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ARTICLE INFO ABSTRACT

Keywords: Objective: Obstructive sleep apnea (OSA) affects cognitive performance and may contribute to long-term
Obstructive sleep apnea cognitive decline. Longitudinal assessments are needed for measuring changes in cognitive functioning in
Cognitive fu.ncm’“mg relation to OSA progression and treatment. This requires standardized, reliable cognitive assessments suitable
Psychometrics for repeated use, but the psychometric properties of cognitive tests may vary across populations. We evaluated
Digital cognitive assessment I . . i . . . . s .
Testretest reliability Fhe. Su‘lthlblhty of. a dlglté.ll cognitive ba.ttery, covermg various cogn.mve funct.lons, for repeated administration
Practice effects in individuals with varying OSA severity, based on its psychometric properties.

Floor and ceiling effects Methods: The battery included 14 cognitive tasks. We assessed test-retest reliability, practice effects, and
ceiling and floor effects between two administrations (mean interval 12 weeks) in 46 participants (mean
age = 49 + 16 years, 21 women) with a wide range of OSA severity (mean apnea-hypopnea-index (AHI)
=17.6 + 17.7).

Results: Psychometric properties varied considerably between cognitive tasks. Test-retest reliability estimates
were good or satisfactory (/CC > .60) for the Psychomotor Vigilance Test (PVT), Symbol Digit Modalities Task
(SDMT), Paced Auditory Serial Addition Task (PASAT), Auditory Verbal Learning Task (AVLT), and subscores
of the Tower of London Task (ToL). Practice effects were high for the PASAT in Level 1 (p < .001,r = .63)
and the Inspection Time Task (ITT; p < .001, r = .52). Ceiling effects were present in the ITT and ToL, whereas
intrusions in the AVLT and lapses in the PVT occurred infrequently and clustered at the lower bound.
Conclusion: Only a subset of cognitive tasks showed adequate psychometrics for repeated administration,
highlighting the need for careful task selection and modification when developing cognitive assessments for
repeated application in OSA populations. We include recommendations on cognitive test selection and test
design for repeated assessments in OSA populations.

1. Introduction individuals with OSA to healthy controls, longitudinal observations are
needed to monitor the long-term impact of disorder progression and

Obstructive sleep apnea (OSA) is associated with cognitive diffi- therapel{tic i‘nterventi.ons on ?ognitive. l.1ea1th [2,3].
culties and an increased risk for future cognitive decline [1], but the Longitudinal studies require cognitive measures that can be stan-

dardized and produce reliable and interpretable results across re-

cognitive implications of OSA are still not fully understood. While .
peated assessments. However, the current field of sleep research lacks

most previous studies rely on cross-sectional study designs to compare
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consensus on how cognitive functions should be measured consistently
across studies [4], particularly in longitudinal assessments. Previous
research on cognitive functioning in OSA has primarily focused on
vigilance [5-9], verbal memory [10-15], and executive functions [10,
15-19], reporting a relatively consistent link between OSA and poorer
performance. In contrast, other cognitive functions, including visuo-
constructional abilities, nonverbal memory, social cognition, and basic
perceptual functions, remain underexplored [4]. Moreover, different
studies might use the same cognitive test to assess distinct cognitive
functions [4]. Together with differences in test administration, these
factors complicate comparisons across studies, leading to an incomplete
picture of the cognitive effects of OSA.

In addition, cognitive tests used to assess differences between indi-
viduals with OSA and healthy controls in cross-sectional studies may
not necessarily be suitable for repeated assessments in longitudinal de-
signs. A test that is sensitive to differences between individuals may not
be sufficiently reliable or sensitive to measure true changes within the
same individual over time. Therefore, cognitive tests intended for re-
peated assessments in longitudinal studies require a specific evaluation
of their psychometric properties. Furthermore, psychometric properties
are sample-dependent and may vary across populations [20]. Conse-
quently, findings from healthy populations cannot be automatically
generalized to individuals with OSA, and a sample-specific evaluation
is required.

One of the most important psychometric properties for longitudinal
designs is test—retest reliability, which indicates a measurement tool’s
consistency and reproducibility of results across repeated assessments
under identical conditions [2]. An important factor affecting test—
retest reliability is practice effects, which characterize a change in
test performance due to test familiarity rather than true changes in
cognitive performance [21-23]. Practice effects can arise from memory
of individual test items or test-taking strategies and are influenced
by various factors, such as participant characteristics, retest intervals,
and the choice of cognitive tests [22-24]. If practice effects are not
considered in the cognitive assessment, they can conceal cognitive
decline or lead to an overestimation of treatment effects [25-271].
Importantly, cognitive tests with systematic practice effects, which
affect all test-takers similarly, can still show high test-retest reliability,
whereas unsystematic practice effects will lower test-retest reliability
[24]. Additionally, floor and ceiling effects must be taken into account.
Floor effects occur when many individuals achieve the lowest or nearly
lowest scores [28,29], for example, when a test is too difficult or the
outcome measure is rarely observed. Vice versa, ceiling effects occur
when many individuals achieve the highest or nearly highest scores,
for example, when a test is too easy, or an outcome measure is highly
prevalent [30,31]. This compresses the score distribution at the lower
or upper bound, decreasing the true variability between individuals.
Consequently, this leads to an inaccurate depiction of an individual’s
full capabilities, may conceal practice effects [28,32], and result in
lower test-retest reliability [33]. It is therefore necessary to select
cognitive tests with high test-retest reliability, minimal practice effects,
and an appropriate level of difficulty.

One form of administering cognitive assessments that has been
repeatedly proposed for regular testing [34-37], and has gained popu-
larity in recent years [37], is the use of digital versions of traditional
paper-based tests. Cognitive assessments conducted through digital
means allow precise stimulus presentation and can reduce human
error and examiner-dependent variability through automated scoring,
data collection, and documentation. Moreover, the exact measurement
of reaction times and solution times provides valuable metrics for
understanding cognitive processes. Thus, digital tests can be highly
standardized for test presentation and scoring and improve accessi-
bility to cognitive assessments. However, digitalization of cognitive
assessments does not guarantee suitability for longitudinal studies,
and general considerations and limitations of cognitive testing remain,
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including test-retest reliability, practice effects, and ceiling and floor
effects [38,39].

We have previously reported associations between cognitive per-
formance and sleep and OSA-related parameters in this dataset in
Ferretti et al. [40] and Thorisdottir et al. [41]. In this study, we
propose and evaluate a digital cognitive test battery for individuals
with OSA. The cognitive test battery includes assessments of mul-
tiple cognitive domains, including attention, perceptual-motor skills,
memory and learning, executive functions, and social cognition. We
investigate the potential of cognitive tasks for repeated administration
in longitudinal assessments, considering test-retest reliability, practice
effects, as well as floor and ceiling effects. We expect differences in
the psychometric properties among the cognitive tasks and provide
recommendations for adjusting the battery accordingly. Altogether, we
aim to contribute to the development of a comprehensive digital tool
for repeated assessments of cognitive functioning in individuals with
OSA.

2. Methods
2.1. Research design and procedure

This study got ethical approval from the National Bioethics Com-
mittee and Data Protection Authority of Iceland (VSN number 21-
070). Data were collected as part of the Sleep Revolution project [42]
between November 2021 and May 2022 at Reykjavik University in
Reykjavik, Iceland, and managed according to Sveinbjarnarson et al.
[43] to ensure data standardization and quality control. All participants
signed an informed consent letter before participation. Participants
were not financially reimbursed, but received a sleep report at the end
of the study. The sleep report included a summary of the participant’s
sleep assessment results, including sleep architecture, body position,
respiratory and cardiac parameters, oxygen saturation, and results
from the Epworth Sleepiness Scale (ESS), accompanied by educational
information explaining the sleep-related parameters and general sleep
hygiene, as well as guidance on whether consultation with their general
practitioner was recommended based on the results.

The study was advertised locally and through the project’s partici-
pation registry to those with suspected or confirmed OSA and healthy
participants. Online questionnaires were sent out via the Research
Electronic Data Capture (REDCap) platform [44] to collect informa-
tion on demographics, comorbidities, and sleep complaints, including
the ESS to assess daytime sleepiness [45]. Participants with unstable
terminal illness, and hearing or visual impairment that could not
be corrected to normal, were not considered for study participation.
Another exclusion criterion was ongoing OSA treatment (e.g., posi-
tive airway pressure (PAP) treatment), as such treatment can improve
cognitive performance [46], thereby complicating the distinction be-
tween treatment-related changes and the psychometric properties of
the selected cognitive tests. This resulted in a total sample of 46 partic-
ipants (21 women, 25 men) with an average age of 49 years (SD =
16, range 19-79). Fourteen participants held a postgraduate degree
(MS/MA/MBA, PhD), 13 held an undergraduate degree (BS/BA), six
held a vocational/technical degree, four had graduated from upper
secondary school (Icelandic “menntaskéli”), four had graduated from
compulsory lower secondary school (Icelandic “grunnskéli”), and five
did not disclose their education level.

Participants attended two visits for baseline and retest. The base-
line consisted of a cognitive assessment under standardized condi-
tions at Reykjavik University and a subsequent three-night self-applied
polysomnography (PSG; Nox Medical, Als, Reykjavik, Iceland) at home.
The retest visit took place at Reykjavik University about 12 weeks later
(mean interval 93 days, S D = 16, range 76-154) to repeat the cognitive
assessment. Both cognitive assessments were scheduled for 10 am or
12 pm to control for time-of-day effects [47]. No intervention was ad-
ministered throughout the 12 weeks, and participants were encouraged
to maintain their lifestyles as stable as possible. One participant left
the second visit early due to personal time restrictions and therefore
completed only the first nine tests of the cognitive test battery.
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Table 1
Cognitive test battery and analyzed variables.
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Task

Main domain/processes

Analyzed variable(s)

Simple Reaction Time Task (SRTT)
Inspection Time Task (ITT)
Auditory Verbal Learning Task (AVLT)

Psychomotor Vigilance Task (PVT)

Symbol Digit Modalities Task (SDMT)
Tower of London (ToL)

Corsi Block Tapping Task (CBTT) - Forward Version
Corsi Block Tapping Task (CBTT) — Backward Version
Visual Design Learning Task (VDLT)

Iowa Gambling Task (IGT)

Penn Emotional Recognition Task (ER-40)

Judgment of Line Angle and Position (JLAP-15)

Task Switching Paradigm (TSP)

Attention, motor speed
Processing speed, perceptual speed, selective attention
Memory, verbal memory

Attention, vigilance, sustained attention

Processing speed, psychomotor speed, visual scanning
Executive functions, planning, problem-solving

Executive functions, visuospatial working memory
Executive functions, visuospatial working memory
Memory, non-verbal memory, visuoconstruction
Executive functions, reasoning, decision-making
Social cognition, emotional recognition
Perception, visuoperceptual ability

Executive functions, cognitive flexibility

Mean reaction time (ms)

Average correct responses (proportion)
Immediate recall score

Delayed recall score

Mean reaction time (ms)

Mean reaction time <500 ms

Number of lapses

Number of correct entries

Mean solution time (ms)

Mean first-move latency (ms)

Total score

Block span

Block span

Hit rate (proportion)

Amount of coins won

Correct answers (proportion)

Total correct answers

Latency switch cost for crosstalk trials (ms)

Paced Auditory Serial Addition Task (PASAT)

Executive functions, fast-paced working memory

Latency switch cost for non-crosstalk trials (ms)
Accuracy switch cost for crosstalk

trials (proportion)

Accuracy switch cost for non-crosstalk

trials (proportion)

Number of correct responses in level 1

Number of correct responses in level 2

ms = milliseconds.

2.2. Digital cognitive test battery

Up to two participants simultaneously completed the digital cog-
nitive test battery in a designated research room, with a researcher
present at all times. Both participant setups were identical regard-
ing the computer, computer screen, mouse, keyboard, noise-canceling
headphones with standardized volume levels, and desk privacy screens.
The digital cognitive test battery was presented in Icelandic and con-
sisted of 14 tasks, based on the recommendations of Jéhannsdoéttir
et al. [4], and took on average 96 min (SD = 17, range 67-159) to
complete. The cognitive tasks were administered in Inquisit (Version
6.5.1) [48], mainly based on the Millisecond test library, and modified
as needed. All tasks were presented with a light gray background,
except both versions of the Corsi Block Tapping Task, which had a
black background. The descriptions in Table 1 follow the order of task
presentation, and detailed information on task design is provided in the
Supplementary Material A.

2.3. Restful levels

Participants rated their level of restfulness before and after com-
pleting the cognitive test battery by responding to the statement “I feel
as rested as usual” on a 5-point Likert scale ranging from “Strongly
disagree” to “Strongly agree”. We analyzed changes before and after
completion of the cognitive assessment, as well as differences between
baseline and retest.

2.4. Sleep study

Participants underwent a three-night self-applied PSG at home to
assess OSA severity. The setup has previously been described by Ferretti
et al. [49] and validated by Rusanen et al. [50] and Kainulainen
et al. [51]. Expert sleep technologists scored the PSGs according to
the American Academy of Sleep Medicine (AASM) manual, version 2.6
[52]. Nights with a total sleep time below 4 hours were considered
invalid and not included in the analysis. The apnea-hypopnea index
(AHI), total sleep time (TST), and sleep efficiency (SE) were calculated
as an average over all available valid nights for each participant. OSA

severity was based on the traditional AHI thresholds (no OSA: AHI <
5, mild: 5 < AHI < 15, moderate: 15 < AHI < 30, severe: AHI > 30
events/hour) [53]. Two participants had no valid nights, resulting in
missing sleep data.

2.5. Statistical analysis

We defined the outliers in the cognitive task scores as values more
than 1.5 times the interquartile range away from the 25th and 75th
percentiles and excluded them from the analysis, except for the CBTT.
Only zero values were considered as outliers for the CBTT forward and
backwards due to the limited block span range.

We conducted Wilcoxon signed-rank tests in the PSPP software
(GNU PSPP, Version 1.6.2-g78a33a, Boston, MA) to analyze differences
in test scores between the two cognitive assessments, where positive
values indicate a higher baseline than retest score. The effect size
(r) was calculated as the absolute value of the z statistic divided
by the square root of the number of participants. We analyzed the
consistency between the two assessments for each subscore using the
intraclass correlation coefficient (ICC, two-way mixed-effects model,
single measurement, absolute agreement) in R 4.3.1 [54] and the irr
package [55]. We assessed the effects of the test-retest interval and
age on practice effects using a multiple linear regression in R Statistics
with the Im function. Due to scale differences across the cognitive task
variables, we used a standardized change score (the difference between
the retest and baseline scores, divided by the standard deviation of the
differences) as the dependent variable. The independent variables were
the time interval between baseline and retest, and age. We report the
p-value for the overall model. We conducted a linear mixed model with
the ImerTest package [56] in R Statistics to analyze changes in rest-
fulness before and after completion of the neurocognitive test battery
(timepoint), and differences between baseline and retest (session). The
dependent variable was the restfulness level, the random effect was
the participant, and fixed effects were timepoint, session, and their
interaction. As the interaction was not significant, it was removed in
the final model to increase the degrees of freedom for estimating the
main effects. The significance level was set to a <.05. Corrections were
used for multiple comparisons for the Wilcoxon signed-rank tests and
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Table 2
Comparison of results at baseline and retest.
Task parameter ICC (95% CI) Mean 1 (SD) Mean 2 (SD) Wilcoxon test p-value Effect size N
SRTT, mean reaction time 0.36 (0.04 — 0.62) 292 (48) 293 (35) 0.718 0.06 36
ITT, proportion of correct 0.38 (0.07 - 0.62) 0.88 (0.14) 0.94 (0.05) 0.001* 0.52 37
AVLT, recall score 0.74 (0.55 - 0.86) 45.02 (10.76)  48.36 (12.59)  0.005 0.43 44
AVLT, delayed recall score 0.69 (0.46 —0.82) 10.30 (2.91) 11.27 (2.86) 0.007 0.41 44
AVLT, mean intrusions 0.44 (0.18 — 0.65) 0.44 (0.49) 0.58 (0.57) 0.099 0.25 43
PVT, mean reaction time 0.84 (0.68 —0.91) 325 (47) 337 (52) 0.034 0.33 41
PVT, mean reaction time < 500ms  0.92 (0.85 —0.98) 326 (47) 333 (45) 0.015 0.36 45
PVT, lapses 0.46 (0.15 — 0.68) 1.61 (2.02) 1.83 (2.60) 0.847 0.03 36
SDMT, number of correct entries 0.87 (0.77 - 0.93) 57.17 (24.28) 58.14 (24.79) 0.495 0.10 42
ToL, mean solution time 0.76 (0.60 — 0.86) 16.49 (4.58) 15.56 (4.50) 0.049 0.29 45
ToL, mean first-move latency 0.64 (0.44 —0.79) 9.54 (3.11) 8.91 (3.52) 0.268 0.17 44
Tol, total score 0.09 (-0.17 - 0.36) 32.38 (3.83) 34.33 (1.87) 0.005 0.45 39
CBTT, forward, block span 0.17 (=0.10 — 0.43) 5.62 (1.25) 6.38 (1.14) 0.004 0.46 39
CBTT, backward, block span 0.27 (=0.04 — 0.54) 6.23 (0.86) 6.23 (1.07) 0.923 0.02 40
VDLT, hit rate 0.54 (0.25-0.74) 0.86 (0.11) 0.90 (0.08) 0.005 0.44 41
IGT, amount of coins won —0.00 (—0.27 — 0.28) 1444 (1101) 1871 (1080) 0.021 0.34 45
ER-40, proportion of correct 0.54 (0.28 — 0.72) 0.83 (0.06) 0.83 (0.09) 0.783 0.04 42
JLAP-15, total correct 0.27 (-0.03 - 0.52) 13.31 (3.27) 13.38 (3.32) 0.580 0.08 45
TSP, ACC, switch cost C 0.28 (—0.02 — 0.54) —0.04 (0.06) —-0.05 (0.07) 0.416 0.13 41
TSP, RT, switch cost C 0.61 (0.36 —0.77) 0.34 (0.22) 0.35 (0.18) 0.617 0.08 38
TSP, ACC, switch cost N 0.31 (=0.02 - 0.57) —0.04 (0.06) —-0.07 (0.07) 0.047 0.32 38
TSP, RT, switch cost N 0.62 (0.40 —0.77) 0.28 (0.23) 0.29 (0.19) 0.852 0.03 44
PASAT1, number of correct 0.66 (0.30 —0.83) 31.43 (14.47)  38.77 (15.44)  <0.001* 0.63 44
PASAT2, number of correct 0.81 (0.66 —0.89) 36.88 (18.14)  40.71 (21.51)  0.042 0.31 42

ACC = Accuracy, AVLT = Auditory verbal learning task, CBTT = Corsi block tapping task, CI = Confidence interval, ER-40 = Penn emotional
recognition task, ICC = Intraclass correlation coefficient, IGT = lowa gambling task, ITT = Inspection time task, IQR = Interquartile range,
JLAP-15 = Judgment of line angle and position, N = Number of participants after removing outliers, PASAT1 = Paced auditory serial addition
task level 1, PASAT2 = Paced auditory serial addition task level 2, PVT = Psychomotor vigilance task, RT = Reaction time, SD = standard
deviation, SDMT = Symbol digit modalities task, SRTT = Simple reaction time task, ToL = Tower of London, TSP = Task switching paradigm,

VDLT = Visual design learning task.
* Denotes statistical significance (p — value < .002).

multiple linear regressions. Following the Bonferroni approach, a was
divided by the number of analyzed task variables (n = 24), resulting in
an adjusted significance level of a =.002.

3. Results
3.1. Test-retest reliability

Test-retest reliability varied substantially, with wide 95% confi-
dence intervals for the majority of cognitive tasks. ICC estimates ranged
from O for the IGT (amount of coins won) to .92 for the PVT (mean
reaction time < 500 ms, Table 2). Based on the ICC estimates, good
reliability (>.70) was achieved by PASAT (level 2, number of correct
responses), AVLT (recall score), PVT (mean reaction time, mean re-
action time < 500 ms), SDMT (count of correct responses), and ToL
(mean solution time). ICC estimates were satisfactory (.60-.69) for TSP
(RT switch cost C, RT switch cost N), ToL (mean first-move latency),
PASAT (level 1, number of correct responses), and AVLT (delayed recall
score). Cognitive tasks with low ICC estimates (<.60) include CBTT
backward version (block span) and CBTT forward version (block span),
VDLT (hit rate), AVLT (mean intrusions), PVT (number of lapses), SRTT
(mean reaction time), JLAP-15 (total correct), ITT (average proportion
of correct responses), ToL (total score), ER-40 (proportion of correct
responses), IGT (amount of coins won), and TSP (accuracy switch cost
C, accuracy switch cost N).

3.2. Practice effects

Several cognitive tasks differed significantly (p < .05) between the
two administrations (Table 2). The participants improved significantly
in the CBTT forward version (0.76 higher block span), ITT (6% more
proportion of correct responses), IGT (427 more coins in amount of
coins won), PASAT (7.3 more correct responses in level 1 and 3.8 more
correct responses in level 2), VDLT (4% higher hit rate), ToL (0.93 s
faster mean solution time and 2.0 higher total score), and AVLT (3.3

more items in recall scores). In contrast, performance worsened for the
PVT (mean reaction time and mean reaction time < 500 ms) with a
difference of 12 ms and 7 ms, and the TSP (accuracy, switch cost N)
with a difference of 3%. After Bonferroni correction, resulting in an
adjusted significance level of .002, the differences remained significant
for the ITT (average proportion of correct responses, r = .52) and
PASAT level 1 (number of correct responses, r = .63) with large effect
sizes. Other cognitive task parameters showed no significant difference
between sessions.

Multiple linear regressions examining the effects of test-retest in-
terval and age on practice effects were not significant for any of the
cognitive tasks with p-values ranging from .185 to .994. Detailed results
can be found in Supplementary Material B.

3.3. Floor and ceiling effects

Visual inspection of the scatterplots (Fig. 1) suggests potential floor
and ceiling effects for several cognitive tasks. A clustering at the lower
bound is prominent for the AVLT (mean intrusions), and the PVT
(number of lapses). Conversely, a clustering at the upper bound is
visible for the ITT (proportion of correct answers) and the ToL (total
score).

3.4. Restful levels

Data on restful levels were available from 26 participants from
both timepoints (before and after the cognitive assessment) from both
sessions (baseline and retest), and from 20 participants for both time-
points from either one session. Restful levels were on average 3.1 points
(SD = 1.3) before and 2.7 points (SD = 1.1) after completion of the
cognitive test battery at baseline, and 3.3 points (SD = 1.4) and 3.2
points (SD = 1.2) at retest before and after completing the cognitive
test battery, respectively. While the average restfulness level tended to
be lower after the cognitive assessment, there was no significant main
effect of timepoint (p = .053) or session (p = .223). Instead, restful levels
varied significantly between participants (SD =1, p < .001).
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Fig. 1. Scatter plots including the lines for the absolute agreement and the intraclass correlation coefficients (ICC). Outliers are excluded. ACC = accuracy, AVLT
= Auditory verbal learning task, CBTT = Corsi block tapping task, ER-40 = Penn emotional recognition task, ICC = Intraclass correlation coefficient, IGT = Iowa
gambling task, ITT = Inspection time task, JLAP-15 = Judgment of line angle and position, PASAT1 = Paced auditory serial addition task level 1, PASAT2 =
Paced auditory serial addition task level 2, PVT = Psychomotor vigilance task, RT = Reaction time, SDMT = Symbol digit modalities task, SRTT = Simple reaction
time task, ToL = Tower of London, TSP = Task switching paradigm, VDLT = Visual design learning task.
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3.5. Sleep characteristics

The participants showed a wide range of OSA severity. Based on
the AHI (M = 17.6, SD = 17.7, range 0.4-74.7), 12 participants were
classified as no OSA, 12 as mild OSA, 14 as moderate OSA, and six
as severe OSA. Total sleep time was on average 6.4 h (SD = 0.8,
range 4.5-8.3) and mean sleep efficiency was 82.5% (S D = 8.1, range
63.1-95.1).

ESS scores ranged from O to 20 points, with an average of 8.7
(SD = 4.6). Based on a cut-off of 10 points, 31 participants reached
scores at or below the threshold for excessive daytime sleepiness, and
15 participants scored above the cutoff.

4. Discussion

In this study, we evaluated the test-retest reliability, practice ef-
fects, as well as floor and ceiling effects of a novel digital cognitive bat-
tery for OSA covering multiple cognitive domains, including attention,
perceptual-motor skills, memory and learning, executive functions, and
social cognition. We aimed to identify cognitive tasks suitable for
longitudinal assessments with repeated measurements for individuals
with OSA. Based on our findings, we propose recommendations for
selecting and adapting cognitive tests.

The SDMT was the only cognitive task with good to high test-retest
reliability, no practice effects, and no floor or ceiling effects, as also
demonstrated in previous studies [57,58]. Other cognitive tasks with
overall satisfactory to good psychometrics include the PVT, PASAT,
and AVLT, but require careful consideration. For the PVT, test-retest
reliability was satisfactory to high for both mean reaction time mea-
sures, particularly mean reaction times < 500 ms, and low for the
number of lapses. Furthermore, mean reaction times differed with a
medium effect size between the two assessments when not corrected for
multiple comparisons, being slower at retest. However, the difference
can be considered negligible, and previous research has demonstrated
consistent PVT performance over time [59,60]. In contrast, the test—
retest reliability for PVT lapses spanned from low to satisfactory. This
is likely due to the overall low number of lapses in our study, whereas
other studies often report frequent lapses in participants with OSA [5,
6], as well as good test-retest reliability for PVT lapses [61]. Notably,
our sample differed from many OSA studies in its wide range of age
and OSA severity, including many individuals with low or no OSA,
as our study participants were recruited from the general population.
In contrast, many clinical studies focus almost exclusively on older
participants with moderate or severe OSA [62]. Overall, PVT reaction
times, particularly < 500 ms, might be a more reliable outcome measure
than lapses in younger and less severe OSA cases.

For the PASAT, test-retest reliability ranged from low to good across
interstimulus intervals (ISI), favoring the shorter ISI condition, and
moderate to large practice effects were present. Practice effects are
well-known for the PASAT [63-65], but tend to plateau after repeated
testing [63,65]. Therefore, it is recommended to administer the PASAT
several times before determining a baseline, but the assessment time
required to establish a baseline varies between patient groups [65]. Fur-
thermore, practice effects differ between ISIs [66], as was also present
in our study. Practice effects were larger for the longer ISI condition
and remained significant after adjusting for multiple comparisons. Cur-
rently, neither the optimal number of assessments to identify a baseline
nor the best ISI for participants with OSA has been determined.

The AVLT demonstrated low to good test-retest reliability for im-
mediate and delayed recall, with higher reliability for the immediate
recall, and medium-sized practice effects that were no longer significant
after correction for multiple comparisons. Practice effects are often
reported for verbal learning tests [22,63], but can be reduced with
alternate forms [22], although currently not widely available [67]. The
low to satisfactory test-retest reliability for the AVLT intrusions was
most likely caused by their minimal occurrence in our sample. Although
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verbal learning tests are regularly used in studies on OSA [4], intrusions
are usually not reported. While intrusions are minimal in healthy
participants [68], they have high predictive value in differentiating
between normal ageing and cognitive decline [69], and can be a useful
parameter for longitudinal assessments of cognitive functioning in OSA.

One task showing promising results, but also ceiling effects, was
the ToL. The mean solution time for correctly solved items showed
satisfactory to high test-retest reliability, and although small practice
effects were present when not adjusted for multiple comparisons, the
approximately 1-sec difference might be negligible. Notably, repeated
use of the same ToL version may result in larger practice effects across
multiple assessments. The mean first-move latency showed low to good
test-retest reliability and no practice effects. However, participants
were not explicitly instructed to plan their moves before attempting
to solve the task, which may have influenced the first-move latency.
Therefore, the influence of different types of instructions on psychome-
tric properties should be assessed in future research. Lastly, the total
score showed one of the lowest test-retest reliabilities in this study,
likely due to pronounced ceiling effects. Overall, these are a well-
recognized limitation of the classical ToL [70], and have led to different
adjustments to increase test difficulty, including time restrictions, items
requiring more moves, or a combination of both [71-73], and the use of
parallel-test versions [74]. However, there is currently no recommen-
dation on which design of the ToL is most appropriate for participants
with OSA.

The remaining cognitive tasks, including TSP, VDLT, ER-40, ITT,
SRTT, JLAP-15, both CBTT forward and backwards, and IGT, produced
insufficient psychometrics. Test-retest reliability spanned a wide range
and estimates were low. Additionally, moderate to large practice ef-
fects emerged in the TSP, VDLT, ITT, CBTT forward span, and IGT,
although they remained significant only for the ITT after adjusting
for multiple comparisons. Additionally, the ITT showed ceiling effects.
These findings are mostly consistent with previous research. Low test—
retest reliability has been reported for the VDLT in children [75],
ER-40 [76,77], ITT [78], CBTT [79], and IGT [80,81]. Practice effects
have been found for the VDLT in children [75], the ITT [78,82,83],
CBTT [79,84], and IGT [80,81,85]. However, practice effects in the
IGT are expected for control groups and are often used to distinguish
various clinical groups from controls [85]. In addition, ceiling effects
have previously been found for the ITT [78]. Notably, alternative test
versions or scoring methods of some of these cognitive tests have been
shown to improve test-retest reliability and reduce practice effects,
such as a mobile version of the ITT [86], a JLAP version with 13 lines
tested in young college students [87], the CBTT when using the mean
span across multiple trials instead of the maximum block span [88], or
the IGT when using a statistical modeling approach to increase its test—
retest reliability proposed by Sullivan-Toole et al. [81]. Nevertheless,
many of the cognitive tasks included in this study lack psychometric
literature on repeated testing or are difficult to compare because of
methodological differences. This is especially prominent for the SRTT
and TSP due to their highly heterogeneous methodology in the number
of practice and test trials, ISIs, stimulus types, and response types [89].
Furthermore, the TSP is highly sensitive to measurement noise [90,91],
and it is advisable to increase the number of trials to obtain more stable
results. Additionally, alternative scoring methods that combine reaction
time and accuracy into a single parameter, as proposed by Hughes et al.
[90] and Draheim et al. [92], have been shown not only to be more
reliable than the traditional TSP measures reported in our study, but
also to increase TSP validity.

4.1. Summary

Overall, these findings show that not all tasks within the tested
cognitive battery are equally suitable for repeated administration in
individuals with OSA. The cognitive tasks with the most robust psy-
chometric properties included the SDMT, PVT, PASAT, and AVLT,
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Table 3
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Psychometric findings and recommendations for repeated administration of cognitive tasks in OSA populations.

Task Main Main psychometric findings Recommendations for repeated Recommendations for potential adaptations
domain/processes administration in OSA and future research
SRTT Attention, motor Low test-retest reliability Not recommended in its current form Requires further research on the optimal number of
speed No practice effects test trials, ISI, stimulus, and response types
No floor or ceiling effects
ITT Processing speed, Low test-retest reliability Not recommended in its current form Investigate alternate versions, including adjustments
perceptual speed, Large practice effects in stimuli, response types, and scoring methods
selective attention Shows ceiling effects
AVLT Memory, verbal Satisfactory — good test-retest Immediate and delayed recalls are Use alternate forms to reduce practice effects,
memory reliability strong candidates, intrusions might develop more alternate forms, evaluate
Medium practice effects potentially be disregarded in younger psychometric properties of intrusions in older and
Few intrusions and less severe OSA cases more severe OSA samples
PVT Attention, vigilance, High test-retest reliability Strong candidate, RT might be more Explore whether feedback on RT might influence
sustained attention Negligible practice effects reliable than lapses in younger and less psychometric properties
Low occurrence of lapses in this severe OSA cases
sample
SDMT Processing speed, Excellent test-retest reliability Strong candidate Explore whether parallel versions might be required
psychomotor speed, No practice effects for multiple (n > 2) assessments
visual scanning No floor or ceiling effects
ToL Executive functions, Good test-retest reliability of Potential candidate, mean solution Use parallel-test versions, increase test difficulty
planning, solution time, satisfactory for time and mean first-latency might be
problem-solving mean first-move latency, and low more suitable measures than total score
for total score
Moderate practice effects
Shows ceiling effects for total score
CBTT Executive functions, Low test-retest reliability Not recommended in their current form Explore other scoring methods, such as mean block
visuospatial working Moderate practice effects span across multiple trials
memory No floor or ceiling effects
VDLT Memory, non-verbal Low test-retest reliability Not recommended in its current form Use traditional analogue tests, evaluate alternate
memory, Moderate practice effects administration forms, such as different input
visuoconstruction No floor or ceiling effects devices, and develop algorithms for automated
image recognition to simplify scoring procedures
IGT Executive functions, Low test-retest reliability Not recommended in its current form Explore different scoring methods, e.g. through
reasoning, Small practice effects statistical modeling approaches, investigate
decision-making No floor or ceiling effects whether practice effects can be used to identify
clinical groups
ER-40 Social cognition, Low test-retest reliability Not recommended in its current form Investigate psychometrics of other metrics, such as
emotional recognition No practice effects recognition success per emotion type or intensity
No floor or ceiling effects
JLAP-15 Perception, Low test-retest reliability Not recommended in its current form Explore alternate versions, such as using 13 lines,
visuoperceptual No practice effects possibly increase the number of trials
ability No floor or ceiling effects
TSP Executive functions, Satisfactory test-retest reliability Switch-cost RT may be a potential Increase the number of trials, consider alternate
cognitive flexibility for switch-cost RT, low for candidate, switch-cost ACC is less scoring methods, further validation of task
switch-cost ACC reliable parameters is needed
Moderate practice effects for one
switch-cost ACC condition
No floor or ceiling effects
PASAT Executive functions, Satisfactory — good test-retest May be suitable, but practice effects Administer multiple times before defining baseline,

fast-paced working
memory

reliability
Practice effects depend on ISI
Floor effects for very short ISI

and ISI should be considered

identify suitable ISI and minimum repetitions for
baseline for populations with OSA

ACC = Accuracy, AVLT = Auditory verbal learning task, CBTT = Corsi block tapping task, ER-40 = Penn emotional recognition task, IGT = Iowa gambling task, ITT = Inspection
time task, JLAP-15 = Judgment of line angle and position, PASAT = Paced auditory serial addition task, PVT = Psychomotor vigilance task, RT = Reaction time, SDMT = Symbol
digit modalities task, SRTT = Simple reaction time task, ToL = Tower of London, TSP = Task switching paradigm, VDLT=Visual design learning task.

measuring processing speed, vigilance, working memory, and verbal
memory, respectively. The lowest test-retest reliability was observed
among cognitive tasks that measure executive functions, nonverbal
memory, and perceptual skills. Practice effects were most prominent
among cognitive tasks assessing executive functions and processing
speed. The main results of each cognitive task, recommendations for
their use in an OSA population, potential adaptations, and requirements
for further research are summarized in Table 3. Importantly, these
recommendations concern the suitability of the cognitive tasks for
repeated cognitive assessments to monitor possible disorder progression
or treatment effects in longitudinal settings, but not whether these tasks

are suitable for assessing differences between individuals with OSA and
healthy controls in cross-sectional designs.

4.2. Methodological considerations and limitations and future research

To the best of our knowledge, this is the first study to assess test—
retest reliability, practice effects, and floor and ceiling effects across
various cognitive functions and in a demographically and clinically
diverse population with and without OSA. This sample is more likely to
represent individuals who are referred for diagnostic sleep evaluations
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and general population assessment of OSA, supporting the generaliz-
ability of our findings, as most OSA research is focused on older men
with more severe disease [62,93]. We also increased the ecological
validity of sleep assessments by conducting PSG studies over three
consecutive nights in the participant’s home, reducing the first-night ef-
fect and bias from night-to-night variability [94-96]. Furthermore, we
minimized circadian rhythm effects on cognitive performance through
consistent timing of the cognitive assessment [47], and the digital ad-
ministration of the cognitive battery allowed for a highly standardized
assessment.

However, several limitations of this study must be acknowledged.
Due to the small sample size, we did not perform subgroup analyses.
Although we analyzed the impact of age on practice effects, larger
samples of at least 300-400 participants are recommended for test—
retest reliability assessments [97], and psychometric properties should
be evaluated across age groups, education levels, OSA severity lev-
els, and potentially other common OSA symptoms, such as daytime
sleepiness [98,99]. For example, more severe OSA may be associated
with greater performance variability and reduced learning, potentially
affecting test-retest reliability and practice effects. Similarly, floor and
ceiling effects might differ between groups: More severe OSA might
lead to increased floor effects on tests with a high cognitive load
demand, such as the PASAT, but lower floor effects in the PVT lapses
and possibly AVLT intrusions, whereas ceiling effects may be less
pronounced in other tests, such as the ITT or ToL. Performing such sub-
group analyses may therefore strengthen the clinical utility of cognitive
tests and determine differences in psychometric properties and the suit-
ability of individual cognitive tests for specific subgroups. Moreover,
this may help to identify individuals at increased risk of more severe
cognitive dysfunction [100], and inform treatment decisions, similar to
other clinical groups where low practice effects have been associated
with future cognitive decline [101,102], neurodegeneration biomarkers
[27], and treatment response [23].

Another critical aspect is that we did not control for medication or
intake of stimulants, such as caffeine or nicotine, which might have
influenced task performance. Additionally, participants underwent a
sleep study only after the cognitive assessment at baseline. Therefore,
it cannot be determined how the previous night’s sleep influenced
task performance, nor whether sleep parameters remained consistent
between the two assessments. Nevertheless, the three-night PSG likely
presents a more reliable baseline compared to the traditional one-night
assessment, and it is unlikely that OSA-related parameters, such as
the AHI, changed during the approximately 12-week test-retest inter-
val with no intervention. Nevertheless, future studies should ideally
conduct a sleep study before each cognitive assessment, ideally over
multiple nights, and within a standardized test-retest interval.

Several limitations also arise from the cognitive test battery. While
using digital test versions over traditional analogue ones has multiple
advantages, primarily high standardization and the measurement of
additional parameters, there is an ongoing debate about their direct
comparability with traditional paper-based versions in terms of clinical
validity and the current lack of psychometric data [35,103,104]. Fu-
ture studies should therefore evaluate the comparability of digital and
traditional pen-and-paper-based cognitive tests, provide information
on psychometric properties and norms of digital test versions, and
research the validity of digital tests. Additionally, graphomotor control,
such as drawing, differs between pen-and-paper and digital formats
and may even vary across types of digital input devices [105,106].
Moreover, digital drawings may complicate scoring due to irregular-
ities in graphomotor performance, as observed in the VDLT in our
study. This could be facilitated and automated in the future through
image recognition algorithms. Until then, researchers and clinicians
may consider including the traditional pen-and-paper-based drawing
tasks. Furthermore, familiarity and acceptance of digital devices can
affect cognitive performance on digital tests, particularly among older
participants [37], and should be assessed in future studies.
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Another aspect was that the cognitive tasks were presented in the
same order, which could introduce test-order effects [107]. The order
of test administration within a cognitive battery can influence overall
performance and individual test performance, and thereby contribute
to additional test errors [108]. This is especially the case if the same
cognitive processes are measured consecutively. However, cognitive
domains are not independent of one another, more complex cognitive
functions depend on more basic cognitive processes, and individual
cognitive tests do not measure a single, isolated cognitive process
[109]. Therefore, potential test-order effects should be carefully con-
sidered when designing and administering a cognitive test battery.
Future studies could counterbalance or randomize the test order where
feasible, or select only individual cognitive tests relevant to the specific
research question. This may also reduce or distribute fatigue effects
across cognitive tests.

Furthermore, the duration of the cognitive assessments potentially
led to increased cognitive fatigue, as indicated by a trend toward lower
restfulness levels after the cognitive battery. This may have affected
task performance, particularly in the later cognitive tasks [110]. No-
tably, changes in restfulness levels before and after completing the
cognitive test battery were highly individual, and some participants
may be more prone to cognitive fatigue than others, including those
with OSA [111]. Cognitive assessments in OSA should therefore be
administered with careful consideration of the assessment duration, test
order, and opportunities for short breaks.

In addition, the length and structure of the cognitive battery affected
the timing of the delayed recalls in the AVLT and VDLT, resulting in
more variable and shorter recall intervals than the traditional delay
[75,112]. Participants varied greatly in the time required to read
instructions, finish practice trials, and complete cognitive tasks without
time limits due to differences in response times (ITT, AVLT, ToL, both
CBTTs, VDLT, IGT, ER-40, JLAP-15), performance (both CBTTs), or the
option to quit early (PASAT level 3, data not analyzed). This com-
plicated the standardization of recall intervals. In addition, test-order
effects had to be taken into account. Thus, relatively short delayed
recall intervals were chosen to limit variability across participants and
to avoid assessment breaks, as the cognitive battery and the overall
duration of the university visit required a reasonable amount of time.
These shorter and more variable delayed recall intervals may have
influenced delayed recall performance and therewith psychometric
properties. Notably, shorter delayed recall intervals may be sufficient in
some clinical populations [113,114], but have not yet been studied in
OSA populations. Future studies should therefore investigate the opti-
mal recall interval for individuals with OSA and aim for a standardized
approach.

Another limitation of the cognitive test battery was the lack of
alternate forms, which have been shown to reduce practice effects [22].
However, while alternate forms of cognitive tests can reduce practice
effects stemming from memory for individual test-items, practice effects
from test-taking strategies may remain [23,63]. Additionally, the cur-
rently available alternate forms are not always truly equivalent in test
difficulty, which can result in higher or lower test scores at retest and
affect score interpretation [20,22]. Therefore, there is an urgent need
for novel and more alternate forms [67].

Furthermore, not all cognitive tasks included practice trials, which
may have led to inconsistencies in performance across tasks. Although
the cognitive battery included detailed instructions for all tasks, ad-
ditional explanations and practice trials, which must be solved cor-
rectly to proceed to the test phase, could have been useful to support
understanding, especially for older participants [103].

Lastly, the cognitive assessments were conducted only twice, with
varying retest intervals between participants, which may have affected
practice effects and test-retest reliability. Practice effects differ between
the number of assessments and are especially prominent in the first few
administrations before reaching a plateau, regardless of age, education,
or intelligence [79,115]. Cognitive tests measuring executive functions
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and processing speed seem particularly susceptible to strong practice
effects early on [79,115], as also seen in our results. It is therefore likely
that the cognitive tasks measuring executive functions and processing
speed in this study will produce fewer practice effects and plateau in
scores after multiple administrations. Furthermore, although practice
effects were not associated with the length of the retest interval in
our study, others have found that shorter intervals increase practice
effects, whereas longer intervals decrease them [35,115]. Simultane-
ously, longer intervals lower test-retest reliability due to true changes
in cognitive performance [22]. It is therefore crucial to examine how
the number of repeated cognitive assessments and varying retest in-
tervals affect psychometric properties. This can help to determine the
optimal retest interval and interpret performance scores, considering
that follow-up periods in OSA intervention studies can range from
weeks to years [116-118]. Future studies should also examine a variety
of cognitive tests to determine the most robust and clinically meaning-
ful tests for all cognitive domains in OSA, use more difficult items and
alternative scoring methods, and evaluate psychometric properties in
clinical OSA cohorts.

4.3. General recommendations

While this study focused on a specific selection of cognitive tasks
and their suitability for repeated assessments, we encourage extend-
ing the psychometric assessment to a variety of cognitive tests and
to multiple cognitive domains, including attention, perceptual-motor
skills, memory and learning, executive functions, and social cognition.
Therefore, we propose the following general recommendations and
encourage further research to establish a standardized cognitive test
battery for measuring disorder progression and treatment effects in
individuals with OSA.

1. Select cognitive test parameters with sufficient psychometric
properties for repeated assessments, not necessarily their abil-
ity to distinguish between individuals with OSA and healthy
controls.

2. Evaluate psychometric properties in individuals with OSA, and
preferably across OSA subgroups, instead of relying on results
from healthy populations.

3. Minimize test-order effects wherever possible, and consider the
effect of using individual tests vs. a cognitive battery.

4. Include practice trials to ensure understanding of test instruc-
tions.

5. Consider the effect of different input or output modalities, par-
ticularly for tests relying heavily on graphomotor functions.

6. Minimize and account for practice effects by using alternate
or parallel test versions, establishing a baseline over multiple
assessments where advised, and by choosing an appropriate
retest interval.

7. Reduce floor and ceiling effects by considering test difficulty,
score range, and alternate scoring methods.

8. Further optimize task parameters, including the number of trials,
stimulus and response types, and scoring methods.

4.4. Conclusion

This is the first study to assess the test-retest reliability, practice
effects, and floor and ceiling effects of a comprehensive digital cogni-
tive battery to determine its suitability for repeated measurements in
individuals with OSA. The psychometric properties varied substantially
across cognitive tasks and domains, underscoring the importance of
careful test selection and the need for modifications to test design and
scoring methods in longitudinal assessments.

Overall, our findings mark a step towards reliable, standardized
cognitive assessments and provide guidance on selecting cognitive tests
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to monitor changes in cognitive performance related to disorder pro-
gression and treatment effects. Further research is needed to establish
consensus on the optimal administration of cognitive tests in OSA, how
to refine cognitive tests for different OSA subgroups, and the validity
and clinical utility of digital cognitive assessments.
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Appendix A. Detailed cognitive task information

A.1. Simple Reaction Time Task (SRTT)

In the SRTT [119], participants were presented with a black fixation
cross, followed by a target stimulus (a red circle). The target was
presented at intervals of 2000 ms to 8000 ms in 1000 ms increments
with a total of 40 trials. The mean reaction time over all 40 trials was
calculated.

A.2. Inspection Time Task (ITT)

The ITT was modeled after Deary et al. [120]. The participants
were presented with a simple visual stimulus consisting of two parallel
vertical lines (arms), connected by a horizontal line at the top. One arm
was long, the other one short, with the short arm being half the length
of the long arm. The stimuli appeared for variable durations of 19, 25,
31, 37, 44, 50, 62, 75, 87, 100, 125, 150, or 200 ms, followed by a
backward mask for 500 ms, where both arms were the same length. The
participants were instructed to determine whether the short arm was on
the left or right side by pressing the corresponding response key and
were informed that reaction time was not important. The interstimulus
interval (ISI) was 500 ms from response to cue onset, with the cue
(a plus sign) lasting 500 ms. The task began with a practice block
consisting of 25 trials with randomly selected stimulus durations and
included visual feedback for correct and incorrect responses. This was
followed by a test block with 75 trials in which each stimulus duration
was presented on average six times (range 4-8) and no feedback was
provided. Our analysis focused on the average proportion of correct
responses across all stimulus durations.
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A.3. Auditory Verbal Learning Task (AVLT)

The AVLT was modeled after the Rey Auditory Verbal Learning Test
[112]. The participants were instructed to listen to and remember a
list of 15 Icelandic words [121] prerecorded by a native speaker. The
words were presented in a fixed order, one word at a time, at one
word per second. After presenting all the words, the participants typed
as many words as they could remember from the list into a text box.
This sequence of list presentation and word recall was repeated five
times. Additionally, a delayed recall took place after the completion of
the Psychomotor Vigilance Task (PVT) and the Symbol Digit Modalities
Task (SDMT), total of approximately 13-15 min). Minor errors, such as
typographical mistakes or orthographic variations, such as the substi-
tution of d for 0 in Icelandic, were manually reviewed. In this paper,
we analyzed the total recall score (sum of all correctly recalled items
across all five immediate recalls), the delayed recall score (number of
correctly recalled items during delayed recall), and the mean number
of intrusions (entered words that were not part of the presented list)
across all trials.

A.4. Psychomotor Vigilance Task (PVT)

In the PVT, participants were instructed to press the spacebar as
soon as the target appeared, in the form of a red stopwatch with white
digits (seconds: milliseconds) as described in Thomann et al. [122].
The task began with a habituation phase of 1 min, during which no
responses were recorded, and seamlessly transitioned into the 10 min
test phase. The ISI was between 2-10 s. Responses were captured rela-
tive to target onset and participants received feedback on their reaction
times (ms), which was displayed for 1000 ms. If no response was given
within 30 s after target onset, or if a response was recorded before
target onset, the messages “OVERRUN!” or “Too early!”, respectively,
were displayed for 300 ms. In this study, we compared the overall
mean reaction time, the reaction times for responses < 500 ms, and
the number of lapses, defined as responses slower than 500 ms.

A.5. Symbol Digit Modalities Task (SDMT)

This task was modeled after the SDMT by Smith [123]. A key
with the digits 1-9 was presented at the top of the screen, where
each digit was paired with a simple symbol. Below the key, several
rows of those symbols with blank boxes underneath were presented.
Participants were instructed to type the corresponding digit for each
symbol as quickly as possible. The task began with the presentation of
nine training boxes, consisting of three pre-filled example boxes and
six practice boxes, for which visual feedback was provided on correct
or incorrect entries. Once all training boxes were filled correctly, the
participants pressed a key to move to the test phase, which lasted 120
s without feedback or the option to correct a prior entry. The total count
of correct entries was used in the statistical analysis.

A.6. Tower of London (ToL)

The ToL was first developed by Shallice [124]. Three colored disks
were presented on three pegs of varying lengths. The first peg could
hold all three disks, the second peg two disks, and the third peg one
disk. The participants’ task was to arrange the disks from an initial
state to a pictured target state in the fewest possible moves, which were
displayed on the screen. Disks could only be moved one at a time and
placed on pegs with sufficient space. In this study, the task started with
a practice trial, followed by twelve test trials. There was no time limit.
The test trials were presented in a sequentially fixed order consisting of
two trials with two moves, two trials with three moves, four trials with
four moves, and four trials with five moves. The participants had three
attempts to solve each trial within the allocated moves. Solving the
trial on the first attempt resulted in three points, on the second trial in
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two points, and on the third trial in one point, resulting in a maximum
score of 36 points. After failing to solve the trial in three attempts, this
trial resulted in a score of zero points and continued with the next trial
in the sequence. Furthermore, participants could reset the current trial
by clicking the ‘reset’ button or skip to the next trial by pressing the
‘next’ button. The total score, mean solution time of correctly solved
items, and mean first-move latency (planning time) were included in
the statistical tests.

A.7. Corsi Block Tapping Task (CBTT) — Forward version

The CBTT was modeled after Kessels et al. [125]. In this task,
participants were presented with nine blue boxes that lit up in yellow
in a fixed sequence. Participants were asked to repeat the sequence in
the same order by clicking on the corresponding boxes. The task began
with a sequence length of two and increased in increments of one up
to nine. Each sequence length was presented twice. If at least one of
the two sequences was entered correctly, the next sequence length was
presented. If both trials in a sequence length were entered incorrectly,
the task ended. For the statistical analysis, we used the longest correctly
recalled sequence length (max = 9).

A.8. Corsi Block Tapping Task (CBTT) — Backwards version

This task was similar to the CBTT forward version, except that the
sequence had to be recalled in reverse order in the backwards version,
with the longest possible sequence being eight instead of nine.

A.9. Visual Design Learning Task (VDLT)

The VDLT was modeled after the Rey Visual Design Learning Test
[75]. The participants were presented with 15 simple figures, each
displayed for 2 s, one at a time. After all figures had been displayed,
the immediate recall followed, in which participants were instructed
to draw all figures they could remember on the computer screen using
the computer mouse. This was repeated three times. A delayed recall
took place after the lowa Gambling Task (approximately 4-6 min), in
which the participants drew the 15 figures from memory, followed by
a recognition task. In the recognition task, 15 previously presented
figures and 15 new figures were displayed in a 5 x 6 matrix, and
participants were instructed to select all the figures they remembered.
Once a figure was selected, it got erased from the matrix. The task
ended when the participants had selected 15 figures. In this analysis,
we included only the hit rate for correctly selected figures in the
recognition task. We omitted recall performance as it was not always
possible to reliably identify which target figure a participant intended
to draw, particularly with visually similar figures.

A.10. Iowa Gambling Task (IGT)

The IGT was modeled after Bechara et al. [126]. The participants
were instructed to draw 100 cards from four card decks, with each card
resulting in a win or a loss of money. Two of the card decks were overall
advantageous (smaller rewards, smaller losses), and two were overall
disadvantageous (large rewards, but also occasional large losses). The
participants started with $2000, and the goal was to maximize the
profit. The amount of money at the end was included in the statistical
testing.
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A.11. Penn emotional recognition task (ER-40)

The ER-40 was developed by Carter et al. [127]. This task included
40 faces in total, presented in randomized order, one face at a time.
The participant’s task was to select the corresponding emotion (anger,
fear, happiness, sadness, or neutral). The task began with one practice
trial, during which feedback was provided. Once the practice trial
was answered correctly, the task continued with 40 test trials. The
faces were balanced for age, ethnicity, gender, emotion, and intensity
(four high-intensity, four low-intensity). We included the proportion of
correct responses in the statistical analysis.

A.12. Judgment of Line Angle and Position (JLAP-15)

This task was modeled after Collaer et al. [128] and kept the
original item presentation order. In this task, the participants were
presented with a line at a specific angle, and instructed to identify
the matching line from 15 options below. All lines were of the same
length and equally distributed over a 180-degree half-circle. A total of
20 lines were presented one at a time. The time limit was set to 10 s
per line, indicated by a timer in the corner. The total number of correct
selections was included in the statistical testing.

A.13. Task Switching Paradigm (TSP)

The TSP was modeled after Rogers and Monsell [129] and included
two categorization tasks: classifying a letter as a consonant or a vowel,
and classifying a digit as odd or even. The same two response keys
were used for consonants and even numbers, and for vowels and odd
numbers. The presented stimulus consisted of a task-dependent target
character (letter or digit) and a distractor character, e.g. ‘2F’ in the
letter task and ‘9#’ in the digit task. The task began with four practice
blocks, alternating between the letter and digit task, each with 24 trials.
During practice, participants received feedback on incorrect responses
and could only proceed once they had corrected the response. There
was no time limit during the practice phase. During the test phase, a 2
X 2 matrix was presented, and the response timeout was set to 5000 ms.
The stimuli rotated clockwise through the four matrix boxes, indicating
the corresponding task through their location within the matrix. The
top two boxes required the letter task, and the bottom boxes required
the digit task, resulting in a task switch on every odd trial and no task
switch on every even trial. The participants were instructed to respond
as quickly and accurately as possible and were allowed to take short
breaks between blocks. This test phase consisted of two crosstalk (C)
and two non-crosstalk (N) blocks presented in the order CCNN. Each
block started with twelve warm-up trials (not included in results) and
was followed by 36 test trials (18 letter task trials, 18 digit task trials).
In the C blocks, distractor characters belonged to three groups, includ-
ing control (neutral non-alphanumeric distractor character), congruent
(distractor character from the opposite task requiring the same key
response as the target character), and incongruent (distractor character
belongs to the opposite task and requires the opposite key response),
with equal group proportions across trials. In the N blocks, distractor
characters always belonged to the control group. For this paper, we an-
alyzed the latency switch costs (difference between the mean latency of
switch-trials and non-switch-trials, positive values indicate participants
were slower on switch trials) of correct responses separately for C and
N trials, and the accuracy switch cost (difference between proportion
of correct switch trials and non-switch trials, negative values indicate
lower accuracy on switch trials) separately for C and N trials. Trials
with no response or latencies below 100 ms were excluded.
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Table B.1
Results of the multiple linear regression test.

Sleep Medicine 149 (2027) 109312

Age Time interval Overall model
Test variable Estimate (standard error) p-value Estimate (standard error) p-value p-value
SRTT, mean reaction time —0.000 (0.013) 0.972 —0.012 (0.011) 0.277 0.542
ITT, proportion of correct 0.016 (0.012) 0.187 —0.011 (0.013) 0.419 0.224
AVLT, recall score —-0.002 (0.011) 0.855 —-0.010 (0.010) 0.315 0.594
AVLT, delayed recall score 0.014 (0.010) 0.201 —0.007 (0.010) 0.453 0.321
AVLT, mean intrusions 0.004 (0.010) 0.734 —0.004 (0.010) 0.724 0.884
PVT, mean reaction time —0.017 (0.011) 0.116 —0.007 (0.013) 0.568 0.271
PVT, mean reaction time < 500 ms —0.016 (0.010) 0.109 0.004 (0.011) 0.722 0.249
PVT, lapses 0.007 (0.012) 0.538 0.013 (0.014) 0.346 0.582
SDMT, number of correct entries —0.002 (0.010) 0.848 —0.010 (0.010) 0.329 0.608
ToL, mean solution time 0.004 (0.010) 0.722 —0.006 (0.010) 0.523 0.754
ToL, mean first-move latency 0.001 (0.010) 0.926 —0.010 (0.010) 0.320 0.600
ToL, total score 0.021 (0.011) 0.074 —0.002 (0.010) 0.866 0.185
CBTT, forward, block span —0.001 (0.012) 0.910 0.000 (0.010) 0.994 0.994
CBTT, backward, block span 0.005 (0.011) 0.644 0.013 (0.010) 0.194 0.396
VDLT, hit rate 0.012 (0.011) 0.273 —0.013 (0.010) 0.213 0.212
IGT, amount of coins won —0.013 (0.010) 0.190 0.006 (0.010) 0.506 0.324
ER-40, proportion of correct —-0.012 (0.011) 0.907 0.007 (0.010) 0.505 0.791
JLAP-15, total correct 0.004 (0.010) 0.661 0.009 (0.010) 0.364 0.610
TSP, ACC, switch cost C —0.006 (0.011) 0.576 0.007 (0.010) 0.462 0.637
TSP, RT, switch cost C 0.009 (0.011) 0.461 —0.007 (0.010) 0.466 0.572
TSP, ACC, switch cost N 0.009 (0.012) 0.458 0.012 (0.010) 0.232 0.387
TSP, RT, switch cost N 0.006 (0.010) 0.546 —0.015 (0.009) 0.116 0.233
PASAT1, number of correct 0.001 (0.010) 0.951 —0.004 (0.010) 0.680 0.914
PASAT2, number of correct —0.001 (0.011) 0.951 0.005 (0.010) 0.658 0.904

ACC = Accuracy, AVLT = Auditory verbal learning task, CBTT = Corsi block tapping task, ER-40 = Penn emotional recognition task, IGT =
Iowa gambling task, ITT = Inspection time task, JLAP-15 = Judgment of line angle and position, PASAT1 = Paced auditory serial addition task
level 1, PASAT2 = Paced auditory serial addition task level 2, PVT = Psychomotor vigilance task, RT = Reaction time, SDMT = Symbol digit
modalities task, SRTT = Simple reaction time task, ToL = Tower of London, TSP = Task switching paradigm, VDLT = Visual design learning

task.
A.14. Paced Auditory Serial Addition Task (PASAT)

The PASAT was first introduced by Gronwall [130]. In this version,
the participants listened to digits (1-9) recorded by a native speaker,
one digit at a time, in randomized order. After each new digit was
presented, the participant’s task was to add the current digit to the
previous one and indicate the correct sum by clicking the corresponding
box on the screen, with numbers 1-18 arranged in a full circle. The
task began with a practice round, which included 11 digits presented
at an ISI of 4 s and provided visual feedback about correct or incorrect
answers. Furthermore, all rounds provided auditory feedback in the
form of an aversive noise burst played for 100 ms when a response was
incorrect. The practice round was followed by level 1 with a total of 60
digits and an ISI of 3 s, and level 2 with 150 digits and an ISI of 2 s.
Level 3 was presented at an ISI of 1.5 s and included a maximum of 400
digits and a ‘quit’ button to end the task at any time. We included the
number of correct responses in level 1 and level 2 for analysis. Although
level 3 was presented, the number of correct responses was close to 0
for almost all participants, either due to the fast digit presentation or
the option to quit the task during level 3 and was therefore omitted
from analysis.

Appendix B. Multiple regression results

See Table B.1.
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