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Objective:Unsupervised remote digital cognitive assessment makes frequent testing feasible and allows for
measurement of learning over repeated evaluations on participants’ own devices. This provides the
opportunity to derive individual multiday learning curve scores over short intervals. Here, we report
feasibility, reliability, and validity, of a 7-day cognitive battery from the Boston Remote Assessment for
Neurocognitive Health (Multiday BRANCH), an unsupervised web-based assessment. Method: Multiday
BRANCHwas administered remotely to 181 cognitively unimpaired older adults using their own electronic
devices. For 7 consecutive days, participants completed three tests with associative memory components
(Face–Name, Groceries–Prices, Digit Signs), using the same stimuli, to capture multiday learning curves for
each test. We assessed the feasibility of capturing learning curves across the 7 days. Additionally, we
examined the reliability and associations of learning curves with demographics, and traditional cognitive
and subjective report measures. Results: Multiday BRANCH was feasible with 96% of participants
completing all study assessments; there were no differences dependent on type of device used (t = 0.71, p =
.48) or time of day completed (t = −0.08, p = .94). Psychometric properties of the learning curves were
sound including good test–retest reliability of individuals’ curves (intraclass correlation = 0.94). Learning
curves were positively correlated with in-person cognitive tests and subjective report of cognitive
complaints. Conclusions:Multiday BRANCH is a feasible, reliable, and valid cognitive measure that may
be useful for identifying subtle changes in learning and memory processes in older adults. In the future, we
will determine whether Multiday BRANCH is predictive of the presence of preclinical Alzheimer’s disease.

Key Points
Question: Is digital assessment of learning over 7 days feasible for older adults to complete in a remote,
unsupervised context? and Is this multiday learning measure reliable and valid? Findings: Our sample
of clinically unimpaired older adults found a 7-day unsupervised remote assessment to be feasible and
enjoyable, and a multiday learning curve score was reliable across time and demonstrated good validity
through its association with traditional cognitive and clinical measures. Importance: The feasibility,
reliability, and validity of a 7-day remote assessment of memory signals the opportunity to measure
cognition in a high-resolution manner that may be able to differentiate individuals with progressive
disease at an earlier stage.Next Steps:Next, we will determine whether differences in multiday learning
curves can be seen in those with risk factors for Alzheimer’s disease at the preclinical stage.

Keywords: digital biomarkers, mobile testing, preclinical Alzheimer’s disease
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Feasible, valid, and reliable tools capable of identifying adults at
high risk for cognitive decline due to Alzheimer’s disease (AD)
remain elusive and pose a barrier to timely intervention (Harvey
et al., 2017). The process of learning repeated information over
multiple exposures appears to be uniquely impacted in early AD
signaling a potentially sensitive cognitive marker at the preclinical
stage (Samaroo et al., 2021). In cognitively unimpaired adults, this
process can easily be taken for granted as one passively learns which
grocery store in the area has the best prices for produce or the name
of a new neighbor after several brief encounters. However, in AD,
these types of associative learning processes become increasingly
challenging (Bastin et al., 2014; El Haj & Antoine, 2018; Kormas et
al., 2020). Reduced learning can be localized to the disruptions
within the medial temporal lobe, which is one of the first brain
regions affected by AD pathology (Braak & Braak, 1991; Jack et al.,
2019). Thus, capturing learning, across several time points, may be a
promising tool in the development of novel and, ideally, highly
sensitive, cognitive assessments in preclinical AD.
A body of existing work has shown that decrements in learning,

demonstrated by reduced practice effects after exposure to repeated
in-clinic cognitive assessments, occur among cognitively impaired
older adults in contrast to those who are unimpaired (Calamia et al.,
2012; Hassenstab et al., 2015; Jutten et al., 2020; Papp et al., 2015).
Additionally, diminished practice effects among cognitively unim-
paired individuals can predict risk for clinical progression to mild
cognitive impairment (MCI)/dementia (Duff et al., 2011, 2014;
Oltra-Cucarella et al., 2022). While these studies provide evidence
for the value of using decrements in learning as a risk factor for
current or future impairment, instruments designed to capture
decrements in learning over short-time intervals in cognitively
unimpaired individuals are sparse (Duff et al., 2017; Lim et al., 2021;
Schaefer & Duff, 2017).
Efforts to capture diminished learning over short time frames such as

over the course of months or even days have become possible with
digital devices. Recent work from our group has investigated
multimodal associative learning over repeated evaluation within a
span of subsequent months using a study-issued iPad (Samaroo et al.,
2021).Within a sample of cognitively unimpaired older adults, monthly
repeated face–name pairs revealed a diminished learning trajectory in
those with high levels of amyloid deposition. Likewise, over the course
of days, an experimental language/character learning paradigm
differentiated those unimpaired older adults with evidence of AD
biomarkers (Baker et al., 2020; Lim et al., 2020, 2021). The implication
of the above work holds promise for optimizing a measurement of
cognition that reflects the earliest signs of change in preclinical AD over
shorter time frames than was previously thought possible.

This preliminary foundation of encouraging work motivates the
development of a cognitive paradigm that measures associative
learning over days with stimuli that are relevant to everyday life
(e.g., meeting new people, shopping) and sensitive to AD-specific
cognitive processes. Our group had previously demonstrated the
feasibility and validity of a single time point assessment, the Boston
Remote Assessment of Neurocognitive Health (BRANCH), a web-
based, remote, and self-guided assessment of visual, verbal, and
numeric associative memory processes (Papp, Samaroo, et al.,
2021). Given the potential sensitivity gleaned from measuring
learning across days, the present study seeks to identify the
feasibility and psychometrics of administering Multiday BRANCH
over 7 days both by examining adherence as well as usability and
acceptability with a posttest questionnaire. We also assessed
reliability, repeating the paradigm with new stimuli, as a means of
determining the psychometric stability of a learning curve measure
of cognition. Last, convergent validity was assessed with the
understanding that this novel learning paradigm may demonstrate
modest associations with traditional neuropsychological measures.

Method

Transparency and Openness

We report the details of our sample below, all data exclusions, all
manipulations, and all measures in the study, and we follow Journal
Article Reporting Standards (Kazak, 2018). All data, analysis code,
and research materials are available upon request. Data were
analyzed using R, Version v4.0.3. This study’s design and its
analysis were not preregistered.

Participants

The sample included 181 cognitively unimpaired, fluent English-
speaking participants aged 60–90 from participants co-enrolled in
three separate ongoing observational cohorts including 121 partici-
pants from the Harvard Aging Brain Study (HABS; 2P01AG036694-
11-Sperling, Johnson), 34 from the Instrumental Activities of Daily
Living study (IADL; R01AG053184-Marshall), and 26 from the
Subjective Cognitive Decline study (SCD; 1R01AG058825-01A-
Amariglio). Study procedures were conducted in accordance with
human subjects’ protections, and the study protocol was approved
by the Mass General Brigham Institutional Review Board. All
participants underwent informed consent. Participants were recruited
for these co-enrolled observational studies through community-posted
advertisements, clinic referrals, and through the efforts of the
Outreach and Engagement Core of the Massachusetts Alzheimer’s
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Disease Research Center. Participants in these studies were required to
be in general good health or have stable medical conditions with no
significant cerebrovascular or psychiatric disorders. Participants
needed a study partner who could answer questions pertaining to
daily functioning to establish a Clinical Dementia Rating (CDR).
They also underwent annual neuropsychological testing, separate and
prior to their Multiday BRANCH administration, as part of their co-
enrolled observational studies. They were considered in a cognitively
unimpaired group of these studies if they had a CDR global score of
zero, normal education-adjusted performance on the Mini-Mental
State Examination (>25), and the Logical Memory Delayed Recall
(≥16 years of education: ≥9; 8–15 years: ≥5). Furthermore,
participants at the time of the study were diagnostically classified
as cognitively unimpaired/cognitively normal by multidisciplinary
clinical consensus (Papp, Samaroo, et al., 2021). No participants with
a diagnosis of MCI were recruited or included in this study.
Recruitment for the present study consisted of rolling enrollment
through providing study information at in-lab visits related to other co-
enrolled studies and emails to participants in these existing studies.
For inclusion in the present Multiday BRANCH study, participants
were required to have access to a device with a stable internet
connection of Wi-Fi or cellular service. Participant characteristics are
reported in Table 1.

Multiday BRANCH Paradigm

The study paradigm uses a modified version of BRANCH
(Boston Remote Assessment Neurocognitive Health), a previously
validated web-based program, which met hospital data privacy and
security requirements (Papp, Samaroo, et al., 2021). The current
assessment uses only one of the tests (i.e., Groceries) from the four
original BRANCH tests. Multiday BRANCH is comprised of three
tests that are various paired associative memories tests that are
repeatable and sensitive to change in performance over 7 days.
Together, the three tasks require roughly 10–15 min to complete and
are presented in Figure 1 and described below along with the study
procedure.

FNAME Test

This is a modified version of the Face–Name Associative
Memory Exam (FNAME) incorporating face–name pairs (Rentz
et al., 2011), a version of the task is also a part of the computerized
cognitive composite (C3; Papp, Rentz, et al., 2021). Participants
were shown 20 face–name pairs that were selected to roughly reflect
the local community and sample demographics: 12/20 were over age
60, the faces were split evenly by gender (10/10), and 30% were of
underrepresented racial and ethnic groups. With each face–name
pairing participants are asked whether the name “fits” or “doesn’t
fit” with the face to ensure adequate attentiveness to the stimuli.
Following a delay, participants identify the previously learned faces,
presented alongside two distractor faces (face recognition). In the
second component of the FNAME test, the target face is presented,
and the participant selects the first letter of the name paired with that
face (first-letter name recall). Last, the target face is presented with
three names (target name, a re-paired same-sex name, and an age and
sex-matched foil name), and the participant must select the correct
name (face–namememory). The position of the three response options
alongside a given face was randomized to appear in a different order
each day. The FNAME total outcome was an average of performance
accuracy on the first-letter recall and the face–name recognition task,
as these components of FNAME best capture the integrity of
associative memory (Papp, Rentz, et al., 2021; Sperling et al., 2003).

Groceries Test

This is an adapted paired associate learning test combining a
visual and numerical element (Castel, 2005). Participants are asked
to remember a price (ranging from $1.09 to $12.99) paired with a
pictured grocery item. Items were selected to be universally
recognized (e.g., bread, bottled water), and prices remain within
approximately 15% of their estimated market value. Following a
delay, participants complete an adapted pattern separation paradigm
whereby they are required to indicate whether a pictured grocery
item has been previously seen (equal number of targets, lures, same-
category foils); this is the grocery item-recognition score. Just as in
the FNAME test, the grocery item-recognition component was used
as a task toward filling a delay given the high potential for ceiling
effect and confound of increasingly familiar lure responses. The
primary component of the Groceries test required participants to
recognize the correct price among counterbalanced incorrectly
paired and partially novel price/grocery distractor pairs; this is the
grocery–price recognition score that was used in analyses.

Digit Signs Test

This measure is modeled on the Digit Symbol Substitution Test
(DSST) from the Wechsler Adult Intelligence Scale (Wechsler,
1944). Stimuli include modified street traffic signs, in which
participants were asked to indicate (yes–no) whether the street sign
and number pairing at the bottom of the screen matched one of six
pairings. The outcome score is the total number of correct pairs
minus incorrect pairs completed within 90 s divided by the total
(154) possible pairs. While the key is always shown and thus the
Digit Signs test is not strictly a memory measure, performance is
presumed to be more efficient among those who are able to hold the
associations “in mind” without having to reference the key.
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Table 1
Participant Characteristics

Participant characteristic
Overall (n = 181)

N (%)

Age
M (SD) 73.9 (8.42)
Mdn [min, max] 75.0 [53.0, 95.0]

Race
Asian 3 (1.7%)
Black 17 (9.4%)
Native American 1 (0.6%)
White 160 (88.4%)

Sex
Female 120 (66.3%)
Male 61 (33.7%)

Years of education
M (SD) 16.5 (2.50)
Mdn [min, max] 17.0 [12.0, 20.0]

Note. min = minimum; max = maximum.

CAPTURING MULTIDAY LEARNING CURVES 3



Post-BRANCH Survey and Criteria for Validity

Each day, at the end of the three-test assessment, participants were
asked to complete six survey questions regarding their experience
while taking the test. First, due to previous experience in hearing the
challenge associated with the FNAME test, we were interested in
assessing whether participants found this task acceptable and
potentially increasingly enjoyable over the course of 7 days. In the
postassessment survey, they were asked to rate the enjoyability of
the FNAME test on a scale of (1 = very frustrating to 10 = very
enjoyable). From our interest with subjective cognitive appraisal,
participants were also asked to rate their self-perceived performance
on the FNAME and Groceries tests in a 0–100 point scale; Digit
Signs was not included because the rate of completion would be
challenging to self-assess. In regard to context, participants were
asked where the assessment was completed (e.g., home, work), and
whether there were any distractions (notifications, others’ talking) or
other factors (e.g., pain, nervousness, fatigue) that may have
impacted their performance. See Supplemental Materials for the
complete survey.
To promote study adherence, participants were told how far along

they were within any day’s given assessment (e.g., “You are 50% of
the way there, keep going!”). At the end of each day’s complete
assessment, fun brain facts were provided alongside an indication of
the percentage of the 7-day study that had been completed, thus far,
by the participant.

Multiday BRANCH Procedure

Multiday BRANCH was completed remotely and unsupervised,
although the study coordinators provided support for participants
via phone and email as needed. The assessment was completed once
per day, on participants’ own devices—either a personal computer
or mobile device such as a tablet or smartphone. Participants were
compensated for each attempted assessment session. As shown in
Figure 2, the assessment notifications were texted to participants at a
predesignated time chosen by the participant to be convenient for the
participants’ schedule. If they did not respond to the initial
notification within 2 hr, they were sent one additional text reminder

to complete that day’s assessment. On Study Days 1–3, participants
were administered an abbreviated practice version of each of the
assessment tasks to increase understanding and comfort with the
measure. Participants were encouraged to freely reach out to study
coordinators by phone, email, or video call for support if technical
difficulties arose.

Before beginning the test each day, participants attested to
completing tasks independently without recording stimuli or
responses with the goal of advancing research. During practice
trials, participants heard a chime when responses were correct and
an alternate sound when responses were incorrect. No accuracy
feedback was given outside of practice trials. During the tests, if
participants did not respond in the given time frame, as seen with a
timer bar at the bottom of the screen, a pop-up message would arise
“Are you ready to proceed?” with a “Next” button that was
necessary to press before the test would advance.

The order of tasks within the assessment remained consistent
from day to day. The assessment always began with FNAME
practice and learning trials, followed by the Groceries practice and
learning trials, and then the Digit Sign test. After the Digit Sign test,
participants were tested on the FNAME stimuli from the learning
trials, roughly 5 min earlier, trials using face recognition, first letter
of the name free recall, and face–name matching subtasks. Last,
participants were tested on the Groceries test stimuli that had been
shown in earlier learning trials and were tested on grocery item
recognition followed by grocery prices matching subtasks. The
assessment ended with the postassessment survey questionnaire.

Traditional Cognitive Testing and Subjective
Report Measures

Participants completed the Preclinical Alzheimer’s Cognitive
Composite−5 (PACC-5) in the clinic as part of the observational
study from which they were recruited (Donohue et al., 2014; Papp et
al., 2017). The PACC-5 score used in this study includes twomemory
measures—the Wechsler Memory Scale-Revised Logical Memory
Delayed Recall (Wechsler, 1987) and the Free and Cued Selective
Reminding Task (FCSRT; Grober et al., 2009); a measure of global
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Figure 1
Three Tests of the Multiday BRANCH Assessment

Note. The Multiday BRANCH assessment includes three remote cognitive measures including a face–name memory test (FNAME), groceries and prices
memory test (Groceries), and a speeded pattern separation test determining the accuracy of street sign–number pairs (Digit Sign). BRANCH = Boston Remote
Assessment for Neurocognitive Health; FNAME = Face–Name Associative Memory Exam. See the online article for the color version of this figure.
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cognition, Mini-Mental State Examination (Folstein et al., 1975); a
measure of processing speed, DSST (Wechsler, 1981); and a
languagemeasure, category fluency that involved totaling the number
of correct words produced in three 1-min category trials of animals,
fruits, and vegetables. Given that the FCSRT is a multimodal (visual–
verbal) associative memory test like the BRANCH FNAME and
Groceries tests, we selected this measure from the PACC-5 to
examine in association with the Multiday BRANCH subtests. We
also were interested in how the PACC-5 DSST independently related
to the Multiday BRANCH Digit Signs test, as it is an analog version
of the speeded sign–numeric matching test. The Cognitive Function
Index (CFI), used to assess subjective report of cognitive change in

everyday life, was completed by participants and a study partner (e.g.,
spouse, family member; Li et al., 2017). The mean time difference
between the traditional cognitive testing and self-report measures and
the start of Multiday BRANCH was 4.0 months (SD = 8.0).

Data Quality Management

To ensure the completeness and usability of Multiday BRANCH
data, we required that participants complete>90% of each day’s test
items for those scores to be included in analyses. If the 90% criterion
was not met, participants were prompted the following day, at their
scheduled prompting, to repeat the previous day’s test session. So as
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Figure 2
Procedure for the Multiday BRANCH Assessment

Note. Participants were sent a daily text reminder with a link to the BRANCH web platform where they
completed three tests with the same stimuli each day of the 7-day study period. The position of the correct item
response shifted to avoid habitual responses. BRANCH = Boston Remote Assessment for Neurocognitive
Health. See the online article for the color version of this figure.
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not to remove anymeaningful variance in learning performance over
the study period, all data points were included in the Statistical
Analyses section.

Statistical Analyses

Paradigm Feasibility and Acceptability

The feasibility of Multiday BRANCH was operationalized as
acceptability of frequent testing as shown by >90% of the sample
completing all 7 days of testing and a posttest rating indicating
greater test enjoyability compared to frustration (>5/10). Participants
were asked to complete the 7 study days consecutively, but days of
participation were included if they fell within a 14-day period. We
also collected data on the type of device used, the average duration
of test completion, the time and location of test-taking, and any
technical issues experienced.
Adherence. The degree to which participants adhered to the

study protocol was measured by determining the percentage of the
sample who completed all 7 days of the assessment and the number
of days required to achieve 7 days of data. Additionally, we
examined whether adherence rates were related to participant
characteristics and performance on the assessment itself using t tests
for sex and Pearson’s correlations for age, education, and the
composite learning curve score of Multiday BRANCH measures.
Enjoyability. The level and daily change in enjoyability of the

FNAME test was found by identifying the mean postassessment
rating (1 = very frustrating to 10 = very enjoyable) for participants
by day. A linear mixed-effects model was run to determine whether
there was a significant effect of time on enjoyability ratings.
Factors Related to Feasibility. We measured the time

individuals spent completing the total assessment at each time point
across participants and days and found themean completion time and
standard deviation. We also identified the percentage of assessments
completed on a mobile device versus personal computer and the
percentage of participants who used the same device throughout the
study period, as requested in the study procedures. Time of test-
taking was examined by identifying the percentage of tests taken in
the morning (5:00 a.m.–11:59 a.m.), afternoon (12 p.m.–5:59 p.m.),
evening (6 p.m.–11:59 p.m.), and late night (12:00 a.m.–4:59 a.m.)
collapsed across participants and time points. Participants were asked
to take the test at the same general time of day, and within-person
consistency was examined by measuring the percentage of tests
taken in the morning, afternoon, and evening across the 7 days of
data. A similar approach was taken to examine the location in which
participants took the assessments. The location of tests was
examined, by identifying the percentage of tests taken: at home,
work, someone else’s home, a public place indoors, a public place
outdoors, transportation, or elsewhere. Within-person consistency
was examined by measuring the percentage of participants who
completed tests in multiple locations across the 7 days. As part of
feasibility analyses, external sources of interference such as technical
problems (i.e., device not responding to taps, difficulty loading
images, website freezing or crashing, difficulty seeing images or text)
were counted across participants and assessment time points.
Measurement Construction and Reliability of the Learning

Curve Scores. A cannon of work on learning theory has
demonstrated that the acquisition of new information over time is
made up of multiple parameters such as the intercept, or starting

point, rate of acquisition, and point of saturation (Ebbinghaus, 1913;
Yelle, 1979). Furthermore, early modeling of learning demonstrated
that an acquisition model better fits learning data compared to
negative exponential growth curve models (Mazur & Hastie, 1978).
Thus, to best capture the accumulation and volume of information
learned over study days, we chose to create a multiday learning
curve metric from an adjusted area under the curve (AUC) score (see
Supplemental Materials for details). Unlike an ordinary least squares
slope value, the AUC-based learning curve score accounts for
differences in participants’ starting point and actual fluctuation of
performance across days (Figure 3).

Development of a Composite Learning Curve

The Multiday BRANCH tests are multimodal associative
memory tasks. The degree of collinearity between these measures
was assessed with a Pearson’s correlation, and if not overly
correlated (r > 0.8; Kim, 2019), then each test may contribute
similar but unique information to a more powerful and sensitive
composite measure of multiday learning. Using Pearson’s correla-
tions and t tests, associations were examined for composite learning
curve scores and the correlate variables described above (i.e.,
participant characteristics, traditional cognitive measures, and
clinical measures).

Test–Retest Reliability of Learning Curves Over 5 Weeks

In order to measure test–retest reliability of the multiday learning
curve, the initial participants recruited were asked to participate in a
second study period 5–6 weeks later with test–retest enrollment
capped at 95 participants. Reliability was assessed using an
intraclass correlation (ICC) to measure the relation between
individuals’ learning curve scores when completed 5–6 weeks
apart. Participants were shown a separate set of stimuli for the
second Multiday BRANCH series to avoid a stimuli-driven practice
effect from the first Multiday BRANCH series. The threshold for an
acceptably good ICC value was 0.75 or greater (Koo & Li, 2016).

Validity of Multiday BRANCH

Associations With Multiday BRANCH Scores

Pearson’s correlations were used to understand whether there was
an association in the learning curves across each of the threeMultiday
BRANCH tests. Pearson’s correlations and t tests were used to
determine the association between learning curve scores and
participant age, education, sex, and score differences between study
cohorts. Convergent validity was assessed using correlations between
learning curves and in-clinic cognitive measures including the
PACC-5, which included measures such as the FCSRT, and the
DSST. Included in the SupplementalMaterials is a table of regression
model results accounting for the time between in-clinic measures and
Multiday BRANCH. Associations between the learning curves
and CFI scores were also assessed. Last, t tests and Pearson’s
correlations were used to determine whether there was a relationship
between Multiday BRANCH performance and (a) device type
(i.e., predominant use of smartphone vs. personal computer), (b) time
of day (e.g., predominant completion in the morning vs. afternoon),
or (c) endorsement of environmental distractions (e.g., notifications,
noises) or strong internal experiences (e.g., pain, fatigue,
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nervousness, or other physical or emotional experiences). All
statistical analyses were completed using R (v4.0.3).

Results

Paradigm Feasibility and Acceptability

Adherence

One hundred seventy-five participants, or 96.7% of the sample,
completed all 7 days of fully remoteMultiday BRANCH assessment.
Themean number of days to complete the 7 days was 8.01 days (95%
CI [7.50, 8.51]). There was no difference in performance on the
composite learning curve between participants who completed the
full 7 study days consecutively compared to participants who
completed the 7 study days in 8–14 days (n = 42; t = 0.64, p = .52,
95% CI [−0.030, 0.058]). Of the six participants who did not
complete all 7 days, four participants did not continue past Day 1,
one participant completed 4 days, and one participant completed 6
days. There were no significant associations between days of study
participation and sex (t = 0.078, p = .94, 95% CI [−0.26, 0.29]), age
(r=−0.04, p= .59, 95%CI [−0.19, 0.11]), or years of education (r=
−0.01, p = .92, 95% CI [−0.15, 0.14]).

Enjoyability

Figure 4 shows the mean FNAME enjoyability across days was
5.76/10 (95% CI [5.63, 5.89]). FNAME enjoyability increased over
days (B = 0.50, CI [0.47, 0.54], p < .001). For example, on Day 1,
mean enjoyability was the lowest at 3.97 (95% CI [3.68, 4.27]), and
ratings increased gradually with the highest mean enjoyability of
7.06 (95% CI [6.72, 7.40]) on Day 7.

Factors Related to Feasibility

The sample was relatively evenly split on which device type was
used, with 46% of participants using smartphones or tablets and the
remaining participants using a personal computer. Per the study
request, the majority of participants (86%) were consistent in using
the same device across the 7 days. Although not formally measured,
research coordinators reviewed emails and voicemails and noted that
only a handful of participants reached out for assistance during the
study period. Reasons for contacting staff study primarily related to
technical questions, such as how to access the study assessment on
their web browser. If participants had not completed an assessment in
several days, coordinators would reach out to participants to check in.
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Figure 3
Three Participants’ Multiday BRANCH Performance

Note. Three actual participants’ learning curves are shown for the FNAME, Groceries, and Digit Sign tests. The modified AUC derived from these
performances is listed in contrast to an ordinary least squares slope value derived from their scores. This comparison is shown to demonstrate the poor, and
potentially misleading, representation of learning from a linear slope value and motivation for using a modified AUC score. BRANCH = Boston Remote
Assessment for Neurocognitive Health; FNAME = Face–Name Associative Memory Exam; AUC = area under the curve. See the online article for the color
version of this figure.
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On average, participants took 12.2 min (SD = 2.3) to complete the
three BRANCH tasks. Participants completed the assessment in
the morning 39% of the time, 44% in the afternoon, and 17% in the
evening. We found that 34.2% of participants typically completed the
assessment in the morning (>50% of their study assessments), 44.6%
typically completed the assessment in the afternoon, and 21.2%
typically completed the assessment in the evening. Participants most
often took the test in a familiar and predictable environment—
typically at home (88.0%), followed by work (3.8%), and someone
else’s home (3.3%). The majority of the sample (69.9%) took
the assessment in the same location over the course of the 7 days.
A quarter of the sample completed the assessment in two locations
(24.7%), and a few people (5.4%) took the assessment in three
different locations.
Self-reported technical difficulties were endorsed during 23.3% of

the assessments across the 7 days, with the most common concern
being poor device response to finger taps (10.4%). There was a
significantly higher number of technical problems reported in those
using a mobile device (t = 2.71, p = .007, 95% CI [0.27, 1.72]).
A quarter of participants (24.4%) did not endorse any distractions
(e.g., loud noises, device notification), and over half of participants
(52%) identified fewer than three distractions over the course of the 7-
day study period. Nervousness was reported during 10.4% of
assessments, fatigue was reported 8.4% of the time, pain was reported
<1% of the time, and other physical or emotional distractions were
reported during 7.3% of assessments. The reports of these instances
were distributed relatively evenly across the 7 days.

Measurement Construction and Reliability of the
Learning Curve Score

The average learning curve score for the FNAME test was 0.79
(95% CI [0.77, 0.82]). The average learning curve score for the

Groceries test was 0.68 (95% CI [0.66, 0.70]), and the average
learning curve score for the Digit Sign test was an adjusted AUC
value of 0.14 (95% CI [0.13, 0.15]).

Test–Retest Reliability Over 5 Weeks

Of the 181 participants, the first 95 participants completed two
study periods of Multiday BRANCH, with different stimuli,
separated by 7 weeks. There was excellent reliability between
participants’ two composite learning curves (ICC estimate = 0.935)
based on a single-rating, absolute-agreement, two-waymixed-effects
model. The FNAME learning curve reliability was also excellent
(ICC estimate = 0.914). The Groceries test learning curve showed
good reliability (ICC estimate = 0.776), as did the Digit Sign test
(ICC estimate = 0.828).

Validity of Multiday BRANCH

Associations Between the Three Multiday BRANCH Tests

The learning curve scores of the three individual tests, shown in
Table 2, were all moderately correlated with each other. The
strongest correlation was as expected between the two multimodal
associative memory measures—FNAME and Groceries (r = 0.629,
p < .001, 95% CI [0.531, 0.710]).

Multiday BRANCH Associations With
Participant Characteristics

Greater age was significantly correlated with lower learning curve
scores for all three tests. Men, compared to women, had lower
learning curve scores on the FNAME and Groceries tests and
composite measures, but there were no significant differences on
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Figure 4
Average Self-Reported Enjoyability of the Face–Name Task

Note. Self-reported enjoyment (n = 181) on the FNAME ask over 7 days using a Likert scale from 1
(not enjoyable) to 10 (very enjoyable); B = 0.50, CI [0.46, 0.53], p < .001. FNAME = Face–Name
Associative Memory Exam; CI= confidence interval. See the online article for the color version of this
figure.
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Digit Sign learning curve scores. Education level was not
significantly associated with any of the three Multi-BRANCH
tests. There were also no significant differences in learning curve
scores between the study cohorts (i.e., HABS, IADL, and SCD; see
Table 3).

Multiday BRANCH Associations With Traditional
Cognitive and Subjective Report Measures

Participants’ most recent annual score on the PACC-5 cognitive
composite measure was significantly associated with all Multiday
BRANCH test scores. There was no significant effect of time
between traditional cognitive tests and Multiday BRANCH (see
Supplemental Materials for table of model results when the time was
included as a covariate). The in-person FCSRT total score from the
PACC-5 was significantly associated with both the multimodal
associative measures in Multiday BRANCH, the FNAME and
Groceries learning curve score. The in-person DSST from the
PACC-5 was also significantly associated with the similar Digit
Sign test in Multiday BRANCH (see Table 4).
On the CFI self-report, higher scores, indicating higher levels of

SCD, were associated with significantly lower learning curve scores
across the three measures. The CFI study partner-report was also

negatively related to Multiday BRANCH performance across the
three measures. Of note, while statistically significant, correlation
coefficients were small in magnitude (see Table 5).

Factors That May Influence Multiday
BRANCH Performance

When comparing the mean composite learning curve scores
for participants who primarily used a personal computer versus
participants who primarily used a mobile device, there was no
significant difference between the two groups (t = −0.71, p = .48,
95% CI [−0.055, 0.026]). The incidence of technical difficulties was
not associated with participants’ composite learning curves (t =
0.657, p = .51, 95% CI [−0.029, 0.058]). There was also no
significant association between the number of external distractions
reported and participants’ composite learning curves (r = 0.125, p =
.099, 95% CI [−0.023, 0.267]). Nor were there significant differences
in composite learning scores between participants who consistently
completed Multiday BRANCH in the morning versus the afternoon
or evening (t = −0.075, p = .94, 95% CI [−0.015, 0.014]).

Discussion

This study demonstrated the feasibility, reliability, and validity of
an unsupervised, remote multiday learning curve assessment. In a
sample of cognitively unimpaired older adults, almost all participants
were able to fully complete all 7 days of testing regardless of
participant demographics or scores on cognitive and clinical
measures. Study engagement was leveraged by using colorful stimuli,
fun brain facts, and daily compensation. Participants were evenly split
on their use of a mobile device versus computer for the test and there
were no significant differences in multiday learning performance
between those who used one device versus the other. Technical
difficulties emerged for some participants, specifically poor device
response to finger taps, which is consistent with previous studies
showing skin conductance and lower touch screen manipulation
abilities in older adults (Elboim-Gabyzon et al., 2021). In the future, as
we broaden the sample to those from more diverse backgrounds, it
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Table 2
Associations Between Learning Curves of the BRANCH Tests

Measure Groceries Digit Sign

FNAME r = 0.629* r = 0.330*
p ≤ .001 p ≤ .001

95% CI [0.531, 0.710] 95% CI [0.192, 0.456]
Digit Sign r = 0.434*

p ≤ .001
95% CI [0.306, 0.547]

Note. BRANCH = Boston Remote Assessment for Neurocognitive Health;
FNAME = Face–Name Associative Memory Exam; CI = confidence
interval.
* p < .01.

Table 3
Associations Between Learning Curves and Participant Characteristics

Demographics FNAME Groceries Digit Sign Composite

Age r = −0.323* r = −0.396* r = −0.443* r = −0.449*
p < .001 p < .001 p < .001 p < .001

CI [−0.449, −0.184] CI [−0.514, −0.264] CI [−0.553, −0.317] CI [−0.560, −0.323]
Sex (male) t = −4.872* t = −4.784* t = −0.306 t = −4.611*

p < .001 p < .001 p = .7602 p < .001
M = 0.70 M = 0.609 M = 0.132 M = 0.581

CI [−0.191, −0.080] CI [−0.155, −0.064] CI [−0.034, 0.025] CI [−0.143, −0.057]
Years of education r = 0.037 r = −0.008 r = −0.002 r = 0.043

p = .620 p = .916 p = .978 p = .572
CI [−0.111, 0.184] CI [−0.155, 0.140] CI [−0.148, 0.144] CI [−0.105, 0.189]

HABS versus IADL/SCD t = −0.429 t = −0.934 t = −0.676 t = −0.509
p = .669 p = .352 p = .500 p = .612
M = 0.789 M = 0.674 M = 0.132 M = 0.644

CI [−0.062, 0.040] CI [−0.066, 0.024] CI [−0.040, 0.019] CI [−0.050, 0.029]

Note. CI = 95% confidence interval; FNAME = Face–Name Associative Memory Exam; HABS = Harvard Aging Brain Study; IADL = Instrumental
Activities of Daily Living study; SCD = Subjective Cognitive Decline study.
* p < .01.
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will be important to assess the degree of digital literacy of the sample
through a measure such as the Mobile Device Proficiency Scale
(Roque & Boot, 2018) to identify whether this impacts feasibility
through adherence, acceptance, or technical difficulties. Reassuringly,
there is accumulating evidence that today’s older adults are quite
capable of navigating digital platforms at levels similar to those of
younger generations (Mace et al., 2022). Nervousness and fatigue
were the most common individual contextual experiences reported,
and environmental distractions were reported only a small percentage
of the time. Of note, Multiday BRANCH performance was not related
to the number of individual contextual experiences and distractions
experienced over the 7 days indicating that for a multiday learning
assessment, a remote environment does not appear to affect the
integrity of the measurement.
For the most part, people tended to take the tests at home and in

the afternoon. Further, there were no differences in learning curves
between those who completed the test predominantly in the morning
versus later in the day. This preference toward taking the test later in
the day and the lack of time-of-day effect comes in contrast to recent
work that showed older adults having poorer memory performance
in evening hours on remote testing (Wilks et al., 2021). One
hypothesis for the lack of time-of-day effect in our study was that,
unlike other digital protocols where assessments are prompted at
prespecified or quasi-random times, participants in our study were
given a choice of when they would like to complete the assessment.
The afternoon and evening test-taking preference may be an effect
of high-functioning individuals having other engagements and
activities earlier in the day.

Regarding participant burden, the test was relatively short to
complete once a day (∼12 min), and the FNAME test was rated as
increasingly enjoyable with each successive day. This finding was
encouraging given that burden, test fatigue, and lack of enjoyment
may all be factors that contribute to participants failing to maintain
protocol adherence and participation across study time points (Wei
et al., 2020).

In addition to evaluating feasibility, we sought to evaluate the
psychometric properties of Multiday BRANCH. Using the test–retest
method of assessing learning curves within the same individuals,
5 weeks apart, with different stimuli, we found that participants’
learning curves were highly related (ICC = 0.94), signaling that the
composite learning curve is a reliable metric of cognitive function.
Given the stability of the measure, it has the potential to be repeated
over longer intervals. For example, while traditional single time point
measures may not show a significant decline over the course of
6 or 12 months, it is possible, given the density of learning data,
that individuals’ 7-day learning curves may show a reduction in
performance over a period of months.

When comparing Multiday BRANCH performance with demo-
graphic factors, there was alignment with the existing literature on
the expected decline in cognition with age (Boyle et al., 2013;
Salthouse, 2009). We found that younger individuals had stronger
performance on Multiday BRANCH measures than older partici-
pants. Similarly, prior work has shown that on some tests of
memory, women tend to perform better than men (Rentz et al., 2017;
Sundermann et al., 2017), and the same was seen in our study with
higher learning curve scores in female participants, specific to theT
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Table 4
Associations Between Learning Curves and Traditional Cognitive Measures

Measure FNAME Groceries Digit Sign Composite

PACC-5 r = 0.509* r = 0.521* r = 0.415* r = 0.610*
p < .001 p < .001 p < .001 p < .001

CI [0.391, 0.611] CI [0.403, 0.621] CI [0.285, 0.529] CI [0.508, 0.696]
FCSRT r = 0.278* r = 0.191

p < .001 p = .011
CI [0.135, 0.409] CI [0.044, 0.330]

DSST r = 0.481*
p < .001

CI [0.360, 0.587]

Note. CI = 95% confidence interval; FNAME = Face–Name Associative Memory Exam; PACC-5 = Preclinical Alzheimer’s Cognitive Composite−5;
FCSRT = Free and Cued Selective Reminding Task; DSST = Digit Symbol Substitution Test.
* p < .01.

Table 5
Associations Between Learning Curves and Subjective Report

Measure FNAME Groceries Digit Sign Composite

CFI self r = −0.180* r = −0.168* r = −0.119 r = −0.205**
p = .017 p = .026 p = .114 p = .006

CI [−0.320, −0.033] CI [−0.309, −0.021] CI [−0.262, 0.029] CI [−0.343, −0.059]
CFI study partner r = −0.176* r = −0.208** r = −0.169* r = −0.222**

p = .026 p = .008 p = .031 p = .005
CI [−0.322, −0.022] CI [−0.352, −0.055] CI [−0.314, −0.016] CI [−0.364, −0.069]

Note. CI = 95% confidence interval; FNAME = Face–Name Associative Memory Exam; CFI = Cognitive Function Index.
* p = .05. ** p < .01.
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memory-dominant subtests (FNAME and Groceries). Importantly,
there were no differences in performance based on education, which
differs from many existing traditional cognitive assessments (Ardila
et al., 2000; Manly et al., 2002), even when considering the
limitation of a highly educated sample. In fact, this finding aligns
with previous studies of both short- and long-term practice effects
that did not find significant associations with education contrary to
expectations (Duff et al., 2012; Jutten et al., 2022). This lack of
associationmay reflect the benefit of studying learning over repeated
exposures in individuals of different backgrounds as it is a measure
of process rather than accuracy at a single time point.
Regarding convergent validity with traditional cognitive assess-

ments, learning curve scores were significantly correlated with several
establishedmeasures of cognitive function. The PACC-5 ismade up of
measures particularly sensitive to cognitive change in those at risk for
AD (Papp et al., 2022) andwas significantly correlated with all three of
the Multiday BRANCH tests. Further strengthening the construct
validity of Multiday BRANCH, we found that the two associative
memory measures, FNAME and Groceries, were significantly related
to an associative memory measure from the PACC-5, the FCSRT.
Similarly, the cross-modal associative processing speed task from the
PACC-5, the DSST, was strongly associated with the relatedMultiday
BRANCH Digit Sign test.
In addition to traditional cognitive assessments, clinical measures

of cognition such as the CDR andCFI (self- and study partner-report)
were all significantly associated with learning curve scores, but
relatively small in the magnitude of correlation. Generally, this
association is reassuring in that it reflects some degree of alignment
between objective Multiday BRANCH performance and partici-
pants’ and study partners’ perspectives on everyday functioning
despite being very different ways of measuring cognitive function.
All three individualMultiday BRANCH scores (FNAME, Groceries,
and Digit Sign) were significantly correlated with each other and yet
had different learning curve patterns indicating they are related but
unique contributions to a composite score.
Last, we were interested in contextual factors that may influence

Multiday BRANCH scores and found that device type, time of day,
total distractions, or an individual’s internal experiences influenced
the learning curve scores. The role of contextual factors on remote
cognitive performance measures has been mixed (von Stumm, 2018;
Weizenbaum et al., 2022;Wilks et al., 2021), and to date, these factors
have not been assessed in relation to a multiday score of cognition but
rather how they relate to cognitive performance contemporaneously.
Given the expectation that scores would improve over the 7 days, we
were not able to independently assess the role of contextual factors on
an individual’s score for any given day.
Taken together, this study shed light on the feasibility and

psychometrics of Multiday BRANCH. This validation demonstrates
promise in its potential as an adjunctive measure that may be easily
deployable and useful to determinewho is at risk for cognitive decline.
However, the study included several limitations, one of which was a
selection of bias toward highly motivated older adults who were
already co-enrolled in existing longitudinal observational studies and
self-selected to take part in a multiday remote digital assessment
study. The feasibility and reliability of multiday BRANCH may
decrease as we scale the validation in a more heterogeneous sample
and can be compared to the known decrement in these psychometrics
in the translation of traditional memory assessments from normative
to clinical samples (Aldridge et al., 2017). Similarly, the current

sample, while reflective of local demographics, was not racially
representative of the greater United States. Moving forward, it will be
important to assess Multiday BRANCH in a more racially diverse
sample, and efforts are currently underway to useMultiday BRANCH
in a sample of Latinx older adults. As a means of ensuring
acceptability of the method, we are providing a mobile device and/or
secure cellular connection for those without one; of note, a 2021 Pew
Research Center survey showed similar levels of tablet ownership and
smartphone use across White, Black, and Hispanic respondents.
Furthermore, it will be important to see whether remote, unsupervised
Multiday BRANCH will be feasible in individuals with cognitive
impairment, including those with MCI and early AD. Individuals
with impairment may be able to successfully complete Multiday
BRANCH tests with additional support, such as daily reminders and
technological guidance, from research coordinators and/or study
partners at home.

The next steps include determining whether differences in the
patterns of learning curves onMultiday BRANCH are related to AD
risk factors including genotype and biomarkers such as amyloid and
tau pathology. Previous work from our group has shown that a
reduced learning curve on a 1-day version of FNAME repeated
across months was associated with individuals with higher levels of
amyloid deposition (Samaroo et al., 2021). The relatively short
nature of the Multiday BRANCH testing period may allow one to
potentially identify individuals at risk for decline in a shorter period
of testing versus longitudinal cognitive testing, which traditionally
occurs over the course of many years.

In conclusion, the present study found that Multiday BRANCH is
a valid and meaningful measure of cognitive function that explores
multiple metrics of learning and memory and can be feasibly
completed unsupervised and within participants’ own homes. Our
current measure utilizes associative memory paradigms that are
sensitive to changes in AD and include material (faces, names,
grocery items) that are relevant to everyday life. By measuring
cognition over the course of 7 days, we can capture the dynamic
cognitive process of multiple-exposure learning in a manner that has
traditionally been challenging due to the constraints of lab-based
testing. With the fundamental psychometrics established, future
work will determine the utility of Multiday BRANCH in the
detection of preclinical AD.
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