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Objective: Digital biomarkers can provide frequent, real-time monitoring of health-related behavior and could
play an important role in the assessment of cognition in frontotemporal dementia (FTD). However, the validity
and reliability of digital biomarkers as measures of cognitive function must first be determined. Method: The
Ignite cognitive app contains iPad-based measures of executive function, social cognition, and other domains
affected in FTD. Here we describe the normative properties of the Ignite tests, evaluate associations with gold-
standard neuropsychological tests, and investigate test-retest reliability through two healthy control studies.
Over 2,000 cognitively normal adults aged 20-80 years were recruited to complete the Ignite app remotely. A
separate cohort of 98 healthy controls completed Ignite at two timepoints (7 days apart), a pen and paper
neuropsychology battery, and a User Experience Questionnaire. Results: Significant associations were found
between age and performance on several Ignite measures of processing speed (r = 0.42-0.56, p < .001)
and executive function (r = 0.43-0.62, p < .001). With the exception of one test (Time Tap), the Ignite
tests demonstrated moderate to excellent test-retest reliability (intraclass correlation coefficients [ICC]
= 0.54-0.92) and significant correlations with their pen and paper counterparts (r = 0.25-0.72, p < .05).
The majority of participants (>90%) rated the app favorably, stating it was enjoyable and easy to
complete unsupervised. Conclusions: These findings offer early support for the validity of the Ignite
tests suggesting they measure the intended cognitive processes, capture a stable picture of performance
over time, and are well accepted in healthy controls. This work supports the feasibility of administering
the app remotely and its potential utility as a cognitive tool in FTD; however, validation is ongoing, and
further work is required before Ignite can be used as an endpoint in clinical trials.

Key Points

Question: How valid and reliable is the Ignite cognitive app in measuring key cognitive domains?
Findings: Preliminary evidence suggests that the app offers a useful and consistent measure of cognitive
performance, though its validation remains an ongoing process. Importance: Designed for remote use,
the app allows individuals to complete assessments from home on an iPad, making it especially valuable
for monitoring brain health over time, such as in clinical trials for frontotemporal dementia (FTD), a
condition that impacts cognitive abilities. With its user-friendly design and positive reception from
participants, Ignite shows promise as a research tool. Next Steps: Future studies will further explore its
validity using updated versions of the app to ensure its effectiveness in detecting early cognitive
impairments in individuals at risk of developing FTD.
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Frontotemporal dementia (FTD) is a clinically, genetically, and
pathologically diverse neurodegenerative disorder. Clinically, FTD is
characterized by behavioral change (behavioral variant FTD) or
language impairment (primary progressive aphasia) and can overlap
with amyotrophic lateral sclerosis and atypical parkinsonian disorders.
The majority of FTD cases are sporadic; however, in approximately
one third of individuals, symptoms are caused by an autosomal
dominant genetic mutation in the chromosome 9 open reading frame
72 (C901f72), microtubule-associated protein tau (MAPT), or pro-
granulin (GRN) genes (Onyike & Diehl-Schmid, 2013; Rohrer et al.,
2009). Evaluating first-degree relatives of individuals with genetic
FTD provides an insight into the presymptomatic stage of the disease,
where individuals do not have symptoms but have a 50% chance of
carrying one of the mutations (Benussi et al., 2022).

There are currently no disease-modifying therapies available for
FTD; however, clinical trials that target pathogenic mutations are
underway, where therapies will likely be the most effective when
administered early in the disease course (Tsai & Boxer, 2016).
However, sensitive and validated biomarkers of disease onset and
progression in the presymptomatic phase of FTD are lacking,
particularly cognitive ones (Staffaroni et al., 2022). There are
several limitations to the current approach of administering tradi-
tional pen and paper neuropsychology tasks, as they require par-
ticipants to break from their normal routine, can lack reliability and
consistency in administration and scoring, and can be time-
consuming for patients. In addition, tasks appear to lack sensitivity
to cognitive change in FTD prior to symptom onset (Rohrer et al.,
2015). The ubiquitous use of technology may provide a solution for
improving the current standard of cognitive assessments. Digital
cognitive assessments can reduce interrater variability, time, and
associated costs of testing and can be used as home monitoring tools,
reducing patient burden and capturing cognition in a participant’s
natural environment. Furthermore, digital assessments allow for
more frequent testing, could allow studies to collect more detailed
data sets, and potentially yield more sensitive measures of cognition.
Digital tools could therefore offer complementary value to tradi-
tional methods of assessing cognition if demonstrated to be reliable
and valid measures. As such, several digital cognitive assessments
have been developed for the early detection of mild cognitive
impairment both for screening tools and clinical endpoints in
Alzheimer’s disease trials (Ohman et al., 2021; Onoda et al., 2013;
Onoda & Yamaguchi, 2014; Papp et al., 2021; Possin et al., 2018;
Weintraub et al., 2013). However, there are few digital cognitive
assessments available that are specifically designed to measure
cognitive impairment in FTD.

Ignite is a cognitive assessment app for the iPad, designed for
FTD observational research and clinical trials. The app includes
12 unique tests measuring information processing speed, executive
function, social cognition, semantic knowledge, arithmetic, and
visuospatial skills (see Moore, Convery, Rohrer, 2022, for app
protocol). Tests were included to tap into domains known to be

affected in FTD, particularly presymptomatically, with the goal of
improving sensitivity to detect cognitive impairment (Jiskoot et al.,
2016, 2018; Moore, Convery, et al., 2022; Rohrer et al., 2015).
Ignite is a self-assessment and is mainly comprised of computerized
versions of standard neuropsychology tasks that can be completed in
under 30 min. Before being tested in clinical cohorts to assess
impairment, novel cognitive assessments need to provide appro-
priate validity and reliability estimates, including the development
of new normative properties (Morrison et al., 2015; Ruggeri et al.,
2016). Furthermore, demonstrating the feasibility of administering
computerized cognitive assessments is equally important to ensure
digital assessments are well accepted by the population. Here, we
describe the normative properties and construct validity of the Ignite
tests in a study of over 2,000 healthy controls (Study 1) and report
concurrent validity with gold-standard neuropsychometry, test—
retest reliability estimates, and feasibility data in a separate study of
98 healthy controls (Study 2).

Method
Study 1
Participants

Participants were recruited to complete Ignite remotely via media
advertisements describing the study and explaining that healthy
volunteers were required to complete the app. Previous research has
demonstrated that the precision of normative data for cognitive tests
improves as sample size increases, with confidence intervals nar-
rowing as the sample grows, until reaching a plateau at approximately
200 cases (Crawford & Garthwaite, 2008). Based on this, a sample
size of 200 individuals per decile was considered sufficient to power
the normative data set, with the goal of achieving an equal distribution
between sexes. Participants were encouraged to read the study
information sheet on the first page of the app carefully to ensure they
met the following eligibility criteria: they were healthy controls (i.e.,
did not have a significant neurological or psychiatric disorder), were
aged between 20 and 80, owned an Apple iPad (any model), and
were able to understand and comply with instructions in English.
Participants were asked not to take part if they had a clinically
significant medical condition that could affect their safety, preclude
evaluation of response, or interfere with the compliance of study
procedures, had a visual (noncorrected) or physical motor impairment
that could interfere with their ability to use the iPad and/or complete
the assessment, had learning difficulties or dyslexia, or if they were
taking any medication that may impact their cognitive performance.

Procedure

Instructions were provided in the study advertisement describing
how to download the Ignite app from the App Store onto the
participant’s personal devices. After reading the information sheet in
the app and completing the consent form, participants were then
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presented with a short form requiring them to enter basic demo-
graphic information, including age (years), education (years), sex
(M/F), country of residence, and the first three letters of their city of
birth (to help with the identification of duplicate attempts at the
tests). No personally identifiable information was collected.
Participants then completed 12 separate cognitive tasks in a pre-
determined order: Think Back Level 1 and Level 2, Sum Up, Colour
Mix Levels 1-4, Face Match, Mind Reading, Swipe Out, Card Sort,
Line Judge, Balloon Fair, Time Tap, Path Finder Levels 1 and 2, and
Picture Pair (Table 1, Figure 1). Detailed instructions were presented
at the beginning of each test accompanied by example videos
demonstrating how the task should be completed. No feedback was
provided to participants on their performance, and on the final page
of the assessment, participants were required to select “Upload
data,” which sent the results to a secure server.

Data Preprocessing

Data from each participant were collated and analyzed in Stata/
MP (Version 16.1). Participants were grouped into six age groups
(20-29, 30-39, 40-49, 50-59, 60-69, 70-80 years) and four
education groups (0-9, 10-12, 13-16, and >17 years). These
education groupings were chosen to reflect standard levels
of education in the United Kingdom. For each test in the assessment,
the number of trials completed per person was calculated and
averaged across each age group. For each test in the assessment,
participant test data were excluded if the number of trials they had
completed was more than 3 SDs below the mean for their age group.
This criterion was applied to remove extreme outliers, ensuring there
were a sufficient number of trials to analyze for each test and to
remove participants that had not properly attempted the task.

QOutcome Measures

For several tests, including Think Back, Colour Mix, Mind
Reading, Face Match, Sum Up, Picture Pair, and Line Judge, three
measures of speed (average reaction time across trials), accuracy
(total correct), and a speed—accuracy trade-off (SAT) score = total
correct/average reaction time were calculated for each test. Average
reaction time was also calculated for the Swipe Out task along with
the Flanker effect measure (average reaction time of incongruent
trials—average reaction time of congruent trials). The total com-
pletion time (in seconds) was calculated for Path Finder Levels 1
and 2. The total number of correct categories achieved was the
measure of interest for the Card Sort task, and the total amount of
money won was calculated for the Balloon Fair test. Clock variance
and absolute drift were computed from an autoregressive timing
model for the Time Tap task (Henley et al., 2014), where clock
variance represents a cognitive representation of time or “the
internal clock,” and absolute drift is the difference in the response
interval from the first and last tap (see Supplemental Table S1 for a
detailed description of outcome measure calculation).

Statistical Analysis

Demographic Associations. To examine the isolated effects of
demographic predictors on performance, the partial correlations of
age and education with each of the Ignite outcome measures were
calculated, controlling for the remaining demographic variables

(i.e., sex and age/education). Pearson’s or Spearman’s (if data were
nonnormal) partial correlations were performed in R (RStudio
Team, 2021). Linear regressions were used to analyze sex differ-
ences with males as the reference group, and age and education were
included as covariates in the model. For outcomes that were not
normally distributed, bootstrapping with 2,000 replications was
used to calculate 95% confidence intervals. For the Card Sort task, as
the outcome measure (number of correct categories) is categorical, a
logistic regression was used to investigate if age, education, and sex
predicted task performance. All regression analyses were performed
in Stata/MP (Version 16.1).

Normative Properties. To produce normative scores by age
deciles, education groups, and sex, adjusted means were output from
linear regression estimates for each Ignite outcome measure. To
generate a Z-score calculator from the normative data, multiple
linear regressions were conducted for each Ignite outcome measure
that adjusted for the demographic predictors of age, sex, and years in
education, concurrently, individually and without covariates, re-
sulting in five different models per measure. Z-scores were estimated
by subtracting raw scores from the predicted mean(s) and then
dividing this difference score by the standard deviation of the re-
siduals (root-mean-squared error term). To ensure Z-scores were
interpretable, outcome measures that were not normally distributed
were transformed prior to analysis (see Supplemental Table S2). To
investigate potential nonlinearity between age and cognitive per-
formance, a quadratic term for age was added to each model (see
Supplemental Table S3). From the data, we observed that with the
exception of the Sum Up and Path Finder tests, the quadratic age
terms were nonsignificant and did not substantially increase the
explained variance of the models. For Sum Up and Path Finder,
however, the results indicate a nonlinear relationship with age
(Supplemental Figure S1), and we therefore used the quadratic term
in the normative data estimation for these tests.

Construct Validity. To understand construct validity, an
exploratory factor analysis was performed in Stata/MP (Version
16.1). We conducted two separate factor analyses in this study using a
polychoric correlation matrix, chosen for its ability to include both
continuous and categorical (i.e., Card Sort) variables. The primary
analysis was carried out on all 43 outcome measures, both continuous
and categorical (e.g., Card Sort), to examine interitem correlations.
This analysis ensured that outcomes from the same tests were
consistently loaded onto the same factors, with intercorrelations being
notably high (» > 0.90). For the secondary factor analysis, we selected
the outcomes with the highest loadings from each test, representing
each task’s key cognitive component, to avoid issues of multi-
collinearity and allow us to construct easily interpretable composite
measures of cognition in future studies. We evaluated the scree plot of
eigenvalues to determine the optimal number of factors, leading to the
selection of a five-factor model (Supplemental Figure S2). Factor
loadings were interpreted using the oblique promax rotation method
and a minimum criterion of a primary loading factor of 0.3 or above
was applied to each outcome measure (Ford et al., 1986).

Study 2
Participants

Participants were recruited to an observational study held at
University College London (UCL). All participants gave full informed
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Table 1 (continued)

Time to complete(s)

Cognitive domain (subdomain) Description Number of trials

Gold-standard test

Ignite test

90

50

Executive function (decision Participants are required to pump a balloon to

Iowa Gambling Task

Balloon Fair

win money. The more the balloon is

making)

inflated, the more money there is available
to collect; however, if the balloon is

pumped too much, it can burst.
Participants are required to tap in time with a

60

40

Executive function (cognitive

Time Tap

circle that pulses at regular intervals. After

timing)

30 s, the circle disappears, and the
participant must continue tapping at the

same tempo.
Participants are required to tap from one

90

19

Processing speed

Trail Making Test part A

Path Finder (Level 1)

number to the next in sequential order.
Participants are required to alternate between

90

19

Executive function (set-shifting)

Trail Making Test part B

Path Finder (Level 2)

tapping from numbers to letters in sequence

(ie., 1, A, 2, B).
Participants are required to select an image

120

25

Semantic knowledge

Modified Camel and Cactus test

Picture Pair

(from four options) that best matches with a

target image.

D-KEFS = Delis—Kaplan Executive Function System.

Note.

CONVERY ET AL.

consent at the beginning of the research visit. A sample size of 88 was
calculated to provide 90% power for detecting a correlation of at least
0.5 (one-sided), assuming a moderate to strong correlation between
assessments (r > 0.7). The same inclusion and exclusion criteria used
in Study 1 were applied, with the exception that participants did not
need to own an Apple iPad, and an additional requirement that they
must not have completed the Ignite app before (i.e., as part of Study 1).
Healthy controls were recruited through the online platform Join
Dementia Research (https://www joindementiaresearch.nihr.ac.uk/).
Only individuals that met the study criteria received the details, and
then these participants could choose to register to take part in the study.
Participants did not receive compensation for taking part in the study.

Procedure

Participants attended two 1-hr research visits at UCL conducted
2 weeks apart. All participants completed the Ignite app and a
neuropsychology battery containing gold-standard pen and paper
versions of the Ignite tests. Participants were randomized 1:1 into
two conditions, completing either the Ignite app or the neuropsy-
chology battery at the first research visit. The pen and paper neu-
ropsychology battery was administered in a quiet testing room and
included 11 different tests (see Table 1). After the first research visit,
participants were given a study iPad, with the Ignite app down-
loaded, and were asked to complete the assessment 1-week later.
Therefore, participants completed Ignite at two timepoints (7 days
apart), once remotely, and once during one of the research visits. At
the end of the study, participants were invited to complete the Ignite
User Experience Questionnaire, via email link to the Lime Survey
platform (Version 2.28.34). The survey included 10 statements,
concerning attitudes and experiences of completing Ignite, rated on
a 5-point Likert scale (ranging from strongly disagree to strongly
agree). To reduce response bias, statements were randomized so that
50% were of a positive attitude and 50% were negative.

Statistical Analysis

Concurrent Validity. A correlation analysis was conducted
to determine the relationship between Ignite tests and the standard
pen and paper neuropsychology tasks. Pearson correlations were
computed for normal measures and Spearman correlations were
used for outcome measures with a nonnormal distribution. A chi-
squared test was conducted to assess the relationship between scores
on the Card Sort task and the Wisconsin Card Sorting Task. The
most comparable outcome measures were chosen to compare
performance on Ignite tests with the neuropsychology battery.
Where direct equivalents were not available, Ignite tests were
correlated with other pen and paper tasks hypothesized to measure
the same cognitive domains.

Test—Retest Reliability. A two-way mixed effects model for
each Ignite outcome measures across the two timepoints was used to
calculate the consistency of agreement intraclass correlation coef-
ficients (CA-ICC; Shrout & Fleiss, 1979). Consistency of agreement
ICCs were selected to allow for a difference in performance upon
repeated assessment (e.g., learning effects; Koo & Li, 2016).
Established cutoff criteria for CA-ICC values were used to determine
the level of reliability for each outcome measure where poor <0.50,
moderate = 0.50-0.75, good = 0.75-0.90, excellent > 0.90 (Koo & Li,
2016; Portney & Watkins, 2000). The mixed model was also used to
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Figure 1
Tasks in the Ignite Battery

00:50s

PURPLE

Pross from number to letter in turn. 01:29s

00:55s

Tap your circle to keep in time with the pulse.

01:42s

Which of the four pictures below matches with the one at the top?

= &

00:56s

Swipe in the direction of the central arrow.

>>>>>

00:52s

Does the current shape match the shape that
came two before it?

P < o
ONEY EARNED:
I
o
MONEY LoST:
)
YES NO
G 01:29s

Press the correct answer.

15+ 13

Which pair of eyes match the emotion?

“ ' ‘ II ’
regretful

01:25s

V4

ma position and
bove?

Al

Press the correct numbers

Note. Tasks displayed: top left Colour Mix, top middle Swipe Out, top right Card Sort, second row left Path Finder,
second row middle Think Back, second row right Balloon Fair, third row left Time Tap, third row middle Face Match, third
row right Mind Reading, bottom left Picture Pair, bottom middle Sum Up, bottom right Line Judge. See the online article for

the color version of this figure.
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calculate the mean difference between scores and the two timepoints
and the 95% upper and lower limits of agreement for the mean
difference. Nonnormally distributed data were transformed prior to
analysis. Bland—Altman plots were constructed to demonstrate
agreement between Ignite scores and back-transformed for measures
that were not normally distributed.

User Experience Questionnaire. The percentage of responses
was calculated for each rating on the Likert scale. strongly agree
and agree responses were collated into one single measure of
“Agreement” and strongly disagree and disagree responses into one
measure of “Disagreement” to improve the interpretability and
provide an overall picture of the group attitude per question. To
investigate potential differences in user experience by age, parti-
cipants were split into two groups of younger (age <59 years) and
older (age >60) adults, and chi-squared tests were used to assess
differences in rating for each question.

Transparency and Openness

We report how we determined the required sample sizes for both
studies, all data exclusions (if any), all manipulations, and all
measures in the study. The data sets used and/or analyzed are
available from the corresponding author on reasonable request. The
normative calculator is available for use on the genetic fronto-
temporal dementia initiative website (https://www.genfi.org/ignite/).
The underlying code for this study is not publicly available but may
be made available to qualified researchers on reasonable request
from the corresponding author. Data were analyzed using Stata/MP
(Version 16.1) and RStudio Team (2021). This study’s design and
its analysis were not preregistered. The authors do not have any
conflicts of interest to disclose with the Ignite app.

Results
Study 1

Participant Characteristics

A total of 2,043 people completed the Ignite app. There were nine
different countries represented in the data set, with 95.3% of par-
ticipants residing in the United Kingdom and 4.3% from the United

Table 2

States. The remaining 0.4% (N = 8) of participants were from
countries where English was not the predominant language and were
therefore excluded to limit the effects of language comprehension on
task performance. Analysis of the data revealed 31 participants with
identical demographic information to at least one other participant.
These individuals were also excluded based on the possibility these
could be duplicate participants, resulting in 39 healthy controls in
total being excluded prior to analysis. Therefore, 2,004 participants
were included in this study; see Table 2 for demographic infor-
mation. Individual test data was removed based on the number of
trials completed being lower than three standard deviations of the
population average in 24 instances (Supplemental Table S4).
Female participants accounted for 67.4% of the normative sample.
The mean (standard deviation) age of the population was 55.2
(15.8), and the number of years in education was 16.1 (4.2).

Demographic Associations

Significant associations between age and performance were seen
for 38 out of the 43 Ignite outcome measures (p < .01). A positive
correlation between age and average reaction time was observed
across the tests (r = 0.24-0.62, p < .001), indicating a slowing of
responses with age, accompanied by a decrease in accuracy in the
total number of correct trials (r = —0.12 to —0.57, p < .001) and
speed—accuracy trade-off scores (r = —0.25 to —0.58, p < .001), see
Figure 2. A decline in performance was also seen with age and the
total money earned on the Balloon Fair task (r = —0.36, p < .001)
and the number of correct categories achieved in the Card Sort test
(B = —0.06, p < .001). Only the Sum Up task did not display
significant correlations with age. Significant sex differences were
observed with females performing better on Colour Mix Levels 1-3
(B =10.39-1.25, p < .05), Path Finder Level 2 ( = —-2.30, p < .001),
Face Match ( =0.97-1.25, p < .001), Mind Reading (f = 0.55, p <
.001), and Picture Pair (p = 0.43, p < .05). Male participants had
significantly higher scores on Sum Up (B = 1.92, p < .001), Line
Judge (B=1.52, p <.001), Think Back Level 2 (f = 1.82, p <.001),
and Balloon Fair tasks (f = 85.5, p < .001). Significant associations
between education and performance were seen on several Ignite
tests; however, effect sizes were small (see Table 3).

Demographic Characteristics of the Healthy Control Participants in Each Study

Study 2 (subsample who completed

Demographic Study 1 Study 2 feasibility questionnaire)

Number of participants 2004 98 55
Age, years

M (SD) 55.2 (15.8) 51.2 (17.3) 50.0 (17.8)
Age group (number of participants)

20-29 200 16 10

30-39 203 15 9

4049 233 14 8

50-59 394 17 8

60-69 587 18 10

70-80 387 18 10
Education, years

M (SD) 16.1 (4.2) 17.8 (2.9) 17.9 2.4)
Sex

% Male 32.6 43.7 49.1
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Table 3
Partial Correlations for Age and Education, and Linear Regression for Sex for Each Ignite Outcome Measure
Cognitive domain and subdomain Ignite test (outcome measure) Age (1) Education (r) Sex (B)
Processing speed Path Finder Level 1
Time to complete (s) 0.50* —0.07** —-0.50
Colour Mix Level 1
Average reaction time (s) 0.56* -0.02 —-0.05*
Total correct —0.55* 0.02 0.77*
SAT score —0.56* 0.02 1.07*
Color Mix Level 2
Average reaction time (s) 0.54* —0.11 —0.02%*
Total correct —0.54* 0.01 0.39**
SAT score —0.54* 0.01 0.60
Think Back Level 1
Average reaction time (s) 0.43* —-0.04 —0.03
Total correct —0.42* 0.06™* 0.20
SAT score —0.43* 0.05** -0.29
Executive function
Set-shifting Path Finder Level 2
Time to complete (s) 0.43* —0.10* —2.30*
Card Sort (B)
Number of categories completed —0.06™ 0.03%* —0.08
Inhibitory control Color Mix Level 3
Average reaction time (s) 0.55* —0.01 —0.56™
Total correct —0.54* 0.04 1.35%
SAT score -0.55* 0.04 1.25*
Color Mix Level 4
Average reaction time (s) 0.58* —-0.04 -0.07
Total correct —0.57* 0.08* 0.59
SAT score —0.58* 0.07** 0.33
Swipe Out
Flanker effect (ms) 0.06™* 0.01 31.6%*
Average reaction time (s) 0.62* —0.07** 0.03%*
Decision making Balloon Fair
Total money won -0.36™ 0.04 —85.5"
Working memory Think Back Level 2
Average reaction time (s) 0.24* 0.00 0.12%*
Total correct —0.25% 0.05%* —0.79**
SAT score —0.25% 0.02%* —1.82%
Cognitive timing Time Tap
Clock variance (ms?): paced 0.07** 0.00 448
Clock variance (ms?): self—paced 0.06™** -0.03 503
Absolute drift (ms?): paced 0.04 —-0.02 -5.19
Absolute drift (ms?): self—paced —0.06™* 0.00 3.95
Social cognition Mind Reading
Average reaction time (s) 0.42* 0.05%* —0.04
Total correct —0.41* 0.00 0.55*
SAT score —0.46™ —-0.04 0.12%*
Face Match
Average reaction time (s) 0.48* 0.03 —0.09*
Total correct —0.41* 0.00 0.80*
SAT score -0.31%* 0.02 0.97*
Semantic knowledge Picture Pair
Average reaction time (s) 0.49* 0.03 —0.11**
Total correct —0.12* 0.06** 0.43**
SAT score —0.44* 0.00 0.11
Visuospatial skills Line Judge
Average reaction time (s) 0.40* —-0.04 0.46*
Total correct —0.18* 0.12* —1.52%
SAT score -0.37* 0.10* -0.61*
Calculation Sum Up
Average reaction time (s) 0.04 —0.08%* 0.38*
Total correct —0.02 0.08* —1.92*
SAT score -0.03 0.08* -1.19*

Note. r = correlation coefficient, = linear regression coefficient with males as the reference group, SAT = Speed—Accuracy Trade-Off
score.

*p <.001. **p<.05.
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Normative Data

Equations for calculating the Z-scores for each outcome measure
were used to generate a normative calculator for raw scores.
Percentile ranks were also calculated from the normal distribution
of each Z-score. The calculator was constructed to provide five
corresponding estimated Z-scores, per Ignite outcome measure,
based on predictions from each linear regression model. Therefore,
an individual’s raw Ignite scores and demographic information
can be input into the spreadsheet, and Z-scores and percentile
ranks are subsequently generated for each adjustment. The nor-
mative calculator is now available on the Genetic Frontotemporal
dementia Initiative website (https://www.genfi.org/ignite/). Age-
and education-grouped normative values, as well as differences in
sex, for each Ignite outcome measure are reported in Supplemental
Table S5.

Construct Validity

The five-factor solution from the factor analysis explained 86.5%
of the variance in the data. Swipe Out and Colour Mix Levels 1, 2, 3,
and 4 were contained in Factor 1, while Face Match, Mind Reading,
and Picture Pair loaded onto Factor 2 (see Tables 4 and 5).
Outcome measures from Line Judge and Sum Up loaded together
in Factor 3, and both Think Back Levels 1 and 2 loaded with
Factor 4. Cross-loading was observed for Colour Mix Level 3 and
Level with measures also loading with Card Sort on Factor 5.
Factors were subsequently grouped with the following labels:
(a) Processing speed/inhibitory control, (b) Social/semantic proces-
sing, (c) Visuospatial/arithmetic processing, (d) Working memory,
and (e) Set-shifting (see Figure 3). Path Finder Levels 1 and 2,
Balloon Fair, and Time Tap did not meet the minimum criteria
(>0.3) of the primary loading factor and therefore did not group
under a simple factor structure.

Table 4

Study 2
Participant Characteristics

A total of 98 healthy controls (43.7% male) with a M (SD) age of
51.2 (17.3) years, and number of years in education of 17.8 (2.9),
were recruited (Table 2). A subset of participants (N = 55) com-
pleted the Ignite User Experience questionnaire. This subsample had
a M (SD) age of 50.0 (17.8) years and number of years in education
of 17.9 (2.4), and 47.3% of the sample were male.

Concurrent Validity

The majority of the Ignite tests significantly correlated with their pen
and paper counterparts (r = 0.25-0.72, p < .05), and other neuro-
psychology tests measuring the same cognitive domains where direct
comparisons were not available (» = 0.31-0.73, p < .05; Table 6). The
strongest correlations were observed for Sum Up (r=0.72) and Colour
Mix Level 3 (r = 0.71) tasks with their pen and paper equivalents,
while a weaker relationship was shown for Colour Mix Level 2 (r =
0.25). Only the Face Match, Card Sort, and Time Tap tasks did not
significantly correlate with corresponding neuropsychology tests.

Test—Retest Reliability

With the exception of the Time Tap task (ICC’s = —0.12 to 0.12),
the Ignite tests demonstrated moderate to excellent test-retest
reliability estimates (ICC’s = 0.54-0.92; Table 7). High levels of
agreement were also observed in the majority of Ignite outcome
measures as demonstrated by Bland—Altman plots (see Supplemental
Figure S3).

User Experience Questionnaire

No significant differences in responses were found between
younger and older participants on any of the items. Using a 5-point

Rotated Factor Loadings for the Five-Factor Model of Ignite Outcome Measures

Test Outcome measure Factor 1 Factor 2 Factor 3 Factor 4 Factor 5
Path Finder Level 1 Completion time
Path Finder Level 2 Completion time
Swipe Out Reaction time -0.462
Colour Mix Level 1 Total correct 0.705
Colour Mix Level 2 Total correct 0.744
Colour Mix Level 3 SAT score 0.462 0.342
Colour Mix Level 4 SAT score 0.369 0.368
Card Sort Categories complete 0.456
Balloon Fair Total score
Face Match SAT score 0.310 0.613
Mind Reading SAT score 0.681
Picture Pair SAT score 0.550
Sum Up SAT score 0.327
Line Judge SAT score 0.546
Think Back Level 1 Total correct 0.572
Think Back Level 2 Total correct 0.600

Time Tap—Paced

Time Tap—Self paced

Absolute drift
Absolute drift

Note. Loadings greater than 0.3 are shown. SAT = Speed—Accuracy Trade-Off.
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Table 5

Between Factor Correlations for Rotated Factor Matrix

Factor 1 2 3 4 5
1 0.88 0.85 0.79 0.77 0.60
2 0.02 —0.44 0.35 0.43 —0.12
3 —0.38 0.12 0.13 0.29 -0.23
4 0.22 0.02 —0.45 0.34 -0.47
5 —0.13 —0.01 —0.16 0.15 0.60

scale, all participants (100%) reported (neutral or above) that the test
example videos were helpful, they found the tests interesting, and
they enjoyed completing the assessment. Additionally, almost all
participants (neutral or above) agreed that the task instructions were
easy to understand (96.4%), the tests were not boring or repetitive
(94.5%), the assessment was not difficult to complete from home
(98.2%), and the iPad was not difficult to use (98.2%; Figure 4).

Discussion

The Ignite app was tested in a population of 2,004 healthy
controls, generating the largest normative data set to date for a
computerized cognitive assessment of FTD. The results from Study
1 suggested the Ignite tests capture well-established trajectories of
age-related cognitive decline seen in traditional pen and paper
versions of tasks on measures of processing speed (McDowd &
Shaw, 2000; Rasmusson et al., 1998; Tombaugh, 2004), executive
function (Dempster, 1992; Mayr et al., 2001), social cognition
(Charlton et al., 2009; Kemp et al., 2012; Kessels et al., 2014;
Maylor et al., 2002), semantic knowledge (Hoffman, 2019; Wu &
Hoffman, 2022), and visuospatial skills (Eslinger & Benton, 1983).
Notably, there was a strong decline in performance with age on the
Colour Mix and Path Finder tasks, corroborating studies of tradi-
tional versions of these tests that show increasing completion times
with age on the Stroop task (Milham et al., 2002) and Trail Making
Tests, respectively (Rasmusson et al., 1998; Tombaugh, 2004).
However, the regression analyses conducted during the generation
of normative data revealed that the relationship between age and
completion time on the Path Finder tests was not linear. In fact,
performance on these tasks remained relatively stable through
midlife (in the 40s and 50s), after which it declined more rapidly
with age. Additionally, significant correlations were not found
between age and performance on the Sum Up test, which can likely
be attributed to the nonlinear relationship revealed from the
regression model. The fitted model suggests the cumulative acqui-
sition of arithmetic knowledge over time, as arithmetic is a learned
cognitive function that tends to improve with experience and edu-
cation during midlife, before declining with age-related cognitive
changes (Hartshorne & Germine, 2015).

Several significant differences in sex were observed for the Ignite
tests, with female participants scoring higher on tasks assessing
social cognition, replicating well-established findings that sex in-
fluences performance on emotion processing (Paletta et al., 2022),
and empathy tests (Di Tella et al., 2020). Female participants also
performed higher on Colour Mix Levels 1-3, while male subjects
performed better on Think Back Level 2, Sum Up, Line Judge, and
Balloon Fair. This corroborates the literature describing sex dif-
ferences in cognitive function that suggest females score higher on

tasks assessing cognitive flexibility and inhibitory control, while
men tend to perform better on working memory, visuospatial
processing and decision-making tasks (Lejuez et al., 2002; Lynn &
Irwing, 2008; Mackintosh, 1996; Pawlowski et al., 2008; Singh et
al., 2022). Several significant associations with education were
observed for the Ignite tests; however, this was likely driven by the
large sample size as the associations were small in magnitude. A
regression-based normative calculator was subsequently developed
that will be useful for assessing cognitive performance at the
individual level in future studies. Utilizing adjusted Z-scores to
assess performance on an individual basis could increase the sen-
sitivity of the Ignite tests in detecting subtle deficits in presymp-
tomatic FTD mutation carriers.

An exploratory factor analysis was conducted to identify the
underlying factor structure of Ignite, as this approach is well-suited
for evaluating the psychometric properties of a novel tool in its early
stages of validation. Following an initial factor analysis to ensure
measures from the same test loaded together, the highest loading
measures from each task were retained for subsequent analysis. This
allows for a streamlined representation of each task’s key cognitive
component, which could be used to create more interpretable and
practical composite scores of cognition in future studies. The Ignite
tasks were found to load onto factors that mostly align with the
expected constructs. Specifically, all levels of the Colour Mix task
loaded together on Factor 1, which likely suggests a shared reliance
on processing speed and executive function. The additional loading
of Swipe Out, along with Colour Mix Levels 3 and 4, implies that
these tasks also tap into inhibitory control mechanisms, a finding
that has been consistently demonstrated in studies utilizing tradi-
tional versions of these tests (Miyake et al., 2000). The strong
correlations between Factor 1 and the other factors suggest that
processing speed and inhibitory control may represent a general
construct that explains a significant portion of the variance explained
by all of the cognitive tasks, reflecting the interconnected nature of
these cognitive domains. Conversely, the relatively weaker corre-
lations between the remaining factors indicate that these may
represent more specific cognitive functions. For example, the
simultaneous loading of Colour Mix Levels 3 and 4 with the Card
Sort task on a separate factor suggests that these tasks engage set-
shifting abilities, indicating that higher order executive functions
have been distinguished into distinct subcomponents. The fact that
both Think Back levels loaded together reinforces the clear
delineation of executive abilities as these tasks are known to be
associated with working memory (Kane et al., 2007).

Tests of social cognition (Face Match and Mind Reading) and
semantic knowledge (Picture Pair) unexpectedly loaded together.
However, one theoretical perspective has grouped these processes
together within the controlled semantic cognition framework
(Binney & Ramsey, 2020; Ralph et al., 2017) which represents a
conceptual knowledge base of the meaning of words, objects, and
people, including person identification, empathy, and emotion
recognition (Binney & Ramsey, 2020; Chiou et al., 2018). Finally,
the coloading of the Line Judge and Sum Up tasks may reflect the
fact that these tests likely engage multiple processes, particularly
those related to posterior cortical functioning. This is consistent
with the intended purpose of these tasks, as individuals with
C9orf72 and GRN mutations often exhibit early posterior cortical
involvement. The observed factor structure supports this inclu-
sion, aligning with neuropsychological evidence of the posterior
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Figure 3
Factor Structure of the Ignite Tests

Swipe Out

046
Processing
speed/inhibitory XL Colour Mix Level 1
control 0.7¢
Colour Mix Level 2
.qé‘
o Colour Mix Level 3
%
Set-shifting Colour Mix Level 4
Card Sort
Face Match
0.
Conceptusl 0.68 Mind Reading
processing
0.55
Picture Pair
. 0.57 Think Back Level 1
Working
memory 0.60
Think Back Level 2
Visuospatial/ 0.54 Line: fidge
arithmetic 0.33
processing sum Up
u

Note. The circles are labeled according to the cognitive domain each factor represents. The
values denote the highest factor loading for an outcome measure in each test. This figure presents a
simplified schematic of the results from the exploratory factor analysis, focusing on the highest
factor loadings (>0.3) for each of the tests, omitting factor correlations and non-significant
loadings. The figure is intended for illustrative purposes only and does not follow standard
Reticular Action Model (RAM) notation. See the online article for the color version of this figure.
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cortex’s role in complex visual and numerical processing (Seeley the more general cognitive functions captured by other tasks (e.g.,
et al., 2008). It is likely that the Path Finder and Balloon Fair tests processing speed or executive function). Taken together, these
did not load onto a single factor because they tap into a wider results suggest that several of the tasks measured in the Ignite app
range of cognitive abilities, which may not be as closely related to tap into a range of cognitive abilities, with a general processing
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Table 6
Correlations Between Ignite and Pen and Paper Neuropsychology Tasks
Ignite test (outcome measure) Pen and paper test (outcome measure) Correlation coefficient P
Path Finder Level 1 (completion time) Trail Making Test part A (completion time) 0.55 <.001
Path Finder Level 2 (completion time) Trail Making Test part B (completion time) 0.52 <.001
Colour Mix Level 1 (average RT) D-KEFS—color naming (completion time) 0.50 <.001
Colour Mix Level 2 (average RT) D-KEFS—word reading (completion time) 0.25 .013
Colour Mix Level 3 (average RT) D-KEFS—color-word inhibition (completion time) 0.71 <.001
Picture Pair (total correct) Modified Camel and Cactus test (total correct) 0.42 <.001
Line Judge (total correct) Benton Judgment of Line Orientation (total correct) 0.58 .000
Face Match (total correct) Ekman 60 Faces Test (total correct) 0.17 .098
Mind Reading (total correct) Reading the Mind in the Eyes task (total correct) 0.38 <.001
Sum Up (total correct) Graded Difficulty Arithmetic Test (total correct) 0.72 <.001
Balloon Fair (total won) Iowa Gambling Task (net total) 0.31 .004
Swipe Out (average reaction time) Eriksen Flanker task (average reaction time) 0.52 <.001
Think Back Level 2 (total correct) N-back (2 back; total correct) 0.46 .002
Tests without standard equivalent
Colour Mix Level 4 (average RT) D-KEFS—color-word inhibition (completion time) 0.73 <.001
Think Back Level 1 (average RT) D-KEFS—color naming (completion time) 0.44 <.001
Think Back Level 1 (average RT) Trail Making Test part A (completion time) 0.52 <.001
Time Tap—Paced (clock variance) D-KEFS—color-word inhibition test (completion time) 0.13 211
Time Tap—Paced (absolute drift) Trail Making Test part B (completion time) 0.15 157
Time Tap—Self-Paced (clock variance) D-KEFS—color-word inhibition (completion time) 0.08 471
Time Tap—Self-Paced (absolute drift) Trail Making Test part B (completion time) 0.02 .840

Note. D-KEFS = Delis—Kaplan Executive Function System; RT = reaction time.

speed and inhibitory control factor likely acting as a core under-
pinning construct.

The results from Study 2 demonstrated that most of the Ignite tests
exhibit good concordance with their corresponding pen and paper
counterparts, supporting concurrent validity. Strong correlations
were observed for Colour Mix Level 3 with Delis—Kaplan Executive
Function System (D-KEFS) Ink Naming and Sum Up with Graded
Difficulty Arithmetic, indicating the Ignite versions of these tasks
track closely with the traditional versions. Additionally, Ignite tests
without direct pen and paper comparisons correlated with other tests
that measure the same hypothesized cognitive domains. The only
tests that were not significantly associated with traditional measures
were the Face Match, Card Sort, and Time Tap tasks. The lack of
association between Face Match/Ekman Faces Test and Card Sort/
Wisconsin Card Sorting Task can likely be explained by the sim-
plicity of the pen and paper versions of these tasks and the resulting
ceiling effects observed. Ceiling effects restrict the range of scores
and result in low correlation coefficients. Furthermore, a high degree
of variability was observed in the Time Tap data in both outcome
measures, suggesting perhaps that cognitive timing is not a stable
trait and could be highly influenced by other factors.

The Ignite tests displayed moderate to excellent test—retest reli-
ability overall. Good test-retest coefficients >0.75 (Portney &
Watkins, 2000) were obtained for all levels of the Colour Mix and
Think Back tasks, as well as Sum Up, Line Judge, Face Match
average reaction time (RT) and Speed—Accuracy Trade-Off scores,
Picture Pair average RT scores, and Swipe Out average RT scores.
Thus, findings are also consistent with previous studies demon-
strating good reliability in pen and paper versions of these tasks
(Adams et al., 2015; Franzen, 2000; Goldstein & Watson, 1989;
Iverson, 2001; Lemay et al., 2004; Paap & Sawi, 2016; Salinsky et
al., 2001; Sanders et al., 2018; White et al., 2018). Ignite reliability
estimates for Think Back levels of working memory were higher
than previously reported from 1-back (Lowe & Rabbitt, 1998; White

et al., 2018) and 2-back tasks (White et al., 2018). Consistent with
prior research studies using pen and paper (Barr, 2003) and com-
puterized Trail Making Tests (Bracken et al., 2018; Morrison et al.,
2015), the Ignite Path Finder levels displayed moderate reliability.
Low test-retest reliability scores were only seen for the flanker
effect measure on the Swipe Out task and all outcome measures
produced from the Time Tap test. Consistent with the results from
this study, other research has shown that reliability is low for the
flanker effect but good for average reaction times on traditional
Flanker tasks, both in healthy controls (Paap & Sawi, 2016; White
etal., 2018) and in patients with dementia (Sanders et al., 2018). It
is unclear why the Time Tap task displayed such low test-retest
reliability scores, but the answer likely lies in the high variability
seen in the data at both baseline and follow-up assessments.
Nevertheless, the low estimates observed for these measures raise
the longstanding issue as to whether tests with inadequate reli-
ability should be excluded from future assessments.

The results of the Ignite User Experience Questionnaire dem-
onstrate that healthy controls rate the app favorably overall. The
majority of participants reported that the image quality of the tests
was good, the videos were helpful, and the instructions were easy to
follow. In addition, healthy controls agreed that the app was easy to
complete remotely from home, and the iPad was not difficult to use.
Demonstrating the feasibility of administering novel computerized
assessments is equally as important as proving validity and reli-
ability. Therefore, this data provides supporting evidence of the
acceptability of the app among healthy adults (including those of
older ages) and the feasibility of implementing Ignite as a cognitive
test in the wider population through remote data collection studies.

Several limitations to this work must be noted. First, to collect
normative data, participants were recruited through convenience
sampling and self-identified as not having a neurological or neu-
ropsychological disorder. While those recruited through the join
dementia research platform were prefiltered to exclude individuals
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Figure 4
Ignite User Experience Questionnaire Results

Ignite User Experience Questionnaire

Overall | found the tests interesting and enjoyed completing the app

| found the iPad easy to use

The images within the tests were clear and easy to see

Completing the app twice was not tedious/difficult

The app does not take long to complete

| preferred completing the app to the pen/paper tests performed with the researcher
| found it easy to set up the app and complete the tests from home

The video examples prior to the start of each test were helpful

The instructions prior to the start of each test were easy to understand

| did not find the tests on the app boring/repetitive

mDisagree = Neutral

Note.

10 20 30 40 50 60 70 80 90 100
Percentage of responses

mAgree

The bar chart displays the percentage of healthy controls that Agree, Disagree, or Feel Neutral to each statement. Statements of a negative attitude were

inversed for interpretability. See the online article for the color version of this figure.

with diagnosed conditions, this approach did not include rigorous
screening for undiagnosed cognitive deficits. The inclusion of in-
dividuals with potential undiagnosed conditions could introduce
variability in the normative data, which may slightly influence
thresholds or reduce sensitivity when interpreting individual per-
formance. However, this variability reflects the natural diversity of
the general population we aim to represent, which is important for
ensuring Ignite’s applicability in real-world contexts.

Second, ethnocultural and socioeconomic status data was not
collected. Participants in Study 1 mainly resided in the United
Kingdom, and only participants who spoke English and owned an
Apple iPad were able to participate, limiting the generalisability of
these findings. Third, we only collected data from individuals aged
20-80. Consequently, the associations between age and cognitive
performance appear to be predominantly linear, as the sample ex-
cludes younger age groups where these cognitive abilities are
acquired. Many cognitive functions likely peak in early adulthood,
around the 20s, following a period of rapid development during
childhood and adolescence. By not including individuals under 20,
we miss the earlier portion of the “U-shaped” curve, where cognitive
performance gradually improves before reaching its peak. This
limitation restricts our ability to capture the full trajectory of cog-
nitive development and its potential nonlinear relationship with age
across the lifespan. Future studies of Ignite will incorporate young
adults and teenagers in order to fully understand these develop-
mental patterns.

Finally, the Ignite app does not currently include a measure of
effort-testing or participant engagement. As a result, we cannot
assess the performance validity of the normative sample. The
inclusion of effort and engagement measures is particularly critical
for self-administered cognitive tests, where engagement levels can

vary widely due to distraction, fatigue, or lack of motivation. This
raises concerns over the interpretability of results and highlights the
importance of performance validity testing to ensure the accuracy
and reliability of cognitive assessments, particularly for modern
digital technologies (Finley, 2024).

In an attempt to address these limitations, it is planned that the
Ignite app will undergo development, including translation into
multiple languages and the addition of ethnicity data collection.
These enhancements will extend the app’s reach to a broader, more
diverse population, improving the representativeness of the data
sets. Additionally, a dot-counting task will be incorporated as a
measure of performance validity, which will enhance the app’s
ability to assess participant effort and ensure the accuracy of
cognitive performance results in future assessments. Validation of
the Ignite app will be an ongoing process, and we aim to generate
normative data that incorporates ethnicity, covers all language
versions, and includes the assessment of effort in future studies.

In conclusion, this validation study of Ignite indicates the app can
be completed by a broad range of ages and ability levels and
provides early evidence that the tests capture cognitive performance
reflective of well-established trajectories in normal aging. In
addition, the majority of Ignite tests appear to be reliable upon
repeated testing, display good concordance with gold-standard
neuropsychology tests, and the app is well accepted in healthy
controls. One exception is the Time Tap task which will be removed
from future versions of Ignite based on the results of this initial
study. Future work should continue validation efforts and focus on
repeated testing of Ignite through a burst-testing protocol to
investigate the extent of practice effects upon multiple adminis-
trations. This will be important for clinical trials to define the optimal
number of times Ignite should be completed to obtain an accurate
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depiction of performance. Furthermore, studies should investigate
the Ignite app in clinical and preclinical FTD populations to
establish if the tests are sensitive to early cognitive impairment.
Following further investigation in FTD, the selection of the most
sensitive Ignite tests for each genetic group could help to optimize
the assessment. It is likely that gene-specific Ignite composite scores
would be beneficial to clinical trials in enhancing the sensitivity of
detecting cognitive impairment and reducing the required sample
sizes. Finally, while Ignite was originally designed for FTD, future
work will focus on evaluating its external validity across other
neurodegenerative diseases. This will involve assessing its diag-
nostic accuracy and adaptability to different conditions beyond
FTD, ensuring its broader applicability.
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