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Abstract

Background—The feasibility and validity of brief computerized cognitive batteries at the
population-level are unknown.

Methods—Non-demented participants (n = 1660, age 50-97) in the Mayo Clinic Study on Aging
completed the computerized CogState battery and standard neuropsychological battery. The
correlation between tests was examined and comparisons between CogState performance on the
personal computer (PC) and iPad (n = 331), and in the Clinic vs. at home (n = 194), were assessed.

Results—We obtained valid data on >97% of participants on each test. Correlations between the
CogsState and neuropsychological tests ranged from —0.462 to 0.531. While absolute differences
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between the PC and iPad were small and participants preferred the iPad, performance on the PC
was faster. Participants performed faster on Detection, One Card Learning, and One Back at home
compared to the Clinic.

Conclusions—The computerized CogState battery, especially the iPad, was feasible, acceptable,
and valid in the population.

Keywords

Computerized cognitive battery; Epidemiology; Neuropsychology; Cognitively normal; Mild
cognitive impairment; Population-based cohort study

1. Introduction

Alzheimer’s disease (AD)-pathophysiology begins several years before the emergence of
clinical symptoms [1,2]. It is therefore important to identify cognitive changes in the
asymptomatic or early mild cognitive impairment (MCI) stages of AD. Standard pencil and
paper neuropsychological testing is a critical element for the clinical diagnosis of dementia
and determination of dementia type. However, traditional neuropsychological tests are
labor-intensive, time-consuming, and associated with practice effects. A more efficient
instrument is needed to serially assess cognition at the population-level. This is especially
critical if secondary preventive trials prove effective.

Computerized testing may be better suited as a cognitive screening tool in large
epidemiologic studies and for longitudinal monitoring by primary care providers. A
computerized battery may have advantage over standard neuropsychological tests or other
cognitive screening measures (e.g., Mini-Mental State Examination) by being more sensitive
and efficient, removing ceiling and floor effects, providing real-time data entry and precise
recording of accuracy and speed of response, minimizing practice effects, and suitability for
off-site or long-distance use [3-6]. However, studies of computerized cognitive batteries
have mainly been conducted in the clinical research setting using selected volunteers. This is
important because there is still concern that computerized cognitive testing may not be
feasible for elderly individuals and those with low education or little computer experience in
the general population.

We incorporated the CogState computerized cognitive battery into the Mayo Clinic Study on
Aging (MCSA). We included the CogState battery because it is brief, requires minimal
administrative oversight, has a web-based platform, is easy to understand for individuals
with little computer experience (e.g., [4,7,8]), and has good test-retest reliability (e.g.,
[4,9,10]). CogsState is also being used as an endpoint in the Anti-Amyloid Treatment in
Asymptomatic Alzheimer’s Disease (A4) Trial and the Dominantly Inherited Alzheimer’s
Network Trials (DIAN-TU) prevention trials.

In the present analysis, we had several aims. First, we characterized the feasibility of the
CogState computerized battery in individuals aged 50-97 and determined factors that were
associated with the inability to take the test. Second, we characterized CogState performance
by diagnosis (normal cognition vs. MCI), APOE E4 genotype, age, and sex. Third, while
previous studies provided correlations between the CogState tests and neuropsychological
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tests [8,11,12], correlations between the CogState tests and a more extensive
neuropsychological battery are limited. Therefore, we provided correlations between
CogState tests and the standard neuropsychological test components administered in the
MCSA. Lastly, among a subset of individuals, we also administered CogState on an iPad
and at home. We compared performance on these different platforms and described our
experiences.

2. Methods

2.1. Participants

The MCSA is a study of cognitive aging among Olmsted County, MN, residents that began
in October 2004, and initially enrolled individuals aged 70 to 89 years. Follow-up visits
were conducted every 15 months. The details of the study design and sampling procedures
have been previously published [13]. Given the importance of understanding risk factors for
the development and progression of AD pathophysiology in middle age, we expanded the
study in 2012 to also enroll a population-based sample of individuals aged 50-69 using the
same stratified random sampling methodology as in the original cohort. The present analysis
includes 1,660 non-demented individuals aged 50-97 who completed both the CogState
computerized battery and the standard neuropsychological battery at the same study visit.

2.2. Standard protocol approvals, registrations, and patient consents

The study protocols were approved by the Mayo Clinic and Olmsted Medical Center
Institutional Review Boards. All participants provided written informed consent.

2.3. Participant assessment

MCSA study visits included a neurologic evaluation by a physician, an interview by a study
coordinator, and neuropsychological testing by a psychometrist [13]. The physician
examination included a medical history review, complete neurological examination, and
administration of the Short Test of Mental Status [14] and the Unified Parkinson’s Disease
Rating Scale [15]. The study coordinator interview included demographic information and
medical history, administration of the Beck Depression Inventory and the Beck Anxiety
Inventory, and questions about memory to both the participant and an informant using the
Clinical Dementia Rating scale [16]. The neuropsychological battery included nine tests
covering four domains: 1) memory (Auditory Verbal Learning Test Delayed Recall Trial
[17], Wechsler Memory Scale-Revised Logical Memory 11 & Visual Reproduction I1) [18];
2) language (Boston Naming Test [19] and Category Fluency [20]; 3) executive function
(Trail Making Test B [21] and WAIS-R Digit Symbol subtest [22]; and 4) visuospatial
skills (WAIS-R Picture Completion and Block Design subtests) [22]. Blood was collected
and APOE genotype was determined. Medical comorbidities were assessed using
information from the medical record to compute the Charlson Index [23].

2.4. Diagnostic determination

For each participant, performance in a cognitive domain was compared with the age-
adjusted scores of cognitively normal individuals previously obtained using Mayo’s Older
American Normative Studies [24]. This approach relies on prior normative work and
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extensive experience with the measurement of cognitive abilities in an independent sample
of subjects from the same population. Subjects with scores of =1.0 SD below the age-
specific mean in the general population were considered for possible cognitive impairment,
taking into account education, prior occupation, visual or hearing deficits, and other
information. A final decision to diagnose MCI was based on a consensus agreement between
the interviewing nurse, examining physician, and neuropsychologist, after a review of all
participant information [13,25]. Individuals who performed in the normal range and did not
meet criteria for MCI or dementia were deemed cognitively normal. Performance on the
computerized cognitive battery was not used to obtain a diagnosis. Individuals with
dementia were not administered the CogState computerized battery.

2.5. CogState computerized battery administration in the Clinic

Administration of the CogState battery during the study visit was conducted on a personal
computer (PC). The battery included four card tasks and the Groton Maze Learning Test
(GMLT) [4,26-28]. Given the previous literature showing an initial practice/learning effect
between the first and second administration [10], we administered a short practice battery,
followed by a two-minute rest period, then the complete battery. The study coordinator was
available to help the participants understand the tasks during the practice session. During the
test battery, the coordinator provided minimal supervision or assistance. The tests were
administered in this order:

Detection (DET) task — a simple reaction time paradigm that measures psychomotor
speed. Reaction time (in milliseconds) was the primary outcome measure.

Identification (IDN) task — a choice reaction time paradigm that measures visual
attention. Reaction time was the primary outcome measure.

One Card Learning (OCL) task — a continuous visual recognition learning task that
assesses learning and attention. Reaction time and accuracy were the primary outcome
measures.

One Back (ONB) task — a task that assesses working memory. Reaction time was the
primary outcome measure.

GMLT - a hidden pathway maze learning test that measures spatial working memory,
learning efficiency, and error monitoring [27,28]. The primary outcome measures were
the average correct moves per second (speed/efficiency) across the five trials and the
total number of errors.

The CogState battery provides a large number of equivalent alternative forms. This is
achieved by having a large stimulus set from which exemplars are randomly chosen at run
time, resulting in a different set of exemplars that are used each time an individual takes the
test. The paradigm remains constant but the items are randomly chosen. Furthermore, the
correct response (either yes or no) is randomly chosen for each trial of the task, and the
inter-stimulus interval has a random interval that varies for each trial of the task. For the
GMLT there are 20 possible hidden pathways matched for number of tiles and turns. These
are presented in a random, non-recurring order which allows for 20 equivalent alternative
forms.
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2.6. Administration of CogState on the iPad and at home

We compared performance on the iPad and PC CogState versions in a subset of 341
individuals. The batteries were administered consecutively at the same study visit, with a 2—
3 minute break between. The order of administration was alternated.

We also piloted a home-based battery using the four card tasks. We did not include the
GMLT because it is more difficult and may require more administrative oversight. We
compared performance on the home-based battery and clinic PC battery, taken within 6
months, among 194 individuals. We sent an email to participants explaining the study and
providing a link with embedded de-identified study numbers so that they did not have to
remember or find their ID number to take the test.

2.7. Response input for the in-clinic, iPad, and at home CogState versions

The response input for the CogState tasks varied by mode of administration. For the in-clinic
and at-home versions, the keyboard was used for the four card tasks. A mouse was used for
the in-clinic GMLT. On the iPad, the input was by finger touch for the four card tasks and
by stylus for the GMLT.

2.8. Statistical methods

The ability to adhere to the requirements of each task, which could result from lack of
understanding, cognitive impairment, or inattention to directions, was determined by
integrity checks. Per the test developers and previous publications, data on each specific test
were determined invalid if the accuracy of: DET was <90%, IDN was <80%, OCL was
<50%, ONB was 70%. The GMLT data were considered invalid if the test was not
completed within 10 minutes [4,28]. Because the raw data from the CogState tests are
skewed, the data outputted are automatically transformed using logarithmic base 10
transformation for reaction time data and arcsine transformation for accuracy data to
normalize the variables (see [4,10,26,28] for additional description). Chi-square tests for
categorical variables and Kruskal-Wallis or equal variance two sample t-tests for continuous
variables were used to examine differences between groups or modalities as appropriate.
Pearson correlations were used to assess the relationship between the CogState tests and
individual neuropsychological test z-scores. The z-scores for this correlation were not age-
adjusted since the CogState data is not age-adjusted.

3. Results

Of the 1,660 participants, 1,574 were cognitively normal and 86 had MCI (see Table 1 for
participant characteristics). As expected, individuals with MCI were older, had lower
education, more depressive and anxiety symptoms, more medical comorbidities, and
performed worse on standard neuropsychological tests (Table 1).

3.1. Factors associated with meeting integrity criteria for each CogState test

Of the participants taking each CogState test, 2.7% did not meet integrity criteria (i.e., had
invalid data) on the DET, 1.7% on IDN, 2.1% on OCL, 3.0% on ONB, and 1.3% on the
GMLT. The characteristics of the individuals who did and did not meet integrity criteria are
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shown in Table 2. Across all tests, individuals who did not meet integrity were older, had
worse cognitive performance on the standard neuropsychological battery, had more medical
comorbidities, and more frequently had a diagnosis of MCI compared to those that did.
However, the majority of individuals with MCI (>75% for all but the GMLT) were able to
complete the CogState tests with valid data. Individuals with lower education were less
likely to meet the integrity criteria on more complex tests of visual learning, working
memory and problem-solving (OCL, ONB, and GMLT), but not on tests of simple and
choice reaction times (DET, IDN). Greater depressive and anxiety symptoms were
associated with the inability to meet integrity criteria on the ONB. APOE E4 genotype was
not associated with the inability to meet integrity criteria on any test. Some individuals with
cataracts or other vision problems were not able to complete the GMLT.

3.2. CogsState performance by MCI diagnosis, age, sex, and APOE E4 genotype

After excluding individuals who did not meet integrity criteria on each test, individuals with
MCI performed worse on all CogState tests (P < .001; Table 3) and also took longer to
complete the tests (34.4 (12.5) vs. 28.4 (9.6) minutes, P < .001). Participants >65 years old
(vs. <65 years) also performed worse, even after excluding those with MCI, but the mean
differences were negligible. Women performed worse than men on the GMLT with more
total errors (median [IQR]: 56 [42.0, 69.5] vs. 49 [38.0, 62.5], P < .001) and slower speed
(median [IQR]: 0.5 [0.4, 0.6] vs. 0.6 [0.4, 0.7], P = .006). There were no differences in
performance on any test by APOE E4 genotype.

3.3. Correlations between CogState tests and tests from the standard neuropsychological

battery

Pearson correlations between each CogState test and global-, and domain-specific, and
individual test z-scores are shown in Table 4. We initially examined the correlations
separately by cognitive diagnosis and age (50-69 years vs. 70 and older). The correlations
were similar across all subsets so we included everyone in the final analysis. Given the large
sample size, all associations were P < .001 with correlations ranging from —0.462 to 0.531.
The only exception was the Boston Naming Test (rho = -0.046, P = .067). However, many
of the correlations were low.

3.4. PC vs. iPad comparison

Among a subset of 341 participants, we compared CogState performance on the PC versus
iPad. There were no differences, by platform, in the percent of individuals with invalid data.
Compared to the iPad, individuals performed faster on the PC (Table 5). They were also
slightly more accurate on the OCL for the PC. However, the differences, while significant,
were small. Our experience was that the majority of participants preferred the iPad over the
PC and thought they did better on the iPad. Only ~2% of participants preferred the PC over
the iPad.

3.5. PC vs. Home comparison

We also compared CogState performance on the four card tasks on the PC when taken in the
Clinic versus at home on a PC in a subset of 194 individuals aged 50-69. We initially
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administered the home battery to this younger age group because we thought they would
feel more comfortable with the computer and capable of completing the battery without

oversight. Compared to taking the test in the Clinic, participants were faster at home but
accuracy did not differ (Table 6).

The feasibility of the home-based test depended on the internet provider and the
participant’s computer experience. For example, the link to the test embedded in the email
wrapped around or did not work for some providers. This situation was particularly difficult
for individuals with little computer knowledge who did not understand how to copy and
paste the link into the address bar.

4. Discussion

With the increasing recognition of the need to detect preclinical cognitive changes, it is
critical to identify a more efficient means of assessing cognition at the population level.
While standard neuropsychological tests are important for determining the clinical diagnosis
of dementia, they are time-consuming, labor-intensive, and not suitable for repeated testing
at the population-level [4,29]. Brief computerized cognitive batteries may be a better option
for this purpose, particularly if they are easy to understand and designed for repeated
administration (i.e., minimal practice effects and lack of ceiling effects). Several
computerized tests have been developed including CogState, CANTAB, CNS Vital Signs,
and NIH Toolbox (see [3], [5], and [6] for a more in-depth comparison of computerized
tests). In the present study, we characterized the feasibility of the computerized CogState
battery in the population-based MCSA, identified factors associated with test completion,
compared performance to a standard neuropsychological battery, and compared performance
on different platforms.

The feasibility of the computerized tests was demonstrated by the ability to obtain valid data
for most individuals (=97% for each test), including those with MCI. Older individuals or
those with MCI were less likely to have valid data, but the overall percentage of invalid data
for any given test was low. As the MCSA is population-based, we administered CogState to
individuals who had never used a computer or cell phone, with low education (e.g.,
elementary education only), psychiatric disorders (axis I and axis Il), multiple medical
comorbidities, and over the age of 90, demonstrating that the test is feasible in the general
population. While individuals in Olmsted County, MN, aged 50 and older, are primarily
Caucasian, our results may not be generalizable to other ethnicities. However, our
experience is consistent with the successful administration of the tests to indigenous
Australians (e.g., [30,31]), and adults and children with schizophrenia, traumatic brain
injury, acute stroke, and HIV [8,32,33].

Older individuals performed statistically worse than younger individuals (see Table 3), but
this statistical difference was largely driven by the sample size since the absolute difference
was very small. Regardless, this may suggest that some elderly individuals need more
administrative oversight and help in understanding the test directions and/or navigating the
computer. As the current middle-agers, with more computer experience, become elderly this
difference may become less apparent. We also observed a higher frequency of invalid data
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amongst those with lower education, possibly reflecting less exposure to computers, and
individuals with medical comorbidities. In our experience, individuals with vision problems
had difficulties with the lines in the GMLT maze, and individuals with arthritis or tremor
had difficulty with the mouse. Other variables including sex, depression, anxiety, and APOE
E4 genotype had little effect on test performance.

Consistent with previous studies, individuals with MCI performed worse on all CogState
tests [11,26,34,35] and were more likely to have invalid data. However, most individuals
with a consensus diagnosis of MCI were still able to complete many of the tests in the clinic.
We have not examined whether it is feasible, and the data valid, for MCI participants to self-
administer the tests without any oversight, but this presumably would be more difficult. We
also did not test individuals with a dementia diagnosis, but previous studies have
administered the tests to patients with mild forms of dementia [34]. The benefit of CogState
is likely in detecting subtle cognitive changes in preclinical states, and may have little use in
patients with frank dementia.

The four card tasks assess psychomotor speed (DET), visual attention (IDN), visual learning
(OCL), and working memory (ONB) [8]. The GMLT assesses spatial problem solving [36].
The CogState tasks were chosen by the test developers because they assess aspects of
cognitive function that are commonly affected in neurodegenerative and neuropsychiatric
conditions. The tasks were further optimized for brief administration, minimization of
practice effects, and the availability of outcome measures that could be used for parametric
analyses [8,36]. As such, they differ from traditional psychometric measures used in clinical
practice. The CogState tasks significantly correlated with virtually all the standard
neuropsychological tests and domain scores though the strength of the correlation varied.
There were moderate correlations between standard neuropsychological tests of attention/
executive function (i.e., WAIS-R Digit Symbol; Trailmaking Test B) and the CogState IDN,
ONB, and GMLT. There was also a moderate correlation between WAIS-R Block Design
and the GMLT. However, the remaining correlations were in the weak to very weak range.
This indicates that CogState tests do not map one-to-one to standard neuropsychological
tests. The low correlations do not mean that the CogState tests are not valid. It is possible
that the CogState tests provide greater measurement sensitivity for cognitive change among
cognitively normal individuals, and these analyses are ongoing.

The mode of response input (e.g., keyboard, mouse, finger or stylus touch) can affect both
the speed and accuracy of the results [37]. When we compared performance on the iPad vs.
the PC, individuals were faster and more accurate using the keyboard on the PC compared to
the finger touch on the iPad. For the GMLT, individuals were also faster with a mouse on
the PC than on the iPad with a stylus touch. The observed difference across platforms is
consistent with Wood and colleagues [37] who reported that a mouse yielded more accurate
results than a touchscreen. Thus, the response input is important to consider when
comparing test mediums and interpreting results. ldeally, if taken to the clinic, the response
input would need to be standardized. Despite performing slightly faster and more accurately
on the PC, participants preferred the iPad over the PC and also think they do better on the
iPad. This observation was particularly true for the elderly, especially those with little PC
experience and with arthritis or tremors. Therefore, despite some performance differences on
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the iPad versus the PC, the iPad was more feasible for, and accepted by, older individuals in
the population.

We initially thought that individuals would perform worse at home compared to in the clinic
because at home they did not have anyone to help explain the instructions or answer any
questions. In contrast, the participants performed faster at home. When asked about their
testing experience, these participants often reported they would take the tests when they felt
their freshest, typically mid-morning. This might explain the slightly faster performance at
home and highlights the need to consider the time of day the test is taken in relation to
performance. In the present study, participants all completed the computerized test in the
clinic before they took the test at home. Therefore, the results may differ if individuals took
the test at home first or are test naive. In contrast to some individuals doing better at home
because they are maximizing their time of peak performance, others may do worse due to
the potential for distractions in the environment. A critical step in validating computerized
tests will be to better understand and determine how to control for environmental variability
and testing supervision. Notably, a recent study described the acceptability and feasibility of
monthly administration, over one year, of the four card tasks solely through an online at-
home battery in 143 individuals with no previous exposure to the test [29]. While only 5%
of individuals at baseline were not able to complete the test, the participants were recruited
from the community and had to meet eligibility requirements. Another study of similar
design with a larger group of individuals is ongoing (www.brainhealthregistry.com). These
studies highlight the possibility of at-home testing, but our experience is that this will only
work for some individuals at the population-level with sufficient computer knowledge and
access.

With the increasing use of technology in the world, the use of computerized cognitive
testing is likely to change the way we longitudinally monitor cognition in the future for both
research and clinical purposes. Standard pencil and paper neuropsychological testing is a
critical element for the clinical diagnosis of dementia and determination of dementia type
and will likely remain the gold standard for diagnostic purposes. However, with the
increasing need to identify cognitive changes as early as possible in the population, when
individuals are still considered cognitively normal, a less time- and energy-intensive
instrument is needed. As such, computerized testing may be better suited as a cognitive
screening tool in large epidemiologic studies, for monitoring individuals in a registry for AD
drug trials, and for longitudinal monitoring by primary care providers. There are many
different types of computerized cognitive testing but it is unlikely that one test will serve all
needed purposes (e.g., detecting cognitive change, detecting or diagnosing MCI, sensitivity
to a specific neuroimaging or CSF biomarker). Our results suggest that computerized testing
is feasible but additional longitudinal comparisons of the feasibility, acceptability, and
performance across environments is needed. Further, direct longitudinal comparisons of
cognitive performance on computerized batteries with known neuroimaging and CSF
biomarkers of dementia are needed to fully elucidate and interpret the test results in relation
to the disease progression of AD and other dementias.
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Research in context

Systematic review: We reviewed the literature in PubMed examining the
feasibility of the CogState computerized and in relationship to standard
neuropsychological testing. Studies of computerized cognitive batteries have
mainly been conducted in the clinical research setting using selected volunteers.
There are few, if any, population-based studies and none that compare
performance on a PC versus iPad or at home versus in the Clinic.

Interpretation: The results of our study support the feasibility and acceptability
of the CogState tests in a population-based study of individuals aged 50-97.
While the frequency of invalid data was low overall (<3% on any test),
individuals who were older, had MCI, or lower education were more likely to
have invalid data. There were some moderate correlations between the CogState
tests and standard neuropsychological tests, but most correlations were weak.
This indicates that the CogState tests do not map one-to-one to standard
neuropsychological tests. Participants performed slightly faster on the PC than
the iPad, but the iPad was preferred, especially among the elderly, and may be
more amenable to testing in the general population. Participants performed
slightly better at home than in the Clinic.

Future Directions: Continued follow-up of our cohort will help to determine
the longitudinal change in the CogState tests in relation to risk of MCI,
dementia, and changes in neuroimaging measures of AD pathology. We will
also further assess at-home testing in a larger, population-based cohort.
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