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Abstract

Background: Persistent cognitive impairment is prevalent in unipolar and bipolar disorders and is associated with decreased
quality of life and psychosocial dysfunction. The screen for cognitive impairment in psychiatry (SCIP) test is a validated
paper-and-pencil instrument for the assessment of cognition in affective disorders. However, there is no digital cognitive screening
tool for the brief and accurate assessment of cognitive impairments in this patient group.

Objective: In this paper, we present the design process and feasibility study of the internet-based cognitive assessment tool
(ICAT) that is designed based on the cognitive tasks of the SCIP. The aims of this feasibility study were to perform the following
tasks among healthy individuals: (1) evaluate the usability of the ICAT, (2) investigate the feasibility of the ICAT as a
patient-administered cognitive assessment tool, and (3) examine the performance of automatic speech recognition (ASR) for the
assessment of verbal recall.

Methods: The ICAT was developed in a user-centered design process. The cognitive measures of the ICAT were immediate
and delayed recall, working memory, and psychomotor speed. Usability and feasibility studies were conducted separately with
2 groups of healthy individuals (N=21 and N=19, respectively). ICAT tests were available in the English and Danish languages.
The participants were asked to fill in the post study system usability questionnaire (PSSUQ) upon completing the ICAT test.
Verbal recall in the ICAT was assessed using ASR, and the performance evaluation criterion was word error rate (WER). A
Pearson 2-tailed correlation analysis significant at the .05 level was applied to investigate the association between the SCIP and
ICAT scores.

Results: The overall psychometric factors of PSSUQ for both studies gave scores above 4 (out of 5). The analysis of the feasibility
study revealed a moderate to strong correlation between the total scores of the SCIP and ICAT (r=0.63; P=.009). There were also
moderate to strong correlations between the SCIP and ICAT subtests for immediate verbal recall (r=0.67; P=.002) and psychomotor
speed (r=0.71; P=.001). The associations between the respective subtests for working memory, executive function, and delayed
recall, however, were not statistically significant. The corresponding WER for English and Danish responses were 17.8% and
6.3%, respectively.
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Conclusions: The ICAT is the first digital screening instrument modified from the SCIP using Web-based technology and ASR.
There was good accuracy of the ASR for verbal memory assessment. The moderate correlation between the ICAT and SCIP
scores suggests that the ICAT is a valid tool for assessing cognition, although this should be confirmed in a larger study with
greater statistical power. Taken together, the ICAT seems to be a valid Web-based cognitive assessment tool that, after some
minor modifications and further validation, may be used to screen for cognitive impairment in clinical settings.

(JMIR Form Res 2019;3(3):e13898) doi: 10.2196/13898
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Introduction

Background
Cognitive impairment is prevalent in patients with unipolar
disorder (UD) and bipolar disorder (BD) even during periods
of remission, and it has a negative impact on the quality of life
and psychosocial functioning. Nevertheless, cognitive function
is rarely assessed in the clinical treatment of these affective
disorders because of the time requirement for cognitive tests,
which often exceeds the limited health care resources.

To date, there is no patient-administered tool that provides a
brief and accurate screening for objective cognitive impairment
using gold-standard, performance-based cognitive tasks for
patients with affective disorders. The International Society for
Bipolar Disorder (ISBD) Targeting Cognition Task Force
recently recommended the systematic assessment of cognition
in the clinical management of these patients using objective,
performance-based cognitive tests [1]. However, validated tests
with sensitivity to cognitive impairments in affective disorders
only exist in paper-and-pencil or computerized formats, which
must be administered by health care professionals. One such
test for affective disorders is the screen for cognitive impairment
in psychiatry (SCIP). The SCIP is a short (<15 min)
paper-and-pencil test administered by trained health care
professionals and comprises 5 subtests: (1) list learning (LL),
(2) consonant repetition (CR), (3) verbal fluency (VF), (4)
delayed list learning (DLL), and (5) visuomotor tracking (VMT)
tests. These tests assess verbal recall, working memory, VF,
delayed recall, and psychomotor speed, respectively [2]. The
ISBD Targeting Cognition Task Force recommends the SCIP
for cognitive screening in patients with BD based on recent
validation studies [3,4]. In particular, studies point to the validity
and reliability of the SCIP for detecting cognitive impairment
in BD [5] and UD [6].

Nevertheless, even such brief screening for cognitive impairment
in the clinical setting may require too much time and training
of health care professionals to be realistic for all patients. This
highlights the need for a patient-administered digital tool that
provides a brief and valid assessment of cognition with objective
cognitive tests, such as the SCIP, for affective disorders.

Previous Studies
Our study is mainly concerned with digital cognitive test
batteries, and it partly deals with the application of automatic
speech recognition (ASR) in psychiatry. An overview of the
related works is presented in the following 2 sections.

Digital Cognitive Test Batteries
In this section, validated digital tools developed for cognitive
assessment are presented. Cognitive training tools are, therefore,
excluded.

CANTAB Mobile [7] is a validated patient-administered tool
to screen for dementia. This app examines memory impairment
in patients aged 50 to 90 years using the paired associates
learning test. Central nervous system vital signs (CNSVS) is a
computerized neurocognitive test battery developed to evaluate
cognitive impairment in mental disorders, including UD. The
CNSVS has 7 tests, including verbal and visual memory, finger
tapping, symbol digit coding, the Stroop test, a shifting attention
test, and a continuous performance test [8]. According to the
findings by Gualtieri and Johnson, CNSVS is suitable for
cognitive assessment and screening of normal subjects. Another
test battery is Cogstate, which is aimed to screen patients with
Alzheimer’s disease but has been used to assess other
neuropsychiatric disorders. A recent clinical study on Cogstate
[9] aimed to examine cognitive impairment in UD patients
compared with healthy controls in terms of psychomotor speed,
alertness, visual memory, working memory, verbal memory,
and learning and executive functions. Cogstate measures showed
impairment in attention and verbal memory and learning,
whereas no difference was found in psychomotor speed, visual
attention, and working memory in UD patients versus controls.
This contrasts with the literature on moderate impairments
within these domains in UD and it could be because of the
ceiling effects of the Cogstate. The THINC-it is a more recent
cognitive assessment tool designed specifically for UD patients
that measures attention, working memory, and executive
function. This application is the first Web-based
patient-administered cognitive screening tool developed for UD
and thus represents an important step toward more common
assessments of cognition in the clinical management of UD.
The THINC-it uses gamified cognitive tasks to engage patients
in taking the tests. For example, the Trails game is adapted from
the trail-making test part B. According to the latest study [10],
100 healthy controls were tested for temporal stability and
reliability as well as the validity of the THINC-it. Overall, high
stability and reliability and moderate validity were found.

Automatic Speech Recognition in Cognitive Assessment
Applications
Recently, ASR has been utilized to examine verbal impairment
in mental disorders. Semantic VF as a determinant factor in
mild cognitive impairment (MCI) has been automated through
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ASR in recent studies [11-14]. Troger et al [14] applied ASR
to examine semantic VF in dementia via a telephone-based
approach, showing the feasibility of automated analysis in
screening for dementia. Toth et al in their recent study [13]
derived nonverbal acoustic features, such as the duration of
pauses, from ASR among the Hungarian population. Their
findings revealed significant differences between healthy
individuals and MCI patients in terms of their acoustic features
of delayed recall.

The Gaps in the Literature
The limitations of THINC-it are twofold. First, of the cognitive
domains assessed by THINC-it, only psychomotor speed shows
a moderate correlation with the standardized tests. Second,
THINC-it does not examine verbal memory, although this
cognitive measure is a predictor of a long-term psychological
functional outcome in UD and BD patients [15]. CANTAB
Mobile and CNSVS do not assess verbal memory as well. The
lack of verbal memory assessment might be partially because
of uncertainty about how to measure it via a digital tool.
Moreover, the tests suggested by CANTAB and CNSVS for
use in affective disorders have not been specifically developed
to screen for cognitive impairment in UD and BD patients and
may thus not have optimal sensitivity for impairments in these
groups.

Internet-Based Cognitive Assessment Tool
We developed the internet-based cognitive assessment tool
(ICAT) with the perspective that it can be administered by
patients themselves at home. Specifically, the ICAT is a
Web-based cognitive test battery that examines immediate and
delayed verbal recall, working memory, executive function, and
psychomotor speed in 5 short tasks. Speech recognition
technology has become advanced enough to be used in various
applications. Moreover, ASR requires minimum technology
and resources for remote examination. Therefore, ASR is
utilized in 2 ICAT subtests to assess immediate and delayed
verbal recall.

Goals of This Study
The objective of this paper is threefold: first, to present the
ICAT as a Web-based cognitive test battery designed based on
the cognitive tests included in the SCIP; second, to present 2
studies assessing 2 aspects of the ICAT—(1) its usability and
(2) its feasibility evaluated by correlation analysis between the
SCIP and ICAT subtests and total scores; third, to evaluate the
accuracy of the ASR for immediate and delayed verbal recall.

Methods

Design Methods
The ICAT user interface (UI) was designed in a user-centered
design process involving computer scientists, health
informaticians, psychiatrists, and psychologists. Overall, the
design process took 5 months and was performed in 4
consecutive stages, as explained below.

Phase 1: Brainstorming Design Sessions
The essential components of the ICAT system as a
patient-administered system were brainstormed in 3 weekly
meetings. In addition, the technical opportunities and limitations
of computerizing the SCIP subtests were investigated.

Phase 2: Personas and User Interface Design
To identify design requirements and system functionalities, 2
personas were prepared based on the inputs received from
psychiatrists and psychologists, who provided the practical lived
experiences of the patients. A flowchart was created based on
the personas to determine the navigation through different
components (eg, homepage, instructions, and cognitive
assessment tasks), and UI wireframes of each page were drawn.

Phase 3: Mock-Up
The wireframes were presented as a slideshow and thoroughly
discussed by the ICAT team members during user experience
(UX) prototyping sessions. During these sessions every aspect
of the ICAT was (re)designed, including the layout and graphical
design of each page, the instructions, the use of speech
recognition, the feedback to the users, the use of input modalities
(ie, keyboard and mouse), and the informed consent pages.
During the design process, the original SCIP tasks were
significantly modified for administration on Web-based
technology in a browser, particularly considering support for a
PC-based setup with keyboard and mouse. In this phase, the
homepage of the ICAT contained a welcome page and a speaker
test (see Multimedia Appendix 1).

Phase 4: Prototyping
The low-fidelity mock-up of the ICAT was gradually turned
into a functional prototype using Web technology for graphical
rendering in a browser but with no storage or persistence. This
prototype was used for the initial assessment during UX
prototyping sessions involving PH, KWM, LVK, and JEB. The
slideshows created during phase 3 were expanded to 4 pages in
the low-fidelity mock-ups (see Multimedia Appendix 1); the
first page was added to determine how the patient would be
notified to take the test, and the fourth page was the consent
form. The final prototype was used to deploy the ICAT
application on a Web platform.

System Description
The ICAT includes the following 3 overall sections, which are
presented one after another to the user: (1) the homepage,
including an introduction, general instructions, and an informed
consent form; (2) the technical setup (speaker and microphone
test), and (3) cognitive assessment tasks. The ICAT supports
both English and Danish, and users can hence select their
preferred (native) language before proceeding to the general
instructions. For readability, the lengthy instructions were
divided into multiple pages. The terms of use in the consent
form clarifies the purpose of the study, what data are gathered,
and how the user’s data will be handled. All of this complies
with the European data protection law (general data protection
regulation, GDPR). As the ICAT makes extensive use of ASR,
the second section (technical setup) ensures that the microphone
and speakers are properly configured. See Multimedia Appendix
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1 to check the final design of the ICAT homepage and technical
setup, respectively. The third section of the ICAT contains a
set of 5 short tasks, each including a test introduction and
task-specific instructions. These 5 tasks were modified versions
of the following:

• SCIP LL
• SCIP CR
• Wechsler Adult Intelligence Scale letter-number sequencing

(WAIS LNS)
• SCIP DLL

• SCIP VMT

All of the ICAT subtests were adapted from the SCIP except
for the third subtest that was replaced with a modified version
of WAIS LNS. A detailed description of each ICAT task can
be found in Table 1. The ICAT WAIS LNS and VMT subtests
present a practice set to the users beforehand. The practice sets
were adapted from their corresponding clinically administered
tests. In total, the 5 tasks of the ICAT take 20 to 30 min to
complete.

Table 1. Description of the internet-based cognitive assessment tool subtests.

Task 5: visuomotor

trackinge
Task 4: delayed list

learningd
Task 3: Wechsler Adult
Intelligence Scale let-

ter-number sequencingc

Task 2: consonant repe-

titionb
Task 1: list learningaTask features

Psychomotor speedDelayed verbal memory
(delayed recall)

Working memoryWorking memoryVerbal memory (imme-
diate recall)

Measure

Total number of correct
matching letters

Total number of correct-
ly recalled words

Total number of correct-
ly sorted sequences

Total number of correct-
ly recalled letters

Total number of correct-
ly recalled words for 3
trials

Scoring criteria

0–300–100–210–240–30Score range

YesNoYesNoNoPractice test

aAn audio file containing a list of 10 words is played to the patient. Following that, the patient recalls as many words as possible and speak them aloud.
This task is repeated 2 more times (3 trials in total) using the same word list.
bFirst, a sequence of letters is played via an audio file. Then, the patient should sort a set of numbers in descending order within a certain time period
(this task is only for delaying the response). After time is up, the patient recalls and types the letters that were read to him or her earlier.
cA set of letter-number sequences are displayed on the screen one by one. Each sequence is played via an audio file to the patient. Following that, the
patient sorts the numbers and letters of the sequence and types them.
dIn this task, the patient should recall the same words that were played in the first list learning task and speak them aloud. No audio is played for the
patient in this task.
eA table including 6 letters and their matching codes (a combination of circles and asterisks) is shown to the patient. In 30 seconds, the patient enters
the matching letters of 30 random codes one by one.

Modified Elements of the Screen for Cognitive
Impairment in Psychiatry Tasks

List Learning and Delayed List Learning Tasks: Utilizing
Speech Recognition
During the initial design of the ICAT LL and DLL subtests,
users were supposed to type the recalled words. However, typing
was not a suitable input technique for 3 reasons. First, typing
influences human visual short-term memory that may help the
users in practicing the words. Hence, practicing could
significantly increase the users’ scores in the second and third
trials of the LL task. Second, typing skill depends on the
people’s age and previous typing experience. Third, misspelled
words may cause a problem when scores are automatically
calculated. To clarify the latter, the SCIP administrator reads

the words aloud and gives scores based on what he or she hears
from the patient. Hence, giving a score to a misspelled word is
unclear. An editing option for the ASR transcript could allow
users to check and modify it after a recall phase. However, this
approach would display the words to the users, which would
then significantly improve their verbal scores because (1) all
trials of the LL subtest use the same set of words and (2) it
would not comply with the SCIP administration manual. By
considering these major issues, the alternative to typing was to
utilize ASR. Figure 1 shows the UI of the ICAT LL subtest
including a user’s sound wave received from the microphone
device during a recall phase. Figure 2 displays the number of
recalled words calculated based on the real-time ASR when the
user stops speaking. The ICAT DLL task has an interface and
functionality similar to the LL task except that no audio file is
played for the users.
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Figure 1. Screenshot of a sound wave received from a user’s microphone device during a recall phase of the internet-based cognitive assessment tool
list learning task.

Figure 2. Screenshot of the number of recalled words recognized by automatic speech recognition when the user stops speaking in the list learning
task.

Consonant Repetition Task: Sorting Numbers Using
Drag-and-Drop
During the SCIP CR task, the test administrator asks the patient
to count backwards by starting from a specific number for a
time period. We replaced this face-to-face countdown with a
sorting module in the ICAT CR subtest, where the users should

drag each number and drop it into its correct place. The numbers
displayed on the user’s screen should be placed in descending
order. Figure 3 shows a sample drag-and-drop task where users
should sort a sequence of numbers from 67 (highest) to 63
(lowest) within a certain time limit. Each sequence includes 5
numbers, and if the user sorts them correctly, the next set
automatically appears on the screen.
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Figure 3. Screenshot of the internet-based cognitive assessment tool consonant repetition task where the user should sort the numbers in descending
order by dragging and dropping the numbers into their correct place.

Wechsler Adult Intelligence Scale Letter-Number
Sequencing Task: Replacing Verbal Fluency
The SCIP subtest for the assessment of the VF requires the
patient to generate as many words as possible that start with a
specific letter, for example, F in 30 seconds. The third subtest

of the ICAT uses WAIS LNS because the SCIP VF task could
not be implemented adequately in the technology. Hence, VF
was replaced with WAIS LNS, which measures executive
function. Figure 4 shows an example of an incorrect response
to a stimulus during a practice test of the ICAT WAIS LNS
subtest.

Figure 4. The internet-based cognitive assessment tool Wechsler Adult Intelligence Scale letter-number sequencing task includes a practice set with
5 sequences to prepare the user for the actual test. This screenshot shows that a user sorted a sequence incorrectly.
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Figure 5. The user interface of the internet-based cognitive assessment tool visuomotor tracking task, where the user should enter the matching letter
for each symbol as fast as possible.

Visuomotor Tracking Task: Changing Morse Codes
A table of 6 letters and their corresponding codes is written for
the patients during the test, and they are required to write down
the matching Morse code of 30 letters on a paper within 30
seconds. Owing to slow typing, especially among elderly people,
we decided to ask users to enter the matching letter of each code
in the ICAT VMT task. The Morse codes of the SCIP VMT
task were modified from dots and dashes into a different
combination of circles and asterisk symbols because of the
learning effect for those participants who are already familiar
with the Morse codes. The earlier design of this task can be
found in our previous publication [16]. According to the former
design of this task, a countdown clock was displayed to the user
during the test, but it was later removed to prevent distraction.
Figure 5 shows the current design of the ICAT VMT task.

Technical Specifications and Apparatus
The low-fidelity mock-up of the ICAT was created in the
Balsamiq desktop app [17]. The front end of the ICAT was built
using React (version 15.4.0) developed by Facebook
incorporation company. The Copenhagen Center for Health
Technology—CACHET Research Platform (CARP), which
implemented an open mobile health (mHealth) data storage unit
[18], was used as the data back end, and ICAT-specific
JavaScript object notation (JSON) schemas for the cognitive
functions were designed according to the open mHealth
specifications. Google’s ASR service [19] was used in the LL
and DLL subtests, which require Google Chrome to run the
application. CARP and the ICAT system are deployed on secure
servers at the Technical University of Denmark. For the
evaluation and feasibility studies, ICAT tests were administered
using a MacBook Pro (Retina 15 inch) laptop and an external
mouse for those who were not comfortable with the MacBook
touchpad. Pearson correlation analysis was performed in SPSS.

Usability and Feasibility Studies
The local ethics committee for the Mental Health Services,
Capital Region of Denmark, determined that their permission
for the study was not needed because it involved no testing of
biomedical products nor involved any invasive procedures. A
total of 2 studies were conducted: the first study was a usability
test, which we will refer to as Study 1, and the second is a
feasibility study, which will be called Study 2 in the rest of this
paper. Participants of both studies signed an informed consent
before the data collection. The informed consent was compliant
with the GDPR regulation to protect the personal data of the
users. In the following sections, we elaborate on the participants
and procedures of the studies individually.

Participants
All participants were healthy individuals. Study 1 included
healthy students and individuals from the campus of the
Technical University of Denmark and the city of Copenhagen.
The inclusion criterion was English or Danish language skills,
and the exclusion criterion was any hearing disability because
some of the ICAT tasks used audio files. Study 2 included
healthy participants who were recruited from blood banks at
hospitals within the Capital Region.

Procedure
The age and gender of the subjects were collected before
conducting both studies. Study 1 was conducted during June
and August 2018. The study leader (PH) first asked the native
language of the participant. Then, PH introduced the ICAT
system to the participant and briefly explained the purpose of
the study. The think-aloud method [20] was used during the
test. The participants were not supposed to receive assistance
during the test except for login issues. Study 2 was conducted
during August and September 2018. Each participant first
performed the Danish version of the SCIP (SCIP-D) as
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administered by research assistants in the Neurocognition and
Emotion in Affective Disorders group (AEJ, KO) and then
completed the ICAT test.

The usability of the ICAT UI was evaluated in both studies by
the poststudy system usability questionnaire (PSSUQ) [21].
Upon completing the ICAT test, the PSSUQ questionnaire was
sent to the subjects’ email via Google Form, and the study
leaders conducted a brief follow-up interview with the
participant. During the interview, the participants were asked
to mention any general or task-specific issues or suggestions.
Participants could also type further comments at the end of the
PSSUQ form. The voice of the users was recorded during the
ICAT test and the follow-up interviews. The manually generated
transcripts of the participants’verbal responses during the ICAT
LL and DLL subtests were obtained from their recorded files.

Metrics

Usability Factors
PSSUQ includes 19 items, each rated on a 5-point Likert-type
scale ranging from 1 (strongly disagree) to 5 (strongly agree).
The psychometric factors of the PSSUQ are (1) overall usability,
(2) system usefulness, (3) information quality, and (4) interface
quality.

Word Error Rate
Previous studies used word error rate (WER) as the performance
measure of ASR [11,12,14]. If N is the total number of words,
D is the number of deletions, S is the number of substitutions,
and I is the number of insertions, then, WER = (S+D+I)/N.

WER is calculated by comparing ASR transcripts to the
manually generated transcripts for English and Danish responses
during the ICAT LL and DLL subtests.

Correlation Analysis
Pearson 2-tailed correlation analysis was performed at the .05
significance level for both the SCIP and ICAT subscores and
total scores of the participants of Study 2.

Data Exclusion
The ICAT data of the WAIS LNS subtest were lost for 3
participants of Study 2. The correlation analysis was, therefore,
performed for 16 participants.

Results

User Statistics
Study 1 included N=21 subjects—9 females and 12 males, with
an average age of 31 years (SD 12). Of the Danish-speaking
participants, 7 were native Danish speakers and 2 were citizens
of Copenhagen who had spoken Danish for at least 10 years.
As for the rest of the participants, 1 was a native English speaker
and 11 spoke other languages. Study 2 included N=19
subjects—13 females and 6 males, with an average age of 36
years (SD 15). All participants of this study had Danish as their
native language.

Internet-Based Cognitive Assessment Tool Test Scores
The scores obtained by the participants of both studies in tasks
1-5 are shown in Figures 6-10.
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Figure 6. Boxplots of the internet-based cognitive assessment tool and screen for cognitive impairment in psychiatry subscores of the participants of
both studies in task 1.

Figure 7. Boxplots of the internet-based cognitive assessment tool and screen for cognitive impairment in psychiatry subscores of the participants of
both studies in task 2.

JMIR Form Res 2019 | vol. 3 | iss. 3 | e13898 | p. 9http://formative.jmir.org/2019/3/e13898/
(page number not for citation purposes)

Hafiz et alJMIR FORMATIVE RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 8. Boxplots of the internet-based cognitive assessment tool and screen for cognitive impairment in psychiatry subscores of the participants of
both studies in task 3.

Figure 9. Boxplots of the internet-based cognitive assessment tool and screen for cognitive impairment in psychiatry subscores of the participants of
both studies in task 4.
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Figure 10. Boxplots of the internet-based cognitive assessment tool and screen for cognitive impairment in psychiatry subscores of the participants of
both studies in task 5.

Usability and Feasibility Outcomes
Of the total number of subjects in both studies (N=40), 37
participants submitted the PSSUQ. The psychometric factors
of the PSSUQ results (Table 2) are reported for each study
separately because the objectives and procedures of those studies
were different. Moreover, the PSSUQ results are calculated for
Danish and English test participants. According to the reports
collected from the follow-up interview and additional comments
received via the PSSUQ form, some of the participants reported
some issues and gave some suggestions regarding the
instructions and the functionality of the ICAT tests. A total of
2 participants of Study 1 mentioned that there were too many
instructions in the ICAT LL task. A participant of Study 1 said
that the sorting module in the ICAT CR task was complicated
and thus not user friendly, and 2 participants of Study 1
mentioned that this module was problematic. In total, 2
participants of Study 2 mentioned that the ICAT CR task was
far easier than the SCIP CR task. A participant of Study 1
suggested replacing some of the textual information in the
instructions of the ICAT WAIS LNS task with an example. We
did not receive any comment on the ICAT DLL task, perhaps
because its functionality was similar to the ICAT LL task. For
the ICAT VMT task, a participant of Study 1 mentioned that

the time limit of this task was too short. A total of 2 participants
of Study 1 mentioned that the practice sets of the ICAT CR,
WAIS LNS, and VMT were helpful in understanding the tests.

The results of the correlation analysis between the SCIP-D and
ICAT subscores and total scores can be found in Table 3.

The analysis of ASR for the ICAT LL and DLL tasks are
reported in Table 4. As can be seen, the insertion (I) rate is 0
for both languages. The number of recalls versus recognition
accuracy of each English and Danish word are represented in
Figures 11 and 12, respectively. Overall, 332 words were
received from 12 English-speaking participants of Study 1 and
887 words were gathered from 28 Danish-speaking subjects (9
from Study 1 and 19 from Study 2). Note that the words which
are repeated more than once are included in Figures 11 and 12.
Of the English words, machine, milk, and coffee were the most
recalled and the least misinterpreted words, whereas bed and
hat were highly misinterpreted and were the least memorized
terms. The word garden was the most recalled word (45 times)
but its accuracy (77.78%) was not as high as the words
mentioned earlier. For the Danish word list, mælk and sømand
were correctly recognized for every response received, whereas
seng and brev were misinterpreted frequently.
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Table 2. Psychometric factors of poststudy system usability questionnaire for usability evaluation of the internet-based cognitive assessment tool
reported for both studies and testing languages.

English test (N=12),

mean (SD)

Danish test (N=25),

mean (SD)

Study 2 (N=16),

mean (SD)

Study 1 (N=21),

mean (SD)

Factor

4.19 (0.45)4.25 (0.45)4.36 (0.42)4.12 (0.46)Overall score

4.35 (0.45)4.39 (0.48)4.52 (0.41)4.23 (0.53)System usage

3.84 (0.64)4.11 (0.55)4.24 (0.58)3.86 (0.55)Information quality

4.50 (0.45)4.16 (0.57)4.25 (0.49)4.28 (0.62)Interface quality

Table 3. Results of correlation analysis applied to the screen for cognitive impairment in psychiatry (Danish version) and internet-based cognitive
assessment tool scores.

P valuePearson correlation
coefficient (r)

Internet-based cognitive
assessment tool task

Screen for cognitive impairment in
psychiatry–Danish version task

Cognitive domain

.0130.56LLdVLTc-IVerbal learning (SCIP-2a)—using ASRb transcripts

.0020.67LLVLT-IVerbal learning (SCIP-3e)—using ASR transcripts

.0020.66LLVLT-IVerbal learning (SCIP-3)—using manual transcripts

.63−0.12CRgWMTfWorking memory (SCIP-2)

.650.11CRWMTWorking memory (SCIP-3)

.270.29Wechsler adult intelli-
gence letter-number se-
quencing

Verbal fluency testExecutive function (SCIP-3)

.150.34DLLiVLT-DhDelayed recall (SCIP-3)—using ASR transcripts

.0090.58DLLVLT-DDelayed recall (SCIP-3)—using manual transcripts

.0010.71VMTVMTjPsychomotor speed (SCIP-3)

.0090.63TotalTotalTotal score

aSCIP-2: Screen for Cognitive Impairment in Psychiatry–version 2.
bASR: automatic speech recognition.
cVLT-I: verbal learning test-immediate.
dLL: list learning.
eSCIP-3: Screen for Cognitive Impairment in Psychiatry–version 3.
fWMT: working memory test.
gCR: Consonant Repetition.
hVLT-D: verbal learning test–delayed.
iDLL: delayed list learning.
jVMT: visuomotor tracking.

Table 4. Performance evaluation of automatic speech recognition in internet-based cognitive assessment tool task 1 (list learning) and task 4 (delayed
list learning).

Deletion error ratio, %Substitution error ratio, %Average word error rateParticipants in task 4, nParticipants in task 1, nLanguage

22.0377.9717.7711a12English

7.0292.986.3127b28Danish

a1 English-speaking participant accidentally clicked on the stop button in the internet-based cognitive assessment tool delayed list learning task before
repeating the recalled words.
b1 Danish participant could not remember any word in the internet-based cognitive assessment tool delayed list learning task.
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Figure 11. Total number of recalls versus the recognition accuracy of the English words in task 1 (list learning) and task 4 (delayed list learning).

Figure 12. Total number of recalls versus the recognition accuracy of the Danish words in task 1 (list learning) and task 4 (delayed list learning).

Discussion

Principal Findings
The ICAT is the first Web-based cognitive screening tool for
affective disorders, designed based on the SCIP as a

gold-standard tool, and it uses ASR to assess immediate and
delayed verbal recall. The key findings were that the ICAT was
easy to use, had promising feasibility outcomes in measuring
key cognitive functions, and had acceptable concurrent validity.
Specifically, the ICAT and SCIP-3 total scores correlated to a
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moderate to strong degree (r=0.63; P=.009), and the subtests,
namely, LL and VMT, correlated to a moderate (r=0.67; P=.002)
and strong (r=0.71; P=.001) degree, respectively. The usability
evaluation of the ICAT system revealed high scores above 4
for system usefulness, interface quality, and overall usage. The
information quality was rated lower by the English-speaking
participants (3.84), compared with the Danish participants
(4.11), which may indicate that the English instructions of the
ICAT tests should be revised. The insignificant error rates of
ASR, as calculated for the Danish and English responses (6.3%
and 17.8%, respectively), indicate a promising future of ASR,
particularly for Danish-speaking patients who will be the
primary users of the ICAT. According to the results obtained
from the recent THINC-it validity study on healthy subjects
[10], the 2 cognitive games called Trails (executive function,
r=0.74) and Codebreaker (attention, working memory, and
executive function, r=0.63) revealed strong to moderate
convergent validity, respectively, whereas Symbol Check
(working memory, r=0.19) and Spotter (attention, r=0.44)
showed low validity. In our study, the ICAT subtest for
psychomotor speed also showed moderate concurrent validity,
as did the subtest for verbal memory. However, the subtests
tapping into working memory and executive skills did not
correlate with the original SCIP tasks, which might be because
of a suboptimal design of these tests or the small sample size.
The ICAT may be an alternative to the THINC-it, which is the
most recent cognitive screening tool developed specifically for
UD patients. The analysis between the total scores of the SCIP
and ICAT showed moderate to strong correlations (r=0.63) in
contrast to the moderate concurrent validity (r=0.42) of the
THINC-it composite. The higher concurrent validity and the
automatic real-time verbal memory assessment via ASR are
thus the advantages of the ICAT.

The lack of statistical significance between task 2 of the SCIP
and ICAT might be because of the replacement of the oral
countdown task with the sorting module because (1) 2
participants in Study 2 mentioned that the ICAT CR subtest
was easier compared with the paper-based SCIP CR and (2)
participants received high scores in the ICAT CR subtest for
both studies (Figure 7), which may indicate a ceiling effect for
this task. The insignificant coefficients may indicate that the
participants’ cognitive load in the ICAT sorting module was
less than the countdown task in the SCIP CR subtest. Hence,
the ICAT will require additional modifications before
conducting a larger validation study of healthy individuals and
patients with affective disorders.

The lack of statistical significance in the DLL task was
unexpected because the ASR component was the same for both
the ICAT LL and DLL subtests. When doing a poststudy
analysis of the recorded data, we found that poor recognition
was mainly rooted in 2 factors: (1) the subject did very fast
recalls of the words and uttered them right after each other, with
no or limited pauses in-between each word or (2) the subject
spoke very quietly and far from the microphone. Therefore, the
lack of a statistically significant correlation between the ICAT
and SCIP DLL tasks might be because of the various ways in
which the participants repeated the recalled words. It was
previously shown that speech recognition did not perform well

for non-native speakers [22], which perhaps justified the higher
WER of the English responses for the participants of Study 1
(11 non-native English speakers). The analysis of the ASR of
the English-speaking subjects would be more robust if we could
recruit more English-speaking participants, especially native
speakers. The words which received the lowest accuracy (bed
and hat from the English list and seng and brev from the Danish
list) should be replaced with other words provided in the SCIP
manual. The lower ratio of deletion error indicated that ASR
received most of the verbal responses in the ICAT LL and DLL
subtests.

Digitizing validated paper-and-pencil tests requires effort in
prototyping, iterative design, implementation, and evaluation.
The ICAT is the first Web-based application designed based
on the SCIP as a gold-standard cognitive test battery. Moreover,
to our knowledge, none of the existing digital cognitive
assessment tools provides a real-time assessment of verbal
memory. Taking it all together, the ICAT is a novel digital tool
for cognitive assessment. The feasibility of the ICAT reported
in this study indicates a promising use for out-of-clinical
assessment. The ultimate goal of our research is to introduce
the ICAT as a brief cognitive assessment tool for remote
administration and the assessment of affective disorder patients.

Implications for Future Development
On the basis of our observations, the sorting module in the ICAT
CR subtest was difficult to use for most of the participants. In
addition to this issue, the analysis did not show significant
correlations between the SCIP and ICAT CR subtest.
Consequently, the sorting module in the ICAT should be
redesigned to resemble the SCIP CR task better, for example,
with a speech interface, because changing the type of the
interface was perhaps the primary reason for the insignificant
correlation coefficient.

To mitigate the speech recognition problems, the ICAT should
incorporate detailed instructions and tutorials that teach and
train users how to speak loudly, clearly, and close to the
microphone. Moreover, the speech recognition should be able
to detect when users repeat the words too fast or quietly and
then instruct them to slow down or speak more clearly. The
goal is to enable the ICAT to be administered by the patient,
and hence, a strong emphasis should be placed on providing
self-explanatory instructions and tutorials to the users.

Limitations
This is the feasibility study of the ICAT with a limited number
of participants. Despite the promising results, there are a set of
limitations of the study. First, the evaluation of the ASR for
English-speaking participants was limited because of the few
number of native English speakers. We did not evaluate the
English proficiency of the participants of Study 1 to examine
whether or not the ASR recognition error was because of their
English proficiency level. Second, the think-aloud method was
not practical, especially during the ICAT LL and DLL subtests
in which users repeated their recalled words. As cognitive tests
demand mental effort, it was hard for the participants to
verbalize their thoughts during the test. Hence, an implicit or
objective approach for recognizing participants’ interaction with
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the system throughout the test would be more practical. Third,
the nonsignificant coefficients of the executive function and
working memory according to Pearson correlation analysis
might be because of the modest sample size of Study 2. Fourth,
the SCIP VF task and ICAT WAIS LNS task do not translate
directly into exactly the same aspect of executive functions. VF
performance has been found to correlate with fluid reasoning
and shifting aspects of executive function [23], whereas WAIS
LNS more specifically measures working memory [24]. It is
worth mentioning that currently, Google’s ASR converts any
arbitrary word to the closest meaningful word. Hence, the
rationale for replacing the VF task with the WAIS LNS task in
the ICAT was the possibility of misinterpretation caused by
using the ASR technology. Finally, this pilot study included
only healthy control participants. The ICAT is intended to be
used for cognition screening in patients with mood disorders.

On the basis of the preliminary findings from this report, our
group is, therefore, in the process of validating a slightly revised
version of the ICAT in patients with mood disorders.

Conclusions
The ICAT is a patient-administered, Web-based tool to screen
for cognitive impairment in patients with affective disorders.
The results indicate that the ICAT is a good initial step toward
building a digital modified cognitive assessment tool based on
the SCIP. The high values of the psychometric factors derived
from the PSSUQ scores present the ICAT as a usable and useful
tool. The use of real-time ASR during the immediate and
delayed recall gave a WER of 17.8% and 6.3% for English and
Danish responses, respectively. On the basis of the results and
insights derived from this study, future optimization and further
validation of the ICAT are now warranted.

Acknowledgments
PH is an early stage researcher of technology enabled mental health (TEAM) for young people. TEAM has received funding
from the European Union's Horizon 2020 research and innovation program under the Marie Sklodowska-Curie grant agreement
No. 722561. This study was financially supported by the CACHET, Denmark. KWM acknowledges the Lundbeck Foundation
and Weimann Foundation for their contributions to her salary. The authors wish to thank all of the study participants.

Conflicts of Interest
KWM reports having received consultancy fees from Lundbeck, Allergan, and Janssen in the past 3 years. LVK has been a
consultant for Lundbeck for the past 3 years. The remaining authors report no conflicts of interest.

Multimedia Appendix 1
User experience design of the (ICAT) internet-based cognitive assessment tool.

[PDF File (Adobe PDF File), 1MB-Multimedia Appendix 1]

References

1. Vieta E, Berk M, Schulze TG, Carvalho AF, Suppes T, Calabrese JR, et al. Bipolar disorders. Nat Rev Dis Primers 2018
Dec 8;4:18008. [doi: 10.1038/nrdp.2018.8] [Medline: 29516993]

2. Tourjman SV, Juster RP, Purdon S, Stip E, Kouassi E, Potvin S. The screen for cognitive impairment in psychiatry (SCIP)
is associated with disease severity and cognitive complaints in major depression. Int J Psychiatry Clin Pract 2019
Mar;23(1):49-56. [doi: 10.1080/13651501.2018.1450512] [Medline: 29553848]

3. Miskowiak KW, Burdick KE, Martinez-Aran A, Bonnin CM, Bowie CR, Carvalho AF, et al. Methodological
recommendations for cognition trials in bipolar disorder by the International Society for Bipolar Disorders Targeting
Cognition Task Force. Bipolar Disord 2017 Dec;19(8):614-626 [FREE Full text] [doi: 10.1111/bdi.12534] [Medline:
28895274]

4. Miskowiak KW, Burdick KE, Martinez-Aran A, Bonnin CM, Bowie CR, Carvalho AF, et al. Assessing and addressing
cognitive impairment in bipolar disorder: the International Society for Bipolar Disorders Targeting Cognition Task Force
recommendations for clinicians. Bipolar Disord 2018 Dec;20(3):184-194. [doi: 10.1111/bdi.12595] [Medline: 29345040]

5. Jensen JH, Støttrup MM, Nayberg E, Knorr U, Ullum H, Purdon SE, et al. Optimising screening for cognitive dysfunction
in bipolar disorder: validation and evaluation of objective and subjective tools. J Affect Disord 2015 Nov 15;187:10-19.
[doi: 10.1016/j.jad.2015.07.039] [Medline: 26301477]

6. Ott CV, Bjertrup AJ, Jensen JH, Ullum H, Sjælland R, Purdon SE, et al. Screening for cognitive dysfunction in unipolar
depression: validation and evaluation of objective and subjective tools. J Affect Disord 2016 Jan 15;190:607-615. [doi:
10.1016/j.jad.2015.10.059] [Medline: 26583350]

7. Cambridge Cognition. CANTAB Mobile. Timely detection of memory impairment URL: http://www.
cambridgecognition.com/products/digital-healthcare-technology/cantab-mobile/[WebCite Cache ID 75GimIcUD]

8. Gualtieri CT, Johnson LG. Reliability and validity of a computerized neurocognitive test battery, CNS vital signs. Arch
Clin Neuropsychol 2006 Oct;21(7):623-643 [FREE Full text] [doi: 10.1016/j.acn.2006.05.007] [Medline: 17014981]

JMIR Form Res 2019 | vol. 3 | iss. 3 | e13898 | p. 15http://formative.jmir.org/2019/3/e13898/
(page number not for citation purposes)

Hafiz et alJMIR FORMATIVE RESEARCH

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=formative_v3i3e13898_app1.pdf&filename=e4bde7ad46ee60d515a1b38e9fce6b5a.pdf
https://jmir.org/api/download?alt_name=formative_v3i3e13898_app1.pdf&filename=e4bde7ad46ee60d515a1b38e9fce6b5a.pdf
http://dx.doi.org/10.1038/nrdp.2018.8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29516993&dopt=Abstract
http://dx.doi.org/10.1080/13651501.2018.1450512
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29553848&dopt=Abstract
http://europepmc.org/abstract/MED/28895274
http://dx.doi.org/10.1111/bdi.12534
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28895274&dopt=Abstract
http://dx.doi.org/10.1111/bdi.12595
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29345040&dopt=Abstract
http://dx.doi.org/10.1016/j.jad.2015.07.039
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26301477&dopt=Abstract
http://dx.doi.org/10.1016/j.jad.2015.10.059
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26583350&dopt=Abstract
http://www.cambridgecognition.com/products/digital-healthcare-technology/cantab-mobile/
http://www.cambridgecognition.com/products/digital-healthcare-technology/cantab-mobile/
http://www.webcitation.org/

                                            75GimIcUD
http://linkinghub.elsevier.com/retrieve/pii/S0887-6177(06)00083-7
http://dx.doi.org/10.1016/j.acn.2006.05.007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17014981&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


9. Davis MT, DellaGioia N, Matuskey D, Harel B, Maruff P, Pietrzak RH, et al. Preliminary evidence concerning the pattern
and magnitude of cognitive dysfunction in major depressive disorder using cogstate measures. J Affect Disord 2017 Dec
15;218:82-85 [FREE Full text] [doi: 10.1016/j.jad.2017.04.064] [Medline: 28460315]

10. Harrison JE, Barry H, Baune BT, Best MW, Bowie CR, Cha DS, et al. Stability, reliability, and validity of the THINC-it
screening tool for cognitive impairment in depression: a psychometric exploration in healthy volunteers. Int J Methods
Psychiatr Res 2018 Dec;27(3):e1736 [FREE Full text] [doi: 10.1002/mpr.1736] [Medline: 30088298]

11. Pakhomov SV, Marino SE, Banks S, Bernick C. Using automatic speech recognition to assess spoken responses to cognitive
tests of semantic verbal fluency. Speech Commun 2015 Dec 1;75:14-26 [FREE Full text] [doi: 10.1016/j.specom.2015.09.010]
[Medline: 26622073]

12. König A, Linz N, Tröger J, Wolters M, Alexandersson J, Robert P. Fully automatic speech-based analysis of the semantic
verbal fluency task. Dement Geriatr Cogn Disord 2018;45(3-4):198-209. [doi: 10.1159/000487852] [Medline: 29886493]

13. Toth L, Hoffmann I, Gosztolya G, Vincze V, Szatloczki G, Banreti Z, et al. A speech recognition-based solution for the
automatic detection of mild cognitive impairment from spontaneous speech. Curr Alzheimer Res 2018;15(2):130-138
[FREE Full text] [doi: 10.2174/1567205014666171121114930] [Medline: 29165085]

14. Tröger J, Linz N, König A, Robert P, Alexandersson J. Telephone-Based Dementia Screening I: Automated Semantic
Verbal Fluency Assessment. In: Proceedings of the 12th EAI International Conference on Pervasive Computing Technologies
for Healthcare. 2018 Presented at: PervasiveHealth'18; May 21-24, 2018; New York, USA p. 59-66. [doi:
10.1145/3240925.3240943]

15. Bonnín CM, Martínez-Arán A, Torrent C, Pacchiarotti I, Rosa AR, Franco C, et al. Clinical and neurocognitive predictors
of functional outcome in bipolar euthymic patients: a long-term, follow-up study. J Affect Disord 2010 Feb;121(1-2):156-160.
[doi: 10.1016/j.jad.2009.05.014] [Medline: 19505727]

16. Hafiz P, Miskowiak KW, Kessing LV, Bardram JE. Design and Implementation of a Web-Based Application to Assess
Cognitive Impairment in Affective Disorder. In: Proceedings of the 2018 International Conference on Digital Health. 2018
Presented at: DH'18; April 23-26, 2018; Lyon, France p. 154-155. [doi: 10.1145/3194658.3194691]

17. Balsamiq.: Balsamiq Studios, LLC URL: https://balsamiq.com/[WebCite Cache ID 73MWV5f4s]
18. Estrin D, Sim I. Health care delivery. Open mhealth architecture: an engine for health care innovation. Science 2010 Nov

5;330(6005):759-760. [doi: 10.1126/science.1196187] [Medline: 21051617]
19. Cloud Speech-to-Text. URL: https://cloud.google.com/speech-to-text/ [accessed 2018-10-04] [WebCite Cache ID 72uncPqUx]
20. Jaspers MW, Steen T, van den Bos C, Geenen M. The think aloud method: a guide to user interface design. Int J Med

Inform 2004 Nov;73(11-12):781-795. [doi: 10.1016/j.ijmedinf.2004.08.003] [Medline: 15491929]
21. Lewis JR. IBM computer usability satisfaction questionnaires: psychometric evaluation and instructions for use. Int J Hum

Comput Interact 1995 Jan;7(1):57-78 [FREE Full text] [doi: 10.1080/10447319509526110]
22. Wang Z, Schultz T, Waibel A. Comparison of Acoustic Model Adaptation Techniques on Non-Native Speech. In: Proceedings

of the International Conference on Acoustics, Speech, and Signal Processing. 2003 Presented at: ICASSP'03; April 6-10,
2003; Hong Kong, China. [doi: 10.1109/ICASSP.2003.1198837]

23. Aita S, Boettcher A, Slagel B, Holcombe J, Espenan M, King M, et al. C-42the relation between verbal fluency and executive
functioning: an exploratory factor analysis (EFA) approach. Arch Clin Neuropsychol 2016 Aug 31;31(6):656. [doi:
10.1093/arclin/acw043.191]

24. Crowe SF. Does the letter number sequencing task measure anything more than digit span? Assessment 2000
Jun;7(2):113-117. [doi: 10.1177/107319110000700202] [Medline: 10868248]

Abbreviations
ASR: automatic speech recognition
BD: bipolar disorder
CACHET: Copenhagen Center for Health Technology
CARP: CACHET Research Platform
CNSVS: central nervous system vital sign
CR: consonant repetition
DLL: delayed list learning
GDPR: general data protection regulation
ICAT: internet-based cognitive assessment tool
ISBD: International Society for Bipolar Disorder
LL: list learning
MCI: mild cognitive impairment
mHealth: mobile health
PSSUQ: poststudy system usability questionnaire
SCIP: screen for cognitive impairment in psychiatry
TEAM: technology enabled mental health

JMIR Form Res 2019 | vol. 3 | iss. 3 | e13898 | p. 16http://formative.jmir.org/2019/3/e13898/
(page number not for citation purposes)

Hafiz et alJMIR FORMATIVE RESEARCH

XSL•FO
RenderX

http://europepmc.org/abstract/MED/28460315
http://dx.doi.org/10.1016/j.jad.2017.04.064
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28460315&dopt=Abstract
http://europepmc.org/abstract/MED/30088298
http://dx.doi.org/10.1002/mpr.1736
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30088298&dopt=Abstract
http://europepmc.org/abstract/MED/26622073
http://dx.doi.org/10.1016/j.specom.2015.09.010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26622073&dopt=Abstract
http://dx.doi.org/10.1159/000487852
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29886493&dopt=Abstract
http://europepmc.org/abstract/MED/29165085
http://dx.doi.org/10.2174/1567205014666171121114930
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29165085&dopt=Abstract
http://dx.doi.org/10.1145/3240925.3240943
http://dx.doi.org/10.1016/j.jad.2009.05.014
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19505727&dopt=Abstract
http://dx.doi.org/10.1145/3194658.3194691
https://balsamiq.com/
http://www.webcitation.org/

                                            73MWV5f4s
http://dx.doi.org/10.1126/science.1196187
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21051617&dopt=Abstract
https://cloud.google.com/speech-to-text/
http://www.webcitation.org/

                                            72uncPqUx
http://dx.doi.org/10.1016/j.ijmedinf.2004.08.003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15491929&dopt=Abstract
https://doi.org/10.1080/10447319509526110
http://dx.doi.org/10.1080/10447319509526110
http://dx.doi.org/10.1109/ICASSP.2003.1198837
http://dx.doi.org/10.1093/arclin/acw043.191
http://dx.doi.org/10.1177/107319110000700202
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10868248&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


UD: unipolar disorder
UI: user interface
UX: user experience
VF: verbal fluency
VMT: visuomotor tracking
WAIS LNS: Wechsler Adult Intelligence Scale letter-number sequencing
WER: word error rate
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