of any
BCI technology. Moreover, clinical trials of novel BCI
technologies should be designed in cooperation with
regulatory bodies and payors where possible. Discuss-
ing which outcomemeasures would be appropriate to
provide supporting evidence is essential before com-
mencing trials.

6. Conclusion

BCIs that enable the independent control of a per-
sonal computer may provide myriad benefits to mul-
tiple patient populations. However, for these benefits
to be realized, BCI technologies must become clinic-
ally available beyond participation in research studies.
The path tomarket for these technologiesmay involve
approval from both health insurance providers and
regulatory bodies requiring demonstration of a clin-
ical or financial benefit associated with adoption of
the technology. Valid outcome measures for demon-
strating clinical benefit are therefore fundamental to
the translation of BCI research. However, selecting
appropriate measures for clinical trials of BCIs for the
control of a personal computer is challenging as there
may be no expectation of restoring physical function,
which many existing instruments are biased towards.
This review presented the measures that have been
used in previous trials involving independent use of
a BCI to control a personal computer andmade some
suggestions for future research. Overall, the careful
selection of measures of how a patient feels, how
a patient functions, and how a patient survives can
provide a comprehensive overview of clinical benefit.

Although we have focused on outcome meas-
ures suitable to clinical trials of BCIs for the con-
trol of a personal computer, we hope this review will
be applicable to trials of many other BCI technolo-
gies. Similarly, we have been deliberately unspecific
regarding BCI sensor type (surface EEG, electrocor-
ticography, functional near-infrared spectroscopy,
etc) as our discussions should apply to a variety
of approaches to BCIs. However, we acknowledge
that invasive and non-invasive BCI users may have
different priorities/expectations that could influence
the selection of outcome measures. Finally, we have
not included studies demonstrating BCI control of
a personal computer that did not allow for inde-
pendent use (i.e. outside of supervised research ses-
sions) as these studies were not well suited to assess
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clinical benefit and did not typically report attempts
to do so. The small number of remaining studies
included within this narrative review highlights the
need for further attention to this topic. We hope this
review will stimulate discussion in this area among
a broad coalition of stakeholders including patients,
caregivers, clinicians, researchers, ethicists, advocates,
payors, regulators, and BCI companies.

Data availability statement

No new data were created or analysed in this study.

ORCID iD

Adam Fry https://orcid.org/0000-0001-6165-1470

References

[1] Wolpaw J R and Wolpaw E W 2012 Brain-computer
interfaces: something new under the sun Brain-Computer
Interfaces: Principles and Practice (Oxford: Oxford
University Press) pp 3–12

[2] Ramos-Murguialday A et al 2013 Brain-machine interface
in chronic stroke rehabilitation: a controlled study: BMI in
chronic stroke Ann. Neurol. 74 100–8

[3] Donati A R C et al 2016 Long-term training with a
brain-machine interface-based gait protocol induces partial
neurological recovery in paraplegic patients Sci. Rep.
6 30383

[4] Biasiucci A et al 2018 Brain-actuated functional electrical
stimulation elicits lasting arm motor recovery after stroke
Nat. Commun. 9 2421

[5] Hochberg L R et al 2012 Reach and grasp by people with
tetraplegia using a neurally controlled robotic arm Nature
485 372–5

[6] Collinger J L, Wodlinger B, Downey J E, Wang W,
Tyler-Kabara E C, Weber D J, McMorland A J, Velliste M,
Boninger M L and Schwartz A B 2013 High-performance
neuroprosthetic control by an individual with tetraplegia
Lancet 381 557–64

[7] Morrell M J 2011 Responsive cortical stimulation for the
treatment of medically intractable partial epilepsy
Neurology 77 1295–304

[8] Armour B S, Courtney-Long E A, Fox M H, Fredine H and
Cahill A 2016 Prevalence and causes of paralysis—United
States, 2013 Am. J. Public Health 106 1855–7

[9] Sellers E W, Vaughan T M and Wolpaw J R 2010 A
brain-computer interface for long-term independent home
use Amyotrophic Lateral Sclerosis 11 449–55

[10] Holz E M, Botrel L, Kaufmann T and Kübler A 2015
Long-term independent brain-computer interface home
use improves quality of life of a patient in the locked-in
state: a case study Arch. Phys. Med. Rehabil. 96 S16–26

[11] Holz E M, Botrel L and Kübler A 2015 Independent home
use of brain painting improves quality of life of two artists
in the locked-in state diagnosed with amyotrophic lateral
sclerosis Brain Comput. Interfaces 2 117–34

[12] Vansteensel M J et al 2016 Fully implanted brain–computer
interface in a locked-in patient with ALS New Engl. J. Med.
375 2060–6

[13] Wolpaw J R et al 2018 Independent home use of a
brain-computer interface by people with amyotrophic
lateral sclerosis Neurology 91 e258–67

[14] Oxley T J et al 2021 Motor neuroprosthesis implanted with
neurointerventional surgery improves capacity for
activities of daily living tasks in severe paralysis: first
in-human experience J. NeuroIntervent. Surg. 13 102–8

[15] Vansteensel M J, Kristo G, Aarnoutse E J and Ramsey N F
2017 The brain-computer interface researcher’s
questionnaire: from research to application Brain Comput.
Interfaces 4 236–47

[16] Rashid M et al 2020 Current status, challenges, and
possible solutions of EEG-based brain-computer interface:
a comprehensive review Front. Neurorobot. 14 25

[17] Thompson D E, Blain-Moraes S and Huggins J E 2013
Performance assessment in brain-computer interface-based
augmentative and alternative communication Biomed. Eng.
Online 12 43

[18] Kübler A, Holz E M, Riccio A, Zickler C, Kaufmann T,
Kleih S C, Staiger-Sälzer P, Desideri L, Hoogerwerf E-J and
Mattia D 2014 The user-centered design as novel
perspective for evaluating the usability of BCI-controlled
applications PLoS One 9 e112392

[19] Wolpaw J R, Birbaumer N, Heetderks W J, McFarland D J,
Peckham P H, Schalk G, Donchin E, Quatrano L A,
Robinson C J and Vaughan T M 2000 Brain-computer
interface technology: a review of the first international
meeting IEEE Trans. Rehabil. Eng. 8 164–73

[20] Huggins J E and Slutzky MW 2019 Articles from the
seventh international brain-computer interface meeting
Brain Comput. Interfaces 6 103–5

[21] Baniqued P D E, Stanyer E C, Awais M, Alazmani A,
Jackson A E, Mon-Williams M A, Mushtaq F and Holt R J
2021 Brain–computer interface robotics for hand
rehabilitation after stroke: a systematic review J. NeuroEng.
Rehabil. 18 15

[22] Heck C N et al 2014 Two-year seizure reduction in adults
with medically intractable partial onset epilepsy treated
with responsive neurostimulation: final results of the RNS
system pivotal trial Epilepsia 55 432–41

[23] FDA-NIH Biomarker Working Group 2016 Best
(biomarkers, endpoints, and other tools) resource

[24] Food and Drug Administration 2022 Principles for
selecting, developing, modifying, and adapting
patient-reported outcome instruments for use in medical
device evaluation (US Food and Drug Administration)

[25] Wiklund I 2004 Assessment of patient-reported outcomes
in clinical trials: the example of health-related quality of life
Fundam. Clin. Pharmacol. 18 351–63

[26] Calvert M et al 2018 Guidelines for inclusion of
patient-reported outcomes in clinical trial protocols: the
SPIRIT-PRO extension JAMA 319 483

[27] Gill T M and Feinstein A R 1994 A critical appraisal of the
quality of quality-of-life measurements JAMA
272 619–26

[28] Food and Drug Administration 2009 Patient-reported
outcome measures: use in medical product development
to support labeling claims (US Food and Drug
Administration)

[29] Dobkin B H 2007 Brain-computer interface technology as a
tool to augment plasticity and outcomes for neurological
rehabilitation: BCI for rehabilitation J. Physiol. 579 637–42

[30] Ware J E, Keller S D and Kosinski M 1994 SF-36: Physical
and Mental Health Summary Scales: A User’s Manual
(Health Assessment Lab)

[31] Simmons Z et al 2006 The ALSSQOL: balancing physical
and nonphysical factors in assessing quality of life in ALS
Neurology 67 1659–64

[32] Tulsky D S et al 2015 Overview of the spinal cord
injury—quality of life (SCI-QOL) measurement system J.
Spinal Cord Med. 38 257–69

[33] Vickrey B G, Hays R D, Harooni R, Myers L W and
Ellison GW 1995 A health-related quality of life measure
for multiple sclerosis Qual. Life Res. 4 187–206

[34] Cohen S R, Mount B M, Strobel M G and Bui F 1995 The
McGill quality of life questionnaire: a measure of quality of
life appropriate for people with advanced disease. A
preliminary study of validity and acceptability Palliat. Med.
9 207–19

12

https://orcid.org/0000-0001-6165-1470
https://orcid.org/0000-0001-6165-1470
https://doi.org/10.1002/ana.23879
https://doi.org/10.1002/ana.23879
https://doi.org/10.1038/srep30383
https://doi.org/10.1038/srep30383
https://doi.org/10.1038/s41467-018-04673-z
https://doi.org/10.1038/s41467-018-04673-z
https://doi.org/10.1038/nature11076
https://doi.org/10.1038/nature11076
https://doi.org/10.1016/S0140-6736(12)61816-9
https://doi.org/10.1016/S0140-6736(12)61816-9
https://doi.org/10.1212/WNL.0b013e3182302056
https://doi.org/10.1212/WNL.0b013e3182302056
https://doi.org/10.2105/AJPH.2016.303270
https://doi.org/10.2105/AJPH.2016.303270
https://doi.org/10.3109/17482961003777470
https://doi.org/10.3109/17482961003777470
https://doi.org/10.1016/j.apmr.2014.03.035
https://doi.org/10.1016/j.apmr.2014.03.035
https://doi.org/10.1080/2326263X.2015.1100048
https://doi.org/10.1080/2326263X.2015.1100048
https://doi.org/10.1056/NEJMoa1608085
https://doi.org/10.1056/NEJMoa1608085
https://doi.org/10.1212/WNL.0000000000005812
https://doi.org/10.1212/WNL.0000000000005812
https://doi.org/10.1136/neurintsurg-2020-016862
https://doi.org/10.1136/neurintsurg-2020-016862
https://doi.org/10.1080/2326263X.2017.1366237
https://doi.org/10.1080/2326263X.2017.1366237
https://doi.org/10.3389/fnbot.2020.00025
https://doi.org/10.3389/fnbot.2020.00025
https://doi.org/10.1186/1475-925X-12-43
https://doi.org/10.1186/1475-925X-12-43
https://doi.org/10.1371/journal.pone.0112392
https://doi.org/10.1371/journal.pone.0112392
https://doi.org/10.1109/TRE.2000.847807
https://doi.org/10.1109/TRE.2000.847807
https://doi.org/10.1080/2326263X.2020.1746492
https://doi.org/10.1080/2326263X.2020.1746492
https://doi.org/10.1186/s12984-021-00820-8
https://doi.org/10.1186/s12984-021-00820-8
https://doi.org/10.1111/epi.12534
https://doi.org/10.1111/epi.12534
https://doi.org/10.1111/j.1472-8206.2004.00234.x
https://doi.org/10.1111/j.1472-8206.2004.00234.x
https://doi.org/10.1001/jama.2017.21903
https://doi.org/10.1001/jama.2017.21903
https://doi.org/10.1001/jama.1994.03520080061045
https://doi.org/10.1001/jama.1994.03520080061045
https://doi.org/10.1113/jphysiol.2006.123067
https://doi.org/10.1113/jphysiol.2006.123067
https://doi.org/10.1212/01.wnl.0000242887.79115.19
https://doi.org/10.1212/01.wnl.0000242887.79115.19
https://doi.org/10.1179/2045772315Y.0000000023
https://doi.org/10.1179/2045772315Y.0000000023
https://doi.org/10.1007/BF02260859
https://doi.org/10.1007/BF02260859
https://doi.org/10.1177/026921639500900306
https://doi.org/10.1177/026921639500900306


J. Neural Eng. 19 (2022) 021001 A Fry et al

[35] Jutai J and Day H 2002 Psychosocial impact of assistive
devices scale (PIADS) Technol. Disabil. 14 107–11

[36] Rabin R and Charro F D 2001 EQ-SD: a measure of health
status from the EuroQol group Ann. Med. 33 337–43

[37] Herdman M, Gudex C, Lloyd A, Janssen M, Kind P,
Parkin D, Bonsel G and Badia X 2011 Development and
preliminary testing of the new five-level version of EQ-5D
(EQ-5D-5L) Qual. Life Res. 20 1727–36

[38] Zigmond A S and Snaith R P 1983 The hospital anxiety and
depression scale Acta Psychiatr. Scand. 67 361–70

[39] Bjelland I, Dahl A A, Haug T T and Neckelmann D 2002
The validity of the hospital anxiety and depression scale an
updated literature review J. Psychosom. Res. 9 69–77

[40] de Boer A G E M, van Lanschot J J B, Stalmeier P F M,
van Sandick J W, Hulscher J B F, de Haes J C J M and
Sprangers M A G 2004 Is a single-item visual analogue scale
as valid, reliable and responsive as multi-item scales in
measuring quality of life? Qual. Life Res. 13 311–20

[41] Zimmerman M, Ruggero C J, Chelminski I, Young D,
Posternak M A, Friedman M, Boerescu D and Attiullah N
2006 Developing brief scales for use in clinical practice: the
reliability and validity of single-item self-report measures
of depression symptom severity, psychosocial impairment
due to depression, and quality of life J. Clin. Psychiatry
67 1536–41

[42] Davey H M, Barratt A L, Butow P N and Deeks J J 2007 A
one-item question with a likert or visual analog scale
adequately measured current anxiety J. Clin. Epidemiol.
60 356–60

[43] Cheung F and Lucas R E 2014 Assessing the validity of
single-item life satisfaction measures: results from three
large samples Qual. Life Res. 23 2809–18

[44] DeSalvo K B, Fisher W P, Tran K, Bloser N, Merrill W and
Peabody J 2006 Assessing measurement properties of two
single-item general health measures Qual. Life Res.
15 191–201

[45] Fisher G G, Matthews R A and Gibbons A M 2016
Developing and investigating the use of single-item
measures in organizational research J. Occup. Health
Psychol. 21 3–23

[46] Hays R D, Reise S and Calderón J L 2012 How much is lost
in using single items? J. Gen. Intern. Med. 27 1402–3

[47] Wewers M E and Lowe N K 1990 A critical review of visual
analogue scales in the measurement of clinical phenomena
Res. Nurs. Health 13 227–36

[48] Verster J C, Sandalova E, Garssen J and Bruce G 2021 The
use of single-item ratings versus traditional multiple-item
questionnaires to assess mood and health Eur. J. Invest.
Health Psychol. Educ. 11 183–98

[49] Cella D et al 2012 Neuro-QOL: brief measures of
health-related quality of life for clinical research in
neurology Neurology 78 1860–7

[50] Smith A W, Mitchell S A, De Aguiar K, Moy C, Riley W T,
Wagster M V and Werner E M 2016 News from the NIH:
person-centered outcomes measurement: NIH-supported
measurement systems to evaluate self-assessed health,
functional performance, and symptomatic toxicity Behav.
Med. Pract. Policy Res. 6 470–4

[51] Rothrock N, Peterman A and Cella D Evaluation of
health-related quality of life (HRQL) in patients with a
serious life-threatening illness (UpToDate)

[52] Hays R D, Morales L S and Reise S P 2000 Item response
theory and health outcomes measurement in the 21st
centuryMed. Care 38 1128–42

[53] Gershon R C, Lai J S, Bode R, Choi S, Moy C, Bleck T,
Miller D, Peterman A and Cella D 2012 Neuro-QOL:
quality of life item banks for adults with neurological
disorders: item development and calibrations based upon
clinical and general population testing Qual. Life Res.
21 475–86

[54] McLeod J E and Clarke D M 2007 A review of psychosocial
aspects of motor neurone disease J. Neurol. Sci. 258 4–10

[55] Vaughan T M, Sellers E W and Wolpaw J R 2012 Clinical
evaluation of BCIs Brain–Computer Interfaces. Principles
and Practice (Oxford: Oxford University Press) pp 325–35

[56] Andresen E M, Fouts B S, Romeis J C and Brownson C A
1999 Performance of health-related quality-of-life
instruments in a spinal cord injured population Arch. Phys.
Med. Rehabil. 80 877–84

[57] Murrell R 1999 Quality of life and neurological illness: a
review of the literature Neuropsychol. Rev. 9 209–29

[58] Kübler A, Winter S, Ludolph A C, Hautzinger M and
Birbaumer N 2005 Severity of depressive symptoms and
quality of life in patients with amyotrophic lateral sclerosis
Neurorehabil. Neural Repair 19 182–93

[59] Cohen S R, Sawatzky R, Russell L B, Shahidi J, Heyland D K
and Gadermann A M 2017 Measuring the quality of life of
people at the end of life: the McGill quality of life
questionnaire–revised Palliat. Med. 31 120–9

[60] Nouri F and Lincoln N 1987 An extended activities of daily
living scale for stroke patients Clin. Rehabil. 1 301–5

[61] Itzkovich M et al 2007 The spinal cord independence
measure (SCIM) version III: reliability and validity in a
multi-center international study Disabil. Rehabil.
29 1926–33

[62] Katz S, Ford A B, Moskowitz R W, Jackson B A and
Jaffe MW 1963 Studies of illness in the aged: the index of
ADL: a standardized measure of biological and
psychosocial function JAMA 185 914–9

[63] Mahoney F I 1965 Functional evaluation: the Barthel index
Md. State Med. J. 14 61–65

[64] Lawton M P and Brody E M 1969 Assessment of older
people: self-maintaining and instrumental activities of
daily living Gerontologist 9 179–86

[65] Linacre J M, Heinemann AW, Wright B D, Granger C V
and Hamilton B B 1994 The structure and stability of the
functional independence measure Arch. Phys. Med. Rehabil.
75 127–32

[66] Mlinac M E and Feng M C 2016 Assessment of activities of
daily living, self-care, and independence Arch. Clin.
Neuropsychol. 31 506–16

[67] Ajiboye A B et al 2017 Restoration of reaching and grasping
movements through brain-controlled muscle stimulation
in a person with tetraplegia: a proof-of-concept
demonstration Lancet 389 1821–30

[68] Huggins J E, Wren P A and Gruis K L 2011 What would
brain-computer interface users want? Opinions and
priorities of potential users with amyotrophic lateral
sclerosis Amyotrophic Lateral Sclerosis 12 318–24

[69] Huggins J E, Moinuddin A A, Chiodo A E and Wren P A
2015 What would brain-computer interface users want:
opinions and priorities of potential users with spinal cord
injury Arch. Phys. Med. Rehabil. 96 S38–45

[70] Turner-Stokes L 2009 Goal attainment scaling (GAS) in
rehabilitation: a practical guide Clin. Rehabil. 23 362–70

[71] Branco M P, Pels E G M, Nijboer F, Ramsey N F and
Vansteensel M J 2021 Brain-computer interfaces for
communication: preferences of individuals with locked-in
syndrome, caregivers and researchers Disabil. Rehabil.
Assist. Technol. 1–11

[72] Carroll S M 2004 Nonvocal ventilated patients perceptions
of being understoodWest. J. Nurs. Res. 26 85–103

[73] Monti M M, Vanhaudenhuyse A, Coleman M R, Boly M,
Pickard J D, Tshibanda L, Owen A M and Laureys S 2010
Willful modulation of brain activity in disorders of
consciousness New Engl. J. Med. 362 579–89

[74] Dehzangi O and Farooq M 2018 Wearable brain computer
interface (BCI) to assist communication in the intensive
care unit (ICU) 2018 IEEE Int. Conf. on Consumer
Electronics (ICCE) (Las Vegas, NV: IEEE) pp 1–4

[75] Fins J J and Schiff N D 2010 In the blink of the mind’s eye
Hastings Cent. Rep. 40 21–23

[76] Fowler S B 1997 Impaired verbal communication during
short-term oral intubation Int. J. Nurs. Term Class 8 93–98

13

https://doi.org/10.3233/TAD-2002-14305
https://doi.org/10.3233/TAD-2002-14305
https://doi.org/10.3109/07853890109002087
https://doi.org/10.3109/07853890109002087
https://doi.org/10.1007/s11136-011-9903-x
https://doi.org/10.1007/s11136-011-9903-x
https://doi.org/10.1111/j.1600-0447.1983.tb09716.x
https://doi.org/10.1111/j.1600-0447.1983.tb09716.x
https://doi.org/10.1016/S0022-3999(01)00296-3
https://doi.org/10.1016/S0022-3999(01)00296-3
https://doi.org/10.1023/B:QURE.0000018499.64574.1f
https://doi.org/10.1023/B:QURE.0000018499.64574.1f
https://doi.org/10.4088/JCP.v67n1007
https://doi.org/10.4088/JCP.v67n1007
https://doi.org/10.1016/j.jclinepi.2006.07.015
https://doi.org/10.1016/j.jclinepi.2006.07.015
https://doi.org/10.1007/s11136-014-0726-4
https://doi.org/10.1007/s11136-014-0726-4
https://doi.org/10.1007/s11136-005-0887-2
https://doi.org/10.1007/s11136-005-0887-2
https://doi.org/10.1037/a0039139
https://doi.org/10.1037/a0039139
https://doi.org/10.1007/s11606-012-2182-6
https://doi.org/10.1007/s11606-012-2182-6
https://doi.org/10.1002/nur.4770130405
https://doi.org/10.1002/nur.4770130405
https://doi.org/10.3390/ejihpe11010015
https://doi.org/10.3390/ejihpe11010015
https://doi.org/10.1212/WNL.0b013e318258f744
https://doi.org/10.1212/WNL.0b013e318258f744
https://doi.org/10.1007/s13142-015-0345-9
https://doi.org/10.1007/s13142-015-0345-9
https://doi.org/10.1097/00005650-200009002-00007
https://doi.org/10.1097/00005650-200009002-00007
https://doi.org/10.1007/s11136-011-9958-8
https://doi.org/10.1007/s11136-011-9958-8
https://doi.org/10.1016/j.jns.2007.03.001
https://doi.org/10.1016/j.jns.2007.03.001
https://doi.org/10.1016/S0003-9993(99)90077-1
https://doi.org/10.1016/S0003-9993(99)90077-1
https://doi.org/10.1023/A:1021686606648
https://doi.org/10.1023/A:1021686606648
https://doi.org/10.1177/1545968305276583
https://doi.org/10.1177/1545968305276583
https://doi.org/10.1177/0269216316659603
https://doi.org/10.1177/0269216316659603
https://doi.org/10.1177/026921558700100409
https://doi.org/10.1177/026921558700100409
https://doi.org/10.1080/09638280601046302
https://doi.org/10.1080/09638280601046302
https://doi.org/10.1001/jama.1963.03060120024016
https://doi.org/10.1001/jama.1963.03060120024016
https://doi.org/10.1093/geront/9.3_Part_1.179
https://doi.org/10.1093/geront/9.3_Part_1.179
https://doi.org/10.1016/0003-9993(94)90384-0
https://doi.org/10.1016/0003-9993(94)90384-0
https://doi.org/10.1093/arclin/acw049
https://doi.org/10.1093/arclin/acw049
https://doi.org/10.1016/S0140-6736(17)30601-3
https://doi.org/10.1016/S0140-6736(17)30601-3
https://doi.org/10.3109/17482968.2011.572978
https://doi.org/10.3109/17482968.2011.572978
https://doi.org/10.1016/j.apmr.2014.05.028
https://doi.org/10.1016/j.apmr.2014.05.028
https://doi.org/10.1177/0269215508101742
https://doi.org/10.1177/0269215508101742
https://doi.org/10.1080/17483107.2021.1958932
https://doi.org/10.1177/0193945903259462
https://doi.org/10.1177/0193945903259462
https://doi.org/10.1056/NEJMoa0905370
https://doi.org/10.1056/NEJMoa0905370
https://doi.org/10.1353/hcr.0.0257
https://doi.org/10.1353/hcr.0.0257
https://doi.org/10.1111/j.1744-618X.1997.tb00317.x
https://doi.org/10.1111/j.1744-618X.1997.tb00317.x


J. Neural Eng. 19 (2022) 021001 A Fry et al

[77] Happ M B, Garrett K, Thomas D D, Tate J, George E,
Houze M, Radtke J and Sereika S 2011 Nurse-patient
communication interactions in the intensive care unit Am.
J. Crit. Care 20 e28–40

[78] Baldini A, Von Korff M and Lin E H B 2012 A review of
potential adverse effects of long-term opioid therapy: a
practitioner’s guide Prim. Care Companion CNS
Disorders 14 27252

[79] Parthvi R, Agrawal A, Khanijo S, Tsegaye A and Talwar A
2019 Acute opiate overdose: an update on management
strategies in emergency department and critical care unit
Am. J. Ther. 26 e380–7

[80] Corcia P, Pradat P, Salachas F, Bruneteau G, le Forestier N,
Seilhean D, Hauw J and Meininger V 2008 Causes of death
in a post-mortem series of ALS patients Amyotrophic
Lateral Sclerosis 9 59–62

[81] Wolf J, Safer A, Wöhrle J C, Palm F, Nix W A, Maschke M
and Grau A J 2017 Causes of death in amyotrophic lateral
sclerosis : results from the Rhineland–Palatinate ALS
registry [abstract] Nervenarzt 88 911–8

[82] Savic G, DeVivo M J, Frankel H L, Jamous M A, Soni B M
and Charlifue S 2017 Causes of death after traumatic spinal
cord injury—a 70-year British study Spinal Cord 55 891–7

[83] Bourke S C, Tomlinson M, Williams T L, Bullock R E,
Shaw P J and Gibson G J 2006 Effects of non-invasive
ventilation on survival and quality of life in patients with
amyotrophic lateral sclerosis: a randomised controlled trial
Lancet Neurol. 5 140–7

[84] Hobson E V and McDermott C J 2016 Supportive and
symptomatic management of amyotrophic lateral sclerosis
Nat. Rev. Neurol. 12 526–38

[85] Zanini C, Rubinelli S, Lustenberger N, Koch H G,
Scheel-Sailer A and Brach M 2019 Challenges to building
and maintaining partnership in the prevention and
treatment of pressure injuries in spinal cord injury: a
qualitative study of health professionals’ views Swiss Med.
Wkly. 149 w20086

[86] French D D, Campbell R R, Sabharwal S, Nelson A L,
Palacios P A and Gavin-Dreschnack D 2007 Health care
costs for patients with chronic spinal cord injury in the
veterans health administration J. Spinal Cord Med.
30 477–81

[87] Merritt C H, Taylor M A, Yelton C J and Ray S K 2019
Economic impact of traumatic spinal cord injuries in the
United States Neuroimmunol. and Neuroinflamm. 6

[88] Levinson D R 2010 Adverse events in hospitals: national
incidence among medicare beneficiaries (Department of
Health and Human Services Office of the Inspector
General)

[89] Slawomirski L, Auraaen A and Klazinga N 2017 The
economics of patient safety: strengthening a value-based
approach to reducing patient harm at national level
(OECD)

[90] Ramsey S D, Willke R J, Glick H, Reed S D, Augustovski F,
Jonsson B, Briggs A and Sullivan S D 2015
Cost-effectiveness analysis alongside clinical trials II—an
ISPOR good research practices task force report Value
Health 18 161–72

[91] Andersson L B, Marcusson J and Wressle E 2014
Health-related quality of life and activities of daily living in
85-year-olds in Sweden Health Soc. Care Community
22 368–74

[92] Chan C, Slaughter S, Jones C and Wagg A 2015 Greater
independence in activities of daily living is associated with
higher health-related quality of life scores in nursing home
residents with Dementia Healthcare 3 503–18
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