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ABSTRACT
Objective:  This article provides the test–retest reliability and 
Reliable Change Indices (RCIs) of the Philips IntelliSpace Cognition 
(ISC) platform, which contains digitized versions of well-established 
neuropsychological tests.
Method:  147 participants (ages 19 to 88) completed a digital cog-
nitive test battery on the ISC platform or paper-pencil versions of 
the same test battery during two separate visits. Intraclass correla-
tion coefficients (ICC) were calculated separately for the ISC and 
analog test versions to compare reliabilities between administra-
tion modalities. RCIs were calculated for the digital tests using the 
practice-adjusted RCI and standardized regression-based (SRB) 
method.
Results:  Test–retest reliabilities for the ISC tests ranged from mod-
erate to excellent and were comparable to the test-retest reliabili-
ties for the paper-pencil tests. Baseline test performance, retest 
interval, age, and education predicted test performance at visit 2 
with baseline test performance being the strongest predictor for all 
outcome measures. For most outcome measures, both methods for 
the calculation of RCIs show agreement on whether or not a reli-
able change was observed.
Conclusions:  RCIs for the digital tests enable clinicians to deter-
mine whether a measured change between assessments is due to 
real improvement or decline. Together, this contributes to the 
growing evidence for the clinical utility of the ISC platform.

Introduction

Recent years have seen a steady rise of digital cognitive test batteries that aim to 
capitalize on the enormous advantages of technology-enabled digital assessments 
compared to traditional paper-pencil neuropsychological assessments (Arrieux et  al., 
2017; Bauer et  al., 2012; Chan et  al., 2021; Feenstra et  al., 2017; Germine et  al., 2019; 
Kessels, 2019; Riordan et  al., 2013; Zygouris & Tsolaki, 2015). Despite the existence of 
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numerous digital cognitive test batteries and the ubiquity of digital technology in 
everyday life, the adoption of digital cognitive tests in neuropsychological practice 
initially progressed slowly (Miller & Barr, 2017; Rabin et  al., 2014) but will likely increase 
rapidly given recent validation efforts of various digital cognitive test batteries (Cole 
et  al., 2013; Gualtieri & Johnson, 2006; Littleton et  al., 2015; Nakayama et  al., 2014; 
Staffaroni et  al., 2020; Weintraub et  al., 2013), which has been accelerated further by 
an increasing need for remote healthcare.

One of the crucial prerequisites for the adoption of digitized cognitive testing in 
clinical practice is the establishment of psychometric data for digital cognitive tests 
(Rabin et  al., 2014; Schmand, 2019). Validity and test–retest reliability of digital cog-
nitive tests are of critical importance to determine their appropriateness for clinical 
use. This is of particular importance given that digital cognitive tests may have 
important differences from their paper-pencil counterparts, e.g. in terms of response 
format, that may result in measuring functions that are not equivalent (O’Brien et  al., 
2022). We have already provided evidence of the validity of Philips IntelliSpace 
Cognition (ISC), a digital cognitive assessment tool consisting of digitized versions of 
existing paper-pencil cognitive tests (Vermeent et  al., 2022). Here, we will extend 
these findings by presenting the test–retest reliability of ISC. Test–retest reliability is 
the extent to which a test produces consistent results across two or more adminis-
trations to the same person. Test–retest reliability is one of the fundamental psycho-
metric properties that need to be established for digital cognitive assessment tools 
such as ISC. It is crucial in a clinical context, because higher test–retest reliability 
provides the clinician with greater confidence that a change in score is due to the 
cognitive function measured rather than instability of the cognitive test.

ISC is a digital cognitive assessment platform classified as a Food and Drug 
Administration (FDA, 2020) Class II medical device (FDA Medical Devices, 21 C.F.R. SS 
882.1470). The ISC battery consists of digitized versions of commonly used and 
well-established paper-pencil cognitive tests (Rabin et  al., 2016). In addition, ISC fea-
tures a digital adaptation of the Mini Mental State Examination 2nd Edition (MMSE-2; 
Folstein et  al., 2010) as well as digitized versions of the Patient Health Questionnaire 
(PHQ-9) and the General Anxiety Disorder-7 (GAD-7).

Here, we investigate the test–retest reliability of the digital cognitive tests on ISC 
and compare it to the test–retest reliability of the same paper-pencil cognitive tests 
to evaluate the clinical viability of ISC. Direct comparisons between digital and analog 
test–retest coefficients are scarce in the literature. Instead, empirically obtained digital 
test–retest coefficients for digital cognitive tests are typically compared to analog 
coefficients reported in the literature (e.g., Gualtieri & Johnson, 2006; Littleton et  al., 
2015; Nakayama et  al., 2014). Such comparisons are difficult to interpret because of 
differences in samples, test versions, and retest intervals. We mitigated these limitations 
by using a between-subjects design with two groups, one receiving the digital cog-
nitive tests on two occasions and one receiving the paper-pencil versions of the same 
cognitive tests on two occasions. We report test–retest reliabilities of the main outcome 
measures of each cognitive test on ISC and compare them to the test–retest reliability 
coefficients of the analog versions of the same cognitive tests. A secondary purpose 
of this paper is to provide reliable change indices (RCIs) for the cognitive tests on ISC. 
RCIs provide valuable information to clinicians by giving estimates of the probability 
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that a given difference in score between two or more assessments is due to a change 
in the patient’s ability rather than measurement error. This can be important when 
tracking the progression of neurological diseases such as Alzheimer’s disease (AD) and 
related neurodegenerative syndromes, as well as when monitoring the impact of certain 
treatments or interventions intended to improve cognitive function.

Methods

Participants

The two studies described in this article were part of two larger studies with a broader 
scope including a total of 922 participants (see also Vermeent et  al., 2022). Participants 
were recruited through a research recruitment agency, following a sampling plan that 
stratified for age group, gender, education level and racial/ethnic background accord-
ing to the United States demographic data (US Census Bureau, 2017). For the purpose 
of this article, we only report on the results of participants who received two assess-
ments with the same modality, either both assessments on ISC (N = 97) or both 
assessments on paper (N = 49).

Figure 1 shows a flowchart for both studies. Individuals who were eligible to par-
ticipate in the study were randomly assigned to a group with minimization for demo-
graphic characteristics. In study 1, 53 participants were assigned to the ISC group 
and performed a digital cognitive test battery on the ISC platform during both of 
their visits, while 49 participants were assigned to the paper-pencil group and per-
formed analog tests during both of their visits. In study 2, 45 participants were 
assigned to the ISC group and performed a digital cognitive test battery on the ISC 
platform. This resulted in an ISC group of 98 participants and an analog group of 49 
participants. One participant was removed from the ISC group because his retest 
interval was more than three SD longer than the mean retest interval, and it may be 
assumed that because of the long retest interval his performance on the cognitive 
tests is not comparable to the rest of the group. This resulted in an ISC group of 97 
participants.

The total sample for this study (N = 146) consisted of volunteers with no clinical 
diagnosis of mild cognitive impairment or dementia and no self-reported cognitive 
complaints (mean MMSE-2 score = 27.7, SD = 1.8, range = 22–30) between the ages of 
19 and 88 years 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 days of testing, as well as normal fine and gross motor ability.

The exclusion criteria were: (1) self-reported presence of neurological, autoimmune, 
psychotic, mood, anxiety, autism spectrum, substance use, or learning disorder or 
intellectual disability, (2) recent functional changes in reference to activities of daily 
living (ADLs), (3) aphasia or any cognitive difficulties for which participants were 
seeking medical help at the time of the study, (4) admission to a hospital, or residence 
in an assisted living facility, nursing home or psychiatric facility at the time of the 
study, (5) history of head trauma with loss of consciousness greater than 20 min, (6) 
history of a medical event requiring resuscitation, history of electroconvulsive therapy 
or radiation to the central nervous system, (7) a neuropsychological assessment in 
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the six months preceding the study, (8) use of medication that might impact test 
performance (e.g., anticonvulsants, benzodiazepines) or chemotherapy treatment in 
the 2 months preceding the study. Recruitment and testing took place at four loca-
tions in the US: Totowa (NJ), Orlando (FL), Philadelphia (PA), and Sacramento (CA).

Measures

An overview of the outcome measures per test, and a description of the administra-
tion and scoring differences between the two administration modalities is presented 
in Table 1. The tests were administered in the following fixed order for each participant 
at each visit: Mini Mental Status Examination (2nd edition, MMSE-2), Rey Auditory 
Verbal Learning Test (RAVLT) Learning Trials, RAVLT Interference, RAVLT Immediate 
Recall, Trail Making Test (TMT) A, TMT B, Clock Test (CT) Drawing, CT Copy, Star 
Cancellation Test (SCT), RAVLT Delayed Recall, RAVLT Recognition, Rey-Osterrieth 
Complex Figure Test (ROCFT) Copy, Letter Fluency Test (LFT, also known as Controlled 
Oral Word Association Test), ROCFT Immediate Recall, Digit Span Test (DST) Forward, 
DST Backward, and Category Fluency Test (CFT). The test order was fixed for all 

Figure 1. S tudy flow chart. Note. ISC: IntelliSpace Cognition.
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Table 1. O verview of tests and outcome measures.
Test Outcome measures Administration Scoring

MMSE-2 Total score (0–30) IAW Folstein et  al. (2010). 
Instructions adapted to 
reflect digital format 
for ISC and provided 
orally by test 
administrator.

ISC: Immediate scoring in-tool 
by test administrator.

Analog: Transcription by test 
administrator; retrospective 
scoring by 
neuropsychologist.

Clock Test Copy ISC: Total score (0–22)
Analog: Total score 

(0–10)

IAW Strauss et  al. (2006). 
Instructions adapted to 
reflect digital format 
for ISC and provided by 
standardized built-in 
audio.

ISC: Scoring by designated 
algorithm.

Analog: Retrospective scoring 
by neuropsychologist 
according to Manos and Wu 
(1994).

Clock Test Drawing

RAVLT Learning Trials Total score (0–75) IAW Schmidt (1996). 
Instructions adapted to 
reflect digital format 
for ISC and provided 
orally by test 
administrator. ISC: 
Response captured by 
audio recording. 
Analog: Response 
captured by test 
administrator 
transcription.

ISC: Scoring by designated 
algorithm.

Analog: Retrospective scoring 
by neuropsychologist.

RAVLT Interference Total score (0–15)

RAVLT Immediate Recall

RAVLT Delayed Recall

RAVLT Recognition Total score (0–30)

TMT A Duration (in seconds) IAW Strauss et  al. (2006). 
Instructions adapted to 
reflect digital format 
for ISC and provided by 
standardized built-in 
audio.

ISC: Scoring by designated 
algorithm.

Analog: Immediate timing by 
test administrator (using 
stopwatch).

TMT B

Star Cancellation Test Total score (0–54), 
Duration (in seconds)

Duration (in seconds) 
per correct 
cancellation

IAW Wilson et  al. (1987). 
Instructions adapted to 
reflect digital format 
for ISC and provided 
orally by test 
administrator.

ISC: Scoring by designated 
algorithm.

Analog: Immediate timing by 
test administrator (using 
stopwatch); retrospective 
scoring by 
neuropsychologist.

ROCFT Copy Total score (0–36) Instructions adapted to 
reflect digital format 
for ISC and provided by 
standardized built-in 
audio.

ISC: Scoring by designated 
algorithm.

Analog: Retrospective scoring 
by neuropsychologist 
according to Meyers & 
Meyers (1995).

ROCFT Immediate Recall

Letter Fluency Test Total score trials 1–3 IAW Benton & Hamsher 
(1989), Schmand et  al. 
(2008). Instructions 
adapted to reflect 
digital format for ISC 
and provided orally by 
test administrator. ISC: 
Response captured by 
audio recording. 
Analog: Response 
captured by test 
administrator 
transcription.

ISC: Scoring by designated 
algorithm.

Analog: Transcription by test 
administrator; retrospective 
scoring by 
neuropsychologist.

(Continued)
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participants for three main reasons. First, a fixed test order ensured that 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. Second, the order in 
which tests were administered ensured that there were no verbal tests between the 
different RAVLT trials and no drawing tests between the ROCFT trials to minimize 
interference of test outcomes on the RAVLT and ROCFT due to other tests. And third, 
a fixed test order ensured that test order did not influence test–retest reliability. The 
analog versions of the tests were administered in the same fixed order as the ISC 
tests, according to standardized administration rules as used in clinical practice.

The digital cognitive tests were administered via the Philips IntelliSpace Cognition 
(ISC) platform using an Apple iPad Pro tablet (3rd generation) running on iOS 12 with 
a screen size of 12.9 inches and resolution of 2732 × 2048. Drawings were made using 
an Apple Pencil (2nd generation) for the iPad Pro. For tests that required a verbal 
response, audio recordings were captured using the iPad’s internal microphone. All 
tests, except the MMSE-2, were automatically scored by machine learning algorithms 
that have been validated and described elsewhere (see Vermeent et  al., 2022).

Procedure

Ethics approval for the studies was obtained from the Internal Committee of Biomedical 
Experiments of Philips as well as from an external institutional review board (Western 

Test Outcome measures Administration Scoring

Category Fluency Test 
Animals

Total score per trial, Sum 
of scores trials 1–3

IAW Benton & Hamsher 
(1989). Instructions 
adapted to reflect 
digital format for ISC 
and provided orally by 
test administrator. ISC: 
Response captured by 
audio recording. 
Analog: Response 
captured by test 
administrator 
transcription.

ISC: Scoring by designated 
algorithm.

Analog: Transcription by test 
administrator; retrospective 
scoring by 
neuropsychologist.

Category Fluency Test 
Vegetables

Category Fluency Test 
Fruit & Furniture

Digit Span Forward Total score (0–12) IAW Lezak et  al. (2004). 
Instructions adapted to 
reflect digital format 
for ISC and provided by 
standardized built-in 
audio. ISC: Item 
presented visually; 
response captured by 
participant keypad 
presses. Analog: Item 
presented orally; 
response captured by 
test administrator 
transcription of verbal 
response.

ISC: Scoring by designated 
algorithm.

Analog: Transcription by test 
administrator; retrospective 
scoring by 
neuropsychologist.

Digit Span Backward

Note. ISC = IntelliSpace Cognition; MMSE-2 = Mini-Mental State Examination 2nd Edition; RAVLT = Rey Auditory Verbal 
Learning Test; TMT = Trail Making Test; ROCFT = Rey-Osterrieth Complex Figure Test.

Table 1.  Continued.
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IRB/WCG IRB). The studies were conducted according to the principles of the Declaration 
of Helsinki and per the requirements of the ISO 14155 standard (Good Clinical Practice). 
The studies are registered on ClinicalTrials.gov (NCT03801382 and NCT04729257).

For each participants, the total duration per visit was approximately 1.5 h, and the 
visits were between 13 and 56 days apart (M = 18 days, SD = 7 days, median = 15 days). 
At the beginning of the visit, participants signed an informed consent (only at visit 
1), the test administrator confirmed eligibility of the participant by verifying all inclu-
sion and exclusion criteria and completed either the ISC or analog version of the test 
battery. During the first visit, some of the participants also filled in digital familiarity 
and usability questionnaires, but the outcomes of these questionnaires are not dis-
cussed in this article.

All assessments took place in a dedicated examination room at one of the four 
study locations. Sources of light reflections on the iPad (e.g., from a window or a 
lamp) were eliminated. All tests were administered by a licensed psychologist with 
clinical experience in neuropsychological testing. For each individual participant, both 
assessments were administered by the same test administrator. Participants entered 
the study voluntarily and received 75 US dollar compensation for each visit. Participants 
did not receive feedback about their performance on the tests.

After data collection was completed, a total of 21 ISC test scores (<1% of all test 
scores for the ISC group) were excluded case wise due to technical difficulties with 
recording the responses. For the Category Fluency Test, four scores were missing for 
each of the categories and the total score, resulting in 16 test scores that were 
excluded for this test. For the Letter Fluency Test, two total scores were missing. For 
the RAVLT, one Delayed Recall score was missing. For the TMT A and B, one score 
was missing for each. A total of 192 analog scores (9% of all test scores for the analog 
group) were excluded case wise due to missing values. For the Category Fluency Test, 
24 scores were missing for each of the categories and the total score, resulting in 
192 test scores (49%) that were excluded for this test. The reason for the high number 
of missing values for the Category Fluency Test was logistical; due to resource con-
straints, it was decided to only score half of the sample, and hence data were only 
available for half of the sample included in this study.

Analyses

All analyses were conducted using Python 3.11.0 (including libraries: Pandas 1.5.1, 
Numpy 1.23.4, Pingouin 0.5.2, SciPy 1.9.3, Statsmodels 0.13.5). Independent samples 
t-tests, Mann-Whitney U tests, or chi-square tests were conducted to compare the 
two groups on the demographic variables. For each outcome measure, intraclass 
correlation coefficients (ICC) for absolute agreement with two-way mixed effects (Koo 
& Li, 2017) were calculated with the Pingouin package (0.5.2). ICC rather than Pearson 
correlation coefficients were chosen because they account for individual variability. 
The strength of test–retest reliability was assessed following the guidelines set out 
by Koo and Li (2017): <.50 indicating poor reliability, between .50 and .75 indicating 
moderate reliability, between .75 and .90 indicating good reliability, and >.90 indicating 
excellent reliability. In addition, we report the raw score differences between visit 1 
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and visit 2 for each outcome measure for both groups. ANCOVAS including age as 
covariate were conducted to analyze between group differences in difference scores 
between visit 1 and visit 2. For these comparisons, alpha was Bonferroni corrected 
(.05/21 =.002). For the ISC group, the scoring of the Clock Test was based on and 
algorithm and scores ranged from 0 to 22, while for the analog group, the scoring 
of the Clock Test was performed manually according to Manos and Wu (1994) with 
scores ranging from 0 to 10. For the ANCOVAs, scores were therefore normalized.

For the ISC group, mean practice effects were calculated by subtracting the group 
mean of visit 1 from the group mean of visit 2. Paired-samples t-tests were conducted 
to analyze significant practice effects for each outcome measure.

For the ISC group, reliable change indices (RCIs) were calculated for all cognitive 
tests from visit 1 to visit 2. RCI which has originally been proposed by Jacobson and 
Truax (1991) is a methodology used to determine if an observed change between 
visits is beyond what would be expected by chance. Different methods to calculate 
RCI have been developed (see e.g. Hinton-Bayre, 2010). We used two methods for 
RCI, namely RCI by Chelune and colleagues (1993) correcting for practice effects with 
Iverson’s standard error of the difference,1 and the standardized regression-based (SRB) 
method developed by McSweeny and colleagues (1993). SRB uses linear regression 
to predict retest (visit 2) scores for individuals based on their baseline (visit 1) scores 
and other potential predictors. A change score is calculated from an individual’s 
predicted and observed score at visit 2 and divided by the standard error of the 
estimate of the regression model. Age, years of education, retest interval, and visit 1 
score were included as independent variables. Multiple linear regression analyses were 
conducted with these predictors. Outcome measures that have been measured in 
seconds were log-transformed to improve normality. 90% and 95% confidence intervals 
are reported for the RCIChelune method. These were obtained by multiplying the stan-
dard error of the difference by 1.64 (90%) or 1.96 (95%) and adding the practice effect.

Results

The sample consisted of a total of 146 volunteers with a mean age of 61 years (SD = 13) 
and a mean of 14 years of education (SD = 3). The sample included 78 women and 
68 men with the majority of participants being White (N = 103), followed by Hispanic 
(N = 17), Black (N = 15), and other (N = 11).

As can be seen in Table 2, there were no significant differences between the ISC 
and analog groups in gender (χ2(1) = .01, p=.9), ethnicity (χ2(3) = .08, p=.99), years 
of education (z = −1.6, p=.11), study location (χ2(3) = 1.99, p=.57), MMSE-2 (t(144) = 
1.32, p=.19), and time interval between visit 1 and visit 2 (z = −0.7, p=.48). Participants 
in the ISC group were significantly younger than participants in the analog group 
(z= −2.2, p<.05).

Table 3 presents an overview of the test–retest reliability coefficients for the two 
groups and for each of the outcome measures included in the study. For the ISC 
group, of the 21 outcome measures, 9 had moderate test–retest reliability, 11 had 
good test–retest reliability, and 1 had excellent test–retest reliability. For the analog 
group, of the 21 outcome measures, 3 had poor test–retest reliability, 5 had moderate 
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test–retest reliability, 12 had good test–retest reliability, and 1 had excellent test–retest 
reliability.

We also compared the mean differences between visit 1 and 2 between the two 
groups. There were no significant differences between the ISC and analog group for 
any of the outcome measures with a Bonferroni corrected alpha (.002).

RCIs were calculated between visit 1 and visit 2 for the ISC group. Mean test–retest 
intervals were 18 days (SD = 6 days). Raw scores at visit 1 and visit 2, test–retest 
reliability (ICCs), SEDiff, mean group practice effects, and 90% and 95% confidence 
intervals for the RCIChelune method are provided in Table 4. RCIs were rounded to the 
nearest whole number, except for outcomes measured in seconds. As can be seen in 
Table 4, some cognitive tests have very small group mean practice effects. For 13 of 
the 21 outcome measures, there was a statistically significant difference between visit 
1 and visit 2.

Using linear regression, SRB normative trajectories were computed with age, years 
of education, retest interval, and visit 1 performance as independent variables. Table 
5 provides an overview of the SRB equations predicting visit 2 performance. For all 
outcome measures, visit 1 performance was the strongest predictor of visit 2 perfor-
mance. Age was found to be a significant predictor in the regression models for the 
RAVLT total score, RAVLT Interference, RAVLT Immediate Recall, RAVLT Delayed Recall, 
TMT A and B, and the Letter Fluency Test. Education was a significant predictor in 
the regression model for the TMT B. Retest interval was a significant predictor in the 
regression models for the Star Cancellation duration, Star Cancellation duration per 
correct cancellation, the Category Fluency Test Vegetables, and the Digit Span forward.

To illustrate the use of SRB change scores in the interpretation of cognitive change, 
Table 6 provides visit 1, visit 2, difference scores, and SRB change scores for a 
75-year-old participant with 14 years of education and a retest interval was 14 days. 
An example of an SRB change score calculation2 is provided for illustration: the 
participant had a score of 8 on the RAVLT Immediate Recall on visit 1 and a score 
of 11 on visit 2. The predicted visit 2 score is 7.65 + (−0.05 × 75) + (−0.1 × 14) + 
(.04 × 14) + (.75 × 8) = 9.06. The SRB change score is (11 − 9.06)/2.07 = .94. This change 

Table 2.  Demographics, MMSE-2, study location, and retest interval.
ISC group  

(N = 97)
Analog group 

(N = 49)
Test  

statistics p
Age, mean (SD) 59 (15) 66 (7) z= −2.2 < .05
Years of education, mean (SD) 14.6 (2.7) 13.8 (2.2) z= −1.6 .11
Gender, % female 53 55 χ2(1)=.01 .91
Ethnicity χ2(3)=.08 .99

White (%) 71.1 69.4
Hispanic (%) 11.3 12.2
Black (%) 10.3 10.2
Other (%) 7.2 8.2
MMSE-2 score at visit 1, mean (SD) 27.5 (1.9) 27.9 (1.6) t(144)=1.32 .19

Study location χ2(3)=1.99 .57
Totowa, NJ (%) 20.6 30.6
Orlando, FL (%) 24.7 22.4
Philadelphia, PA (%) 27.8 26.5
Sacramento, CA (%) 26.8 20.4
Test-retest interval in days, mean (SD) 18 (6) 19 (9) z=−0.7 .48

Note. ISC = IntelliSpace Cognition; MMSE-2 = Mini Mental State Examination 2nd edition.
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Table 3.  Test–retest statistics of each test for ISC and analog group and between group differences 
in visit 2 – visit 1.

Test
Outcome 
measure

ISC group (N = 97)1 Analog group (N = 49)1
Between group difference  

in visit 2 – visit 1

Mean (SD) ICC [95% CI] Mean (SD) ICC [95% CI] F p
Eta 

squared
CT2 Copy

Visit 1 19.2 (2.2) .52b [.29, .68] 9.8 (.5) .12a [−0.56, .5] F(1, 143)=4.88 .03 .03
Visit 2 19.9 (1.8) 9.7 (.8)
Drawing
Visit 1 17.9 (3.2) .64b [.43, .77] 8.8 (2) .38a [−0.11, .65] F(1, 143) 

=1.52
.22 .01

Visit 2 19.2 (2.9) 9 (1.2)
RAVLT Learning Trials total score

Visit 1 42.2 (9) .79c [−0.02, .92] 41.8 (7.8) .76c [.15, .91] F(1, 143)=.85 .36 .01
Visit 2 49.5 (11.1) 47.6 (9.3)
Interference
Visit 1 5.3 (1.9) .69b [.53, .79] 4.8 (1.5) .70b [.48, .83] F(1, 143)=.82 .37 .01
Visit 2 5.4 (2.1) 4.6 (1.5)
Immediate Recall
Visit 1 7.7 (3) .77c [.2, .9] 7.9 (3.0) .79c [.46, .9] F(1, 143)=.86 .36 .01
Visit 2 9.7 (3.2) 9.3 (3.0)
Delayed recall
Visit 1 7.8 (3.4) .67b [.39, .81] 7.6 (3.2) .88c [.21, .96] F(1, 142)=.01 .94 .00
Visit 2 9.7 (3.8) 9.3 (3.1)
Recognition
Visit 1 27.2 (2.4) .73b [.57, .83] 27.1 (2.6) .83c [.7, .91] F(1, 143)=.71 .40 .01
Visit 2 27.9 (2.2) 27.7 (2.1)

TMT A duration (seconds)
Visit 1 40.2 (15.8) .71b [.56, .81] 31.1 (9.8) .56b [.22, .75] F(1, 142)=2.06 .15 .01
Visit 2 36 (12.4) 30.2 (8.4)
B duration (seconds)
Visit 1 103.5 (59.3) .68b [.51, .78] 85.0 (67.8) .81c [.66, .89] F(1, 142)=.23 .63 .00
Visit 2 90.3 (45.6) 75.6 (41.2)

SCT Total score
Visit 1 53 (1.6) .60b [.41, .74] 53.3 (0.9) .39a [−0.07, .66] F(1, 143)=1.27 .26 .01
Visit 2 53.1 (1.4) 53.2 (1.2)
Duration (seconds)
Visit 1 45.7 (14) .83c [.73, .89] 42.4 (12.5) .88c [.79, .93] F(1, 143)=3.44 .07 .02
Visit 2 42.3 (12.5) 41.7 (11.7)
Duration (seconds) per correct cancellation
Visit 1 .9 (.3) .82c [.72, .89] .8 (.2) .89c [.8, .94] F(1, 143)=4.25 .04 .03
Visit 2 .8 (.2) .8 (.2)

ROCFT Copy
Visit 1 30 (6.3) .74b [.61, .82] 26.2 (6.9) .81c [.67, .89] F(1, 143)=.26 .61 .00
Visit 2 29.4 (7.2) 26.5 (5.8)
Immediate recall
Visit 1 11.1 (6.7) .79c [.63, .88] 11.9 (6.8) .92d [.83, .96] F(1, 143)=1.7 .19 .01
Visit 2 13.8 (7.8) 13.4 (6.5)

LFT Total score trials 1-3
Visit 1 38.7 (10.1) .83c [.69, .9] 39.2 (12.1) .89c [.81, .94] F(1, 141)=2.56 .11 .02
Visit 2 42 (9.8) 39.7 (12.8)

CFT Animals
Visit 1 19.9 (6) .88c [.81, .92] 20.6 (5.8) .68b [.28, .86] F(1, 115)=.16 .69 .00
Visit 2 20 (5.9) 20.2 (4.7)
Vegetables
Visit 1 12.8 (3.9) .80c [.71, .87] 14.1 (3.3) .69b [.31, .87] F(1, 115)=.47 .49 .00
Visit 2 13.3 (4.3) 13.7 (3.9)
Fruit & Furniture
Visit 1 12.8 (3) .77c [.66, .85] 12.5 (2.9) .70b [.33, .87] F(1, 115)=2.76 .09 .02
Visit 2 12.5 (3) 13.0 (2.8)
Total score trials 1-3
Visit 1 45.5 (10.6) .93d [.89, .95] 47.2 (10.0) .79c [.53, .91] F(1, 115)=.00 .96 .00
Visit 2 45.8 (10.8) 47.0 (8.1)

(Continued)
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Test
Outcome 
measure

ISC group (N = 97)1 Analog group (N = 49)1
Between group difference  

in visit 2 – visit 1

Mean (SD) ICC [95% CI] Mean (SD) ICC [95% CI] F p
Eta 

squared

DST Forward
Visit 1 7.5 (2.2) .77c [.66, .85] 8.7 (2.1) .86c [.75, .92] F(1, 143)=2.12 .15 .02
Visit 2 8 (2.2) 8.6 (1.9)
Backward
Visit 1 6.9 (2.5) .76c [.64, .84] 6.5 (1.9) .80c [.65, .89] F(1, 143)=.14 .71 .00
Visit 2 6.9 (2.6) 6.6 (2.2)

Note. ISC = IntelliSpace Cognition; RAVLT = Rey Auditory Verbal Learning Test; TMT = Trail Making Test; 
ROCFT = Rey-Osterrieth Complex Figure Test; Letter Fluency Test = Controlled Oral Word Association Test.

1For the ISC group, 16 scores were missing for the CFT, two for the LFT, one for the RAVLT Delayed Recall, one for 
the TMT A, and one for the TMT B. For the analog group, a total of 192 scores were missing for the CFT.

2For ISC group, scoring based on algorithm (0–22), for analog group, scoring according to Manos and Wu (1994; 
range 0-10). For ANCOVAs, scores were normalized.

aPoor; bModerate; cGood; dExcellent (Koo & Li, 2017).

Table 3.  Continued.

Table 4.  Visit 1 and 2 scores, test-retest reliability (ICC), SEDiff, practice effects, and 90% and 95% 
confidence intervals for the RCIChelune method for the ISC outcome measures.

Test
Visit 1 

mean (SD)
Visit 2 

mean (SD) ICC SEDiff

Practice 
effect

RCI confidence interval

90% 95%

det imp det imp

CT Copy 19.2 (2.2) 19.9 (1.8) .52 1.95 .6* −3 +4 −3 +5
Drawing 17.9 (3.2) 19.2 (2.9) .64 2.60 1.3* −3 +6 −4 +6

RAVLT Learning trials 
total score

42.2 (9) 49.5 (11.1) .79 6.59 7.4* −4 +18 −6 +20

Interference 5.3 (1.9) 5.4 (2.1) .69 1.59 .1 −3 +3 −3 +3
Immediate 

recall
7.7 (3) 9.7 (3.2) .77 2.12 2.0* −2 +6 −2 +6

Delayed recall 7.8 (3.4) 9.7 (3.8) .67 2.93 1.9* −3 +7 −4 +8
Recognition 27.2 (2.4) 27.9 (2.2) .73 1.70 .8* −2 +4 −3 +4

TMT A duration 
(seconds)

40.2 (15.8) 36 (12.4) .71 10.76 −4.2* +13.5 −21.9 +16.9 −25.3

B duration 
(seconds)

103.5 
(59.3)

90.7 (45.5) .68 42.51 −13.2* +57.1 −82.8 +70.5 −96.2

SCT Total score 53 (1.6) 53.1 (1.4) .60 1.35 .1 −2 +2 −3 +3
Duration 

(seconds)
45.7 (14.1) 42.3 (12.5) .83 7.80 −3.4* +9.4 −16.3 +11.9 −18.7

Duration 
(seconds) 
per correct 
cancellation

.9 (.3) .8 (.2) .82 .15 −0.1* +.2 −0.3 +.2 −0.4

ROCFT Copy 30 (6.3) 29.4 (7.2) .74 4.90 −0.5 −9 +8 −10 +9
Immediate 

recall
11.1 (6.7) 13.8 (7.8) .79 4.68 2.7* −5 +10 −7 +12

LFT Total score trials 
1–3

38.7 (10.1) 42 (9.8) .83 5.86 3.3* −6 +13 −8 +15

CFT Animals 19.9 (6) 20 (5.9) .88 2.98 .1 −5 +5 −6 +6
Vegetables 12.8 (3.9) 13.3 (4.3) .80 2.59 .5 −4 +5 −5 +6
Fruit and 

furniture
12.8 (3) 12.5 (3) .77 2.03 −0.3 −4 +3 −4 +4

Total score trials 
1–3

45.5 (10.6) 45.8 (10.8) .93 4.07 .3 −6 +7 −8 +8

DST Forward 7.5 (2.2) 8 (2.2) .77 1.47 .5* −2 +3 −2 +3
Backward 6.9 (2.5) 6.9 (2.6) .76 1.76 .0 −3 +3 −4 +4

Note. det = deteriorated, imp = improved.
Statistically significant at .05.
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score falls within ±1.645 (90% confidence interval) and therefore indicates that the 
participant was stable from visit 1 to visit 2. Similarly, when looking at Table 4 which 
provides the RCI for the RCIChelune method, a difference score of +3 on the RAVLT 
Immediate Recall falls within the 90% confidence interval ranging from −2 to +6 
indicating that the participant was stable.

The last two columns in Table 6 show whether the participant had a reliable 
change based on the SRB method and the RCIChelune method using a 90% confidence 
interval. For most outcome measures, both methods show agreement on whether 
there was a reliable change or not. However, for four outcome measures, the two 
methods provide different indications as to whether the observed change is truly 
an improvement or deterioration. Rather than indicating that one of the two methods 
is superior, this example highlights the complexities involved in identifying reliable 
cognitive change.

Discussion

The test–retest reliabilities of the cognitive tests on ISC ranged from moderate to 
excellent and were found to be comparable to the test–retest reliabilities of the same 

Table 5. R egression models and coefficients for the ISC outcome measures.

Test Adj R2 SEE Constant Age Education
Retest 

interval Visit 1

CT Copy .13 1.50 14.14 −0.01 −0.01 .05 .28*
Drawing .24 2.21 9.81 .01 .04 .00 .44*

RAVLT Learning Trials 
total score

.71 6.85 18.03 −0.11* −0.21 −0.03 .98*

Interference .29 1.53 5.13 −0.03* −0.08 .01 .54*
Immediate recall .62 2.07 7.65 −0.05* −0.10 .04 .75*
Delayed recall .34 2.82 6.93 −0.05* .04 .01 .61*
Recognition .35 1.49 12.64 .00 .00 .00 .56*

TMT A duration 
(seconds)

.55 8.71 .66 .01* −0.01 .00 log10(.39)*

B duration 
(seconds)

.49 33.52 .99 .01* −0.01* .00 log10(.44)*

SCT Total score .19 1.14 36.38 −0.02 .06 −0.01 .32*
Duration 

(seconds)
.54 6.99 .39 .00 .00 .01* log10(.69)*

Duration 
(seconds) per 
correct 
cancellation

.54 .13 −0.14 .00 .00 .01* log10(.69)*

ROCFT Copy .33 4.89 7.19 −0.02 .05 .12 .67*
Immediate recall .49 4.77 7.87 −0.05 .11 −0.08 .79*

LFT Total score trials 
1–3

.57 5.54 18.08 −0.12* .26 .08 .67*

CFT Animals .61 2.86 3.02 −0.03 .27 .05 .70*
Vegetables .49 2.58 3.49 −0.03 −0.05 .15* .74*
Fruit and 

furniture
.42 1.89 7.36 −0.03 .00 −0.08 .64*

Total score trials 
1–3

.75 4.02 8.53 −0.07 .03 .11 .85*

DST Forward .44 1.36 3.72 −0.02 −0.01 .06* .59*
Backward .39 1.68 1.44 −0.02 .15 .04 .56*

Note. SEE = standard error of the estimate of the regression model. For outcome measures that have been log 
transformed, regression equations need to be back-transformed (i.e. 10^regression equation).

significant predictor.
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paper-pencil cognitive tests. Moreover, the test–retest reliabilities found for the digital 
cognitive tests on ISC are in line with the test–retest reliabilities found in previous 
research with paper-pencil cognitive tests (Calamia et  al., 2013; Duff, 2014; Hammers 
et  al., 2021, 2022).

As described earlier, rather than directly comparing digital and analog test-retest 
coefficients, studies typically compare empirically obtained digital test–retest reliabil-
ities for digital cognitive tests to analog coefficients reported in the literature (e.g., 
Gualtieri & Johnson, 2006; Littleton et  al., 2015; Nakayama et  al., 2014). Such com-
parisons are difficult to interpret because of differences in samples, test versions, 
and retest intervals. In the present study, we mitigated these limitations by using a 
between-subjects design with comparable groups in terms of gender, education 
level, ethnicity, MMSE-2 score, and retest interval. We found excellent test–retest 
reliabilities for one outcome measure in the ISC group and for one outcome measure 
in the analog group, good test–retest reliabilities for 11 outcome measures in the 
ISC group and for 12 outcome measures in the analog group, moderate test–retests 
reliabilities for 9 outcome measures in the ISC group and for 5 outcome measures 
in the analog group. We did not find poor test–retest reliabilities for any outcome 
measure in the ISC group, compared to three poor test–retest reliabilities in the 
analog group. It seems unlikely that the differences found in test–retest reliabilities 

Table 6.  Case example’s visit 1, visit 2, difference scores, and SRB change scores for ISC outcome 
measures. The last two columns indicate whether the participants had a reliable change based 
on the SRB method and the RCIChelune method using a 90% confidence interval (±1.645).

Test Visit 1 Visit 2 Difference

SRB 
change 

score
SRB reliable 

change
RCIChelune reliable 

change

CT Copy 22 19 −3 −0.74 No change Deteriorated
Drawing 20 20 0 .02 No change No change

RAVLT Learning trials 
total score

43 52 9 .50 No change No change

Interference 5 3 −2 −1.05 No change No change
Immediate recall 8 11 3 .94 No change No change
Delayed recall 8 10 2 .44 No change No change
Recognition 29 29 0 −0.06 No change No change

TMT A duration 
(seconds)

30.3 41.4 11.1 .78 No change No change

B duration 
(seconds)

88.7 73.1 −15.5 −1.02 No change No change

SCT Total score 49 53 4 1.53 No change Improved
Duration (seconds) 47.4 33.6 −13.8 −1.31 No change No change
Duration (seconds) 

per correct 
cancellation

.97 .63 −0.34 −1.64 Improved Improved

ROCFT Copy 31 32 1 .65 No change No change
Immediate recall 6 21 15 2.43 Improved Improved

LFT Total score trials 
1–3

45 43 −2 −0.18 No change No change

CFT Animals 16 12 −4 −1.56 No change No change
Vegetables 14 10 −4 −1.16 No change Deteriorated
Fruit and furniture 13 14 1 .89 No change No change
Total score trials 

1–3
43 36 −7 −1.44 No change Deteriorated

DST Forward 8 8 0 .21 No change No change
Backward 3 5 2 .43 No change No change
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are due to differences in administration modality since differences were found for 
tests that require direct interaction with the iPad (e.g., drawing tests such as the 
Clock Test) as well as for tests that require minimal interaction with the iPad (e.g., 
verbal tests such as the Category Fluency Test and RAVLT which automatically record 
verbal responses). Moreover, differences were found in both directions, i.e., for some 
of these tests, the test–retest reliability was higher for the ISC tests, while for one 
(i.e., RAVLT Delayed Recall), it was higher for the analog test. For the Clock Test, 
comparably low test–retest reliability coefficients were found for the analog test 
versions in previous research, albeit with larger retest intervals which are known to 
decrease test–retest reliabilities (Hammers et  al., 2022). It has been suggested that 
the subjectivity of the scoring criteria for visual copy and drawing tests as well as 
the small scoring ranges may contribute to their relatively low test–retest reliability 
(Kiselica et  al., 2020). It is therefore plausible that an automated scoring algorithm 
based on machine learning may have contributed to an increase in the test–retest 
reliability of the ISC Clock Test. We also found a higher test–retest reliability for the 
ISC version of the Star Cancellation Test total score. Another explanation for the 
difference in test–retest reliability between the digital and analog version of the 
Clock Test is the difference in scales used for scoring with less of a ceiling effect in 
the digital Clock Test. It is possible that ceiling effects contributed to a lower test–
retest reliability for the Star Cancellation total score and that this effect was somewhat 
more pronounced in the analog group. The difference in test–retest reliability coef-
ficients for the Category Fluency Test Animals is most likely due to the fact that 
there was a large number of missing values for the Category Fluency Test for the 
analog group. This is supported by the finding that for all trials of the Category 
Fluency Test the test–retest reliability is higher for the ISC than the analog versions. 
We found a higher test–retest reliability for the analog version of the RAVLT Delayed 
Recall than the ISC version of the test. A somewhat larger practice effect for the 
RAVLT Delayed Recall in the ISC group may have contributed to the lower test–retest 
reliability for the ISC version than the analog version of the test.

Comparing test performance from visit 1 to visit 2 directly via raw scores, we found 
that differences between visits were mostly comparable between administration modal-
ities. Between group differences were only found for the Clock Test Copy and the 
Star Cancellation Test duration per correct cancellation with larger practice effects in 
the ISC group than the analog group. It is important to note that after Bonferroni 
correction with an alpha of .002, none of the between group differences reached 
statistical significance. It seems unlikely that differences in administration modality 
led to a difference in the magnitude of practice effects. It is possible that a larger 
practice effect was found in the ISC group because of the lower average age in this 
group. A link between larger practice effects and younger age has been documented 
in previous research (Calamia, Markon, & Tranel, 2012).

A difference between digital and analog administration mode that is worth noting 
is the finding that completion times for both the TMT A and the TMT B were higher 
in the ISC group than the analog group. It seems that this difference is most likely 
due to an inherent difference in test administration in the digital version of the test. 
However, despite this difference, the relative difference between visits did not differ 
between the two groups. In fact, practice effects found for the digital TMT were 
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comparable to practice effects found in previous research with the paper-pencil ver-
sion of the TMT in healthy older adults over 1-week retest intervals (Duff, 2014).

Besides establishing the test–retest reliabilities of the different ISC tests, we provide 
the outcomes of two different methods to calculate reliable change. In clinical prac-
tice, it is important for clinicians to be able to determine whether an observed 
change between assessments is due to an actual change in ability or merely reflects 
measurement error or a practice effect. For the RCIChelune method, 90% and 95% 
confidence intervals are provided that can inform clinicians on how to interpret 
observed change. In addition, SRB equations are provided that similarly indicate 
whether a change found between two assessments is a true change. Consistent with 
previous research, baseline test performance, retest interval, age, and education 
predicted test performance at visit 2 with baseline test performance being the 
strongest predictor for all outcome measures (Duff, 2014; Hammers et  al., 2021, 2022). 
In line with previous research, the variance explained in the different regression 
models varied per outcome measure (13% to 75%) and was comparable to the results 
of previous research (Duff, 2014; Hammers et  al., 2022; Kiselica et  al., 2020). Previous 
research using a 1-week retest interval in a sample of healthy older adults had very 
similar regression models as our research for test that overlapped, i.e. the TMT A 
and B, Letter Fluency Test, and the Category Fluency Test Animals (Duff, 2014). In 
line with previous research, primarily visuospatial tests such as the Clock Test and 
the ROCFT had lower predictive capacities (Duff, 2014; Hammers et  al., 2022; Kiselica 
et  al., 2020). In contrast to this prior research, test–retest reliabilities found for these 
tests were higher in the present study which may be partially explained by shorter 
retest intervals but could also be due to the fact that scoring of the tests was 
automated.

It is important to keep in mind that mean retest interval in the ISC group was 
18 days with a range from 13 to 41 days. In addition, the study included only one 
repeat visit. In clinical practice, intervals between assessments are often longer 
and patients may be tested on more than two occasions. Test–retest reliabilities 
for the ISC tests might be somewhat lower with longer retest intervals, while 
practice effects might be somewhat smaller over longer retest intervals (Calamia 
et  al., 2012). Although longer retest intervals may only marginally affect RCIs, it 
would be interesting to explore changes in test–retest reliabilities of ISC tests 
over longer retest intervals and across several visits. Another limitation of the 
present study is that it included only healthy adults and exclusion criteria were 
based solely on self-reported medical history. Test–retest reliabilities may differ 
for younger age groups and for people with cognitive impairment. In samples 
with a larger range of baseline and follow-up assessment performances, the vari-
ance explained by the regression equations may be higher than in this study 
which would lead to more accurate predictions of reliable change. Future research 
should explore to what degree the findings of the present study generalize to 
more diverse samples with regards to demographic variables, medical comorbid-
ities, and cognitive impairment. In addition, future research should establish the 
minimal clinically significant differences, i.e., which score changes correspond to 
real changes in clinical populations that patients and/or relatives consider 
important.
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It is important to mention that the ISC platform has been further developed since 
the above-described studies have been conducted. The current version of ISC includes 
additional tests besides the tests included in this paper such as the Symbol Number 
Matching Test (SNMT). Preliminary analyses show excellent test-retest reliability for 
the SNMT. Detailed analyses for the SNMT and other tests implemented in future 
versions of the ISC platform will be published elsewhere.

Conclusion

Test–retest reliabilities for the ISC cognitive tests were found to range between mod-
erate and excellent and were comparable to test–retest reliabilities of the paper-pencil 
versions of the same tests. The results add to the evidence on the psychometric 
properties of ISC and support the clinical utility of ISC. Two methods to calculate 
reliable change are provided, which can be used by clinicians to identify change in 
cognitive functioning over time. Accurate detection of cognitive change is of para-
mount importance for different reasons, including aiding in the diagnosis and prog-
nosis of neurological and neurodegenerative diseases over time, and monitoring the 
effects of treatments on cognition.

Notes

	 1.	
T T M M

SD SD r

2 1 2 1

1 2 1
2 2

−( ) − −( )( )
+( ) −( )( )*

		  with T2 = posttest score, T1 = pretest score, M2 = mean posttest score of group, M1 = 
mean pretest score of group, SD1 = standard deviation of pretest score, SD2 = standard 
deviation of posttest score, r = ICC.

	 2.	 For illustration, also a calculation for one of the regression equations that require 
back-transformation is provided: the participant had a score of 88.7 on the TMT B on 
visit 1 and a score of 73.1 on visit 2. The predicted visit 2 score is 10^(1 + (.004 × 75) 
+ (−.01 × 14) + (.001 × 14) + (.44 × log10(88.7)) = 107.42. The SRB change score is (73.1 
- 107.42)/33.52 = .−1.02. This change score falls within ±1.645 (90% confidence interval) 
and therefore indicates that the participant was stable from visit 1 to visit 2. Similarly, 
when looking at table 4 which provides the RCI for the RCIChelune method, a difference 
score of −15.5 on the TMT B falls within the 90% confidence interval ranging from −57.1 
to +82.8 indicating that the participant was stable.
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