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Abstract

Background: Daily activities have been associated with neurocognitive performance. However, much of this research has used
in-person neuropsychological testing that requires participants to travel to a laboratory or clinic, which may not always be feasible
and does not allow for the examination of real-time relationships between cognition and behavior. Thus, there is a need to
understand the real-time relationship between activities in the real world and neurocognitive functioning to improve tracking of
symptoms or disease states and aid in the early identification of neurocognitive deficits among at-risk individuals.

Objective: We used a smartphone-based ecological momentary cognitive assessment (EMCA) platform to examine real-time
relationships between daily activities and neurocognitive performance (executive functioning and verbal learning) in the everyday
environment of middle-aged and older adults with and without HIV.

Methods: A total of 103 adults aged 50-74 years (67 persons with HIV; mean age 59 years, SD 6.4) were recruited from the
University of California, San Diego HIV Neurobehavioral Research Program and the San Diego community. Participants completed
our EMCA protocol for 14 days. Participants reported their current daily activities 4 times per day; following 2 of the 4 daily
ecological momentary assessment (EMA) surveys, participants were administered the mobile Color-Word Interference Test
(mCWIT) and mobile Verbal Learning Test (mVLT), each once per day. Activities were categorized into cognitively stimulating
activities, passive leisure activities, and instrumental activities of daily living (IADLs). We used multilevel modeling to examine
the same-survey and lagged within-person and between-person effects of each activity type on mobile cognitive performance.

Results: On average, participants completed 91% of the EMA surveys, 85% of the mCWIT trials, and 80% of the mVLT trials,
and they reported engaging in cognitively stimulating activities on 17% of surveys, passive leisure activities on 33% of surveys,
and IADLs on 20% of surveys. Adherence and activity percentages did not differ by HIV status. Within-persons, engagement in
cognitively stimulating activities was associated with better mCWIT performance (β=−1.12; P=.007), whereas engagement in
passive leisure activities was associated with worse mCWIT performance (β=.94; P=.005). There were no lagged associations.
At the aggregate between-person level, a greater percentage of time spent in cognitively stimulating activities was associated
with better mean mVLT performance (β=.07; P=.02), whereas a greater percentage of time spent in passive leisure activities was
associated with worse mean mVLT performance (β=−.07; P=.01). IADLs were not associated with mCWIT or mVLT performance.

Conclusions: Smartphones present unique opportunities for assessing neurocognitive performance and behavior in middle-aged
and older adults’ own environment. Measurement of cognition and daily functioning outside of clinical settings may generate
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novel insights on the dynamic association of daily behaviors and neurocognitive performance and may add new dimensions to
understanding the complexity of human behavior.

(JMIR Mhealth Uhealth 2020;8(9):e19579) doi: 10.2196/19579
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Introduction

Background
Traditional neuropsychological testing provides a snapshot of
a patient’s neurocognitive functioning at one time point in an
optimal, controlled environment (ie, without distractions). This
assessment method allows neuropsychologists to make
empirically based judgments about a number of critical patient
factors (eg, neurocognitive impairment status and likely etiology
of deficits). However, there are several limitations associated
with traditional laboratory-based neuropsychological
assessments. First, traditional testing requires in-person,
face-to-face contact. The limitations of this are more salient
now than ever before owing to the need for social distancing
because of the COVID-19 pandemic [1]. However, even before
the COVID-19 pandemic, there were several barriers associated
with in-person neuropsychological testing. For example, it is
difficult for individuals with limited access to transportation or
those who live in rural areas to travel to clinics and/or participate
in research. Second, although one goal of neuropsychological
assessment is often to make judgments about everyday
functioning, the connection between performance on
neuropsychological testing and neurocognitive functioning in
daily life is imperfect [2]—people do not always perform
consistently in an optimal manner in everyday life. In other
words, a person’s neurocognitive capacity, as demonstrated in
a neuropsychological testing room, may not predict their
performance in everyday tasks that take place in a more
distracting, real-world environment [3,4].

Now, more than ever, we need to leverage digital health tools
to improve upon assessment of cognition [5,6]. One feasible
solution to the limitations of traditional neuropsychological
testing is the utilization of mobile cognitive testing. This
burgeoning digital health assessment method involves objective
cognitive tests that are self-administered through a smartphone,
tablet, or other mobile device. Thus, mobile cognitive testing
both reduces the need for in-person visits and allows for repeated
assessment of neurocognitive functioning in an individual’s
natural environment [7,8]. Therefore, this methodology may be
particularly useful for detecting neurocognitive decline earlier,
given that performance on tests can be easily tracked over time
and repeatedly compared with one’s own previous performance.
Moreover, mobile cognitive testing may be more ecologically
valid and thus help to better understand subtle changes in
neurocognitive functioning as they occur in participants’ own
environments. Despite some technological challenges (eg,
standardizing stimuli and response latencies across different
software and hardware platforms) [9], mobile cognitive testing

has been found to be feasible and valid among various clinical
[7,10,11] and nonclinical populations [7,10-12].

Mobile cognitive testing may be a particularly important tool
for a better understanding of the relationship between real-world
neurocognitive and everyday functioning. In the context of a
clinical neuropsychological evaluation, the relationship between
cognition and everyday functioning is often considered to be
unidirectional, as neuropsychologists use neurocognitive test
data to predict everyday functioning outcomes. However, a
bidirectional relationship between certain everyday activities
and neurocognitive functioning has been demonstrated in older
adults [13]. For example, time spent in passive leisure activities
(eg, watching television) has been shown to be inversely related
to cross-sectional neurocognitive performance and positively
related to the likelihood of a neurocognitive decline in
subsequent years [14-18]. Conversely, studies have also
demonstrated a positive relationship between time spent in
cognitively, physically, and/or socially stimulating activities
and neurocognitive functioning in older adults [19] and persons
with HIV [20]. The existing literature examining relationships
between everyday activities and cognition, however, is limited
in several ways. Self-report retrospective measures may be
inaccurate because of recall error and response biases [21,22],
whereas performance-based measures of everyday functioning
are limited in their ability to be administered frequently (eg,
need for in-person clinic visits, practice effects) and were
developed to measure functional capacity, that is, whether a
person has the capacity to function independently. However,
many are not validated as tools to assess functional performance,
that is, how people actually function in their home environments
[23]. In addition, most studies have only examined
between-person effects (eg, baseline activities predicting change
in cognition over time) [17]. Thus, little is known about the
possible acute and dynamic relationships between everyday
activities and cognition within individuals.

Coupling mobile cognitive testing with ecological momentary
assessment (EMA; ie, repeated self-report assessment of
in-the-moment feelings, behaviors, and contexts) affords the
opportunity to examine real-world, real-time relationships
between daily activities and neurocognitive performance. For
example, in the only study to date (to our knowledge) that has
examined the within-person relationship between daily activities
and cognition using EMA and mobile cognitive testing, Allard
et al [24] found that engagement in cognitively stimulating
activities was associated with better semantic memory
performance later in the day in a sample of older adults.
However, participation in passive leisure activities was not
significantly associated with any differences in performance on
the mobile test of semantic memory [24]. This study serves as
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an example of how understanding the dynamic relationships
between daily life activities and cognition could lead to
improved symptoms or disease tracking or just-in-time adaptive
interventions to promote optimal neurocognitive functioning,
when desired, using digital health technologies. Such
interventions may be important for older adults [25] and persons
with HIV [26,27], particularly older persons with HIV, given
the higher rates of neurocognitive impairment compared with
the general population.

Objectives
In light of these questions, this study used a smartphone-based
ecological momentary cognitive assessment (EMCA) platform
(ie, a custom-built integrated EMA and mobile cognitive testing
platform) to examine the real-world relationships between daily
activities (ie, cognitively stimulating activities, passive leisure
activities, and instrumental activities of daily living [IADLs])
and neurocognitive performance (ie, executive functioning and
learning) among older persons with and without HIV. The first
aim of this study is to examine (1) the same-survey,
within-person relationships between reported activities and
mobile cognitive performance and (2) the between-person effect
of the percentage of surveys in which the activity was endorsed
with mean mobile cognitive test performance. Accounting for
between-person effects allows for differentiation between
whether an activity is associated with true changes and/or
fluctuations in cognition or whether more total time spent in an
activity, in general, tends to be associated with a higher or lower
level of cognition. The second aim is to examine the temporal
ordering of effects, with activity engaged in at one survey
predicting cognition at the same-day next survey, administered
approximately 3 to 4 hours later (ie, lagged analyses). We
hypothesized that in all analyses, cognitively stimulating
activities would be associated with better mobile cognitive
performance, and passive leisure activities would be associated
with worse mobile cognitive performance. In addition, we
hypothesized that engagement in IADLs would be associated
with better mobile cognitive performance, but the effect would
be weaker than that observed with cognitively stimulating
activities. Given that potential differences in observed effects
by HIV serostatus would be likely because of differences in a
combination of sociodemographic and/or environmental factors
rather than HIV itself, we accounted for HIV status but did not
specifically examine any HIV interactions.

Methods

Participants
A total of 67 community-dwelling persons with HIV and 36
HIV-negative middle-aged and older adults, aged 50 to 74 years,
were included in this National Institute of Mental Health
(NIMH)–funded study at the HIV Neurobehavioral Research
Program (HNRP) at the University of California, San Diego
(UCSD) between 2016 and 2019. Participants were recruited
from the participant pool at the HNRP or through the community
(eg, HIV clinics, flyers, and community centers). Inclusion

criteria for the study were being aged ≥50 years, the ability to
provide written informed consent, and being fluent in English.
Exclusion criteria for the study were self-reported histories of
serious mental illness (eg, schizophrenia and bipolar disorder),
non-HIV neurological disorder (eg, stroke), head injury with
loss of consciousness for ≥30 min, or indication of a severe
learning disability (as indicated by a score of <70 on the Wide
Range Achievement Test, fourth edition Reading Subtest
[WRAT-4]). Participants with a positive urine toxicology test
(with the exception of marijuana) or alcohol breathalyzer on
the day of the in-person visit were rescheduled. All procedures
were approved by UCSD’s Institutional Review Board before
protocol implementation, and all participants demonstrated
decisional capacity [28] and provided written informed consent.

Measures and Procedures

Laboratory Visits
Participants completed an initial in-person baseline visit that
included a tutorial on the EMCA portion of the study and a
comprehensive neuromedical and neurobehavioral assessment.
Participants were given a Samsung Galaxy S 4.2 YP-GI1 8GB
smartphone with a 4G Android operating system (OS) for the
duration of the study. The Galaxy Player 4.2 has a 4.2“ IPS
(in-plane switching) display at 800×480 resolution, 1 GHz
processor, using Android 2.3.6 Gingerbread OS. Participants
were provided an individualized, face-to-face 20- to 30-min
tutorial with a research associate on how to complete EMA
surveys and mobile cognitive tests and were given a smartphone
operating manual to take home.

Psychiatric and substance use disorders in Table 1 were
determined via a computer-assisted structured interview, that
is, the Composite International Diagnostic Interview [29].
In-person neurocognitive functioning in Table 1 was determined
by comprehensive neuropsychological assessment (previously
described in detail by Heaton et al [27]; see Multimedia
Appendix 1 for specific neuropsychological tests), and
neurocognitive domain scaled scores (mean 10, SD 3) that adjust
for practice effects were generated [30]. Impairment was
determined using a global deficit score [31] of ≥0.5, and
premorbid verbal IQ was measured via the WRAT-4 [32]. For
all participants, HIV serostatus was confirmed with
HIV/Hepatitis C virus antibody point-of-care rapid test
(Miriad-MedMira) and confirmed by western blot analyses.
Among persons with HIV, AIDS diagnosis, antiretroviral
therapy (ART) regimen, estimated duration of HIV disease, and
nadir CD4 count were obtained by self-report (unless the current
CD4 count was lower than the reported nadir CD4 value). Viral
load detectability (≥50 copies/mL) and the current CD4 count
was measured in blood plasma.

At the end of the 14-day EMA study period, participants
returned to the HNRP to deliver the study phone and completed
additional neuropsychological tests and study questionnaires.
Participants were compensated for both study visits. Bonus
compensation (US $1 per survey) was provided for each EMA
survey participants completed.
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Table 1. Participants’ characteristics by HIV serostatus (N=103).

P valuet value or chi-squareHIV− (n=36)HIV+ (n=67)Participant characteristics

Demographic variables

.990.059.2 (6.7)59.3 (6.3)Age (years), mean (SD)

.016.320 (56)53 (79)Sex (male), n (%)

.731.3N/AN/AaRace or ethnicity, n (%)

23 (64)42 (63)Non-Hispanic White

6 (17)16 (24)African American

6 (17)4 (10)Hispanic

1 (3)2 (3)Other

.04−2.115.0 (2.5)13.9 (2.4)Education (years), mean (SD)

.350.914 (40)20 (31)Employedb, n (%)

.002FETdN/AN/AHousehold incomec (US$), n (%)

6 (17)12 (18)<10,000

13 (36)45 (68)10,000-34,999

8 (22)4 (6)35,000-74,999

9 (25)5 (8)≥75,000

.016.611 (31)38 (57)Live alone, n (%)

.360.830 (83)60 (90)Smartphone ownership, n (%)

Psychiatric comorbidities, n (%)

<.00120.69 (25)48 (72)LTe MDDf

.05FET1 (3)11 (16)Current MDDg,h

.043.917 (47)45 (67)LT any substance use disorder

.99FET1 (3)2 (3)Current substance use disorderh,i

In-person neurocognitive functioning

.440.597 (20)18 (27)GDSj impairedc, n (%)

.11−1.69.9 (1.8)9.2 (2.0)Global SSc,k, mean (SD)

.05−2.011.4 (2.8)10.2 (2.7)Verbal SSc, mean (SD)

.10−1.79.8 (2.0)8.9 (2.5)Executive functioning SSc, mean (SD)

.16−1.410.4 (2.5)9.6 (2.4)Speed of information processing SSc, mean (SD)

.07−1.89.1 (2.3)8.3 (2.3)Learning SSc, mean (SD)

.14−1.59.3 (2.4)8.6 (2.2)Recall SSc, mean (SD)

.42−0.810.3 (2.8)9.8 (2.9)Working memory SSc, mean (SD)

.69−0.48.0 (2.4)7.8 (2.7)Motor SSc, mean (SD)

.24−1.2106 (16)102 (14)Premorbid verbal IQh,l, mean (SD)

HIV characteristics

N/AN/AN/A46 (70)AIDSm, n (%)

N/AN/AN/A703 (550-893)Current CD4m, median (IQR)

N/AN/AN/A148 (33-285)Nadir CD4m, median (IQR)

N/AN/AN/A23.8 (15.7-28.8)Duration of HIV infection (years), median (IQR)
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P valuet value or chi-squareHIV− (n=36)HIV+ (n=67)Participant characteristics

N/AN/AN/A63 (94)On antiretroviral therapy, n (%)

N/AN/AN/A60 (97)Undetectable viral loadn, n (%)

aN/A: not applicable.
bn=100.
cn=102.
dFET: Fisher exact test.
eLT: lifetime.
fLT MDD: met criteria for major depressive disorder at any point in life.
gCurrent MDD: currently meets criteria for major depressive disorder.
hn=101.
iAll current substance use disorders were marijuana use disorder.
jGDS: global deficit score.
kSS: scaled score; scaled score is based on comprehensive in-laboratory neuropsychological testing (scale score: mean 10, SD 3).
lPremorbid Verbal IQ was estimated using the Wide Range Achievement Test, fourth edition Reading Subtest.
mn=66.
nn=62.

Fourteen-Day EMA and Mobile Cognitive Testing
Monitoring
Following their first in-person visit, participants completed the
14-day EMCA protocol. Participants received 4 EMA surveys
per day, which occurred at pseudorandom times throughout the
day (ie, spaced for a survey to occur in the morning, midday,
afternoon, and evening) approximately 3 to 4 hours apart
according to each participant’s sleep-wake schedule. The study
phone alert sounded to signal participants to complete each
survey. Once the alert sounded, participants had 10 min to start
the survey, with a reminder alarm every 2 min during that period
before the survey was considered missed. Participants also had
the option to cancel the survey during the 10-min window or at
any point during the survey. If a participant only completed part
of the survey and then canceled, the data completed were saved.
At the end of 2 of the 4 daily surveys, participants were
prompted to complete either a mobile cognitive test of executive
functioning or verbal learning. The surveys after which
participants received the mobile cognitive tests were randomized
to different surveys per day and were presented at the same
survey per day for each participant. The mobile Color-Word
Interference Test (mCWIT) and mobile Verbal Learning Test
(mVLT) were not given on the same survey. The study phone’s
OS was encrypted, in the event that the phone was lost or stolen,
to safeguard participants’ data. Furthermore, the study phones
were locked so that the survey program was the only program
on the phone that could be used. Participants were provided
contact information in the event that they experienced
technological difficulties and were called twice during the
14-day period to assess if they had any difficulties.

Daily Activities

At each survey, participants were asked to report their current
activity (ie, “What are you doing?”). Participants could choose
1 response from 39 options that included different activities
(Figure 1), with different options available, depending on
whether the participant reported being at home or not at home
on a previous question. Participants were only given the option
to report 1 activity in response to this item and were instructed
to choose the primary activity in which they were currently
participating. Activities were then categorized into cognitively
stimulating activities, passive leisure activities, IADLs, activities
of daily living (ADLs), physical activity, social activities, and
other activities (ie, if participants endorsed other as their
activity). Cognitively stimulating activities included working
(paid or unpaid), volunteering, schoolwork, arts and crafts,
meditating, playing a musical instrument, private religious
activities, reading or writing or journaling, and other internet
or computer or tablet use. Passive leisure activities included:
watching television, listening to music, other nonphysical
leisure, resting, smoking, social media, and nothing. IADLs
included budgeting or paying bills, cleaning, doing laundry,
looking for a job, preparing food, traveling (ie, riding in a bus,
trolley, car, or van), and shopping. These activities were
categorized by 3 authors (RM, CD, and EG) with expertise in
this area of research and who reviewed the current literature.
ADLs, physical activity, social activities, and other were each
endorsed on less than 10% of surveys and were thus not
examined in this study. Cognitively stimulating activities,
passive leisure activities, and IADLs were dichotomized into 0
(not doing activity) and 1 (doing activity). The percentage of
time spent in each activity was calculated by dividing the
number of surveys in which an activity was endorsed by the
total number of completed EMA surveys over the 14-day study
period.
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Figure 1. Count of reported activities from the ecological momentary assessment question “What are you doing?” Participants could only report one
activity and were instructed to choose the primary activity in which they were currently participating. Participants could choose “other” if their current
activity was not listed as an option. AA: alcoholics anonymous; ADL: activities of daily living; IADL: instrumental activities of daily living.

Mood
Depressed mood was assessed at each EMA survey, and
response choices for the prompt, “I feel depressed...,” were on
a 5-point scale ranging from 1=not at all to 5=very much.
Although not the main focus of this study, the current depression
rating was included as a covariate in follow-up analyses to
account for mood as a possible confounding factor.

Mobile Cognitive Tests
Participants completed an mCWIT and mVLT once per day.
The survey in which they were prompted to complete the mobile
cognitive test was randomized and counterbalanced across the
different times of the day for the 14-day EMA period. The
mCWIT is a test of executive functioning based on the Stroop
paradigm whereby people are asked to name the color of the
ink in which a color-word is written when the ink color and
word are incongruent. Stroop tasks have been used widely
among persons with HIV [33,34]; however, there is only one

other group to our knowledge that has developed a mobile
Stroop-like test for use in an EMA study [11]. Participants were
instructed, “Do not read the words, say the colors in which they
are written” and had up to 60 seconds to complete the task.
Responses were audio-recorded and scored by 2 independent
raters. All discrepant scores were scored by a third rater. The
outcome assessed in this study was completion time (seconds).
mCWIT data were excluded from analyses for 2 participants;
one participant was excluded due to colorblindness, and the
other participant was excluded because they had an average of
15 of 16 errors, and therefore their data were not considered
valid. The reliability and validity of the mCWIT have been
described in detail elsewhere [10].

The mVLT is a test designed to assess verbal learning and recall.
Although there are other groups who have developed verbal
learning or memory tests for use in mobile cognitive testing
studies, none have examined these among persons with HIV
[8]. Participants were presented with a list of 12 semantically
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unrelated words to read on the smartphone for three 30-second
trials. A unique list was presented each day. After each trial,
participants were asked to recall words from the list and then
to select done when they finished recalling words. Responses
were audio-recorded and scored for the total number of correct
responses. The outcome assessed in this study was the total
number of words correctly recalled over the 3 learning trials.
The mVLT was scored by 2 independent raters, and discrepant
scores were reviewed by an additional rater. The association
between the mVLT (mean average across 14 days) and
in-laboratory Hopkins Verbal Learning Test-Revised [35] was
Cohen d=1.09. On both tests, there was some intraindividual
variability in performance across days, as expected (average
SD per person mCWIT=5.2 seconds; mVLT=3.5 words).
mCWIT and mVLT trials were excluded from this study if raters
suspected cheating (eg, help from others), if the participant was
doing something else during the test (eg, talking with others),
or if the participant endorsed the use of illicit substances (ie,
cocaine, methamphetamine, ecstasy, heroin, other street drug(s),
or “prescription drugs not prescribed to me”) on any survey
before taking the mobile cognitive test (within the same day).
In follow-up analyses, analyses were rerun excluding surveys
in which participants endorsed alcohol or marijuana use on the
same survey.

Statistical Analyses
Participant characteristics by HIV serostatus are presented in
Tables 1 and 2 and were assessed via two-tailed chi-square,

Fisher exact tests, and t tests (or nonparametric equivalent), as
appropriate. Separate linear mixed-effects regressions with
participant-specific random intercepts were used to evaluate the
relationship between activity reported on EMA (ie,
within-person effect) and neurocognitive performance (ie,
mCWIT and mVLT performance) as well as the percentage of
surveys in which each activity was reported and the average
neurocognitive performance (ie, the between-person effect).
Two sets of analyses were completed: (1) same-survey
associations, with activity selected on the EMA survey as a
predictor of neurocognitive performance at the same survey (ie,
mCWIT and mVLT performance), and (2) lagged associations,
with activity at the previous survey within the same day as a
predictor of next-survey neurocognitive performance. All models
controlled for HIV status and study day (1-14, centered to day
1). Age, sex, education, and race or ethnicity (non-Hispanic
White vs all other race or ethnicities) were initially included in
the models if they were associated with the mobile cognitive
test score at P<.10, and were retained as covariates if they
remained associated with the outcome at P<.10. Therefore,
mCWIT analyses included age and race or ethnicity as
covariates, and mVLT analyses included education as a
covariate. All analyses were reexamined with depressed mood
as a covariate and excluding surveys in which participants
reported alcohol or marijuana use. Results were considered
statistically significant at P<.05. R software (version 3.6.1) was
used for all analyses, and the lme4 package for R was used for
mixed-effects regression analyses.

Table 2. Ecological momentary assessment and mobile cognitive test variables by HIV serostatus (N=103).

P valuet value or chi-squareHIV− (n=36)HIV+ (n=67)Variable

EMAa variables, mean (SD)

.800.390 (8.5)91 (9.0)Number of EMA surveys completed

.09−1.019 (13.2)16 (15.5)Percent of cognitively stimulating activities

.151.729 (14.0)35 (17.2)Percent of passive leisure activities

.08−1.722 (9.0)19 (8.1)Percent of IADLsb

Mobile cognitive testing variables

.032.221.6 (4.2)24.0 (6.7)Average mCWITc total seconds, mean (SD)

.95−0.184 (20.0)84 (18.5)Percent mCWIT completed, mean % (SD)

.15−1.421.1 (3.8)19.7 (4.9)Average mVLTd total words, mean (SD)

.39−0.982 (13.3)79 (18.9)Percent mVLT completed, mean % (SD)

aEMA: ecological momentary assessment.
bIADLs: instrumental activities of daily living.
cmCWIT: mobile Color-Word Interference Test.
dmVLT: mobile Verbal Learning Test.

Results

Sample Characteristics
Participants’ demographic and clinical characteristics by HIV
serostatus are presented in Table 1. On average, participants in
this study were 59 years old (SD 6.4; range 50-74 years) with
14 years of education; 63% (65/103) of the participants were

non-Hispanic White and only 34% (34/103) reported being
employed (part or full time). Persons with HIV were more likely
to be male (79% HIV+ vs 56% HIV−; P=.01) with slightly less
education (13.9 years HIV+ vs 15.0 years HIV−; P=.04).
Persons with HIV had high rates of current ART use 94%
(63/67), and almost all persons with HIV had an undetectable
viral load 97% (60/62).
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On average, participants had high survey adherence, with an
average of 91% (IQR 88%-96%) of EMA surveys completed,
85% of mCWIT trials (IQR 79%-100%), and 80% of mVLT
trials (IQR 71%-93%). As EMA adherence ranged from 57%
to 100%, no participants were excluded because of low
adherence to the mobile EMA. On average, participants reported
engaging in a cognitively stimulating activity on 17% of the
surveys (range 0%-61%). Participants reported performing a
passive leisure activity on 33% of surveys (range 4%-79%),
which was predominantly watching television (19% of total
surveys on average). IADLs were reported in 20% of the surveys
(range 0%-41%). The percentage of activity types did not
significantly differ by HIV serostatus. The HIV− group
performed better on the mCWIT (HIV+: 24.0 seconds on
average vs HIV−: 21.6 seconds on average; P=.03); however,
there was no significant difference in average performance on
the mVLT by HIV serostatus (HIV+: 19.7 words on average vs
HIV−: 21.2 words on average; P=.15). EMA variables and
mobile cognitive testing variables by HIV serostatus are shown
in Table 2.

Same-Survey Associations: Activity as a Predictor of
Same-Survey Neurocognitive Performance
Table 3 displays the linear mixed-effects models for all
associations between activity reported on the EMA survey
questions and same-survey mobile cognitive testing (ie, mCWIT
and mVLT performance). Engagement in a cognitively
stimulating activity (or just prior engagement if they stopped
the activity to take the test) was significantly associated with
taking less time to complete the mCWIT (β=−1.1; P=.007),
whereas engagement in a passive leisure activity in the same
survey as the mCWIT was significantly associated with taking
longer to complete the mCWIT (β=.9; P=.005). Engaging in
IADLs was not significantly associated with mCWIT
performance. There was no between-person effect, as the
percentage of all study surveys in which participants engaged
in any of the activity types was not significantly associated with
mCWIT performance (P>.05).

Table 3. Mixed-effects models for associations between activity and same-survey cognition.

P value95% CIEstimateModel

Mobile Color-Word Interference Testa

Model 1: Cognitively stimulating activities

.007−1.934 to −0.305−1.117Cognitively stimulating activity (reference group: not doing activity)b

.82−0.066 to 0.0840.009Percent cognitively stimulating activitiesc

Model 2: Passive leisure activities

.0050.294 to 1.5950.942Passive leisure activity (reference group: not doing activity)b

.35−0.034 to 0.0990.032Percent passive leisure activitiesc

Model 3: Instrumental activities of daily living

.31−1.170 to 0.369−0.402Instrumental activities of daily living (reference group: not doing activity)b

.96−0.134 to 0.127−0.004Percent instrumental activities of daily livingc

Mobile Verbal Learning Testd

Model 4: Cognitively stimulating activities

.34−0.334 to 0.9610.313Cognitively stimulating activity (reference group: not doing activity)b

.020.011 to 0.1290.070Percent cognitively stimulating activitiesc

Model 5: Passive leisure activities

.12−0.103 to 0.9370.418Passive leisure activity (reference group: not doing activity)b

.01−0.123 to −0.016-0.070Percent passive leisure activitiesc

Model 6: Instrumental activities of daily living

.38−0.820 to 0.310−0.255Instrumental activities of daily living (reference group: not doing activity)b

.86−0.090 to 0.1100.009Percent instrumental activities of daily livingc

aMobile Color-Word Interference Test analyses controlled for study day, HIV status, age, and race or ethnicity.
bModeled as a within-person variable.
cModeled as between-person variables.
dMobile Verbal Learning Test analyses controlled for study day, HIV status, and education.
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The same-survey activity was not significantly related to mVLT
performance within persons. Between persons, however, a
higher percentage of surveys in which individuals reported
having been engaged in cognitively stimulating activities was
significantly associated with recalling more words on the mVLT
on average (β=.07; P=.02). Upon further examination,
participants in the top quartile of cognitively stimulating
activities performed significantly better than participants in the
bottom quartile (21.6 average mVLT words in top quartile of
engagement in cognitively stimulating activities vs 17.8 average
mVLT words in the bottom quartile of cognitively stimulating
activities; P=.003; Cohen d=0.91). In contrast, reporting more
passive leisure activities was significantly associated with fewer
words recalled on the mVLT on average (β=−.07; P=.01).
Similar to the findings with cognitively stimulating activities,
participants in the lowest quartile for passive leisure activities
performed significantly better on the mVLT than those in the
top quartile (21.6 average mVLT words in the bottom quartile
of engagement in passive leisure activities vs 17.9 average
mVLT words in the top quartile of engagement in passive leisure

activities; P=.004; Cohen d=0.87). The percentage of IADL
activities was not significantly associated with mVLT
performance. In follow-up analyses, including depressed mood
as a time-varying covariate or excluding instances of alcohol
and marijuana use in these models did not significantly impact
any of the mCWIT or mVLT associations.

Lagged Associations: Activity as a Predictor of
Next-Survey Cognition
Table 4 shows all linear mixed-effects models in which activity
(ie, doing activity or not at a given survey) predicts cognitive
performance on the next EMA survey within the same day (ie,
survey 1 activity predicting survey 2 mobile cognitive test,
survey 2 activity predicting survey 3 mobile cognitive test, and
survey 3 activity predicting survey 4 mobile cognitive test).
There were no significant associations between activity and the
mCWIT or mVLT at the next EMA survey. Including depressed
mood as a time-varying covariate or excluding instances of
alcohol and marijuana use did not change these results.

Table 4. Mixed-effects models for associations between activity and next-survey cognition.

P value95% CIEstimateModel

Mobile Color-Word Interference Testa

Model 1: Cognitively stimulating activities

.39−0.878 to 0.5470.510Cognitively stimulating activity (reference group: not doing activity)b

Model 2: Passive leisure activities

.38−0.261 to 1.0250.449Passive leisure activity (reference group: not doing activity)b

Model 3: Instrumental activities of daily living

.13−0.230 to 1.083−0.762Instrumental activities of daily living (reference group: not doing activity)b

Mobile Verbal Learning Testc

Model 4: Cognitively stimulating activities

.65−0.634 to 1.666−0.167Cognitively stimulating activity (reference group: not doing activity)b

Model 5: Passive leisure activities

.24−0.545 to 1.4400.385Passive leisure activity (reference group: not doing activity)b

Model 6: Instrumental activities of daily living

.38−1.757 to 0.236−0.255Instrumental activities of daily living (reference group: not doing activity)b

aMobile Color-Word Interference Test analyses controlled for study day, HIV status, age, and race or ethnicity.
bModeled as a within-person variable.
cMobile Verbal Learning Test analyses controlled for study day, HIV status, and education.

Discussion

Principal Findings
This is one of the first studies to examine real-time relationships
between activity reported on an EMA survey and mobile
cognitive test performance in middle-aged and older adults in
naturalistic environments. A total of 91% of EMA surveys were
completed, and approximately 80% of mobile cognitive tests
had valid data, thus demonstrating high adherence to the study
protocol. In addition, this study demonstrates the utility of

mobile cognitive testing for frequent monitoring of
neurocognitive abilities to study the dynamic relationships
between cognition and aspects of daily life.

Overall, we found that engagement in cognitively stimulating
activities was associated with better executive functioning
(mCWIT) and verbal learning (mVLT), whereas engagement
in passive leisure activities was associated with worse executive
functioning and verbal learning. In addition, these relationships
did not seem to be explained by depressed mood or substance
use (ie, alcohol or marijuana). Interestingly, it was the
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same-survey relationship (ie, reporting engagement in a passive
leisure or cognitively stimulating activity on the same survey
as taking the mCWIT) that was associated with executive
functioning within persons. In both tests, the observed effects
were small. For example, engagement in cognitively stimulating
or passive leisure activities on average related to only about a
one-second within-person difference on the mCWIT. Similarly,
on the mVLT, there was only a one-word difference for a 15%
difference in the percentage of cognitively stimulating activities
or a 15% difference in passive leisure activities. It is possible
that in daily life this effect is negligible; however, these minor
differences may be more apparent in real-world tasks that
require longer, sustained attention. Although few studies have
examined the relationship between activity and cognition, the
limited research does suggest that some activities such as
cognitively stimulating activities, socializing, and physical
activity can provide cognitive boosts; however, similar to this
study, effect sizes are usually small [24,36-38]. Therefore, this
study adds to these emerging findings by (1) suggesting that
cognitively stimulating activities are associated with better
neurocognitive performance and (2) being one of the first to
suggest that passive leisure activities may be associated with
worse executive functioning performance in middle-aged and
older adults with and without HIV in the same time frame.
Therefore, this observational study supports that there may be
an association between activity and cognitive function, thus
suggesting that real-time interventions should be investigated
to examine if these interventions may yield clinically meaningful
results.

An important point to consider is that, by design, the mobile
cognitive tests were taken in nonstandardized environments,
and performance may be impacted by other factors in the
environment, such as ambient noise or multitasking. Although
it is these very factors that may make mobile cognitive testing
more ecologically valid, it is possible that specific activities
may be related to a greater chance of distractions in the
environment (eg, watching television and not turning it off while
taking the test). Therefore, we cannot confirm the mechanisms
underlying better or worse performance on the mobile cognitive
tests (eg, distraction vs a neurobehavioral process affecting
cognition).

Conversely, activities did not appear to have a real-time
association with verbal learning within persons; rather, the best
predictor of mVLT performance was simply the total percentage
of activities an individual reported over the entire study period.
The relationship between more sedentary or passive activities
such as watching television and worse neurocognitive
performance has been observed in both aging [14,39,40] and
HIV studies [18,41] and may be because of a number of factors.
For example, high levels of sedentary behavior have been linked
to worse cardiovascular health, which is associated with worse
neurocognitive functioning [42,43]. In addition, increased
television time is also associated with psychological factors
such as depression and social isolation, which have also been
associated with worse neurocognitive functioning [44,45]. We
speculate that the relationship between passive activities and
worse learning could also be bidirectional, as those with worse
overall neurocognitive functioning may be more likely to engage

in more passive activities. We also found that reporting more
cognitively stimulating activities was associated with better
verbal learning on average. The relationship between cognitively
engaging activities and better cognition has also been
documented in both older adults and persons with HIV and is
thought to be related to increased cognitive reserve that can be
protective against neurocognitive aging and HIV-associated
neurocognitive impairment [41,46,47].

There are many possible reasons that could contribute to the
observed difference, whereby the executive functioning task
was associated with the current activity within persons, whereas
the learning task was associated with the overall percentage of
cognitively stimulating and passive leisure activities. One
possible explanation may be that the mCWIT was a timed test,
whereas the mVLT was not. Therefore, we could speculate that
processing speed may have been more affected by one’s
surrounding environment and/or activity rather than executive
functioning more specifically. In addition, it may be that the
association between cognitively stimulating or passive leisure
activities and executive functioning is more transient, whereas
it is the accumulative effect of the different activities that is
associated with verbal learning.

Finally, for both mobile cognitive tests, we did not observe any
significant lagged effects such that activity on the previous
survey (approximately 3-4 hours before) was not significantly
related to cognition at the next time point. This suggests that
these relationships may not be long lasting and/or that other
activities in the interim may wash out the effect. In addition,
because we chose to restrict the lagged analyses within the same
day and therefore did not examine the relationship between
activity the night prior and mobile cognitive testing in the
morning, the lagged analyses did not examine morning cognition
and thus may not reflect cognition throughout the entire day.

Limitations
There are additional limitations to this study that should be
considered when interpreting the results as well as to improve
future research. First, it is possible that within each activity
type, some activities may be more beneficial than others. For
example, within IADLs, working on finances may be more
cognitively stimulating than riding in a car or taking public
transportation. Due to limited occurrences of specific activities,
we were unable to examine the association with more specific
activities. Future studies with larger sample sizes or longer
monitoring periods are needed to address this limitation in the
literature. Second, we do not have additional information on
each specific activity in which there is likely variability; for
example, we do not know what type of television programs
were watched. Moreover, participants were only able to select
1 activity but may have been engaged in multiple activities (eg,
watching television and cooking a meal); thus, forcing
participants to choose the primary activity in which they were
engaged. Future research may want to allow participants to
select multiple activities and examine the impact of multitasking
on functioning. Third, while the majority of participants had
excellent adherence to the EMA surveys, it is possible that the
proportions of activities are somewhat biased. For example,
certain activities that require more cognitive demand or attention
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(eg, physical activity and socializing) may be associated with
a greater likelihood of missing a survey, and therefore bias
proportion of reported activities. Fourth, because of the low rate
at which social activities and physical activity were endorsed,
we were unable to examine these activities. Future research
aimed at understanding the cognitive impact of physical and
social activity may benefit from more frequent surveys, querying
about all activities since the last survey (eg, as done by
Granholm et al [48]), or integrating passive assessments of other
behaviors (eg, continuous monitoring of physical activity via
actigraphy). Finally, this study included a large percentage of
persons with HIV who were relatively healthy, with high rates
of ART use and viral suppression. Therefore, these findings
may not be generalizable to all middle-aged and older adults or
to all persons with HIV.

Conclusions
This study demonstrates that it is possible to assess momentary
fluctuations in cognition in relation to real-time activities in
participants’ lived environments. This research methodology
is particularly advantageous, given that it can be completed in
participants’own environments and does not require face-to-face
contact. As a timely example, these ambulatory assessment

methods could be used to investigate and track the
neurocognitive changes in people recovering from COVID-19
[49].

Overall, the observed effects in this study were small, but they
did suggest that cognitively stimulating activities just before
testing were associated with better performance on mobile
cognitive tests, whereas passive leisure activities were associated
with worse performance. These results demonstrate that more
research is needed to understand the contexts (such as
environment, biological processes, or both) that drive these
relationships to develop better recommendations and
interventions to boost neurocognitive functioning. Digital health
technologies may be particularly useful intervention tools, and
these interventions may be particularly beneficial for older adults
and older persons with HIV at greater risk for neurocognitive
deficits than the general public. Given that this study only
examined verbal learning and executive functioning, additional
research should examine other neurocognitive domains and
examine which neurocognitive domains may be most responsive
to short-term variation in activities versus which are more
responsive to the accumulative effects of different activities to
inform future interventional research.
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