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ABSTRACT

Objective: To collect evidence of validity for a selection of digital
tests on the Philips IntelliSpace Cognition (ISC) platform.
Method: A total of 200 healthy participants (age 50-80) completed
both the ISC battery and an analog version of the battery during
separate visits. The battery included the following screeners and
cognitive tests: Mini-Mental State Examination (2" edition), Clock
Drawing Test, Trail-Making Test (TMT), Rey Auditory Verbal Learning
Test (RAVLT), Rey-Osterrieth Complex Figure Test (ROCFT), Letter
Fluency, Star Cancellation Test, and Digit Span Test. The ISC tests
were administered on an iPad Pro and were automatically scored
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using designated algorithms. The analog tests were administered
in line with existing guidelines and scored by trained neuropsychol-
ogists. Criterion validity was established through relative agreement
coefficients and raw score equivalence tests. In addition,measure-
ment invariance analysis was used to compare the factor structures
of both versions. Finally, we explored effects of demographics and
experience with digital devices on performance.

Results: We found fair to excellent relative agreement between
test versions. Absolute equivalence was found for RAVLT, Letter
Fluency, Star Cancellation Test, and Digit Span Test. Importantly,
we demonstrated equal loadings of the digital and analog test
versions on the same set of underlying cognitive domains.
Demographic effects were mostly comparable between modalities,
and people’s experience with digital devices was found to only
influence performance on TMT B.

Conclusions: This study provides several sources of evidence for
the validity of the ISC test battery, offering an important step in
validating ISC for clinical use.

Digital cognitive testing has been gaining traction in recent years as a powerful and
flexible alternative to traditional analog testing. Its potential benefits are
well-documented, and include a high level of standardization, a significant increase
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in the amount of performance information, and a more efficient workflow both in
terms of administration and scoring (Kessels, 2019; Riordan et al., 2013; Zygouris &
Tsolaki, 2015). IntelliSpace Cognition (ISC) developed by Philips is a digital adaptation
of standardized cognitive tests, which is intended for use in clinical settings. ISC
contains digital versions of existing analog tests (as opposed to tests specifically
created for the digital domain; Koo & Vizer, 2019). In a previous article, we provided
initial validation data using a prototype version of ISC in a Dutch sample and con-
cluded that the digital tests measured the same underlying constructs as commonly
found in the (analog-based) literature (Vermeent et al., 2020).

In the present article, we sought to extend these findings by providing additional
validation data directly comparing the clinically available version of the ISC battery
(second version) against the analog versions of the tests in a representative US sample.
Such direct comparisons between digital and analog test versions are crucial because
despite their relative equivalence on the surface, digital tests might differ in various
ways from their analog counterparts (Bauer et al., 2012; American Educational Research
Association et al., 2014), and thus require dedicated psychometric validation. While
the prototype version of ISC presented in Vermeent and colleagues (2020) still required
substantial involvement of a clinician (i.e., providing instructions, correcting errors,
rating performance), the clinically available version of the ISC battery presented here
contains tests that only required minimal supervision.

Converting analog tests to a digital format can have subtle but important effects
on performance. Relevant factors that might lead to differences between modalities
are screen size (Grinspoon, Passell, Scheuer, Ressler, & Germine et al., 2019),
platform-specific hardware or software aspects (Dadey et al., 2018; Passell et al., 2020),
and input type (e.g.,, computer mouse vs. finger vs. digital pen; Germine et al.,, 2019).
Such differences are inevitable to a degree. For example, performing a drawing test
on a tablet using a digital pen provides a different user experience from performing
that same test on paper (Spreij et al, 2020). When differences between modalities
are systematic and relatively consistent between patients, they are not necessarily
problematic, given that separate norms are provided (Bauer et al., 2012). Problems
arise, however, when changes introduced in a digital assessment alter the cognitive
construct that is being measured. Strong arguments have been made that digital
adaptations of cognitive tests, just as any other new cognitive test, should be sub-
mitted to scrutinous validation and reliability studies (Bauer et al, 2012; American
Educational Research Association et al., 2014). However, evidence for validity and
reliability is still lacking for many digital tests (Schlegel & Gilliland, 2007; Schmand,
2019; Wild et al., 2008), and existing evidence is often mixed (e.g., Arrieux et al., 2017;
Bailey et al., 2018; Bjorngrim et al,, 2019; Cole et al., 2018; Daniel, Wahlstrom, & Zhang,
2014; Gualtieri & Johnson, 2006; Morrison et al., 2018).

Most cognitive tests are to some extent influenced by demographic characteristics
of the test-taker such as age, education level, and sex (Strauss et al., 2006). Digital test
versions are no different, though they can also potentially introduce unique demo-
graphic effects that influence performance (Germine et al, 2019). For example, older
adults tend to have less computer experience and generally perceive digital technology
as more difficult to use than younger adults (Hauk et al., 2018; Lee Meeuw Kjoe et al.,
2021; Rabipour & Davidson, 2020; Wild et al, 2012), which may make a digital test



2280 (&) S.VERMEENTET AL.

battery more challenging or intimidating for older adults (Rabipour & Davidson, 2020;
Zygouris & Tsolaki, 2015). Any such differences caused by level of familiarity might
very well soon or already be outdated given the speed with which digital technologies
continue to pervade most aspects of society for all age groups (Hilir & MacDonald,
2020; Miller & Barr, 2017). However, they must nevertheless be taken into consideration,
seeing as how recent estimates of ownership of handheld devices is only around 40%
for tablets and nearly 50% for smartphones in households over 65years of age (Ryan,
2018). These numbers remain low relative to younger age groups despite constituting
roughly a 10% increase in three years’ time (File & Ryan, 2014).

The current article investigates several aspects of validity of the ISC digital cognitive
test battery using a large, representative group of healthy older adults who completed
both the clinical version of the ISC battery (second edition) and an analog battery
containing the same tests across two visits. First, we provide evidence of criterion
validity by examining the agreement between scores on the ISC test versions and
scores on a comparative test battery consisting of analog versions of the same tests.
Given our previous work with a prototype version of ISC, we hypothesized that per-
formance data generated by ISC would show an acceptable level of relative agreement
with analog counterparts (as assessed through intraclass correlations) as well as
absolute equivalence on a raw scale. Second, we provide additional evidence of
construct validity via measurement invariance analyses to test whether performance
on both versions is related to the same underlying cognitive domains. We hypothe-
sized that the same factor model provides good fit to the data generated by both
the ISC and the analog battery and that tests of both versions measure the same
latent constructs. Third, we explored the effect of demographic characteristics and
experience with digital devices on performance for both modalities.

Materials and methods
Participants

A total of 200 participants were recruited through a research recruitment agency,
following a sampling plan that stratified for sex, education level and racial/ethnic
background according to the U.S. demographic (U.S. Census Bureau, 2017) within
predefined age groups spanning 5years each (see Table 1) . Participants were healthy
volunteers (Mean MMSE score = 27.7 (SD=1.8), range = 21-30) between the ages
of 50 and 80years old who were living independently at the time of data collection.
Their primary language was English and they had normal or corrected to normal
eyesight and hearing on the day of testing, as well as normal fine and gross motor
ability. The exclusion criteria were self-reported presence of neurological, autoimmune,
major mental illness, mood disorder, anxiety and/or autism spectrum disorders; intel-
lectual disability; recent functional changes in reference to activities of daily living
(ADLs); substance abuse or dependence; aphasia or any cognitive difficulties for which
participants were seeking medical help at that time; admission to a hospital, or res-
idence in an assisted living facility, nursing home or psychiatric facility at the time
of the visit; history of head trauma with loss of consciousness greater than 20 minutes;
history of resuscitation, exposure to ECT, radiation to the central nervous system;
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Table 1. Participant Characteristics.

ISC, then Analog Analog, then ISC
(n=99) (n=101) Test statistic p
Age, mean (SD) 67.2 (7.0) 66.3 (7.5) t(197.38) = 0.88 .383
Years of Education, mean (SD) 13.7 (2.2) 13.6 (2.3) t(197.49) = 0.14 .893
Sex, % female 50.1 52.5 X2(1) = 0.02 891
Race X2(3) = 3.95 267
White, % 80.8 713
Black, % 11.1 129
Hispanic, % 6.1 8.9
Other, % 2.0 6.9
MMSE-2 score, median®® 28 28 U=4909.5 824
Clock Drawing Test, median® ® 8 9 U=4928.5 960
Study location X(3) = 4.24 236
Totowa (NJ), % 29.3 347
Orlando (FL),% 18.2 25.7
Philadelphia (PA), % 28.3 24.8
Sacramento (CA), % 24.2 14.9
Test-retest interval in days, 19.9 (10.1) 18.1 (6.4) t(165.52) = 1.53 129

mean (SD)

Note. ISC=IntelliSpace Cognition; MMSE-2 = Mini-Mental State Examination 2" Edition.
aScoring according to Manos and Wu (1994; range 0-10).
5Non-parametric Mann-Whitney test.

previous experience with undergoing neuropsychological testing; use of medication
that might impact test performance (e.g., anticonvulsants, benzodiazepines); received
chemotherapy treatment in the last 2months. Recruitment and testing took place at
four locations in the United States of America: Totowa (NJ), Orlando (FL), Philadelphia
(PA), and Sacramento (CA).

After data collection was completed, a total of 11 ISC test scores were excluded
casewise due to technical difficulties, retaining the other test scores for analyses: Three
Rey Auditory Verbal Learning (RAVLT) learning trial scores were missing due to missing
audio recordings; one Letter Fluency Test score was missing due to a missing audio
recording; one Rey-Osterrieth Complex Figure Test (ROCFT) Immediate Recall score was
missing because the drawing was not recorded due to a human error; and one Trail
Making Test (TMT) A score was missing due to a technical error. Four participants did
not reach the final target of the TMT B (i.e, the participant stopped the test before
reaching the area of the final target). In addition, one participant only partially com-
pleted the Star Cancellation Test, crossing out only 30 of the 54 targets. For the latter
we were unable to determine whether or not this issue was caused by a technical
failure (i.e., digital pen detection failure by the iPad). While the product version of ISC
handles non-completion more leniently, we decided to exclude these participants here.
Whereas non-completion is likely related to cognitive functioning in a clinical sample,
all participants in our sample were healthy and should therefore be able to complete
all tests. Finally, five participants had missing data on the familiarity questionnaire and
where therefore excluded from the regression analyses involving this measure (see below).

Measures

An overview of the included outcome measures per test, and a description of the
administration and scoring differences between the two modalities is presented in
Table 2. The tests were administered in a fixed order for every participant and at
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every visit: Mini Mental State Examination (2" edition), RAVLT Learning Trials, RAVLT
Interference, RAVLT Immediate Recall, TMT A, TMT B, O-Cancellation test, Clock
Drawing Test, Clock Drawing Test Copy Trial, Star Cancellation Test, RAVLT Delayed
Recall, RAVLT Recognition, ROCFT Copy Trial, Letter Fluency Test, ROCFT Immediate
Recall, Digit Span Forward, Digit Span Backward, and Category Fluency Test. The
decision to fix the test order ensured that several test interval requirements were
adhered to for the RAVLT and ROCFT recall trials (e.g., comparable time intervals
between the learning and (delayed) recall trials; no verbal tests between the different
RAVLT trials and no drawing tests between the ROCFT trials). The analog versions of
the tests were administered in the same order, according to standardized adminis-
tration rules as used in clinical practice. We did not use parallel versions of the tests
across assessments for two reasons: First, using parallel versions would make it more
challenging to draw conclusions about equivalence, especially in the case of devia-
tions between modalities. Second, for some of the tests included in the ISC battery
no parallel versions exist in the literature, and not all parallel versions are as
well-validated as the main versions.

Several designated algorithms were developed for ISC tests that required scoring
following fixed scoring rules. The ROCFT Copy and Immediate Recall drawings were
scored by a deep learning algorithm and the audio recordings of the RAVLT and
Letter Fluency trials were scored by speech recognition algorithms. The technical
details about the algorithms and the reliability analysis are beyond the scope of this
paper. In short, in order to assess their reliability relative to human raters, we randomly
sampled subsets of ROCFT drawings and audio recordings of the RAVLT and Letter
Fluency to be scored by human raters. These subsets were sampled from a larger
pool of participants than discussed in this paper, some of whom only completed the
digital battery and are therefore not included for the main analyses described in this
article. Within these subgroups, we calculated inter-rater reliabilities among the human
raters and compared them to the human-algorithm inter-rater reliabilities (see Table 3).
Although the human-algorithm reliabilities tended to be slightly lower than the reli-
abilities among human raters, they were all reliably above .90, indicating strong
agreement between the human raters and the automated algorithms.

The ISC tests were implemented on the Philips ISC platform to be similar to these
analog versions and were performed using an iPad Pro tablet (3™ generation) running
on iOS 12 with a screen size of 12.9 inches and resolution of 2732x2048 pixels.
Drawings were made using an Apple Pencil for the iPad Pro. For tests that required
a verbal response, audio recordings were made using the iPad’s internal microphone.
Two tests, namely O-Cancellation Test and Category Fluency Test, as well as the
Recognition trial of the RAVLT have not been implemented in the second clinical
release of ISC, which means that the automated algorithms necessary to score these
tests were not yet developed at the time of writing. Because of this, these tests are
not included in this article.

Prior to cognitive testing, participants completed a digital familiarity questionnaire
specifically developed for the purpose of this study about their everyday experience
with various digital devices. The questionnaire consisted of six questions, asking about
frequency of use of digital devices (“Please indicate how often you use the following
devices: Desktop PC/laptop PC/smartphone/tablet”) and self-ratings of use (e.g., “how
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Table 3. Inter-Rater Reliabilities between Human Raters and Algorithm Scores.

Agreement (Intraclass correlation)
[95% confidence interval]

Human
Test Measure N trials N raters Human raters raters-Algorithms
ROCFT Drawing score 200 6 .97 [.97, .98] 93 [.92, .95]
Letter Fluency =~ F+A+S total score 3*100 3 .99 [.98, .99] .96 [.94, .97]
RAVLT Word list A trials 7 * 100 4 .99 [.99, .99] .97 [.95, .98]

total score
Note. RAVLT =Rey Auditory Verbal Learning Test; ROCFT =Rey-Osterrieth Complex Figure Test.

would you rate yourself on the use of a smartphone/tablet?”). Here we focus on the
subset of four items probing the frequency of use. Participants answered using a
four-point scale ranging from “Not” to “(almost) daily”. An overall measure of experi-
ence with digital devices was computed by calculating the sum of these four measures,
with possible scores ranging from 0 to 12.

Procedure

Ethics approval for the study was obtained from the Internal Committee of Biomedical
Experiments within Philips as well as from an external institutional review board
(Western IRB). The study was conducted according to the principles of the Declaration
of Helsinki and per the requirements of the ISO 14155 standard (Good Clinical Practice).
The study was registered on ClinicalTrials.gov (NCT03801382). Continuous quality
assurance took place during data collection by inspecting the ISC data for complete-
ness and potential test order deviations, through regular team meetings to evaluate
and reflect on the process, and through monitoring activities of the study by an
independent clinical research organization.

See Figure 1 for a flowchart of each visit. Upon inclusion, participants were assigned
randomly to one of two groups with minimization for demographic characteristics.
Half of the participants (n=99) first received the ISC tests, and the other half (n=101)
received the analog measures first. After an interval of at least 14 days, participants
returned to the clinic to complete the other test modality. The total duration per visit

Phase Activities
Phone Screening
1  Recruitment Scheduling

Group Assignment
Informed consent

T
|
T
i
1
|
1
i
|
i
1
!
i Post-Assessment Questionnaires
i
|
1
!
¥

Pre-Assessment Confirm eligibility

2 Visit 1 Familiarity Questionnaire
Test Baftery Assessment Group 1: ISC Group 2: Paper-and-Pencil
i SSESSSET SR ConTi.rml eligibiﬂih.f .

3 Visit 2 Familiarity Questionnaire
Test Battery Assessment Group 1: Paper-and-Pencil Group 2: 1SC
Post-Assessment Questionnaires

Figure 1 . Study visit flow chart.
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was approximately 1.5 hours. At the beginning of the visit, the participants signed
an informed consent form (only at visit 1), the test administrator confirmed eligibility
of the participant by verifying all inclusion- and exclusion criteria, and participants
completed a digital familiarity questionnaire. Next, participants completed either the
ISC or analog version of the test battery. Finally, participants filled out usability ques-
tionnaires. The visits took place in a dedicated examination room at one of the four
study locations. Sources of lighting reflections on the iPad (from a window or a lamp
place right above) were eliminated. Four test administrators (one per study location)
were hired and trained on the use of ISC and the study protocol. The test adminis-
trators were licensed psychologists with clinical experience in neuropsychological
testing. For each individual participant all tests were administered by the same test
administrator. Participants entered the study voluntarily and received a 75US dollar
compensation for each visit. Participants did not receive feedback about their per-
formance on the tests.

Analyses

All analyses were done using R 4.0 (R Core Team, 2020).

Cross-modal agreement and equivalence. Each ISC test was compared with its analog
counterpart through intraclass correlations (ICC) for consistency using two-way random
effects models. The ICC values were interpreted using the guidelines described by
Cicchetti (1994): <0.40 indicating poor agreement; 0.40—0.59 indicating fair agreement;
0.60-0.74 indicating good agreement, and >.75 indicating excellent agreement.

In addition, we directly tested for statistical equivalence between analog and
ISC test scores using the two one-sided t-tests procedure (TOST; Schuirmann, 1987;
Lakens et al., 2018) using the TOSTER package (Lakens, 2017). In TOST, one spec-
ifies a range within which the difference between two values will be regarded as
equivalent. Through two one-tailed t-tests, the TOST addresses the composite
null-hypothesis that the observed difference either exceeds the lower or exceeds
the upper boundary value of the equivalence range. Equivalence is established
when both tests are statistically significant (i.e., both null hypotheses can be
rejected). Since equivalence requires both tests to be significant, it is not necessary
to control for multiple comparisons (Lakens et al., 2018). Thus, equivalence can
be inferred through a statistically significant effect rather than by failure to detect
a significant difference. Note that a significant TOST result does not necessarily
mean that the two scores are perfectly identical. Rather, it means that any differ-
ence between the scores is too small to constitute a relevant effect (Lakens et
al., 2018).

To test for equivalence between the ISC and analog test scores, we defined practical
equivalence by means of lower and upper equivalence bounds of —0.3 SD and +0.3
SD of the scores of the analog test versions. These bounds corresponded to the
standard error of measurement of a reliable test (.91). The TOST was supplemented
by paired samples t-tests comparing the raw means of the ISC and analog test scores.
The effect sizes of these t-tests were assessed through Cohen’s d, using 0.2, 0.5 and



2286 (&) S.VERMEENTET AL.

0.8 as cut-offs for small, medium and large effects, respectively. The combination of
t-test and TOST analyses informed us whether 1) there were mean differences between
test scores and if so, 2) whether these fell within or outside a predefined practical
equivalence range. As the TOST test provides two p-values (one for each equivalence
bound), we only report the least extreme p-value (Lakens et al., 2018).

Cross-modal measurement invariance. We used longitudinal measurement invariance
based on CFA to assess the construct validity of the ISC test battery, that is, whether
the same cognitive constructs underlay performance on the ISC test battery compared
to the analog test battery (see below for more information on the exact statistical
procedure). Employing a longitudinal extension of the standard measurement invari-
ance procedure allowed us to take into account the within-subject design of our
study. Typically, longitudinal invariance is used to assess measurement changes in the
same tests over time (Mackinnon et al., 2021). Here, however, the interest was not
so much in change over time per se but in potential change across modalities. As
the order in which participants completed the test versions across sessions was
counterbalanced, this meant collapsing across sessions so that all ISC versions and
all analog versions were grouped together. Although the principle is identical, this
makes “longitudinal” a slight misnomer.

We used CFA as opposed to more exploratory approaches because the factor
structure of the analog test versions has been well-established in the literature (e.g.,
Larrabee, 2015; Lezak et al., 2012; Strauss et al.,, 2006). This information can be
leveraged in a CFA context to apply a-priori constraints to the model, as opposed
to exploratory factor analysis (EFA) which assumes no prior knowledge about the
data and is more sensitive to patterns that are unique to the sample under inves-
tigation. The measurement invariance approach has advantages for establishing
construct validity in two ways: First, we started by fitting the model to the analog
data, thereby confirming whether its specifications were sensible in the context of
the traditional measures. Second, it allows an incremental assessment of the extent
to which the ISC tests adhered to the same factor structure, and, in the case of
measurement invariance, which statistical dimension would be the cause of this
invariance.

The CFA model consisted of four latent cognitive domains (see Figure 2) and was
fitted using the lavaan package (Rosseel, 2012). As is standard in longitudinal mea-
surement invariance, we specified one model containing both the ISC and analog
measures, each with mappings to their own latent factor. Thus, the specification
contained two versions of each latent factor (e.g., one “ISC version” and one “analog
version” of working memory). The cognitive domains were scaled by fixing their error
variances to 1. In order to reduce the number of parameters in the configural model,
we fixed residual covariances of the manifest variables to be equal across modalities
(Cole & Maxwell, 2003). The model specification is a slight adaptation of a theory-driven
model that was previously used to establish initial evidence of validity of a Dutch
prototype version of the ISC test battery (Vermeent et al., 2020). The model differed
from the one presented in Vermeent et al. because some tests included in the pro-
totype version were not included in the clinically available second version of ISC
studied here.
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Measurement invariance was assessed in several steps (Vandenberg & Lance, 2000).
First, we assessed the equivalence of the underlying covariance matrices between
test modalities (i.e., configural equivalence) by fitting the model to the ISC and analog
tests without any equivalence constraints (except for the residual covariances between
manifest variables as described above). In other words, this step tested whether the
specification of the model structure resulted in good fit to the observed data of both
test modalities. Model fit was assessed using several quantitative indices, following
recommendations by Schermelleh-Engel et al. (2003): a good fit to the data was
qualified by a non-significant chi-squared test (p> .05), Standardized Root Mean Square
Residual (SRMR) < 0.05 (acceptable fit < 0.10); Root Mean Square Error of Approximation
(RMSEA) < 0.05 (acceptable fit < 0.08); Comparative Fit Index (CFl) > 0.97 (acceptable
fit = 0.95). As the chi-squared test can be sensitive to sample size, we assign relatively
more weight to the SRMR, RMSEA and CFI (Schermelleh-Engel et al., 2003).

Next, we fitted a more stringent model version constraining the factor loadings to
be equal across modalities (i.e., metric invariance). This model tested whether the
tests contributed equally to the latent factors across modalities. Finally, an additional
model placed further equality constraints on the test intercepts (i.e., scalar invariance).
Equality in test intercepts indicates that the same score on the latent variable results
from similar intercepts for the tests or whether there are systematic mean differences
(e.g., when an average domain score is linked to faster completion times on one
modality compared to the other). Thus, the metric invariance model tested whether
the latent variables represented the same underlying construct across domains, while
the scalar invariance tested for differences in offset in the relationship between cog-
nitive tests and latent variables. Model fit of consecutive models was compared
through chi-squared difference tests. If measurement invariance was not supported
for a given model, more constrained models were not considered. In case of
non-invariance, we attempted to localize the parameters driving the non-invariance
through modification indices.

Effects of demographics and experience with digital devices. We constructed linear
regression models per modality with test scores as outcome variables to assess the
effects of demographic characteristics, experience with digital devices, and modality
order (i.e., analog first or ISC first). Included as predictors were age (in years), edu-
cation (in years), sex (binary coding, using female as the reference category), experi-
ence with digital devices (see Measures section) and modality order (binary coding,
using analog first as the reference category). We applied Benjamini-Hochberg correc-
tions to p-values per test across modality models.

Results
Cross-modal agreement and equivalence

See Table 4 for an overview of agreement and equivalence statistics of all tests. The
ICC values between the ISC and analog test versions ranged from .45 for ROCFT Copy
total score to .76 for Letter Fluency total score, predominantly showing fair to good
agreement (with the exception of Letter Fluency, which showed excellent agreement).
Practical equivalence as assessed through the TOST procedure was established for all
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tests except the ROCFT and TMT. For Letter Fluency, RAVLT Delayed Recall and Star
Cancellation, paired samples t-tests indicated significant differences between the
modalities with small effect sizes ranging from d=0.15 to d=0.31. However, the
equivalence tests were significant, indicating that the differences in test scores fell
within the a priori equivalence bounds of 0.3 SDs and can therefore be considered
practically equivalent. We found non-equivalence for both TMT trials, the ROCFT Copy
and ROCFT Immediate Recall. People tended to spend longer on the ISC version of
the TMT compared to the analog version, constituting medium effect sizes for both
trials. For ROCFT Copy, people tended to score higher on the ISC version compared
to the analog version. The reverse was true for the ROCFT Immediate recall trial,
where people tended to score lower on the ISC version compared to the analog
version. For both ROCFT scores, the difference constituted a small effect size.

We conducted additional exploratory analyses to better understand the relative
influence of the scoring method (i.e., automated vs. manual) separately from the
administration method (i.e., digital vs. analog) on modality differences for the ROCFT.
A subset of ROCFT drawings produced on the ISC platform (n=103 for both the Copy
and Immediate Recall trial) were manually scored by three independent neuropsy-
chologists (each scoring a subset of the drawings). Thus, any effects that the ROCFT
algorithm might have on scoring were removed in this comparison. Similar to the
main analysis described above, we tested for equivalence between the manual scores
for the ISC drawings and analog drawings using the TOST procedure.

For the Copy trial, the modalities were found to be equivalent when both were
scored by human raters, (TOST: t(102) = 2.08, p = .020). The scores given by human
raters on ISC drawings (M=23.9, SD=6.2) did not significantly differ from scores given
by human raters on analog drawings (M=24.8, SD=6.7), t(102) = 1.55, p = .125.
Similarly, we found equivalence for the Immediate Recall trial when both modalities
were scored by the same human raters (TOST: t(102) = 3.02, p = .002). The scores
given by the human raters on ISC drawings (M=10.1, SD=4.9) did not significantly
differ from scores given by human raters on analog drawings (M=10.6, SD=5.7). These
results suggest that scoring differences between the ISC version of the ROCFT and
the analog version were the result of differences between the human raters and the
algorithm, and not of differences in test performance.

Cross-modal measurement invariance

Multicollinearity statistics were acceptable for all measures (see Table S1 and Table
S2 for correlations between all measures and Table S3 for VIF and tolerance values).
The three RAVLT trials (Learning trial, Immediate Recall trial, and Delayed Recall
trial) showed higher VIF and lower tolerance values than the other tests, with VIF
values ranging between 3.54 (for analog learning trials) and 4.31 (for ISC immediate
recall trial) and tolerance values ranging between 0.23 (for ISC immediate recall
trial) and 0.28 (for analog learning trials). These values lie within acceptable bound-
aries (following common cut-off values of <5 for VIF and <.20 for tolerance). A
control analysis, leaving out RAVLT Immediate Recall (which showed the highest VIF
values and lowest tolerance) from the measurement invariance analyses yielded
nearly identical results.
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Standardized loadings for the configural model are presented in Table 5. The
model converged normally. The chi-squared test was statistically significant (x> (62)
= 213.88, p = .013), suggesting a deviation of the sample covariance matrix from
the model-implied covariance matrix and therefore suboptimal model fit. In contrast,
the other fit statistics all reflected good model fit: RMSEA = .037, 90% Cl [.018, .052],
CFl = .981, SRMR = .048. Combined, this provided sufficient evidence for an adequate
fit of the configural model. Thus, both the ISC and analog versions of the tests
adhered to the same basic factor structure. See the Supplemental materials for the
correlations between outcome measures.

The results of subsequent measurement invariance steps are summarized in Table 6.
The model testing metric invariance in terms of equal loadings was supported. This
demonstrates that the test scores contributed in the same way to the underlying cog-
nitive domains across modalities. These results supported the hypothesis that the ISC
test versions measured the same cognitive domains as their analog counterparts.

Constraining the test intercepts to be equal across modalities resulted in a signifi-
cantly worse model fit. Thus, scalar invariance was not supported. In order to identify
the tests driving the scalar non-invariance, we iteratively released intercept constraints
based on modification indices. We did so one outcome measure at a time, each time
comparing the updated partial scalar invariance model to the metric invariance model
until the change in chi-squared was no longer statistically significant (see Table 7).
Scalar invariance was most strongly driven by the intercept constraints of TMT A, TMT
B and ROCFT Immediate Recall, with iterative modification indices ranging from 43.86
to 27.95. After releasing the intercept constraints of these tests, model fit was still
significantly worse compared to the metric invariance model. Partial scalar invariance

Table 5. Standardized factor loadings based on analog and IntelliSpace cognition test
versions.

Analog ISC
Estimate SE Z (p) Estimate SE Z (p)

Executive functioning/speed

TMT A duration 0.64 0.06 11.63* 0.61 0.06 10.45*

TMT B duration 0.76 0.05 16.19% 0.65 0.06 11.14%

Star cancellation duration per 0.49 0.06 7.78* 0.49 0.07 7.61*

correct cancellation
Letter fluency total score 0.47 0.07 7.27% 0.53 0.06 8.60%
Working memory

Digit Span Forward total score 0.72 0.07 10.87* 0.64 0.06 10.71*

Digit Span Backward total score 0.70 0.07 10.00* 0.75 0.06 12.40*
Memory

RAVLT Learning total score 0.88 0.04 22.96* 0.87 0.03 27.05*

RAVLT Immediate Recall total 0.92 0.02 55.37% 0.92 0.02 56.43%

score

RAVLT Delayed Recall total score 0.92 0.02 57.74* 0.90 0.02 48.99*
Visual spatial processing

ROCFT Copy total score 0.73 0.07 9.94* 0.70 0.06 12.04*

ROCFT Immediate Recall total 0.77 0.07 11.34% 0.73 0.07 13.41%

score

Note. For ease of interpretation, all test scores were coded so that lower scores reflected worse performance.
ISC=IntelliSpace Cognition; TMT =Trail Making Test; RAVLT =Rey Auditory Verbal Learning Test; ROCFT =Rey-Osterrieth
Complex Figure Test.

n=189.

*p< .001.
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Table 6. Measurement invariance of cognitive domains and test scores across analog and intelli
Space cognition test modalities.
Model X2 (df), p RMSEA (90% CI) CFI SRMR Ax? p

1. Configural 213.88 (170), .013 .037 [.018, .052] 981 .048
invariance

2. Metric invariance: 228.97 (181), .009 .037 [.020, .052] 979 .055 15.08 179
Equal factor
loadings

3. Scalar invariance: 399.46 (192), <.001 .076 [.065, .086] .901 .073 170.49 <.001
Equal indicator
intercepts

Note. CFl=Comparative Fit Index; Cl=Confidence interval; SRMR = Standardized Root Mean Square Residual;
RMSEA =Root Mean Square Error of Approximation.
n=189.

Table 7. Partial scalar invariance analysis relative to the metric invariance model.

Test intercept Modification index A x?
TMT A duration 43.86*** 116.97***
TMT B duration 44.05%** 65.17%**
ROCFT Immediate Recall total score 27.95%** 32.69%**
ROCFT Copy total score 6.99%* 25.42%*
RAVLT Delayed Recall total score 5.97* 19.32**
Digit Span Forward total score 5.24* 13.83*
Star Cancellation Test duration per correct cancellation 4.55% 9.17

Note. TMT =Trail Making Test; RAVLT=Rey Auditory Verbal Learning Test; ROCFT =Rey-Osterrieth Complex Figure
Test.

n=189.

*p < .05. **p < .01. ***p < .001.

was achieved only after additionally releasing the intercept constraints on ROCFT

Copy, RAVLT Delayed Recall, Digit Span Forward, and Star Cancellation Test, although

the modification indices were noticeable smaller (ranging from 6.99 to 4.55). Thus,

only Digit Span Forward, RAVLT Learning, RAVLT Immediate Recall, and Letter Fluency

Test showed scalar invariance across modalities.

Effects of demographics and experience with Digital devices

Table 8 compares the effects of age, years of education, sex, experience with digital
devices, and modality order across modalities for each test. The residuals for TMT A
duration, TMT B duration, and Star Cancellation Test duration per correct cancellation
were found to be non-normally distributed. Therefore, we log-transformed the scores
of these tests before submitting them to the regression analysis.

Overall, the strongest effects of demographic characteristics on performance were
found for the RAVLT trials, showing comparable effects between modalities. In addi-
tion, the order in which the batteries were administered had a strong effect on all
RAVLT trials. The pattern generally suggested a learning effect that was similar for
both modalities: People tended to score lower on the RAVLT trials during their first
visit than during their second visit, regardless of whether their first exposure was to
the digital or analog version.

Age had a noticeably stronger negative effect on the ISC version of TMT A com-
pared to the analog version, with older adults performing comparatively worse on
the ISC version compared to the analog version. The effect of years of education
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diverged between modalities on TMT B duration, and on both ROCFT Copy and
Immediate Recall total scores, with more years of education being associated with
better performance. The analog version of TMT B duration was strongly predicted by
years of education, while the ISC version was not. Years of education predicted per-
formance on the analog version of the ROCFT copy score but not in the ISC version,
while the opposite was true for ROCFT Immediate Recall total score. For the remainder
of the tests, demographic effects on test performance were comparable between the
modalities. On a scale of 0 to 12, participants on average rated their experience with
digital devices with 7 (SD=2.6, range = 0-12), indicating moderate experience.
Self-reported experience was correlated moderately with age (r = —.31, t(366) = 6.50,
p< .001), and was not significantly correlated with years of education (r = .08, t(366)
= 1.52, p = .129). Participant’s self-reported experience with digital devices was only
correlated with performance on TMT B duration, with people who indicated more
experience being faster on the test. This effect came in the place of the age and
education effects that were found for the analog version of TMT B.

Discussion

Overall, we found fair to excellent agreement between the ISC and analog test battery,
with the majority of ISC tests showing equivalence to their analog counterparts. These
findings are in line with those found for other digital cognitive test batteries (e.g.,
Bjorngrim et al.,, 2019; Weintraub et al., 2013). A few differences were found which
were mostly limited to drawing tests. People tended to be slower on the ISC version
of the TMT and age had a larger effect on the ISC version of TMT A. As for the ROCFT,
people generally scored higher on the ISC copy trial than on the analog version of
the test, but lower on the ISC immediate recall trial. Follow-up analyses showed that
this difference disappeared when ISC drawings were rated by humans instead of the
algorithm, suggesting that the difference is not related to differences between modal-
ities (e.g., drawing on a tablet versus on paper) but rather by differences between
algorithm scores and human scores.

Arguably the largest appeal of digital neuropsychological testing is the possibility
of using automated scoring algorithms to assess performance. The current findings
suggest that the performance of the scoring algorithms perform close to or on the
level of human raters. First, interrater reliabilities between human raters and algorithms
on the same input were reliably above .90, indicating high relative agreement. Second,
the scores produced by speech recognition algorithms on the ISC tests showed high
absolute agreement with the scores produced by human raters on the analog tests.
For the ROCFT, high relative agreement was found with human raters, although scores
produced by the algorithm were not equivalent to those of human raters in an abso-
lute sense. This indicates that although the algorithm “ranked” participants in more-or-
less the same way, the exact scores tended to be systematically different. For both
drawing and speech-recognition algorithms it should be noted that the current find-
ings only speak to their ability to approach human raters in terms of scoring, not to
the extent to which their scores are based on the exact same components. For
example, it is possible that the speech-recognition algorithm involved in Letter Fluency
occasionally transcribes a wrong word (e.g., “for” instead of “four) that happens to be
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correct under the scoring rules, or that the ROCFT algorithm structurally tends to
miss one segment and mistakenly recognizes another segment. Future research should
focus more in-depth on the exact process by which the algorithms arrive at certain
scores, which could guide additional improvements to ultimately match - or even
exceed - human raters.

Importantly, despite finding scalar non-invariance for most tests and differential
effects of demographic characteristics, we generally established evidence of construct
validity for the ISC battery through a measurement invariance analysis. Even though
most tests showed differences in their mean intercepts, which relates to mean dif-
ferences between test versions discussed above, the digital versions measure the
same cognitive domains as their analog counterparts. This finding is important in a
clinical context. While raw performance scores should not be directly compared
across test versions, it indicates that clinicians do not have to adjust the way they
interpret performance on a relative scale. Thus, the results underline the importance
of separate normative data for digital tests, even if they are directly derived from
existing analog tests (Bauer et al., 2012, American Educational Research Association
et al., 2014).

A moderately strong relationship was found between age and experience with
digital devices, with older people tending to use digital devices less frequently in
their everyday life. However, the data showed that the average reported experience
was relatively high, with only a handful of people indicating having (almost) no
experience with digital devices. This is in line with the general trend in the population
showing that older adults are increasingly familiar with digital technology (File &
Ryan, 2014; Ryan, 2018). Importantly, TMT B was the only test in the ISC battery where
performance was influenced by people’s self-reported experience with digital devices.
The effect of experience might have been somewhat suppressed by the high age of
the sample, although the fact that even in this relatively older sample the self-reported
experience was high suggests that potential effects in a broader age range might
not be as important as reported elsewhere (e.g., Hauk et al., 2018; Lee Meeuw Kjoe
et al., 2021; Rabipour & Davidson, 2020; Wild et al., 2012). It is possible that the level
of digital experience observed in the current sample was somehow biased and
non-representative, although a substantial bias seems unlikely given the strict sampling
plan based on education and ethnicity.

The current study has some limitations that should be considered. First, as noted
in the previous paragraph, the age of the sample ranges between 50 and 80years.
Therefore, the results cannot be extrapolated to individuals that fall outside this age
range. A quantification of age effects (as well as other demographic effects) across
a broader age range is an important step for future research. Second, the sample
only includes healthy participants. Converting cognitive tests to a digital format can
have a different impact for people with cognitive impairments compared to healthy
people. For example, differences on drawing tests might be magnified for patients
with impairments in motor or perceptual domains (Germine et al.,, 2019). Such dif-
ferences could potentially have an impact on the construct validity of the tests, as
well as their clinical sensitivity for specific cognitive impairments. An important future
extension of the current study, therefore, will be to administer the ISC battery to
patients with a variety of cognitive impairments. Third, while we focused on the
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effects of several demographic characteristics across a representative sample, other
factors such as ethnicity, acculturation or quality of education were not considered.

To conclude, the current study provides evidence for criterion and construct validity of
the ISC cognitive test battery. Most ISC tests yielded scores that were equivalent to their
analog counterparts, both in absolute and relative terms. Some differences were found
for the drawing tests TMT and ROCFT, which both showed differences in mean scores and
influences from demographic characteristics. However, additional analyses indicated that
the differences found for ROCFT were caused by differences between algorithm and human
rater scores, and not by structural differences between modalities. Importantly, metric
invariance was established for the entire test battery, meaning that the ISC tests measure
the same cognitive constructs as their analog counterparts. Finally, people’s experience
with digital devices was found to only affect TMT B performance, suggesting that the
battery is suitable for use in the older population. These findings offer an important step
in validating the ISC cognitive test battery for clinical use.
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