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Abstract

Objective: Metastatic breast cancer (MBC) is associated with burdensome side effects, including cognitive changes that
require ongoing monitoring. Cognitive ecological momentary assessments (EMAs) allow for assessment of individual cog-
nitive functioning in natural environments and can be administered via smartphones. Accordingly, we sought to establish
the feasibility, reliability, and validity of a commercially available cognitive EMA platform.

Methods: Using a prospective design, clinical cognitive and psychosocial assessments (cognitive batteries; patient reported
outcomes) were collected at baseline, followed by a 28-day daily EMA protocol that included self-ratings for symptoms and
mobile cognitive tests (memory, executive functioning, working memory, processing speed). Satisfaction and feedback ques-
tions were included in follow-up data collection. Feasibility data were analyzed using mixed descriptive methods. Test-retest
reliability was examined using intraclass correlation coefficients (ICCs) for each EMA, and Pearson’s correlation were used to
evaluate convergent validity between cognitive EMAs and baseline clinical cognitive and psychosocial variables.

Results: Fifty-one women with MBC (n= 51) completed this EMA study. High satisfaction (median 90%), low burden (median
19%), high adherence rates (mean 94%), and 100% retention rate were observed. ICCs for cognitive tests of working mem-
ory, executive function, and processing speed were robust (>0.90) and ICC for memory tests acceptable (>0.66). Other cor-
relational findings indicated strong convergent validity for all cognitive and psychosocial EMAs.

Conclusion: Cognitive EMA monitoring for 28 days is feasible and acceptable in women with MBC, with specific cognitive
EMAs (mobile cognitive tests; cognitive function self-ratings) demonstrating strong reliability and validity.
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Introduction
It is estimated that 168,000 people are living with metastatic
breast cancer (MBC) in the United States.1 Almost 30% of
those diagnosed and treated with early stage breast cancer
will experience recurrent metastatic disease later in their
lives,2,3 and 6% to 10% of all new breast cancer diagnoses
are metastatic at diagnosis.1,4 Treatment for MBC is
complex, longitudinal, and requires ongoing monitoring.
Treatments typically consist of chemo- or immunotherapy,
endocrine therapy, and targeted agents depending on the
cancer subtype and actionable mutations. The treatment
goal for MBC is to optimize quality of life (QoL) and
prolong survival while minimizing the side effects of
living with incurable cancer. Patients with MBC can live
for years with advanced disease and the side effects of treat-
ment, which makes symptom control and QoL optimization
of paramount importance.5

Treatment for MBC is associated with burdensome phys-
ical, psychological, and spiritual side effects that negatively
impact QoL and interfere with participation in everyday
life.5–10 Notably, women with MBC describe debilitating
neuropsychological symptoms including fatigue and
“chemo-brain” and that these symptoms, in addition to
other side effects ofMBC treatment, decrease their functional
status and limit how they can engage with their everyday
activities and their ability to work.10 Cancer-related cognitive
impairments (CRCI) are commonly found in early-stage
breast cancer and typically present as deficits in attention,
executive functioning, processing speed, and memory.11–16

Almost all CRCI research to date has focused on early-stage
breast cancer, methodologically excluding those with
advanced or metastatic disease. We recently characterized
CRCI in women with MBC using traditional subjective (i.e.
a cognitive patient reported outcome [PRO]) and objective
assessments (i.e. remote standardized cognitive test battery)
in a cross-sectional analysis and found that the majority of
our sample (n= 52) had clinically significant CRCI (primarily
on PROs and tests of executive functioning and memory)
negatively affected QoL and daily functioning.17

Considering that cognitive functioning in the context of
everyday life is highly variable and subject to contextual
demands (e.g. demanding, stressful, or distracting situations)
and/or state dependent factors (e.g. sleep quality, mood),18

and that those with MBC may be especially vulnerable to

CRCI due to complex treatment regimens, changes to treat-
ment plans, potential for brain metastases, and high psycho-
logical burden of disease, alternative methods for assess
CRCI in this population should be applied.

QoL, symptoms, and functional status are often assessed
using retrospective PRO measures or functional perform-
ance tests19,20 that can be influenced by recall bias, and
may not adequately represent dynamic and evolving symp-
toms, function, and QoL of MBC patients across time.
Ecological momentary assessments (EMAs) offer one
way to capture individuals’ thoughts, feelings, behaviors,
and symptoms in natural environments and can be easily
administered via their smartphones. EMA methods (via
paper/pencil diaries and digital tools) have been applied
to oncology populations both during and after treatment,
and have been used to assess primary and secondary phys-
ical, psychosocial, and behavioral outcomes (e.g. fatigue,
sleep, exercise, pain, mindfulness, self-efficacy, expecta-
tions, mood, distress, and QoL).20 Digital EMA’s have
been reported to be feasible and valuable in studies con-
ducted with persons living with advanced cancer to study
stress,21 loss and life engagement,22 pain, anxiety, depres-
sion and medication use.23

Use of cognitive EMAs, including ecological mobile
cognitive tests, is on the rise and evidence supports use of
cognitive EMAs in cognitively vulnerable populations
such as persons with mild cognitive impairment, serious
mental illness, and mood disorders.24–28 Cognitive EMAs
have only recently been applied to study CRCI in early
stage (i.e. nonmetastatic) breast cancer patients29 and survi-
vors,30,31 with preliminary data showing feasibility, accept-
ability this methodology,29–31 strong reliability and validity
for objective cognitive EMAs, and that EMAs may be more
sensitive to CRCI than traditional assessments.31 However,
many questions remain regarding how specific cognitive
EMAs reflect traditional cognitive measures, what proto-
cols may be most appropriate for various cancer popula-
tions, and how interactions among context, behavior, and
symptoms explain cognitive variability in cancer survivors
with CRCI. To our knowledge, EMAs have not yet been
used to study cognitive functioning and associated psycho-
social symptoms in persons with MBC. Cognitive EMAs
could provide a more accessible and less burdensome
means for assessing CRCI in persons with MBC or other
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cancer patients/survivors and provide a rigorous way to
assess outcomes of interventions aimed to improve CRCI,
especially modern precision health-type intervention
designs such as just-in-time adaptive interventions or
ecological momentary interventions. There is also potential
to add cognitive EMAs to improve precision in pharmaco-
logical trials for MBC.

To address these gaps in knowledge, this study establishes
the feasibility, reliability, and validity of a commercially
available cognitive EMA platform to assess cognitive func-
tioning and related psychosocial functioning in women
living with MBC and describes the psychometric characteris-
tics (practice and fatigue effects, reliability, and convergent
validity metrics) of the specific EMAs.

Methods
All study-related procedures were conducted in accordance
with the Declaration of Helsinki and approved by the
University of Texas at Austin Institutional Review Board
(STUDY00002393). All participants provided informed
consent.

Sample description

A convenience sample of women who had been diagnosed
with MBC participated in the study. To be eligible, partici-
pants were required to be 21 years of age or older; physically
(i.e. able to use a computer and smartphone; and a Karnofsky
Performance Scale result of >=70) and cognitively
(MiniMoca Telephone screening result of >=11) able to par-
ticipate32,33; had access to a computer with internet and a
smartphone with cellular or wireless internet connectivity;
proficient in reading, speaking, and writing in English; and
resided in the United States. Those with major sensory defi-
cits (e.g. deafness or blindness), a prior history of cancer
with systemic treatment for cancer (other than breast
cancer), or neurological or cognitive comorbidities (e.g. self-
reported dementia, substance abuse, unmanaged psychiatric
conditions) were excluded.

Data collection procedures

All study procedures were conducted remotely from the
University of Texas at Austin. Study information was dis-
tributed via social media communications, including
administrators of METAvivor©—a national social media
peer support group for those affected byMBC. People inter-
ested to participate contacted the study team and completed
a pre-screening and enrollment telephone appointment.

Data were collected and managed primarily using
Research Electronic Data Capture (REDCap) hosted at the
University of Texas at Austin.34,35 Baseline data collection
included an intake survey (i.e. written consent, sociodemo-
graphic data, clinical variables, cognitive variables,

psychosocial variables) and remote administration of a cog-
nitive test battery via BrainCheck (BrainCheck Inc., Austin,
TX, USA; a digital cognitive testing and care provision plat-
form). Participants then started their cognitive EMA proto-
cols, which were administered daily for 4 weeks (28
assessments in total per participant). After the cognitive
EMA protocol was completed, participants were sent
follow-up data collection surveys (cognitive and psycho-
social variables, feasibility, satisfaction, utility questions)
and a second cognitive BrainCheck testing battery.
Participants were given a $78 gift card, a report of their
NeuroUX performance across the study (generated by
NeuroUX and sent to our study team; see Supplemental
Figure S1) and an educational handout “Optimizing
Cognitive Function During and After Breast Cancer” (avail-
able on our lab website36) as tokens of appreciation for
participating.

Measures

Sociodemographic and clinical variables (baseline).
Sociodemographic characteristics (e.g. age, education, race,
ethnicity, marital status, children/dependents, income,
employment), health history (e.g. co-morbidities, menstrual
history, current medications), and cancer history (e.g. breast
cancer type/stage, cancer treatment details, end date of
chemotherapy) were collected via survey to describe the
sample and for use in convergent validity analyses (i.e. age
and education).

Clinical cognitive function (baseline and follow-up). The
Functional Assessment of Cancer Treatment Cognitive
Function, Perceived Cognitive Impairments 20 item subscale
(FACT-Cog PCI, v3.0) was used to assess self-reported cog-
nitive function in the previous 7 days.37 A computerized
battery of standardized neuropsychological tests via the
BrainCheck platform was administered remotely to assess
cognitive performance, and included: the Trail Making
Tests for attention and processing speed, the Digit Symbol
Substitution Test and the Stroop Test for executive function-
ing, and the Recall Test (list learning) for immediate and
delayed verbal memory.38 Alternative forms of the tests
are used with every administration. Participants were sent
detailed instructions for accessing and using the platform,
including an introductory video, and study staff were avail-
able to assist via video conference as needed. Raw test scores
from baseline were used in the psychometric analyses
(median time between clicks for Trails A and B, Stroop
median reaction times, Digit Symbol median reaction time
between clicks for all trials and number correct per second,
number of correct responses for immediate and delayed
memory, and the raw combined score).

Psychosocial variables (baseline and follow-up). Depressive
symptoms, anxiety, and fatigue correlate with self-reported
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cognitive function in people affected by cancer,14,39–42 thus
we examined convergent validity of the EMAs by using the
Patient-Reported Outcomes Measurement Information
System (PROMIS) scales—Emotional Distress—Anxiety
Short Form 8a (“PROMIS Anxiety”), Emotional Distress
—Depression Short Form 8a (“PROMIS Depression”),
PROMIS Fatigue Short Form 8a (“PROMIS Fatigue”),43
PROMIS Sleep Disturbance 4a (“PROMIS Sleep”),44
PROMIS Satisfaction with Social Roles & Activities
Short Form 8a (“PROMIS Social”) and the UCLA
Loneliness 3-item scale.45 All PROMIS Scales were trans-
formed to T-scores per their scoring manuals and used in
the convergent validity analyses. The UCLA loneliness
scale was summed to obtain a raw score (range: 0–9;
higher scores indicating more loneliness). Completion of
follow-up cognitive and psychosocial data was used to
determine study retention rates, but not used in psychomet-
ric analyses.

Cognitive EMA protocol. EMA surveys and gamified mobile
cognitive tests were administered via the NeuroUX plat-
form (NeuroUX, Inc.) See Figure 1. NeuroUX was
chosen to deliver the EMA protocol because this commer-
cially available platform allows for integrated assessment of
both traditional EMA surveys (e.g. assessments of mood,
context, symptoms, behaviors) and cognitive tests.
NeuroUX is a beautifully designed, gamified, and highly
customizable platform that significantly improves

participant engagement and adherence. The platform
offers customization of surveys and has a menu of validated
cognitive tests for various cognitive domains including
memory, psychomotor speed, executive function, social
cognition, and attention. The cognitive EMA assessments
were pushed out via weblinks to participants via text mes-
saging. This eliminated the need for participants to have
to install and manage a native app. Weblinks were sent to
participants at pseudorandom times between participant’s
preferred times in the morning and evening, and varied
across morning, midday, and evening throughout the proto-
col. If participants requested to adjust their “start” and
“stop” times for receiving EMA texts during their protocol,
our study team made the requested adjustments. Once par-
ticipants received their text messages, they were given 6
hours to complete the assessment session. Reminder texts
were automatically sent if sessions were not completed
after 3 hours and then again with 1 hour remaining. In add-
ition to reminder text messages, the study coordinator was
available as needed to assist participants. This assistance
included providing more instructions for how to complete
the specific cognitive tests and practice links for tests if par-
ticipants requested them

Each assessment collected single-item Likert-type scale
ratings for depressed/sadness, anxiety, fatigue, loneliness,
cognitive symptoms, cognitive abilities, sleep quality (last
night), social engagement, relational quality, social satisfac-
tion, and overall wellbeing (see Supplemental Table S1 for

Figure 1. Mobile cognitive tests used in cognitive ecological momentary assessment protocol. (A) N-back; (B) CopyKat; (C) Color Trick; (D)
Hand Swype; (E) Matching Pair; (F) Quick Tap 1; (G) Memory Matrix; and (H) Memory List-12.
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exact items). Each item assessed how bad or good each
symptom is ‘right now’. Response options could range
from ‘Not at all’ (0) to ‘Extremely’ (7), consistent with
our previous cognitive EMA studies.26,46 After symptoms
were assessed, 4 mobile cognitive tests were administered,
each 2-minute long, in the domains of working memory,
executive functioning, processing speed, and verbal/
spatial memory. These domains were chosen as they are
the most common impacted by CRCI.11 Two tests were
issued for each cognitive domain and balanced throughout
the protocol (14 times each, Table 1).

For working memory, we used the N-Back with a 2-back
design (12 trials each administration) and the CopyKat
tests. The N-Back is a common task that requires the partici-
pant to remember if a certain number was displayed 2 trials
back (total score was used in the analyses). Participants are
initially presented with a 2× 2 matrix of colored tiles in a
fixed position, which briefly light up in a random order.
Participants are asked to replicate the pattern by pressing
on the colored tiles in the correct order. Another feature
of the task is that each color plays a distinct tone when high-
lighted, providing the phone’s volume is turned on. The
time to complete is variable, but 3 trials take approximately
2 to 3 min (total score was used in the analyses).

For executive functioning, the Color Trick and Hand
Swype tests were used. The Color Trick test asks the partici-
pant to match the color of the word with its meaning, with
15 trials each test (total score and median reaction time were
used in analyses). The Hand Swype test asks the participant
to swipe in the direction of a hand symbol or in the direction
that matches the way the symbols are moving across the
screen. Hand Swype is a time-based task (1 minute every
administration; total score and median reaction time were
used in analyses).

For processing speed, we used the Matching Pair and
Quick Tap 1 tests. For Matching Pair, the participant was
asked to quickly identify the matching pair of tiles out of
6 or more tiles. Matching Pair is a time-based task for
90 seconds. The grid size increases based on correct
responses and the max grid size is 4× 4 tiles (total score
was used in the analyses). For Quick Tap 1, the participant
is asked to wait and tap the symbol when it is displayed (12
trials/administration; median reaction time were used in the
analyses).

For memory we used the Variable Difficulty List
Memory Test (VLMT) and Memory Matrix tests. For the
VLMT, participants were provided with a list of 12 or 18
random (i.e. not semantically related) words and given 30
seconds to memorize the list. They were then asked yes/
no questions to determine if words were on the list or not,
immediately following the memorization time (total
words correct was used for analyses). For Memory
Matrix, patterns of tiles are quickly displayed to the partici-
pant, then they are asked to indicate the pattern that was dis-
played by touching the tiles that were in the pattern. This

test gets progressively harder if responses are correct: the
first trial starts with a 2× 2 grid size, and the size can go
up to 7× 7 tiles until the participant gives three incorrect
responses (total score was used in the analyses).

Feasibility and acceptability outcomes. Accrual rates (% of
those who contacted our team who were eligible that
enrolled), adherence rates (number of partial/completed
cognitive EMAs across the 28 administrations), and reten-
tion rates (proportion of participants who completed base-
line and follow-up data collection) were calculated. To
assess acceptability of cognitive EMAs, the following ques-
tions were asked:

1. “Overall, how satisfied are you with your experience
participating in this study?” Responses ranged: 0–100
(0= unsatisfied, 50= neutral, and 100= very satisfied).

2. “How challenging was it for you to answer the survey
questions and do the brain games on your smartphone
during the protocol?” Responses ranged: 0–100 (0=
not challenging, 50= neutral, and 100= very
challenging).

3. “Would you be open to incorporating smartphone based
cognitive tasks as part of your ongoing care to monitor
your cognitive functioning?” Responses were ‘Yes’, or
‘No’.

4. “If you have any suggestions or feedback about the
study, please provide them here”, with an open text
box for responses.

Data analysis plan

Preprocessing. Consistent with previously published
methods24,28,47,48 NeuroUX data were cleaned to remove
instances of suspected low effort/engagement. N-Back
scores of 0 were excluded due to suspected low effort/
engagement. CopyKat scores less than 4 were excluded
due to suspected low effort/engagement. Color Trick total
scores < 3 and reaction times > 10 seconds were excluded
due to suspected low effort/engagement. Matching Pair
scores less than 100 were excluded due to suspected low
effort/engagement. Quick Tap 1 median reaction times
associated with a session in which < 8 trials were correct
were excluded due to suspected low effort/engagement;
only 2 Quick Tap sessions were excluded based on these
criteria. Memory List scores corresponding to below
chance (i.e. total score <12 and total score <18 on the
12-word and 18-word memory lists, respectively) perform-
ance were excluded due to suspected low effort/engage-
ment; only 4 Memory List sessions were excluded based
on these criteria. Memory Matrix scores for sessions with
fewer than 5 correct trials were excluded due to suspected
low effort/engagement. In addition to a priori effort thresh-
olds for each test described above, we also excluded scores
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Table 1. Cognitive ecological momentary assessment protocol across 28 assessments.

Study
day

Mobile cognitive test

EMA self-report
items N-back Copykat

Color
trick

Matching
pair

Hand
Swype

Quick
tap

Memory
list

Memory
matrix

1 X X — X1 X — — X3 —

2 X — X — — X X — X

3 X X — X2 — — X X3 —

4 X X — — X X — — X

5 X — X X1 X — — X4 —

6 X — X — — X X X3 —

7 X X — — X X — — X

8 X — X X2 — — X — X

9 X X — X1 — — X — X

10 X X — X2 X — — X3 —

11 X X — — X X — X4 —

12 X — X — X X — — X

13 X — X X1 — — X X3 —

14 X X — — X X — — X

15 X — X X2 — — X — X

16 X — X X1 — — X X4 —

17 X — X — X X — — X

18 X X — — — X X — X

19 X — X — X X — X3 —

20 X X — X2 — — X X4 —

21 X X — — — X X — X

22 X — X X1 X — — X3 —

23 X — X X2 X — — — X

24 X X — — — X X — X

25 X — X X1 X — — X3 —

26 X X — X2 — — X — X

(continued)
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identified as person-specific outliers (i.e. any score >3
standard deviations [SD] away from a person’s own mean
performance on that task); 10 total instances across all
NeuroUX tests were identified as person-specific mobile
cognitive test outliers.

Feasibility and acceptability outcomes. Descriptive statistics
(mean, SD, minimum, maximum, and frequencies) were
calculated for adherence and retention rates and satisfaction
questions, depending on the level of measurement and nor-
mality. A priori rates of 80% for retention and 75% for
adherence were used to determine feasibility, consistent
with previous rates reported in an EMA study of people
with metastatic cancer.23 EMA session fatigue effects (i.e.
the likelihood of a missed cognitive EMA session over
time) were evaluated using mixed effects logistic regres-
sion. Person-specific random intercepts and effects of
time (i.e. study day) were modeled.

The open-text box responses to “If you have any sugges-
tions about how the study could be improved or any other
feedback, please provide that here”, were independently
reviewed by 2 co-authors (OFR; SB) using a qualitative
content analysis approach.49,50 This approach allows for
the distillation of words into fewer content-related categor-
ies, which is done manually.51 Each co-author first read
through the full narrative to become familiar with the data,
then initiated the line-by-line coding process. Codes were
inductively grouped into larger categories that emerged dir-
ectly from the data, without an organizing framework.51

Co-authors met to compare and collapse categories and com-
plete the abstraction process which involves forming general
descriptions and meanings of the final categories.51

Psychometric characteristics. Test-retest reliability was exam-
ined by calculating intraclass correlation coefficients (ICCs)

for administrations of each test. ICC interpretation followed
published guidelines for poor (<0.50), moderate (0.50–
0.75), good (0.76–0.90), and excellent (>0.90) reliability.52

Linearmixed effectsmodelswere used to evaluate practice
effects. First, linear and quadratic effects of time (defined as
study day) on each test score were examined. Person-specific
random intercepts and effects of time were modeled. For
scores with significant quadratic practice effects, mixed
effects models with linear splines tested whether there was a
changepoint at which improvements in performance level off.

Correlations evaluated convergent validity between cogni-
tive EMA performance and EMA self-report symptoms
(mean, and within-person variability) and baseline clinical
cognitive (BrainCheck for objective cognitive function and
FACT-Cog PCI for subjective), and psychosocial variables.
P values were adjusted using a FDR correction. All analyses
were conducted in R Studio (Posit Software, version
2024.04.1+ 748; ‘ggplot2’, ‘ggcorrplot’, ‘dplyer’, ‘tidy-
verse’, ‘magrittr’ libraries).

Results
This study included 51womenwhowere on average 4.2 years
post MBC diagnosis, with most diagnosed as de novo
MBC (58.8%). Participants mean age was 51.1 years old,
the majority were White non-Hispanic race and ethnicity
(84.6%), and 67.3% received 16 years or less of formal educa-
tion. See Table 2 for demographic and clinical characteristics.

Feasibility and satisfaction

One hundred and sixteen (n= 116) people completed study
interest forms, ofwhich 54were lost to contact during prescre-
ening scheduling communications. Sixty-two (n= 62) people
were screened for enrollment of which 10 were ineligible (n=

Table 1. Continued.

Study
day

Mobile cognitive test

EMA self-report
items N-back Copykat

Color
trick

Matching
pair

Hand
Swype

Quick
tap

Memory
list

Memory
matrix

27 X X — — — X X X4 —

28 X — X — X X — X3 —

TOTAL 28 14 14 145 14 14 14 146 14

1: Color trick color-to-meaning version.
2: Color trick yes/no version.
3: Memory List 12 words.
4: Memory List 18 words.
5: 7 color to meaning version, 7 yes/no version.
6: 9 administrations of the 12-word list, 5 administrations of the 18 word list.
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Table 2. Demographic and clinical characteristics of the sample (N= 51).

Demographic characteristic Mean (SD) Frequency (percentage)

Age 51.1 (11.1) –

Age groups

Ages 22–39 – 6 (11.8%)

Ages 40–60 – 34 (66.7%)

Ages 61–74 – 11 (21.6%)

Race/ethnicity

White – 43 (84.3%)

Asian/Asian American – 2 (3.9%)

Black/African American – 2 (3.9%)

Hispanic – 4 (7.8%)

Employment

Working full or part time – 21 (41.2%)

Unemployed due to disability – 19 (37.3%)

Laid off/fired/retired – 7 (13.7%)

Other 4 (7.8%)

Years of education 16.1 (2.2) –

<= 16 years of education – 34 (66.7%)

>16 years of education – 17 (33.3%)

Clinical characteristic Mean (SD) or frequency (percentage) Frequency (percentage)

Years since diagnosis with stage IV 4.2 (3.4) –

MBC Diagnosis Type

De novo stage IV – 30 (58.8%)

Recurrent stage IV – 21 (41.2%)

MBC Pathological Type

HR+HER2- – 32 (62.8%)

HER2+ – 6 (11.8%)

HR+HER2+ 7 (13.7%)

(continued)
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6 resided outside the United States; n= 2 had Mini Moca
scores <11; n= 2 had medical histories that were exclusion
criteria), 52 women were consented and 51 enrolled in the
cognitive EMA protocol, thus accrual was 84% (51/62).
Mean adherence rates for the 28-day cognitive EMA protocol
was 94% (SD= 8.5%, range= 61–100%). Participants
expressed high satisfaction with the cognitive EMA protocol
(mean rating= 88%, SD= 12.5%, median= 90%, minimum
= 50%, maximum= 100%). On average, participants
reported the EMA protocol as not challenging (mean rating
= 32.2%, SD= 30.9%, median= 19%, range= 0–100%).
Retention rates were very high, with all participants (100%)
completing baseline and follow-up data collection. In
response to the question about incorporating smartphone
based cognitive tasks as part of ongoing care to monitor cog-
nitive functioning, 98% of the sample responded ‘Yes’.
Non-significant EMA session fatigue effects suggest that par-
ticipants were not significantly more likely to miss an EMA
session over time (OR= 1.02, 95%CI= 0.99–1.05, p=
0.144). The mean time to complete the daily EMA was 11
min 53 s (SD 1 min 36 s).

Qualitative content analyses revealed three categories for
the narrative responses to the open-ended questions related
to aspects of feasibility and acceptability of the cognitive
EMA protocol: (a) tasks at inconvenient times, (b) reminders
and time to complete tasks, and (c) unclear instructions. For
‘tasks at inconvenient times’, participants indicated frustration
with the pseudorandom timing of the EMA texts across the
protocol. For example, “the timing of the tests was all over
the map…,” and “the hours I received the text messages
were not consistent.” Additionally, participants noted that if
they received the text closer to their bedtime, they did not
have a full 6 hours to complete their tests before time was
up. For ‘reminders and time to complete tasks’, participants
noted that they appreciated the 6 hours to complete their
EMA and that this was enough time to complete assessments
each day. For ‘unclear instructions’, participants noted the
instructions for the n-back were not clear and they did not
know if they did it correctly, stating “I could not figure out
the 2-back letter game.”

Psychometric characteristics

Variability and reliability. Distributions of cognitive EMA
tests and self-report questions are presented in Table 3.

Within-person variability (SD) and test-retest reliability
estimates across administrations are presented in Table 4.
Reliability estimates suggest excellent reliability for
nearly all tests (ICCs > 0.90), except for the Memory List
12 and Memory List 18, which showed moderate-to-good
test-retest reliability (ICCs > 0.66).

Practice effects. Linear or non-linear trends over time for
each test are shown in Figure 2. Statistically significant
linear practice effects (i.e. consistent improvements over
time) were observed for Color Trick Reaction Time (day:
b= -25.30, SE= 4.18, p< 0.001), Matching Pair Score
(day: b= 1.46, SE= 0.26, p< 0.001), and Hand Swype
Reaction Time (day: b= -19.16, SE= 1.75, p < 0.001).
Non-linear practice effects (i.e. a quadratic effect of time)
were observed for N-back, Memory Matrix, Hand Swype
Score, and Quick Tap 1. Subsequent mixed effects regres-
sion models with linear splines showed that N-back practice
effects leveled off after study day 14 (days 1–14: b= 0.13,
SE= 0.02, p< 0.001; days 14–28: b= 0.01, SE= 0.01, p=
0.411), Memory Matrix practice effects leveled off after
study day 12 (days 1–12: b= 0.22, SE= 0.10, p= 0.036;
days 12–28: b= -0.07, SE= 0.07, p= 0.324), Hand
Swype Score practice effects leveled off after day 21
(days 1–21: b= 0.61, SE= 0.03, p < 0.001; days 21–28: b
= 0.09, SE= 0.09, p= 0.277), and Quick Tap 1 practice
effects leveled off after day 6 (days 1–6: b= -10.81, SE=
2.22, p< 0.001; days 6–28: b= -0.30, SE= 0.38, p=
0.435). In contrast, there were no consistent trends in per-
formance over time for Memory List 12 (day: b= -0.003,
SE= 0.010, p= 0.735), Memory List 18 (day: b= -0.036,
SE= 0.023, p= 0.117), or CopyKat (day: b= -0.020, SE=
0.016, p= 0.220).

Cognitive and psychosocial EMA convergent validity.
Correlations among EMA cognitive tests (mean and within-
person variability in performance) with age, education,
BrainCheck raw scores, and self-reported cognitive func-
tion (FACT-Cog PCI) are shown in Table 5 (mean
scores) and Table 6 (SD in scores). Mean performance on
Memory List 12 & 18 were most strongly associated with
BrainCheck Immediate Recall and Delayed Recall scores.
Cognitive EMA tests of processing speed (e.g. Matching
Pair, Quick Tap) were most strongly associated with all
speeded BrainCheck tests (Trails A, Trails B, Stroop,

Table 2. Continued.

Clinical characteristic Mean (SD) or frequency (percentage) Frequency (percentage)

Triple Negative/Other – 6 (11.8%)

Post-menopausal – 43 (84.3%)

Abbreviations: HER2: human epidermal growth factor receptor 2; SD: standard deviation.

Henneghan et al. 9



Digit Symbol). Almost all cognitive EMA tests of execu-
tive/working memory (i.e. Color Trick, Memory Matrix,
CopyKat, Hand Swype) were associated with BrainCheck
executive tests (Trails B, Stroop, Digit Symbol), correla-
tions among N-back and BrainCheck tests did not remain
significant with FDR p value adjustments. We included

correlations among variability in cognitive EMA scores
using root mean squared successive differences and
BrainCheck scores in Supplemental Table S2. There were
also some significant correlations between self-report and
objective cognitive EMAs of processing speed (r’s= 0.35
and −0.34, p’s< 0.05, see Supplemental Figure S2). In

Table 3. Raw scores distributions of each EMA cognitive test and self-report items (N= 51).

Mean SD Min Max

Average Cognitive Test Scores

N-back score 5.53 1.56 3 7.92

Color Trick median reaction time 2464.08 861.5 1408.89 5022.39

Matching Pair score 299.16 62.62 174.31 416.15

Memory Matrix score 40.23 7.35 24.92 60.14

Memory List 12 score 21.59 1.18 19.29 23.75

Memory List 18 score 30.5 2.12 24.75 34

CopyKat score 10.68 2.71 6.38 20.36

Hand Swype median reaction time 1921.42 546.13 787.64 3658.32

Hand Swype score 27.57 7.3 13.93 41.43

Quick Tap 1 median reaction time 430.2 86.35 277.85 734.57

Average Self-Report Item Ratings (possible range= 0–7)

Depressed 1.19 1.08 0 3.9

Anxiety 1.56 1.18 0 4.56

Fatigue 3.08 1.19 0 5.88

Loneliness 0.94 1.07 0 3.71

CRCI symptoms 2.16 1.39 0 4.75

Sleep quality 3.46 1.21 1.21 6.48

Social engagement 4.3 1.25 1.57 6.74

Cognitive abilities 3.75 1.31 1.46 7

Social satisfaction 4.25 1.44 1.11 7

Relationship quality 6.06 0.72 4.54 7

Overall well-being 5.03 0.87 1.71 7

Note: For self-report items for Depressed, Anxiety, Fatigue, Loneliness, CRCI symptoms, higher scores indicate worse symptoms. For self-report items for Sleep
quality, Social engagement, Cognitive Abilities, Social Satisfaction, Relationship quality and overall Well-being, higher scores indicate better quality/
satisfaction.

10 DIGITAL HEALTH
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addition, psychosocial EMA items were strongly related to
validated measures of psychosocial function and cognitive
symptoms (e.g. PROMIS scales and FACT-Cog; see
Figure 3).

Discussion
We found that short-term cognitive EMA monitoring (for
28 days) is acceptable and feasible in patients with MBC

Table 4. Within-person variability and test-retest reliability across administrations of each EMA cognitive test and self-report questions (N=
51).

Within-Person Variability
Test-Retest Reliability

Average within-
person SD

Minimum within-
person SD

Maximum within-
person SD ICC

Cognitive Tests

N-back score 1.38 0 2.39 0.934

Color Trick median reaction time 765.76 182.47 2136.72 0.930

Matching Pair score 53.74 28.56 84.94 0.939

Memory Matrix score 6.86 2.39 11.44 0.926

Memory List 12 score 1.68 0.46 3.18 0.770

Memory List 18 score 2.43 0.45 5.57 0.670

CopyKat score 3.02 1.26 5.53 0.900

Hand Swype median reaction time 369.39 116.79 907.24 0.973

Hand Swype score 5.73 1.85 9.77 0.978

Quick Tap 1 median reaction time 55.89 14.21 150.29 0.959

Self-Report Items

Depressed 0.91 0 2.47 0.962

Anxiety 0.94 0 2.24 0.968

Fatigue 1.36 0 2.49 0.947

Loneliness 0.67 0 2.34 0.972

CRCI symptoms 0.83 0 2.13 0.980

Sleep quality 1.46 0.65 2.59 0.945

Social engagement 1.24 0.55 2.18 0.962

Cognitive abilities 0.97 0 2.55 0.975

Social satisfaction 0.97 0 2.26 0.980

Relationship quality 0.34 0 1.14 0.983

Overall well-being 0.66 0 1.62 0.973

Henneghan et al. 11



as shown by high adherence to the protocol, study retention,
and high satisfaction/low burden ratings. The specific cogni-
tive and psychosocial EMAs (mobile cognitive tests and self-
ratings for cognitive and psychosocial symptoms) demon-
strated strong reliability and validity. High adherence of the
EMA protocol (94%) aligned with previously reported
adherence rates of e-Health physical activity interventions
for women with MBC (94% adherence over 6 months)53

and a recent EMA study in MBC patients that used a 7-day
EMA protocol (80% adherence).23 High adherence and sat-
isfaction rates found here may also be attributed to the
study procedures that encouraged participant engagement
and minimized burden, including accommodating partici-
pant preferences into the timing of cognitive EMA texts
each day, sending reminder texts, troubleshooting technical
difficulties, and providing additional instructional support
for the specific mobile cognitive tests administered. Taken
together, these findings demonstrate that women with
MBC are interested and engaged in e-Health modalities
and ongoing symptom monitoring research via EMAs,
despite the high burden of metastatic disease.

Since MBC can be a chronic condition, there is a need to
help people manage their cognitive changes and live fuller
and happier lives. Those withMBC often become active self-
managers of their complex treatments, side effects, and
inventory of their everyday QoL.54 Methods for self-
monitoring or self-evaluation could empower those with
MBC to be more active participants in their treatment plans
and provide important data across time to make decisions
related to treatments and daily activities. Furthermore, quali-
tative studies report that womenwithMBCwant to minimize
their time at medical appointments and maximize their time
‘living’,10 so remote digital tools for self-evaluation, such
as those employed in this study, may be especially useful
to facilitate self-monitoring while living with MBC.

In the context of advanced cancer, EMAs can directly
capture variation in symptoms and functional outcomes in
real-life settings, provide a useful complement tomoremacro-
level assessments that occur in longitudinal research designs
or in clinic visits, and facilitate better personalized care for
those impacted by MBC. One of the National Cancer
Institute’s (United States) research priorities is to “understand
and address emerging symptom trajectories of individuals
living with metastatic cancers.”55 Additionally, newly
published National Standards for Cancer Survivorship Care
from the Office of Cancer Survivorship,56,57 and newly
published MASCC-ASCO Standards and Practice
Recommendations for people affected by advanced or meta-
static cancer58,59 specify the need for oncology organizations
to collect data on survivors’ patient-reported outcomes,
including QoL, and survivors’ functional capacity. Our find-
ings of low study burden, high utility, and high interest in
using the cognitive EMA platform provide foundational evi-
dence for incorporating EMAs for cognitive self-monitoring
in clinical settings. Our findings also support the future appli-
cation of cognitive EMAs for evaluating MBC-specific inter-
vention effects, including mobile/web based supportive
interventions that are in the research pipeline.60–63

Qualitative findings in this study highlight the need to
provide clearer instructions for some of mobile cognitive
tests on the platform, and the provision of scheduled instead
of pseudorandom assessment sessions in this population.
Our team has incorporated this feedback on instruction
clarity into the platform, developing instructional videos for
all cognitive tests.True ‘momentary’assessments in thispopu-
lation may be burdensome, and so longer periods of time for
assessment completion, scheduled timing of assessments,
and/or participant-initiated assessments should be considered
in future EMA studies with persons who have metastatic
disease.

Figure 2. Practice effects (linear or non-linear trends) for each EMA cognitive test.
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The cognitive EMA protocol, including mobile cogni-
tive tests and self-rated symptom assessments, administered
via NeuroUX, demonstrated strong reliability across admin-
istrations, expected practice effects, and very good conver-
gent validity overall, consistent with previous reports of
strong validity and reliability of different cognitive EMAs
administered across 14 days in early-stage breast cancer
survivors.31 The lowest reliability scores were found for
the Memory List tests, 12-item (0.77) and 18 item (0.67),
which is expected since these tests generate new and unre-
lated lists of words to remember with each administration.
Cognitive EMAs are an innovative solution for monitoring
the cognitive health of MBC patients, but there is a need for
broader validation across diverse cancer types.

The practice effects that we found are consistent with
practice effects for the same mobile cognitive tests found
in a community sample of healthy adults.48 Patterns of non-
linear effects with improvements leveling off after many
days were found for the three tests that are the most challen-
ging in the protocol (N-back, Memory Matrix, Hand Swype
Score). Recently, researchers have used learning curves (i.e.
practice effects) across multiple days, rather than single
session re-testing, as clinically relevant predictors of
disease or future cognitive decline in populations with
subtle cognitive deficits (i.e. preclinical Alzheimer’s
Disease).64 Mobile cognitive tests with no significant prac-
tice effects in this protocol may be explained by strong
alternate forms of these tests (e.g. Memory Lists).
Researchers using cognitive EMA protocols in MBC popu-
lations should consider practice effects for each mobile cog-
nitive test when designing the length of EMA protocols (i.e.
number of assessments over number of days) and consider
comparing learning curves of serial cognitive EMAs
between those with clinical cognitive impairment and
those without and/or those with MBC and matched
controls.

This study did not have a matched control group.
However, our findings were compared to previously pub-
lished norms from a community based sample of adults
living in the United States for these same mobile cognitive
tests of memory and reaction time.48 Our sample demon-
strated similar scores and variability in memory tests
(Memory Matrix, Memory List-12 item), but slower reaction
times and greater within- person variability in reaction time on
Quick Tap 1 and Hand Swype tests. Greater variability in
reaction time on mobile cognitive tests is observed in cogni-
tively symptomatic older adults compared to cognitively
normal.65 CRCI are often described as a “brain fog” or
slower thinking, so it is possible that variability in reaction
time may be clinically relevant in this population.66,67

Future studies using cognitive EMAs in MBC should
include a healthy, age-matched control group, and evaluate
reaction time performance and variability. Furthermore, this
study protocol spanned 28 days, whereby it is possible that
more within- and between- person variability in symptomsTa
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would emerge in longer prospective studies with MBC and is
another recommendation for future studies.

Overall, the cognitive (mobile cognitive tests and self-rated
items) and psychosocial EMAs administered in this sample of
women with MBC demonstrated strong convergent validity,
except for N-back. Medium-to-strong correlations were
evident among baseline clinical cognitive assessments, with
strongest correlations identified for tests of specific cognitive
domains (e.g. memory tests correlating with BrainCheck tests
for immediate and delayedmemory). In terms of age and edu-
cation, correlations were in expected directions (i.e. higher
age, lower scores, and longer reaction time; higher education,
higher scores, and shorter reaction time); however, most cor-
relations with education were not significant. These findings
may be partially explained byminimal variability in education
in this sample. However, NeuroUX tests are designed to be
minimally influenced by socioeconomic status (SES)
factors, ensuring that they provide an equitable assessment
of cognitive function across diverse populations.68 This
approach enhances the reliability and reduces bias of the
results, making them more applicable and actionable in
diverse settings.

All the EMA self-report items showed strong relationships
with all the clinical assessments; but strongest relationships
emerged between EMAs tapping into the same construct,
demonstrating strong convergent and ecological validity.
For example, social EMAs correlated strongest with
PROMIS Social, and the cognitive symptoms EMA corre-
lated strongest with the FACT-Cog PCI. The cognitive
symptom EMA not only correlated with the clinical cognitive
PRO, but also several of the BrainCheck tests (i.e. Trails A
and B, Stroop), suggesting that repeated sampling of cogni-
tive PROs in this population reflects both objective and sub-
jective CRCI, although the adjusted p values for these
correlations were under the significance threshold (p’s=
0.056–0.07). Significant correlations also emerged in this
sample among mobile cognitive tests and CRCI symptoms,
loneliness, fatigue, depressive symptoms and anxiety across
time (Supplemental Figure S2). In the broader CRCI litera-
ture, objective cognitive tests rarely correlate with subjective
cognitive measures or psychological symptoms.11,69,70

Therefore, our findings provide new insights into the relation-
ship between subjective and objective CRCI at the individual
level and suggest that serial mobile cognitive assessments
may be sensitive to both objective and subjective CRCI.

This study has several limitations. The relatively small
sample size and low variability in race and ethnicity,
decreases the generalizability. We also did not examine
the within-person effects of time of day that EMAs were
administered (administration times varied for each person
across the study). While in is not expected that this within-
person effect would change our feasibility, reliability, valid-
ity findings, future research should examine the within-
person effect of time of day on cognitive EMAs. We did
not collect data on metastases, limiting our interpretationTa
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of the cognitive findings related to burden of disease.3,71

This study did not include a matched control group, limiting
our interpretation of the cognitive EMA mean scores and
variability in this population. Our feasibility and acceptable
findings may also represent a biased sample of women who
would be more willing to engage with their smartphones for
monitoring purposes or those who felt well enough to par-
ticipate in the study. Last, this study was conducted over 28
days. While promising, it is not clear that this would be
feasible for patients who are undergoing treatments that
last months to years, and a longer study is needed.

Conclusion
Despite these limitations, this study extends a growing
body of literature employing EMA use for symptom mon-
itoring in populations with metastatic disease, and

provides foundational knowledge on the feasibility, reli-
ability, and validity of employing cognitive (subjective
and objective) EMAs to monitor cognitive functioning
across time in women living with MBC. Future large-scale
cohort and implementation studies should confirm these
findings and determine how cognitive EMAs can be effect-
ively integrated into electronic health records and clinical
care.
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