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Cognitive prosthetics. an overview to a

method of treatment
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This paper isthefirst survey of the cognitive prostheticsfield.
Neurorehabilitation based on cognitive prostheticsis now re-
imbursed as a conventional therapy by many national insur-
ance companies. The need for cognitive prosthetics is de-
scribed in terms of gaps in rehabilitation methods, and a re-
sponse to managed care limitationson duration of services. A
definition is devel oped from work in thefield, and acognitive
prosthesis is distinguished from both electronic aids as well
asfrom conventional computer software. Some key concepts
from computer science are reviewed, along with their signifi-
cance to cognitive prosthetics. Key studies are reviewed, and
show the accomplishments of researchers, differencesintheir
orientation, as well as the impact of computer and commu-
nications advances over the past decade. There is a discus-
sion of future research. A key problem is the need to make
cognitive prosthetics rehabilitation more user friendly to the
therapist. Thiswill be necessary if cognitive prostheticsisto
gain widespread use in rehabilitation facilities.

1. Theneed for cognitive prosthetics

At a recent scientific meeting, a number of atten-
dees had visual problems that affected their ability to
see videotape, overhead transparencies and computer
output. Several of the presentations addressed use of
the World Wide Web by individual swith uncorrectable
visual impairmentswere not presently correctable, and
who are unable to see or navigate web windows. Eye-
glasses or contact lenses improved many individuals
visual impairments. Other attendees had downloaded
technical papers from the web, and had used text-to-
speech features of their computer’s operating systemto
preview the paper presentations. Another attendeeused
ahand-held optical magnifier to view thevisuals. Each
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of these is an instance in which assistive technology
was necessary for participation in the activities.

As with visual impairments, individuals with ac-
quired cognitive deficits may need to rely on assistive
technology as their only means of performing activi-
ties. Some of these individuals become impaired in an
instant, through acute processes such astraumatic brain
injury (TBI), stroke, brain aneurysm, anoxia, compli-
cations of brain surgery, meningitis, encephalitis, and
some lesser well known neurological diseases. Still
others gradually lose cognitive functioning through
Alzheimer's disease or other dementias that produce
senility. There are also some neurological conditions
that sometimes affect cognition, among them, Parkin-
son'sand multiplesclerosis. Still other peopleareborn
with conditions which affect their cognitive function-
ing. Thesemay rangefrom conditionslumped together
as “learning disabilities’, through conditions such as
dydexia, as well as various degrees of developmental
disabilitiessmental retardation.

Part of the process of treating these conditionsisthe
restoration of cognitive functioning to pre-morbid lev-
els. For many people, natural recovery supplemented
by conventional rehabilitation will not fully restore cog-
nitive abilities. The rationale for cognitive prosthetics
is based on reducing the gap between the recovery that
conventional rehabilitation can provide, and the patien-
t's need for functional restoration. In the 1980s, cog-
nitive prosthetics were sought in cases of permanent
brain damage, i.e., the inability to achieve functional
restoration even after years of intensive and expensive
rehabilitation. In today’s healthcare environment, the
drivefor greater efficiency inrehabilitation servicesand
a reduced willingness to fund extensive rehabilitation
programsincrease the need for cognitive prosthetics.

For individuals who live in rural areas, or in other
areas where there is no access to specialized brain in-
jury rehabilitation services, there is a need to receive
these services. Computer-based cognitive prosthetics
is coupled with tel erehabilitation technol ogy for reach-
ingintotheindividual’shomewith face-to-facetherapy
Sessions.
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For career-centered individuas, ahigh priority isre-
turn to work. Time is akey factor: the longer they are
out of work, the more difficult it is to return to work.
Rehabilitation without assistive technology ultimately
may well be successful inrestoring their ability to func-
tion. However, if cognitive assistive technology can
enable the career-oriented individual to return to work
sooner, then a significant personal and social need is
served.

Technological developments such as the MRI have
virtually eliminated the need for exploratory surgery,
which was painful and debilitating to the patient, and
expensivefor payers. Therationalefor cognitive pros-
theticsis driven by similar personal and societal needs.
There is a need to speed the recovery process of the
patient, reduce the burden on families and other house-
hold members, and lower the cost of treatment ser-
vices. In today’s heathcare environment, a premium
is placed on rehabilitation methods that cost less and
reducelengths of stay. Many individualswill bedenied
rehabilitation options that exceed a cost ceiling or take
too many sessionsto achieve.

2. Defining cognitive prosthetics

Kirsh and Levine[33] devel oped an early conceptual
approach for cognitive prosthetics. They addressed the
needs of patientswho required cueing by a caregiver in
order to perform atarget functional activity. A threedi-
mensional framework was developed for categorizing
modes of rehabilitation: A compensatory strategy (as
opposed to a graded drill) that alters the patient’s en-
vironment (as opposed to improving the patient’s abil-
ities) and directed to an individua’s functional skills
(as opposed to retraining of component neurocogni-
tive ahilities). Cognitive prosthetics was seen as be-
ing in the realm of a compensatory strategy which al-
ters the patient’s environment for performing specific
functional activities. Kirsch and Levine's approach to
cognitive prosthetics used computer technology, which
was highly customized to the needs of the individual
patient. High customization was needed in order for
the prosthesisto be effective. Each prosthesiswould be
designed in computer software for a specific individ-
ual, performing a highly structured target activity, such
as baking, in a particular setting. A therapist would
program the prosthesis to display directions for any
structured task that involves a sequence of steps. The
researchers found that the computerized instructions
have to be revised regularly using clinical input based

on the patient’s capabilities. Further work is required
to determine the clinical parameters.

Because of the constellation of deficitsso oftenfound
in head trauma, Chute et al. [4] suggested that the pros-
thesis should have the capability of supporting the TBI
individual in many activities. This allows for applica-
tion and data integration, so that compensatory proce-
dures can be coordinated. Equally important, a single
computer can make the compensatory tools easier to
use by transparently performing some of the necessary
tasks and having a common interface style.

Work on aphasics was another backdrop for cogni-
tive prosthetics. Global aphasiaisaconditioninwhich
the individua is unable to understand written lan-
guage, unable to understand spoken language, and un-
ableto speak in words. Communication can take place
through pictures. Steele et a. [40] and Goodenough-
Trepagnier [26] independently developed a computer-
based cueing system for global aphasics. Steele de-
veloped a microcomputer-based method that enabled
aglobal aphasic to follow arecipe for a cooking task
through pictures. Thisinvolved highly customized pic-
toria instructions. This approach changed the envi-
ronment for the patient, supporting functional activi-
ties. Also, this technology needed to be highly cus-
tomized to the specific patient, the specific recipe, the
specific ingredients, and the oven to be used. Thiswas
prosthetic in that functional support was provided for
functional deficits.

In the late 1980s, Goodenough-Trepagnier [26] de-
veloped a computer-based visual communication sys-
tem (C-VIC) that was implemented on a microcom-
puter. Using this system, she evaluated whether an in-
dividual with severe aphasia was able to communicate
in sentences viaiconsthat represented word categories
such aspersons, actions, or objects. System customiza-
tion was used to achieve a better match with individu-
al’s capabilities. The use of icons changed the environ-
ment for this individual permitting some remarkable
successes in communication. In order for individuals
to incorporate C-VIC into their functional communica
tion repertoire, the technology must be customized to
fit each individua’s retained abilities and needs.

Coleand collaborators[5-20] have developed highly
customized software to enabl e the performance of spe-
cific everyday activities that are patient priorities. A
cognitive prosthesis needs to address a wide range
of the individua’s priority functional activities to be
valuable. Customization reflects a number of factors:
(1) Petient priorities for activities; (2) ahilitiesin con-
text of the environment where the target activity is per-
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formed; (3) functiona deficits which require support;
and (4) features that make the system “user friendly”
to the cognitively impaired user, who may also have
physical impairments. Prosthetic software is not like
a conventional computer application, such as a word
processor or scheduler, which offer many features to
the user. Rather, prosthetic softwarefillsin for specific
functional subtasks, which theindividua is not ableto
perform, and is highly customized.

While the author’s cognitive prosthesis uses a spe-
cific computer platform (currently Microsoft Win-
dows), the prosthesis must be sufficiently flexible to
support an individual’s activities not only at home, but
also in the community, at school, and at work. This
requires the ability to integrate diverse hardware and
software components, aswell as highly customized pa-
per forms. Therefore, a cognitive prosthesis requires
extensive customization, typically with morethan 1000
parameters. For each patient, the cognitive prosthe-
sis will be multi-functional and integrated on a com-
mon platform. Each prosthetic application needsto be
specifically customized, and contextual elementsof the
task and setting are considered. The evolution of an
individual’s cognitive prosthesis continues over a pe-
riod of many monthsas one activity is added to another.
The evolution of the prosthetic software is supported
by automatic data collection, and is tightly coupled to
rehabilitation therapy.

A definition of cognitive prosthetics emerges from
thiswork. A cognitive prosthesisis one of many types
of treatment that, in the Kirsch-Levine framework, is
a compensatory strategy that changes the environment
and focuses on functional activities. A cognitive pros-
thesis uses computer technology. A cognitive prosthe-
sisis designed specifically for rehabilitation purposes.
Functional deficits are ameliorated by changing aspects
of the environment in which the patient operates. It di-
rectly assiststheindividual in performing some of their
everyday activities. It is highly customizable to the
specific needs of theindividual. That customization is
required to make theindividual effectivein performing
the task. The customization is also required to make
the cognitive prosthesis “user friendly” to the patient.
Unlike conventional commercial software, it does not
provide the patient with additional features which are
not clinically indicated. It collects data whileit is be-
ing used, and that datais used in clinical treatment and
ongoing assessment.

Theabovework providesdefinitive characteristics of
cognitive prosthetics. The following empirical studies
offer examples of their uses, strengths and limitations.

3. Empirical studiesin cognitive prosthetics

Merzenich et a. [36], and Tallal et a. [42,43] have
done seminal work on problems of auditory process-
ing. One aspect of these investigators' work addressed
a language-based |learning impairment in which indi-
viduals are unable to comprehend spoken language be-
cause of disruptions to their cognitive processing of
soundwaves. Tala et a.[43] identified aneurophysio-
logical basis of the disorder, normal speech was occur-
ring at too fast arate for the sound processing capabil-
ities of children with this condition. Using a computer
algorithm, the investigators were able to “stretch” the
sound wave form from 40 to 80 ms, thereby changing
the environment to alow for the elongated latency of
the patient. Inthisway, the patient was able to compre-
hend speech. Hypothesizing the physiological basis of
a cognitive disorder, and using it to design a cognitive
prosthesis was an important milestone.

Having developed aprosthesis, theinvestigatorshave
proceeded to address a cure, which applies additional
computer-based techniques. Both Merzenichet al. [36]
and Tallal et a. [42] have extended this work by ap-
plying research in brain plasticity to the auditory pro-
cessing dysfunction. These authors hypothesized that
the dysfunctional neurophysiological parameter could
be reset by slowly moving the latency period back to
the normal range. Treating children with a language
learning impairment, the researchers embedded ther-
apy in acomputer game designed to be engaging. The
investigators reported that in two studies (N = 7 and
N = 22) some of the patients were restored to normal
hearing. The researcherswere ableto report functional
change (children for the first time could understand
speech), standardized test change, and neurophysiol og-
ical change. A larger multi-center study is currently un-
derway [39]. Someof thebrain plasticity literature[36,
37] suggests that plasticity can be produced when the
individual becomes heavily engaged in atarget behav-
ior. Thisengagement contrasts with mere repetition of
the target behavior asis found in many cognitive skill
exercises.

Kirsch et al. [32,33] published excellent studies on
a cognitive prosthesis conceptualized from a rehabili-
tation perspective. Individuals with substantial mem-
ory and constructional deficits, but with intact language
abilities, served as the subjects for the studies. The
prosthesis required substantial customization of tasks
and task structure, through a programming language
that the authors devel oped for use by occupational ther-
apists. The prosthesiswas designed for a very specific,
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highly structured, patient activity which would be per-
formed in a target setting. An occupational therapist
customized the software and assisted the individual in
performing a target function. The occupational thera-
pist also provided cognitive support to the individual
throughout the activity and in the place where it was
performed.

The original experiment was a single-subject case
study [33]. The later paper [32] reported on two other
cases. In the first, one subject performed a baking
task with 15 stages, such as adding water to the mix.
The prosthetic application was an instructional mod-
ule with step-by-step directions, which also kept track
of elapsed time so the patient could be interrupted to
perform certain tasks. The results indicated that com-
puter assisted instructions produced fewer errors than
following standard written instructions. In the second
study, one subject was involved in a cooking task and
the other subject in a janitorial task. On the cooking
task, the subject committed fewer errors with an index
card cueing system and a computerized cueing system
than with a standard recipe. The researchers could not
isolate the success for one or the other cueing systems.

The subject with the janitorial task was able to im-
prove performanceusing the computer’sguidancerela
tive to performance using written instructions. The re-
searchers recommended that further studies should be
conducted with more cases to evaluate instruction fol-
lowing. The researchers found that the computerized
instructions have to be revised regularly using clinical
input based on evaluation of the patient’s capabilities.
Some patients may not reliably respond to computer
cues because of specific impairments. Further work is
also required to determine the types of tasks that these
systems can best supplement.

Chute et a. [4] provided a neuropsychological con-
ceptualization of a cognitive prosthesis. The research
design was a single-subject post-test |aboratory design.
Unfortunately, the empirical results are disappointing,
in large part because the subject was selected shortly
after the injury, before a full assessment of the indi-
vidual’s capabilities and resources could be made. The
individual was aphasic, without speech, and fine mo-
tor skills were not intact, thus placing a further burden
on the research design. Furthermore, the researchers
originally provided a complex design which had to be
simplified to allow their subject to use the system. This
approach prevented the isolation of problem factorsin
the design.

Steele et a. [40] developed a cueing system for the
aphasic population. They reported success in food

preparation from recipes with the use of customized
software on the Macintosh computer. Their subject
was a head-injured individual with profound speech
impairment and no comprehension of written material.
In their approach, the researchers developed pictures
of objects (e.g., chef, stove) appropriate to a cooking
task and grouped meaningful pictures representing in-
structionsfor cooking using the metaphor of anotepad.
The pictures representing each step of the recipe were
presented in sequence on the pages of the notepad. The
subject could move backward or forward through the
notepad to gain an overall perspective of thetask. Cer-
tain cues were provided, such as a hand turning on the
stove, to aert the subject to aspecific task. The subject
was able to follow instructions provided by the com-
puter in eleven of the fourteen trials for six different
recipes. The success ratio could be attributed to the ap-
propriate representation of subtasksin pictures and the
subject’s ability to pace himself through the task. The
researchers expressed the failures to be due to alack of
overview for the cooking task (moving back and forth
through the tasks sometimes was too complicated for
the subject) and the subject’s ability to deviate fromthe
instructions based upon expectations.

Parente[38] took adifferent approachto the problem
of cueing for complex activities for individuals with
memory disorders. He used expert-system technology
to assist the patient in performing highly structured
activities. Highly structured activities can be broken
down into step-by-step tasks, which haverulesfor each
step. An expert system can be programmed, based on
a specific set of rules, to perform certain aspects of a
task. He found success for this approach in supporting
vocational (clerical) tasks, using an IBM-compatible
laptop PC. His approach was to analyze the vocational
task. Then a set of rules was prepared to define the
task using the First Choice expert system shell software
package. The user was given cues on the computer
screen, and responded by pressing a single key. He
reported that he continued to modify the system for
about a month following its initial use by the patient.
Parente’s approach shares the same goal as Kirsh and
Levine in that structured task is being supported. He
has gone farther though by supporting the individual
at the work site as opposed to in the lab. However,
his system was not designed to be customized by the
patient’s clinician.

Friedman and Henry [27,28] reported a field study
on memory aids. A traditional logbook was compared
to an electronic memory aid for daily task schedulesfor
a non-aphasic head trauma population. The memory
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aid wasacustom built portable computer with digitized
speech output that provided a pre-timed prompt for the
subject to perform a scheduled task. The strength of
this research was recognizing the need for a memory
aid that assists with self-monitoring tasks. They used
an alternating treatment design in an inpatient rehabil-
itation setting. The logbook was alternated daily with
the memory aid. This combination of interventionsin
aresearch design may have prevented the subject from
incorporatingthe memory aid into their daily behaviors
and routines.

Levinson [34] developed a customized system that
addressed executive dysfunction, such as planning and
self-monitoring. His approach was to use artificial
intelligence (Al) technology to implement executive
functioning concepts of Sohlberg on a palmtop com-
puter. This Al planning system allowed users with
brain injuries (or their caregivers) to define scripts for
activities, such as morning routines or going shopping.
The user could add appointments, or make adjustments
tothescripts, and the system evaluated the plan for con-
flicts and modified the plan accordingly. Plan execu-
tion was assisted by prompting the user with visual and
audible cues at each step of the plan. This system was
limited to executive functioning, and is not intended
to compensate for other cognitive dimensions such as
memory dysfunction, which may limit its usefulnessin
addressing the needs of actual survivors.

Dowds et al. [21,22] have made adaptations to stan-
dard software on a paimtop computer. The software
was designed to manage scheduling information in or-
der to help memoryimpaired individuals to remember
what to do and when. This was accomplished via a
text display as well as an audible alarm that went off
at the user-selected time. The investigators found that
this approach was beneficial to individuals with mem-
ory deficits. However their work was limited to the
Psion handheld computer platform, and their ability to
modify the computer softwareislimited. Thissoftware
does not permit automatic data collection on its use or
customization of the user interface.

NeuroPage has become familiar to many in rehabil-
itation in part because of the involvement of Dr. Bar-
bara Wilson in empirical studies. This device deliv-
ers an auditory signal and an explanatory message as
a scheduling reminder. Empirical results are impres-
sive [29,44]. Subjects could be cued to perform tasks
with NeuroPage and showed significant improvement
inthepercentage of tasksachieved. NeuroPageisassis-
tive technology, not prosthetic technol ogy; its capabili-
ties are severely limited. The empirical results demon-

strated how technology could help the individual with
severe deficits. These studies are significant because
so few international authorities on brain injury rehabil-
itation have incorporated any technology specifically
designed for clinical use.

4. Computer science concepts underlying cognitive
prosthetics

Severa concepts from office information systems
and from human computer interaction have been par-
ticularly pivotal in the development of cognitive pros-
thetics. Most fundamental is arelatively old office au-
tomation concept of computer technology as a means
of augmenting intact cognitive and intellectual perfor-
mance [23]. One can then postulate that computer
technology could compensate for cognitive deficits.

Office automation hasexplored cognitive support ba-
sically by taking alook at the individual worker's ac-
tivities and tasks. These roughly correspond to the
rehabilitation concept of a functional activity, such as
making a checklist, or paying bills, or deciding how
to prioritize the day’s activities. An activity generally
is alarger entity, and consists of a set of tasks, which
in turn consists of a series of subtasks. An activities-
oriented model isvery well suited to overcoming rather
than curing disabilities, because it is not necessary to
identify the cognitive dimensions of the activity in or-
der to overcomeadeficit. A curerequiresmuch greater
knowledgeabout the cognitive components of thefunc-
tion.

Activities themselves can be categorized accord-
ing to the their degree of structure: Structured, semi-
structured and relatively unstructured activities [31].
Knowing the type of activity that acognitive prosthesis
is to support has proven valuable in prosthesis design.
A highly structured activity isonethat can be set out and
executed in a step-by-step process. A semi-structured
task has some structure, but also is significantly depen-
dent on the context of the task. Thusit is possible to
pre-program parts of the task, but other parts require
too much contextual information to be able to set out
step-by-step instructions. 1t is, however, possible to
devel op applications which provide substantial support
for semi-structured activities. Many higher-level prob-
lem solving and analysis tasks are semi-structured. A
relatively unstructured task lacks most structural ele-
ments. A set of very genera tools can often be used
to provide computer support for relatively unstructured
tasks. A cognitiveprosthesiscan support all threetypes
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of activities, and, of course, the nature of that support
will be different.

Usahility becomes a fundamental concept and re-
quirement for prosthetic software design. In the mind
of the general public “user friendliness” is an attribute
of adevice. As specialists, we understand that usabil-
ity describes arelationship among user characteristics,
task characteristics, and device characteristics. There
aremultipleand conflicting performancecriteria. What
is “user friendly” to an individual with cognitive dis-
abilities (and to the larger population) in one circum-
stance can beuser hostileto the sameindividua in other
circumstances.

Finally, implementation details are critically impor-
tant to system success and acceptance. Interface de-
sign, inparticular, islargely dominated by many minute
details. Furthermore, the context and content of the ap-
plication complicate the adherence to a single “style”
of interface or a simple set of standards. In the cog-
nitively impaired individual, the details take on added
importance. These must be designed so that the appli-
cation is both understandable and user friendly to that
individual. Typically thisinvolvesdesign and testing at
alevel of detail which most therapists never encounter
in their personal and professional lives.

5. Research and clinical approach at theinstitue
for cognitive prosthetics

In the mid-80s the author toured a residential brain
injury rehabilitation program. A high percentage of
the clients were severa years post injury, were un-
able to live independently, and had little prospect of
further significant recovery. The author hypothesized
that concepts from computer science could help this
type of client achieveincreased self-sufficiency. Initial
research was funded by insurance companies, and by
grants from the National Institutes of Health.

The broad objective of our work at the Institute for
Cognitive Prosthetics has been to help disabled indi-
viduals achieve greater self-sufficiency through the use
of Computer-Based Cognitive Prosthetics (CBCP). Our
clinical research and development approach has been
the single-subject case study. Single-subject case stud-
ies [2] have been traditional in brain injury rehabilita-
tion research because each individual’s combination of
cognitive abilities and deficits is virtually unique. In
the single-subject design, each subject serves as higher
own control.

A subject selection criterion required a post-injury
time greater than the period in which spontaneous re-
covery could medically be expected. For TBI this pe-
riod isabout 18 months, and for stroke 9-12 months[3].
After that time, traditional rehabilitation could produce
increases in the individua’s level of function, but the
rate of increase is slow. Eventually, the rehabilitation
progress plateaus. Individuas recruited as research
subjects have had cognitive rehabilitation, and have
plateaued for those rehabilitation goals which were set
for our studies.

In each case, baseline data demonstrated that the in-
dividual was not able to perform a target activity self-
sufficiently prior to the intervention. Researchers or
therapists then describe the target activity in functional
terms and often also in terms of the cognitive dimen-
sion(s) which may be impaired. Prosthetic software
is designed to bridge the functional deficits, often at a
minute level of detail. Considerable usability testing
isinvolved in preparing prosthetic software for the pa-
tient. Cycles of redesign and testing take place, un-
til the individual is capable of performing the activ-
ity with the assistance of the prosthetic software. Im-
provements in functioning following the commence-
ment of our treatment could be attributed to our treat-
ment. These improvementsare often seen within afew
days.

The original standards for usability were:

— Using the softwarewithout becoming too confused

— Being able to continue after making an error in
software use

— Being able to complete the target activity with the
use of the prosthetic software

— Attaining the above goalswith | ess than three half-
hour training sessions required

Once standards for usability are met, the system isin-
stalled in the individual’s home, and the treatment be-
gins. The treatment consists of therapy coupled with
the use of prosthetic software. After the initiation of
treatment, the prosthetic software isfine-tuned with re-
gard to both functional requirements as well as inter-
face features. The intervention is deemed a success
whentheindividual isableto performthetarget activity
self-sufficiently without the aid of a caregiver.

The following case studies illustrate a sampling of
prosthetic applications developed to address different
rehabilitation goals. These case studies will also sum-
marize some of the notable improvementsin function-
ing with the use of the CBCP, aswell as salient clinical
observations.
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6. Case studies utilizing computer-based cognitive
prosthetics

IE, a 50-year-old woman, was involved in a minor
automobile accident. Initially she suffered bruises, but
over the next few days developed a number of serious
cognitive problems. She had a profound short-term
memory loss, an inability to sequence subtasks in an
activity, and was also diagnosed with a “left neglect”
(inability to process information on the left side of the
visual field). She also had an apraxia, which interfered
with some fine motor skills in her left hand. For 3.5
years she received extensive therapy, but was still cog-
nitively impaired to the point of needing a full-time
aide. For two of those years, she was given twice-
weekly training on a checkbook program and a word
processor, but was unable to use either without some-
one standing over her. She had over a dozen therapists
serving her.

Her priority target activity wasto pay bills. Theini-
tial cognitive prosthesis chosen to address this prior-
ity activity was a check-writing application. The goal
was to develop only the necessary functionality to ac-
complish the target activity, with a human-computer
interface that met several usability requirements:

— ability to pay hills at any time without the active
involvement of caregivers

— no confusion as she progresses through the soft-
ware

— easdy to learn

— errorseasily corrected

There were many usability testing sessions, which fo-
cused on each interface component, and then on ma-
jor sections of the software. It took about 10 months
to build, and required creating or changing over 1000
interface and functional parameters.

The computer system, including a printer and a ded-
icated phone line for a modem, were installed in the
patient’s home. After installation and initial use, mod-
ifications were made to the software. There needed
to be modifications to the interface and system func-
tionality which became evident only after a period of
use by the patient. Some of these user requirement
changes were needed to achieve system performance
standards. Other changes were requested by the pa-
tient, which increased user satisfaction. An important
class of changes was the enhancements, that increased
the functionality of the patient’s system. These were
suggestions by the patient for increasing the utility of
the prosthetic software. Some increases were sugges-

tions for new features to existing software. In other
cases, new types of activities required new application
software.

Three additional major modules were added to the
patient’ssystem. Onewasaprimitivetext editor, which
had print, save, retrieve, and exit features. Another was
a schedule which contained some daily information,
including the time and menu of lunch and dinner.

Several outcomes were significant. First, the soft-
ware was prosthetic; it provided cognitive support for
specific subtasks of the target activity that the user was
unable to perform. She no longer required a care-
giver for assistance in these activities, although care-
givers were necessary for other activities. Second, the
system was a multi-functional prosthesis in that there
were severa different prosthetic applications, and sev-
era different types of persona activities which these
systems supported. Third, this individual with a pro-
found memory loss was able to learn how to use thein-
terface with less than three half-hour training sessions.
Fourth, considerable customization was necessary to
be successful. Fifth, customization was most success-
ful when applied to the specific instance, rather than
based on broad principles. For example, there were
considerable differencesin the amount cognitiveinfor-
mation (chunks) that were required to support differ-
ent subtasks. We had anticipated greater consistency
in the amount of cognitive information which the in-
dividual needed. This case was reported in Cole and
Dehdashti [18,19].

EV, ahigh achieving 34-year-old woman, had a se-
ries of strokes, which left her with substantial physical
and cognitivedeficits. Shewasreducedto no useof one
hand and only limited motion and digit control of the
other. She was unable to independently perform many
activities of daily living and had to depend upon care-
giversfor assistance. Written expression was very im-
portant to her, but writing was both painful and tedious.
She was unable to read more than a few sentences at a
sitting due to visual scanning difficulties.

The initial intervention goal was to express herself
inwriting, using atext editor with apassword. A pass-
word was necessary to assure that her writings would
be private. Software usability testing was difficult be-
cause her test-retest reliability was poor; similar results
were seen in her neurological evaluation. Although
neurol ogically compromised individual scan show very
substantial variability in performance, this case had no-
table variation unrelated to fatigue. The prosthesis de-
signed for her was simpler than the one built for Case
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|E above. This was surprising because EV's memory
appeared to be considerably less impaired than IE's.
The initial design had menu commands Print, Save,
Retrieve, and Exit implemented as Function-Key com-
mands. Three punctuation markswereimplemented as
remapped lower-case keys: exclamation point, ques-
tion mark, and double quotes. The patient requested
this in order to use these punctuation marks with a
single keystroke. Document names could be as large
as 60 characters, but typically were just a few words.
Documentswere automatically saved to prevent | oss of
work, and when the user did not give the document a
name, a default name was used. After a few months,
a cut and paste feature was added at the patient’s re-
quest. Two other major applications were added. One
was the American Heritage Dictionary. This had both
a dictionary/definition feature and a thesaurus feature.
This provided intellectual stimulation as she “surfed”
words and their definitions. A second application was
a paint program, which required the introduction of a
mouse (Kinsington “Mouse” trackball). After about
six months she attempted but failed to learn Adobe
[llustrator.

After two years of using her evolving prosthetic ap-
plication, EV began using off-the-shelf software: Mi-
crosoft Word, America Online (AOL), and Netscape
Explorer. Sheis able to use the most basic features of
Word. She spends a substantial amount of time using
the Internet via AOL, including chat rooms and email.

This case is significant for the profound impact of
the intervention on patient functioning. Perhaps the
clearest evidence of thisis her changein reading. Over
aperiod of just two months, EV went from being ableto
recognize half the words on aline when doubl e-spaced
to recognizing 95 percent of words single spaced. She
also went from having a reading endurance of about
two paragraphsto being ableto read 100 pagesin aday.
Other changes included an improvement in spelling
and grammar, a substantial reduction inimpulsivity, an
increase in concentration, an ability to grasp “finger
food” such as a sandwich and chips, and increased
ability to dress herself. All of these occurred over a
period of two months after the start of her intervention.

This case is aso significant because the patient has
ultimately and successfully moved from our highly cus-
tomized softwareto commercial software. Thefirst at-
tempt at commercia software in the first few months
after commencement of treatment was a failure. Two
years later there was success. At least some of the
difference should be attributed to an increase in cog-
nitive functioning. Some of the difference can also be

attributed to acquiring computer knowledge and skills.
This case was reported in Cole et al. [16].

CS, a 61-year-old man, who was a very successful
senior executive, sustained a head injury in a bike ac-
cident. Neurological examination and neuropsycho-
logical assessment revealed that CS suffered antero-
grade and retrograde amnesia as well asimpairment in
prospective memory. He also exhibited problemswith
attention and concentration, visual-spatial processing,
and global executive dysfunction.

Because of persistent problems with disorientation
and memory, CS required moderate supervision by
family members day and night. Initial evaluation of
CS at home revealed that, although he understood that
a number of people had, and would be, telephoning
or visiting him, he was unable to keep track of these
encounters. Hisfirst rehabilitation goal, therefore, was
to orient him to social contacts. His CBCP would re-
mind him of phone calls aready received and those
expected. Such knowledge was of primary importance
in helping him regain control over a portion of hislife.
His CBCP eventually helped him to keep track of other
daily activities and responsibilities.

There are several aspects of this case that are signif-
icant. First, the CBCP worked for him as the initial
outpatient treatment. Thisrequiredthat design and cus-
tomization be produced in atimeframe of hoursto days,
i.e., fast enough to be used on an individual whose cog-
nitive functioning seemed to be changing rapidly. Sec-
ond, the initial application was directed toward a very
narrow functional requirement, one which was met by
many scheduling and daily-diary applications. The pa-
tient wanted only minimal functionality. Third, it was
an anomaly that he was able to perform extremely de-
manding cognitive tasks while unable to perform other
tasks which would be judged much simpler cognitively
by unimpaired people. He could negotiate projectsin-
volving millions of dollars, which were both intricate
and difficult. However, he was unable to organize his
own hills, and he found supermarket shopping too cog-
nitively demanding to do successfully without the use
of the CBCP.

RE, awoman in her mid-thirties, ahigh school grad-
uate. She was two years post TBI, and referred by
her occupational therapist. The patient scored in the
highest range on occupational therapy functional eval-
uation scalesin theclinic. Yet, thiswoman was failing
in a number of everyday activitiesin the home setting.
Thisincluded aninability to keep appointmentsfor her-
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self, and for her young son who required ADHD-type
school servicesfollowing the same accident that injured
his mother. Other problems involved inability to fol-
low recipes, and difficulties in organizing and paying
bills. She was aso unable to do her crafts which had
been acreative outlet for her before her accident. Neu-
ropsychological evaluation reveal ed problemsin mem-
ory and executive functioning, primarily in planning
and organization.

The initial intervention was a daily schedule appli-
cation with minimal features for usability, but suffi-
cient for addressing targeted activities of meeting daily
obligations. Initial featuresincluded setting a schedule
item, adding a detailed memo to the item, printing the
day’s schedule, moving to another date, and exit. The
prosthetic software was quickly designed. The com-
puter and printer along with a modem and dedicated
telephone line were installed in her home. Her thera-
pist worked with her daily, guiding her in the structure
of her day. These therapy sessions involved talking on
avoice line and working on the computer with remote
control software. This software allowed her therapist
to observe the patient’s use of the prosthetic applica
tion. The patient achieved success in meeting her obli-
gations with the use of the application during the first
week. Next asimple text editor was added. Again, it
was quickly designed. In less than a week, she was
using the text editor to organize tasks for herself and
her son with relatively simple lists.

This case focused on a person who was not so dis-
abled that she required a caregiver, but who was suf-
ficiently disabled that she was unable to successfully
perform typical everyday activities. Often these “high
functioning” individuals are difficult for traditional re-
habilitation programs to treat. For this patient, rather
minimal functionality wasused very extensively to pro-
vide organization and structure. It was notable that
the simple text editor enabled her to prepare a well-
organized list, when compared to pencil and paper
methods. Word processors uniquely enable the indi-
vidual to move around the document and thus are able
to support a disorganized thought process.

Dr. T: Dr. T wasin his early-50s when cowork-
ers became aware that he had profound memory and
organization problemsin the hospital. His was a fast-
paced hospital-based practice, and he was unable to
track the status and treatment of the several patientsin
his care at any minute. Neurologic evaluation initially
suggested Alzheimer’s, but the diagnosis was changed
to dementia of unknown origin. Dr. T resigned from
his position.

On clinical testing, he was unable to remember any
new information after 30 minutes. He needed to be
reminded of activitiesand appointmentsduring theday.
As adoctor he was used to carrying a pager; now, he
would use one to remind himself of his activities. A
scheduler with apager was customized. Dr. T would be
able to plan his day on his computer and send himself
reminders at specified times. The pager enabled him
to send himself an 80 character al phanumeric message.
It was interesting that he was able to give himself this
short cue which would enable him to perform a more
complicated task. His schedule software had basic
featuresof adding ascheduled item, providing extended
details of the item, setting the time and message of the
optional page, printingthedaily list which included the
item, the details, the beeper time, and beeper message.

He was able to track and perform his scheduled ac-
tivitiesin less than aweek using his prosthetic applica-
tion. He used this over a period of about six months,
after which his functional memory had improved, but
was still in the impaired range. The improvement was
attributed to his substantial reduction in cognitive |oad
following his retirement.

This case was significant because of the beeper's
ability to initiate action at locations away from the
workstation. Thiskind of capability is now a standard
component of our capabilities, and is being used by
awide range of patients. This case was described in
Hoepfer [30].

6.1. Pooled case studies

This study raised three broad issues. First, could
CBCPs be effectivein increasing the level of function-
ing for what therapists consider plateaued and dead-
end patients. Second, can the design of CBCPs be
automated so that prosthetic software can be quickly
customized. Third, to what extent can cognitively dis-
abledindividuals participatein the design of their pros-
thetic software. In an NIH-funded study, seven of nine
plateaued patients were able to achieve apriority activ-
ity in between oneday and threeweeks of use. For three
of the patients, 23 systems and versionswere produced
over al2-week period. Changeswere madeto 389 soft-
ware components (functions). It was found that partic-
ipatory design has many benefitswith CBCPs. Patients
can often provide solutions to functional and interface
problems with their systems. In this study, patients
made 46% of functionality design/redesign recommen-
dations, and suggested 42% of the interface changes.
Participatory design is particularly useful in resolv-
ing relatively fine-level implementation details. Early
casesin this study werereportedin Coleet al. [11-17].
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6.2. The current state of cognitive prosthetics

Over the course of adecade, anew field hasemerged.
A number of technological advances have been at-
tained, and anumber of important milestoneshave been
met. These are very exciting times for cognitive pros-
thetics.

In the current healthcare environment, a most im-
portant milestone to achieve is the reimbursement by
national insurance companies as a conventional reha-
bilitation service. This milestone was achieved in the
mid-90sfor the treatment of cognitive deficits from di-
agnoses including traumatic brain injury, stroke, brain
aneurysm, solvent encephel opathy, and early onset de-
mentia. In most instances, this reimbursement was for
telerehabilitation services, i.e., serviceswhich were de-
livered directly into the patient’s home, office, or re-
habilitation facility. Cognitive prostheticsis now pre-
scribed by physicians as an accepted medical proce-
dure.

A decade ago, work on cognitive prostheticswas fo-
cused on proof-of-concept, and was narrowly applied
in terms of clinical criteriaand in terms of technolog-
ical capabilities. Currently, cognitive prosthetics can
address the self-sufficiency needs of a broad range of
activities. The strategy isto build “one-of-a-kind” sys-
tems using a highly flexible software development en-
vironment. The approach of "one of akinds" enables
the cognitive prosthetic practitioner to be able to serve
the needs of the individual patient, as opposed to only
providing support of alimited set of functional activi-
ties currently available in a software inventory.

Cognitive prosthetics is made possible by the many
technological milestones in hardware, software, and
communication technologies. A decadeago therewere
microcomputers, with one program (windows) running
at atime, 2.4Kb modems, and no World Wide Web.
Today, microcomputers are not part of the vocabulary,
because today’s hardware has the capabilities of many
mainframes of the 80s, and palmtop computers with
unimaginable capabilities from an 80s perspective. To-
day’ ssoftware devel opment tool shave changed theway
programs and designed and written, and have tremen-
dous capabilities, compared to a decade ago. Commu-
nications have changed, with mobile computing linked
to cellular networks, cable modemswidely available at
speeds of 1.5 Mb, and telephone modems running at
56K. These advances have the potential of continuing
to reduce the complexity of cognitive prostheticimple-
mentations, and at the same time reduce the cost of the
assistive technol ogy.

7. Directionsfor futureresearch

Rehabilitation technology has enormous potential,
andtherearemany possibleavenuesfor futureresearch.
However, several stand out because of timeliness, cur-
rent activities, or, in the case of thefirst to be discussed,
because of its importance to the dissemination of this
technol ogy.

7.1. Making cognitive prosthetics more user friendly
to therapists

Cognitive prosthetics has many significant benefits
for the patient, but currently placesasignificant burden
on the therapist. Cognitive prosthetics makes substan-
tial changes on the method of treating patients. This
means that there are new technologies to learn, and
added tasksin the therapist’sworkload for each patient.
If asubstantial number of therapists areto adopt cogni-
tive prosthetics as part of their professional repertoire
of tools, this assistive technology will need to become
more user friendly to the therapist. A similar technol-
ogy, which is a decade older, faces similar problems
and may productively serve as amodel.!

Cognitive prosthetics adds to the tasks that are in-
volved in treating the patient. The treatment model is
an extension of community-based programming, which
focuses on patient priority activities. These activities
are best performed in the patient’s own setting. These
are among the more significant changes:

— Decide which subtasks to retrain and which to
bridge with a cognitive prosthesis

— Specify the functional requirements of prosthetic
software

LItisuseful tolook for amodel which may provide some guidance
in how these issues have been addressed. The closest “relative” to
cognitive prosthetics is alternative and augmentative communication
(AAC), which is about a decade older than cognitive prosthetics.
AAC uses complex computer technology, and is appropriate for in-
dividuals with diagnoses which are treated in rehabilitation hospi-
tals. Yet, AAC has made few inroads there. AAC is rarely found
in even the tertiary rehabilitation facilities. This can be attributed to
AAC being relatively “user hostile” because of the added work load
requirements, and rigidity. Instead, AAC is available through other
channels, such as state assistive technology programs, and special
education programs. The training requirements for treating a patient
with AAC technology are substantial. Technology isoften very rigid,
increasing the difficulty of treating patients. These problems now
tend to fall on the shoulders of the therapist. One can understand
thenwhy AAC technology issorarely available in the“conventiona”
speciaized rehabilitation facilities.
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— Learn certain software devel opment methods such
as participatory design and evolutionary design

— Train patients to use their prosthetic software, in-
cluding providing user support

— Fine-tune prosthetic software designs

— Conduct usability testing

— Customize certain software and interface features

— Adjust treatment preparation to include new types
of data collected by the patient’s prosthesis

— Use a new software system designed to meet the
needs of therapists who treat their patients with
cognitive prosthetics

— Optionally use communications hardware and
software for telerehabilitation sessions with dis-
tant patients

The brain injury rehabilitation literature and confer-
ence proceedings are significant for the lack of stud-
ies and investigators in assistive technology generally.
Indeed, it is noteworthy that technology plays such a
minor role in brain injury rehabilitation compared to
so many other disability areas. One explanationis that
the assistive technology, which has been developed, is
not yet sufficiently “user friendly” for transfer from
technology devel opersto widespread clinical use.

7.2. Computer software’simpact on
neurophysiological functioning

There is some preliminary indication that under
certain special conditions, some prosthetic software
technology has demonstrated an ability to produce a
“cure”, sometime eliminating symptoms, and other
times greatly reducing them. Merzenich [36], Tallal
et al. [42], and associates developed an auditory pros-
thesis which was able to “reset” critical neurophysio-
logical parameters for some subjects in small-N stud-
ies. Resetting these parameters appeared to produce a
“cure” for the disorder in some of those subjects. The
significance of this study is enhanced by the strong
theoretical framework underlying this research.

The mechanism hypothesized for “resetting” the pa-
rameters is brain plasticity. Merzenich proposed that
brain plasticity can result by the individual becoming
engaged by the cognitive prosthesis. He developed an
intervention for children masguerading as a computer
game which absorbed the attention of the child. He
suggests that it is engagement, rather than repetition
and compliance, which isacritical factor in exploiting
brain plasticity. Aftonomos et a. [1] has reported sig-
nificant recovery of expressive and receptive language

in patients who had been global aphasics. Cole and as-
sociates have reported two instances in which patients
have demonstrated what appeared to be an unexpected
reduction in symptoms accompanying their embracing
the cognitive prostheses [11,18]. Brain plasticity pro-
vides a theoretical basis for what otherwise seemed to
be curious anomalies.

Brain plasticity is arelatively new concept [24,41].
Stein et al., for example, believe that brain plasticity
may have some importance for brain injury rehabilita-
tion. Optimally configured cognitive prosthetics may
well have the qualities which are conducive to plastic-
ity mechanisms. There would seem to be severa av-
enues for neuroscientists to explore, including the use
of functional MRI aong with cognitive prosthetics.

7.3. Out-of-sequence rehabilitation

A cognitive prosthesis can enable a therapist to ad-
dress rehabilitation needs out of the sequence normally
imposed by the retraining paradigm. This s practical
because a cognitive prosthesis can bridge functional
deficits. There are a number of instances wherethisis
highly desirable.

For some individuals, especially career-oriented in-
dividuals, time is a very significant factor in success-
fully regaining important aspects of their lives. CSwas
such a case, where he was a senior manager, and a pro-
longed absence from work would require someone el se
assuming his work responsibilities. He was able to re-
turn to work beforemany key community-reentry skills
had beenintroduced let a oneacquired. Inthiscase, dif-
ficulty with some key community-reentry skills would
have greatly increased the time he was away from his
job, making return to work all the more problematic.

Out-of -sequence rehabilitation has many advantages
in an eraof managed care restrictionson length of stay.
If rehabilitationisleft intentionally incompl ete, aspects
of rehabilitation can be more attuned to patient priority
activities asthey develop in the everyday environment.
Cognitive prosthetics makes this attainable.

7.4. Telerehabilitation and cognitive prosthetics

There is a natural synergy between cognitive pros-
thetics and telerehabilitation. The integration of these
technol ogies providesthe therapist with powerful tools
to addressthe challengesof the21st century. Thearticle
by Rosen in thisissues provides a thorough description
of telerehabilitation.
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8. Conclusion

Cognitive prostheticsis acomplex technology which
is capable of providing functional support for neurore-
habilitation patients with cognitive deficits even when
accompanied by very substantial physical deficits as
well. Cognitive prosthetics takes advantage of micro-
computer and communications technology; as a resullt,
patients can be treated in the home or office from adis-
tant facility with face-to-face therapy sessions. While
there are somewhat different approaches among pros-
thetic designers, the common approach is functional
support of everyday activities. Because a cognitive
prosthesis can bridgeapatient’sfunctional deficits, itis
possibleto addressfunctional goalsout of conventional
sequence. This hasimportant implications for acceler-
ated return to work or return to school. An important
areafor future research is making cognitive prosthetic
software more user friendly for therapists. Cognitive
prostheticsis probably the most compl ex assistive tech-
nology, and assistive technology generally has been
very slow totake holdin rehabilitationfacilities. Asthe
most difficult case, there are advantagesto focusing on
usability issues for cognitive prostheticsfirst, and then
addressing the cases of less demanding assistive tech-
nologies. Recent work combining computer software
with brain plasticity models has produced promising
initial results. Thiswork raises many important i ssues.
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