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Abstract

Background: Phenylketonuria (PKU) is arare, hereditary disease that causes disruption in phenylalanine (Phe) metabolism.
Despite early intervention, individuals with PKU may have difficulty in severa different cognitive domains, including verbal
fluency, processing speed, and executive functioning.

Objective: Theoverarching goa of thisstudy isto characterize the rel ationships among cognition, speech, mood, and blood-based
biomarkers (Phe, tyrosine) inindividualswith early treated PKU. We describe our initial optimization pilot resultsthat are guiding
this study while establishing the feasibility and reliability of using ecological momentary assessment (EMA) in this clinical
popul ation.

Methods: Intotal, 20 adultswith PKU were enrolled in this study between December 2022 and March 2023 through the National
PKU Alliance. Of the total, 18 participants completed an extended baseline assessment followed by 6 EMAs over 1 month. The
EMAs included digital cognitive tests measuring processing speed, sustained attention, and executive functioning, as well as
speech (semantic fluency) and mood measures. Participants had 60 minutes to compl ete the assessment.

Results: Completion rates of EMAswere above 70% (on average 4.78 out of 6 EMAS), with stable performances across baseline
measures and EMAs. Between-person reliability (BPR) of the EMAS, representing the variance due to differences between
individuals versus within individuals, is satisfactory with values close to (semantic fluency BPR: 0.7, sustained attention BPR:
0.72) or exceeding (processing speed: 0.93, executive functioning: 0.88) data collected from a large normative database
(n=5039-10,703), aswell asdightly below or matching aprevious study using aclinical group (n=18). Asapplicable, within-person
reliability was also computed; we demonstrated strong reliability for processing speed (0.87). A control analysis ensured that
time of day (ie, morning, afternoon, and evening) did not impact performance; performance on tasks did not decrease if tested
earlier versus later in the day (all P values>.09). Similarly, to assess variability in task performance over the course of all EMAS,
the coefficient of variability was computed; 28% for the task measuring sustained attention, 37% for semantic fluency, 15.8%
for the task measuring executive functioning, and 17.6% for processing speed. Performance appears more stablein tasks measuring
processing speed and executive functioning than on tasks of sustained attention and semantic fluency.
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Conclusions:
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Preliminary results of this study demonstrate strong reliability of cognitive EMA, indicating that EMA is a

promising tool for evaluating fluctuations in cognitive status in this population. Future work should refine and expand the utility
of these digital tools, determine how variable EMA frequencies might better characterize changes in functioning as they relate
to blood-based biomarkers, and validate a singular battery that could be rapidly administered at scale and in clinical trias to

determine the progression of disease.

(JMIR Form Res 2025;9:€63644) doi: 10.2196/63644
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Introduction

Phenylketonuria and Cognition

Each year, 6 out of 100,000 newborns are diagnosed with
phenylketonuria (PKU) [1]. PKU is arare, hereditary disease
[2,3] that, if left untreated, can lead to severe brain damage,
intellectual disabilities, and behavioral issues [1,3,4]. PKU is
characterized by a deficiency in the phenylalanine hydroxylase
enzyme, necessary for the metabolism of the amino acid or
phenylalanine (Phe) [3,5-7]. This causes disruptions in Phe
metabolism [2] and deficiencies in tyrosine, or Tyr, with
significant downstream effects on serotonin and dopamine[5,7].
Individuals with PKU tend to experience difficulties on tests
measuring verbal fluency [2,8], processing speed [3,9], and
executive functioning [5,6]. In addition, despite early
intervention, patients with PKU also typically exhibit lower 1Q
scores, but to a lesser degree than executive functioning and
processing speed [1,3,4,9].

PKU Biomarkersand Cognitive Functioning

Cognitive functioning in patients with PKU is greatly affected
by fluctuations in blood Phe and blood Tyr levels. Although
the relationship between Phe and cognitive functioning ismore
like acontinuum, such that higher Pheis associated with greater
impairment in cognitive functioning, in general, patients with
PKU with Phe levels above 600 mmol/L demonstrate impaired
cognition [3,4] and poor frontal lobe function [10]. Participants
with even higher Phe levels, above 1000 mmol/L, scored lower
on a greater number of cognitive tests assessing cognitive
domains; this includes attention, verbal fluency, reaction time,
verbal recognition memory, visual memory, and naming,
compared with those with Phe levels lower than 1000 mmol/L
[11,12]. Greater variability in Phe levels aso appears to
contribute to the severity of neurocognitive sequelae[3]. Indeed,
previouswork pointsto variability in Phe control asthe strongest
predictor of executive function and general cognitive outcomes,
wherein Phe variability may be a better indicator of cognitive
functioning than both metabolic control and age [3].

Assessing Fluctuationsin Cognitive Status

Most previous studies of neurocognitive functioning in
individuals with PKU have relied on traditiona
neuropsychological evaluations, which only capture a single
time point of assessment, or a “snapshot” of cognitive
functioning. This is not necessarily problematic, as this is
consistent with standard clinical practice; however, these
assessments are often limited in that individualswith PKU may

https://formative.jmir.org/2025/1/e63644

experience fluctuations in cognitive status, wherein their
cognition may shift within hours, days, weeks, and months.
Thus, a typical evaluation is unlikely to capture this variance
adequately [13]. Thus, we use amethodological approach known
as ecological momentary assessment (EMA) in this study; this
facilitates repeated assessments over time to capture
intraindividual and interindividual variability [14-16]. EMA
has been particularly effective with the widespread use of
smartphones, allowing rea-time capture of behavioral,
psychological, and cognitive processes. Furthermore, it is a
particularly [17] robust method of data capture given that it
enables investigators to account for contextual and
environmental factors, which aretypical limitations of traditional
research methodol ogies that most frequently capture functioning
inalab at asingletime point, without any external distractions
[18,19].

Previous work has demonstrated that EMA can be used to
evaluate everyday fluctuations in cognitive status, enabling
assessment of cognitive functioning in naturalistic contexts
[20,21]. Yet this approach is just recently being incorporated
into studies with patients diagnosed with PKU, despite EMA
being an effective tool to measure everyday variability, or
fluctuations, in cognitive status [3,17,22]. EMA is an ided
methodol ogy for the study of rare disease populationslike PKU,
becauseit allowsfor the collection of multiple datapointsfrom
each individual by increasing reliability and improves statistical
power to detect clinically meaningful findingswith small sample
sizes—a key factor in rare disease populations. In addition,
EMA study designs enable detailed analyses of multiple
dynamic biological, cognitive, and psychological processes,
such that one can effectively characterize specific clinical
populations [23-25].

This Study

The primary overarching goal of this study is to characterize
the relationships among cognition, speech, mood, and
blood-based biomarkers (Phe, Tyr) in individuals with early
treated PKU. This study, led by principa investigator SS of
McL ean Hospital of Harvard Medical School and funded by
the Phenylalanine Families and Researchers Exploring Evidence
(PHEFREE) Consortium, leverages EMA to evaluate rea-time
cognitive status, speech or voice biomarkers, and psychological
functioning. Blood-based biomarkers, including Phe and Tyr,
are also useful in contextualizing these relationships and were
assessed on the days of EMA administration; further work on
this project will aim to gather more Phe and Tyr data to better
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establish psychometric robustness. Participants are continuing
to be recruited for this study.

This paper reports results from an initial EMA optimization
pilot of 20 participants diagnosed with PKU. This study was
conducted before the completion of a longer protocol to
determine the most optimal battery for individuals with PKU,
including the number, length, and frequency of EMAs. We
describe our initial optimization pilot results that are guiding
the study design. We collected EMAS 6 times within a month;
finger prick tests were completed on the day of each EMA to
determine how variationsin amino acid metabolism might relate
to or predict fluctuationsin certain aspects of functioning. This
frequency was chosen to limit participant burden while till
accounting for a wide range of data capture, varying between
time of day and day of week over 1 month. Our goad is to
determine whether the current method of evaluation, using
EMA, is appropriate for individuals diagnosed with PKU, as
well as how performance on cognitive tests might vary over
time. This has implications for widespread dissemination of
rapid, repeatable, scalable batteries that can be administered
completely remotely, offering greater equity and accessibility
in evaluating individuals with PKU on an international scale.

Methods

Participants

All participants were recruited through flyers distributed by the
National PKU Alliance (NPKUA) through email with
individuals in their patient registry and by postings on social
media platforms associated with the organi zation. Recruitment
specifically targeted individualsaready enrolled in the NPKUA
registry, a database that connects individuals diagnosed with
PKU because it aligns with the study’s objective of examining
the cognitive and behavioral impacts of the rare disease.
Recruitment materials provided detailed information about the
study and instructions for those who expressed interest in
participation. To be eligible, participants had to meet the
following inclusion criteria: current US resident, normal or
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corrected-to-normal vision, ability to provide consent, and a
diagnosis of PKU. Participants were excluded based on the
following: significant physical disabilities affecting their ability
to perform digital assessments (eg, due to visual, motor, or
hearing impairments) or their inability to complete EMAsduring
the study period (eg, due to planned travel, night shift work, or
occupation that does not allow time to complete assessments
within 60 minutes). Potential participantswere screened during
aninitial virtual visit to confirm eligibility. The study’s purpose,
procedures, risks, and expectations were thoroughly explained.
Informed consent was collected electronically via a secure
REDCap (Research Electronic Data Capture; Vanderbilt
University) form before enrollment.

Materials

Baseline Assessment

Baseline cognitive tests, speech assessments, and psychological
guestionnaires were completed by all participants via their
smartphones upon enroliment in the study. We used two
platforms, including (1) TestMyBrain (TMB), which is an
open-source, digital cognitive test platform with data collected
from approximately 3 million participants worldwide
[20,22,26-28], and (2) SurveyL ex, developed by Sonde Health,
which is a speech acquisition platform that enables voice
recordings in response to predefined prompts or free response
guestions. Thistool has been used to effectively validate voice
biomarkers in other work [29]. Tasks were selected based on
traditional neuropsychological evaluations, as well as speech
measures typically used by collaborators on this project from
the IBM Thomas J. Watson Research Center. In total, the
baseline battery took approximately 90 minutes to complete
and included “full versions’ of all cognitive EMASs (refer to
Table 1 for acomplete list); of note, thisis significantly longer
than the ultrabrief, EMA versions of cognitive tests used for
repeated assessments throughout the study. Pleaserefer to Table
1 for a complete list of baseline assessments and their
descriptions.
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Table 1. Baseline assessments and constructs measured.
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Questionnaire or assessment

Description

Baseline questionnaires (approximately 20 min)

General questionnaire

PROMIS? Scale [30]

Global perceived stress scale [31]

Quiality of Lifein Neurological Disorders (Neuro-
QoL )—Cognitive Function Short Form [32]

Mental Health Questionnaire [33,34]

World Health Organization Alcohol, Smoking and
Substance Involvement Screening Test (ASSIST)
[35]

Snoring, tiredness, observed apnea, high blood
pressure, BMI, age, neck circumference, and male
gender (STOP-Bang) Questionnaire [36]

Demographic characteristics, sleep and waketimesin atypical work week, and employment.

Questionnaire assessing self-reported anxiety and depression using the PROMIS Short Form
v1.0 Anxiety 7aand PROMIS Short Form v1.0 Depression 8b scales. Together, they form
acombined 15-item measure.

Questionnaire assessing chronic experiences of stress. It is a 10-item scale measuring the
degree to which situations are appraised as stressful. It takes approximately 5 min.

Questionnaire assessing self-reported cognitive problemsin daily life. It is an 8-item ques-
tionnaire and takes approximately 5 min.

Questionnaire assessing cross-cutting symptomsfor psychopathol ogy based on the Diagnostic
and Statistical Manual of Mental Disorders, Fifth Edition. It isa6-item questionnaire assess-
ing possible broad psychopathology and takes approximately 2 min.

Screening for alcohol consumption, smoking, and other substance use over lifetime and the
last 3 mo before the assessment. It takes approximately 3 min.

Questionnaire assessing obstructive sleep apnearisk. It is an 8-question measure and takes
approximately 2 min.

Baseline cognitive assessment (approximately 60 min)

TMBP website s mple reaction time

TMB vocabulary
TMB digit symbol matching (DSM)

TMB gradual onset continuous performance test
(gradCPT)

TMB choice reaction time (Choice RT)
TMB matrix reasoning
TMB paced seria addition task (PSAT)

TMB flicker change detection (Flicker)

TMB adaptive delay discounting

TMB visua paired associates memory —learn

TMB multiple object tracking (MOT)
TMB visual paired associates memory — test

TMB letter-number switching

Cognitive test assessing basic psychomotor speed. Participants press a button every time a
green square appears on screen.

Cognitive test assessing verbal reasoning. Participants indicate which of the 5 wordsis the
closest in meaning to a target word.

Cognitive test assessing psychomotor processing speed. Participants match a set of symbols
to the numbers 1, 2, or 3 based on akey presented on screen.

Cognitive test assessing sustained attention. Participants see a series of city or mountain
scenes and are asked to press abutton whenever they seeacity scene and withhold aresponse
whenever they see a mountain scene.

Cognitive test ng psychomotor processing speed. Participants indicate the direction
of the one arrow that is a different color from the rest of the arrows.

Cognitive test ng general cognitive ability and nonverbal reasoning. Participants solve
aseries of visual puzzles.

Cognitive test ng sustained attention and working memory. Participants add pairs of
numbers that appear one after another and determine whether the sum is>10 or <10.

Cognitive test ng visual working memory. Participants view a series of visual scenes
with blue and yellow dots. One of the dotsis changing color from blueto yellow. Participants
are asked to indicate the dot that is changing color.

Cognitive test assessing decision-making. Participants indicate whether they would prefer
differencing amounts of hypothetical money now vs. in the future.

Cognitive test assessing visual memory. Participants learn a set of picture pairs.

Cognitive test ng sustained visual attention. Participants remember and track a set of
target circles asthey move around the screen among alarger set of identical distractor circles.

Cognitive test ng episodic memory. Participants indicate which pictures go together
based on the set they learned.

Cognitive test assessing cognitive flexibility and task switching. Participantsindicate which
response fits the instruction cue shown on screen.

Baseline (and EMA®) voice survey (approximately 5 min)

Short sentence

Sustained phonation

Speech test assessing speech abnormalities. Participants repeat the following sentence: “The
quick brown fox jumps over the lazy dog.”

Speech test assessing vocal instability. Participants take a deep breath in and then say the
vowel “aad’ for 30 s, taking breaks as needed.
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Questionnaire or assessment Description

Diadochokinetic task
Paragraph (amusement park)

Speech test ng articulation. Repeat “ pah-tah-kah* as many timesasyou canin 10 s.

Speech test assessing speech patterns and abnormalities. Participants are instructed to read

the following paragraph about a day at the amusement park.

Feeling question
Semantic fluency

Question asking the participant to share how they are feeling and why for 1 min.

Speech test ng verbal fluency. Participants are given 1 minute to come up with as

many words as they can that fit the given category.

8PROMIS: Patient-Reported Outcomes Measurement I nformation System.

>TMB: TestMyBrain.
CEMA.: ecological momentary assessment.

Cognitive EMA, Speech EMA, and Blood-Based
Biomarkers

Overview

Ultrabrief versions of the TMB full length cognitive tests were
selected for the optimization pilot; these versions of the
full-length tests demonstrate robust reliability and good
sensitivity [37]. These specific cognitive testswere chosen based
on their domain of assessment; that is, given processing speed
and executive functioning areimplicated in PKU, brief versions
of cognitive tests measuring these domains were chosen for the
EMA study portion. All tests were developed using a
combination of JavaScript and HTML, delivered through web
apps that were downloaded to the participants local device, ran
in the browser, and then delivered data back to a central server.
Analyses required participants to complete at least 4
assessments, 1 of which was the baseline assessment. A brief
description of the tests used are below, with further detailed
information and psychometric characteristics described in
Germine et a [38] and Singh et al [28].

TMB Digit Symbol Matching

In digit symbol matching (DSM) [22,26,39], participants are
presented with 6 symbols, each of which are paired with asingle
digit between 1 and 3 (ie, 2 symbols were paired with each
digit). These pairings remain visible throughout the duration of
the test. Individual probe symbols are sequentially presented
above these pairings, to which patients respond by selecting the
corresponding digit as quickly as possible. Each probe symbol
remains visible until the patient makes a response. Scores are
recorded asthetotal number of correct responsesin 90 seconds.
The primary test score of interest used for psychometric analyses
is number of correctly completed matches (DSM.score).

TMB Gradual Onset Continuous Perfor mance Test

In gradual onset continuous performance test (gradCPT) [40],
the participant presses a key when a city image appears and
does not pressit when amountainimage appears. Imagesrapidly
transition from one to the next, with mountains appearing only
10%-20% of the time. Scores are recorded as a measure of
response bias where a larger value indicates greater response
impulsivity, or tendency to press a key regardless of the picture
type. The primary test score of interest and used for
psychometric analyses is response bias (CPT.dprime).

https://formative.jmir.org/2025/1/e63644

TMB Multiple Object Tracking Test

In multiple object tracking (MOT) test [41], the participant
remembers and tracks a set of target circlesasthey move around
the screen, among alarger set of identical distractor circles. The
primary test score of interest and used for psychometric analyses
is percent correct (MOT.score).

Speech EMA includesthe same speech tests used in the baseline
voice survey (refer to Table 1 for a comprehensive list, tests’
relative duration, and response style, ie, repetition or free
response).

To determine Phe and Tyr levels, participants were supplied
with test kitsfrom PerkinElmer that were mailed to their homes.
Participants provided blood samples that were mailed directly
to PerkinElmer after obtaining afasting sample viafinger prick
on the morning of their scheduled EMA.

In addition to cognitive EMA, speech EMA, and blood
biomarkers, we also collected passive measures, including
metadata about browser, screen size, and operating system. This
information was used in data analysis to ensure consistent data
quality throughout participant responses.

Procedure

This study was compliant with ethical principles and approved
by the Mass General Brigham (MGB) Institutional Review
Board (IRB) and the NPKUA Ethics Committee. All participants
completed an orientation and signed the informed consent form
through the secure REDCap platform. In total, 23 participants
were recruited through flyers distributed by the NPKUA.
Participants were asked to complete 6 EMAS over 1 month,
varying by day of the week (weekday vs weekend) and time of
day (morning, afternoon, or evening). Ultrabrief versions of
selected baseline tasks, based on areas of functioning typically
impaired in individuals with PKU, were administered on a
mobile device at varying times throughout the day to minimize
participant burden. More specifically, EMAS were sent on
predetermined days throughout the month (week 1: Wednesday;
week 2: Tuesday and Friday; week 3: Monday and Sunday; and
week 4: Thursday). All participants followed the same EMA
schedulein Eastern Standard Time: EMA 1 at 10:13 AM, EMA
2a 10:13AM, EMA 3at 7:45 PM, EMA 4 a 12:05 PM, EMA
5at 1:46 PM, and EMA 6 at 5:57 PM. There was a minimum
of 3 daysand amaximum of 6 days between EMASs. All EMAS
were delivered between 9 AM and 9 PM local time to reduce
interference with participants daily schedules and sleep
routines. All participants completed EMAS on their personal
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devices (smartphones). They were routinely sent push
notifications that enabled them to access the assessmentsviaa
web link; they had 60 minutes to complete the assessment.
Participants were compensated US $300 (per EMA and blood
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collection). The between-person reliability of each EMA task
was evaluated, which is especially relevant given that each task
wasadministered in real-life settingswith aclinical population.
Refer to Figure 1 for the overall study design.

Figure 1. Study design. Overview of the study design for participants with phenylketonuria. EMA: ecologica momentary assessment; PKU:

phenylketonuria.
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The overall study design is the same as the optimization pilot
discussed in this paper. Conducted over 1 month, the study
includesavirtua prestudy visit conducted over Zoom (screening
for inclusion and exclusion criteria, orientation, informed
consent, and baseline assessment). From Days 1-6, participants
complete repeated EMAS across three domains: (1) self-report
EMAsthat track variables such as argument occurrence, stress,
COVID-19impact, anxiety, depression, alertness, concentration,
substance use, and sleep, (2) cognitive EMAsthat include tasks
like MQOT, gradCPT, and DSM to measure cognitive function,
and (3) speech EMAS include tasks such as short sentence
repetition, sustained phonation, diadochokinetic exercises,
paragraph reading, responses to “How do you feel?” prompts,
and semantic fluency tasks.

Ethical Considerations

This study adhered to ethical guidelines for human participants
research as outlined by McLean Hospital, Harvard Medical
School, and MGB. Before study initiation, aformal review of
the research protocol was conducted by the MGB IRB. Based
on the nature of the study, the IRB determined that no
exemptions were applicable. Once the study documents were
approved (IRB approval number 2024P001922), all research
activities were conducted in full compliance with institutional
policies and federal regulations to uphold ethical standards.

Before providing consent, participants received a detailed
informed consent form that outlined key components of the
study, such as the purpose, procedures, risks, benefits,
confidentiality, and privacy rights. Participants were given
adequate time to review the consent form, ask questions, and
address concernswith study staff before providing consent. The
consent process was conducted virtually through the secure
online platform REDCap.

To safeguard participant privacy and confidentiality, each
participant was assigned a unique participant 1D (eg, PKU1)
generated in REDCap during the virtual consent process.
Identifiable  information was securely stored in
password-protected files, accessible only to authorized study
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staff, and al data were deidentified. All TMB data were
automatically backed up nightly, with access restricted to
authorized users. Data collected via SurveylLex, a Hedth
Insurance Portability and Accountability Act
(HIPAA)—compliant software administered by Sonde Health,
has been approved for use in other MGB IRB protocols (eg,
2019P003458 and 2019P002752). Any data that our team
retrieved from the SurveyL ex website were encrypted in transit
and stored securely in a designated Partners Dropbox folder.

Participants were compensated up to US $300 for their
participation in the study. Compensation included US $10 for
each brief daily assessment (6 assessments x US$10 = US $60)
and US $40 for each blood collection (6 collections x US $40
= US $240). Payments were issued via checks mailed to the
participants’ homes.

Statistical Analyses

EMA and baseline tasks were parsed using Python 3.11 via
Spyder IDE 5.4.3. Analysis was done using R 4.3.1 [42] in
RStudio 2023.06.1+524 [43], with the packagestidyverse[44],
plyr [45], and psych [46]. Plots were made with ggplot, part of
tidyverse, as well as patchwork [47]. The between-person
reliability of each EMA task was evaluated, which isespecially
relevant given that each task was administered in real-life
settings with a clinical population. The between-person
reliability, which represents the variance that is due to
differences between individuals versus within individuas, was
assessed using 2 different approaches: the mir (multilevel
reliability) function from the psych packagein R (for gradCPT,
MOT, and DSM) and aregression-based approach (for semantic
fluency, due to the missing trial structure), modeled after
Mascarenhas Fonseca et a [37]. The mir function computes
reliability as well as generalizability, using unconditional
multilevel mixed modelsto predict performancefor each EMA,
with nested within-person random effects (between-person
reliability: mir ‘RKkRn’; within-person reliability mir ‘Ren' [24]).
For gradCPT EMAS, response bias (dprime) was cal cul ated for
odd and eventrials, and performance was predicted for the other
half of the EMA. For DSM, scores were also calculated based
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on odd and even trials [27]. For MOT, scores were calculated
on atrial-by-trial level [21] based on previous works [21,48].
EMA number and trial number (in case of MOT) or for both
halves of the task (gradCPT and DSM) were coded from —2.5
to 2.5.

For the regression-based approach, using the Imer function in
r, the calculated test scores were used and entered into an
unconditional multilevel mixed model (equation 1) to predict
scores on each EMA. Fitting the model allowed partitioning of
variance, which could then be entered into equation 2 [37]:

semanti cFl uency<—mer(score~1 + (1 +
EMA_num|participant),data = df) (1)

EMA_num was a vector coded from —2.5to 2.5 for
EMAs1to6.

Var (BP)

BP Reliability = Var(WP)
n

Var(BP) +

Where Var (BP) is the total variance in scores between
participants, Var (WP) is the variance in scores within
participants (ie, variance between EMA sessions and residual
variance), and n is the total number of measurements (in this
case, the mean number of EMAs completed across all
participants) [48]. Between-person reliability was reported for
each EMA task, together with average completion rate and
average EMA performance.

To assess variahility in task performance (in percent) over the
course of the EMAS, the coefficient of variability (CV) was
calculated (equation 3) for each of the 3 tasks.

https://formative.jmir.org/2025/1/e63644
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Standard Deviation
( ) X 100
Mean

To make sure that we understand if performance was impacted
by time of day, we used t tests to compute whether there was a
significant difference in performance between morning EMASs
(EMAs 1 and 2), evening (EMA 3 and 6), and morning and
midday EMAs (EMA 4 and 5).

Finally, for baseline tasks, average performance was reported.
Notably, athough we collected self-reported mood and
psychological data, given the small sample size, further data
will need to be collected to sufficiently power additional
analyses regarding the relationship anong EMA and mood or
self-report.

Results

Participants

Intotal, 21 adultswith PKU were enrolled in this study between
December 2022 and March 2023 (Table 2 illustrates descriptive
statistics); however, only 20 participants were included in the
EMA analyses due to 1 participant’s participation in a very
similar study that was not disclosed before enrollment.
Following the exclusion of that participant, 2 participants had
missing baseline data, so 18 total participants wereincluded in
analyses. All 20 participants were diagnosed with PKU at or
around thetime of birth, and diagnosis detailswere self-reported.
Among the participants, 19 had classic PKU (Phe >1200
mmol/L), 1 had hyperphenylalanemia (Phe 120-600 mmol/L),
and 3 were unsure of their specific diagnosis type.
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Table 2. Description of study sample (N=20).

Singh et d

Characteristic Values
Age (years), mean (SD) 37.24 (11.33)
Sex, n (%)
Female 12 (60)
Male 8 (40)
Race or ethnicity, n (%)
American Indian or Alaskan Native 0(0)
Asian 0(0)
African or Black 0(0)
Native Hawaiian or Pacific |slander 0(0)
European or White 20 (100)
Hispanic or Latino 0(0)
Education, n (%)
Primary school (lessthan 7 years) 0(0)
Middle or junior high school (7-10 years) 0(0)
Secondary school (high school diplomaor GED?) 2(10)
Some college or University 3(15)
Technical training or associate degree 2(10)
Bachelor’s degree 5(25)
Master’s degree 5(25)
Graduate or professional degree (eg, PhD, MD, and JD) 3(15)

8GED: General Educational Development.

Basaline Results

Participants performed severa baseline tasks that will be used
for further analysis in subsegquent publications as the study
continues. Descriptive results are reported in Table 3 and
presented alongside normative datafrom the TMB database for
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each test, respectively. Data in the table are reported as mean
(SD) across the entire participant sample (for this study dataas
well as the normative sample). This is true for all score and
accuracy data but also for the mean and median reaction times
data
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Table 3. Baseline descriptive results.

Singh et d

Cognitive test and task measure PK U2 pilot sample TMBP normative data
Participants, n Result, mean (SD) Participants, n Result, mean (SD)
TMB MOTS 18 1931
Accuracy 78.55 (9.32) 79.86 (10.22)
Score 56.56 (6.71) 57.5(7.36)
TMB letter or number switchingd 18 3421
Accuracy 98.55 (1.96) 96.46 (0.66)
Mean RTcE 1169.44 (270.50) 1252.61 (364.43)
Median RTc 1060.74 (249.63) 1134.07 (349.32)
TMB delay disr:ountingf 18 24,081
In(k)? —6.22 (1.68) -4.73(2.18)
TMB choice RTc 18 34,641
Score 15.32 (21.22) 11.22 (3.51)
Accuracy 87.41 (27.21) 93.44 (13.48)
Mean RTc 1009.82 (252.23) 969.07 (317.23)
Median RTc 964.28 (222.79) 912.02 (290.51)
TMB flicker" 18 13,363
Score 11.61(3.72) 10.79 (6.11)
Accuracy 96.58 (9.19) 94.31 (0.93)
RTc Mean 6927.79 (1961.00) 7271.13 (2347.85)
RTc Median 5859.93 (1973.97) 6028.51 (2314.93)
flipscMear 9.42 (2.85) 9.90 (3.37)
flipscMedian 7.91(2.78) 8.13(3.32)
TMB paced serial addition task! 18 3835
Score 46.44 (7.72) 44,59 (11.03)
Accuracy 77.41 (12.86) 74.32 (11.03)
Mean RTc 881.82 (146.04) 825.09 (181.44)
Median RTc 852.79 (161.77) 797.57 (196.34)
TMB SRTX 18 60,874
Mean RTc 341.40 (111.7) 317.67 (72.05)
Median RTc 323.08 (94.72) 304.35 (67.70)
TMB visual paired associatesmemorytaskI 18 9758
Score 155 (5.73) 15.86 (4.57)
Accuracy 63.23 (23.41) 66.1 (19.04)
Mean RTc 3941.48 (819.75) 3850.91 (840.13)
Median RTc 3639.84 (843.8) 3561.11 (972.49)
TMB matrix reasoning™ 18 25,829
Score 26.06 (4.77) 27.26 (5.91)
Accuracy 74.44 (13.63) 82.80 (0.9)
Mean RTc 7275.12 (2209.59) 10,098.3 (5905.12)
Median RTc 5039.36 (1366.61) 6056.32 (2829.13)
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Cognitive test and task measure PK U2 pilot sample TMBP normative data
Participants, n Result, mean (SD) Participants, n Result, mean (SD)
TMB vocabulary” 18 36,230
Score 26.78 (1.59) 23.22 (5.52)
Accuracy 86.7 (5.96) 77.4 (18.41)
Mean RTc 3544.74 (778.43) 7279.86 (3607.23)
Median RTc 3164.19 (856.14) 5718.68 (2520.94)
TMB gradCPT® 18 4669 2.70 (0.76)
dprime? 2.64 (0.74)

3PK U: Phenylketonuria.

bTMB: TestMyBrain website [49].

°MOT: multiple object tracking (visuospatial attention and visual working memory). A higher score or accuracy indicates better performance.
dL_etter or number switchi ng: switching between 2 tasks, testing response selection or inhibition. Higher accuracy indicates better performance.

€RTc: reaction time (processing speed and response selection or inhibition). A higher scoreindicates higher processing speed. A higher accuracy indicates
better performance. The measures are shown in ms.

fDeIay discounting: adaptive delay discounting, choosing between smaller immediate and larger delayed rewards (temporal discounting and impulsivity).
Delay discounting is measured using the natural logarithm of the discounting factor k (In(k)). In(k) is negative for small values, indicating more
future-oriented individuals, and positive for larger k values, indicating more impulsive, immediate-reward focused individuals.

9n(k): natural logarithm of the discounting factor k.

PFlicker: flicker change detection (visual search, change detection, and visual working memory). A higher accuracy indicates better performance. The
sameistrue for the score.

Inumber of image flips for correct responsesto “test” trials (ms).

IPaced serial addition: addi ng pairs of numbers, sustained attention, working memory. A higher score (number of correct trials) and accuracy (proportion
of correct trials) indicate better performance.

KsRT: simple reaction time (psychomotor response speed). The mean and median correct response times are indicated, and shorter response times
indicate faster processing speed.

isual paired associates memory: visual memory, episodic memory (remembering pictures). A higher score (number of correct trials) and accuracy
(proportion of correct trials) indicate better performance.

MMatrix reasoning: fluid cognitive ability and nonverbal reasoning. A higher score (number of correct trials) and accuracy (proportion of correct trials)
indicate better performance.

MVocabulary: identifying synonyms (crystallized cognitive ability and verbal reasoning). A higher score (number of correct trials) and accuracy (proportion
of correct trials) indicate better performance.

OgradCPT: gradual onset continuous performancetest. Performanceis measured using dprime. Dprime can beinterpreted as the discrimination sensitivity
in the task, with higher values indicating a better ability to perform the task.

Pdprime: response bias.

were measured in micromoles per liter (mmol/L), asillustrated

Biomarkers inTabled.

The averages for Phe, Tyr, and the Phe: Tyr ratio were recorded
daily for each scheduled EMA. These blood-based biomarkers
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Table 4. Phenylalanine, tyrosine, and phenylalanine:tyrosine ratio averages by day of ecological momentary assessment administration.

Day Values, mean (SD)
Day 1 (n=17)

Phe? 425.18 (429.43)

Tyrd 43.92 (19.13)

Phe:Tyr ratio 10.66 (11.13)
Day 2 (n=18)

Phe 480.61 (504.59)

Tyr 42.41 (11.44)

Phe:Tyr ratio 11.76 (12.98)
Day 3 (n=17)

Phe 482.98 (448.82)

Tyr 42.41 (14.61)

Phe:Tyr ratio 11.52 (10.53)
Day 4 (n=17)

Phe 478.17 (456.04)

Tyr 39.47 (13.19)

Phe:Tyr ratio 13.02 (10.02)
Day 5 (n=17)

Phe 515.36 (432.93)

Tyr 38.36(11.83)

Phe:Tyr ratio 12.61 (10.20)
Day 6 (n=14)

Phe 524.23 (360.14)

Tyr 4391 (12.33)

Phe:Tyr ratio 11.85(6.85)

3Phe: phenylalanine.
bTyr: tyrosine.

EMA Results

Participants were prompted to compl ete 4 tasks as part of each
of the 6 EMAS (“measurement time points’) in the study. On
average, each task was completed between 4.78 times out of
the 6 measurement time points. Between-person reliability (ie,
the consistency of the differencesin scores between individuals
[27]) wasdlightly lower or comparableto previousEMA studies

https://formative.jmir.org/2025/1/e63644

RenderX

[27,40] specifically for the TMB MOT and TMB DSM, and
comparable with or exceeding a representative sample from
TestMyBrain [40,49]. However, while reliability was dlightly
lower for the TMB gradCPT (0.72) and semantic fluency (0.70),
they still fall within a good range (reliability between 0.4 and
0.59 isconsidered fair, 0.60 and 0.74 good, and reliability above
0.75 excellent). Results are listed in Table 5.
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Table5. Initia reliability data for ecological momentary assessments, based on the data collected from the phenylketonuria pilot sample.

Outcome PKU? pilot sample
Between-person reliability  \jthin-person reliability
Participants, n Mean (SD) of the EMAP of the EMA
Brief TMBC gradCPT—dprime® 20 266 (0.79) 0.72 0
Brief TMB DSM'—score (#correct) 20 23.18(4.07) 0.93 0.87
Brief TMB MOT—accuracy 20 7137 (22.13) 0.88 0
Brief semantic fluency—score 20 20.97 (7.91) 0.70 _h

8PK U: phenylketonuria

PEMA: ecol ogical momentary assessment.

°TMB: TestMyBrain website [49].

dgradCPT: gradual onset continuous performance test.
€dprime: response bias.

bswm: digit symbol matching.

9MOT: multiple object tracking.

PNot available (dueto missing trial structure, this measure cannot computed for this task, because there is no variance within each individual ecological

momentary assessment).

Figure 2 provides an overview of participant performancein all
4 tasks that were administered as part of an EMA, over the
course of the 6 EMAs. Boxplots depict the data distribution,
with the median shown asahorizontal line, thelower and upper
guartile values as the edges of the box, while the whiskers

represent the minimum and maximum data values. The blue
points represent outliers (defined as the standard to be above or
below the upper or lower quartile value minus 1.5 times the
IQR) and the red points show individual participant values.

Figure2. Ecological momentary assessment performance across cognitive tasks. dprime: response bias, DSM: digit symbol matching; EMA: ecological
momentary assessment; gradCPT: gradual onset continuous performance test; MOT: multiple object tracking; TMB: TestMyBrain website.
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Overview of participants’ performance on individua cognitive
tasks administered as part of each EMA conducted over 1 month.
The x-axesrepresent EMA time pointsfrom day 1 to day 6, and
they-axes represent participant performance for each task. Panel
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A shows performance on the gradCPT (n=20), with dprime
values shown on the y-axis. The gradCPT assesses sustained
attention, and participants are required to distinguish between
target and nontarget stimuli. Dprime can be interpreted as the
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discrimination sensitivity in the task, with higher values
indicating a better ability to perform the task. Panel B shows
performance on the semantic fluency task (n=20), where the
y-axis represents participants' ability to produce words within
a specific category (eg, animals) during a set time frame. A
higher score indicates better semantic fluency. Panel C shows
performance on the MOT (n=20), with the y-axis reflecting
participants' accuracy. The MOT assesses speeded visual
attention, and participants are asked to track a set of target
circles. A higher number indicates better accuracy, meaning
how well participants tracked objects. Finally, panel D shows
performance on the Digit Symbol Matching (DSM; n=20), with
the y-axis representing the number of correctly completed
matches. The DSM measures processing speed, where
participants match symbols to corresponding digits as quickly
as possible. The EMAs were sent on predetermined days
throughout the month (week 1, EMA 1: Wednesday; week 2,
EMA 2 and 3: Tuesday and Friday; week 3, EMA 4 and 5:
Monday and Sunday; and week 4, EMA 6: Thursday). All
participants followed the same EMA schedule in Eastern
Standard Time: EMA 1 a 10:13 AM (gradCPT, MOT, and
DSM, 17 out of 20 participants completed, verbal fluency: 16
out of 20 participants completed EMA), EMA 2 at 10:13 AM
(gradCPT, MQOT, and DSM, 18 out of 20 participants completed,
verbal fluency: 16 out of 20 participants completed EMA), EMA
3 a 7:45 PM (gradCPT, MQOT, and DSM, 18 out of 20
participants completed, verbal fluency: 14 out of 20 participants
completed EMA), EMA 4 at 12:05 PM (gradCPT, MOT, and
DSM, 16 out of 20 participants completed, verbal fluency: 15
out of 20 participants completed EMA), EMA 5 at 1:46 PM
(gradCPT, MQOT, and DSM, 16 out of 20 participants completed,
verbal fluency: 16 out of 20 participants completed EMA), and
EMA 6 at 5:57 PM (gradCPT, MOT, and DSM, 17 out of 20
participants completed, verbal fluency: 14 out of 20 participants
completed EMA). There was a minimum of 3 days and a
maximum of 6 days between EMAS. A total of 12 participants
resided in the Eastern Time Zone, 4 in the Central Time Zone,
1inthe Mountain Time Zone, and 3 in the Pacific Time Zone.

Quantitative assessment of variability indicates a coefficient of
variability of 28% for the gradCPT, 37% for semantic fluency,
15.8% for the MOT, and 17.6% for the DSM. Hence,
performanceis more stablein those tasks measuring processing
speed, visual short-term memory, and visuospatia attention
(DSM and MOT), while performance on the gradCPT
(measuring sustained attention, response inhibition, and
cognitive control) as well as semantic fluency (also measuring
executive control) is much more variable over time. The
semantic fluency prompt (ie, “name everything you can think
of in this category”) was changed for each EMA, and therefore
greater variability was expected for this speech-based task. This
task also represents domains (eg, verbal fluency and aspects of
executive functioning) known to be difficult for patients with
PKU [50]. Performancein the TMB gradCPT ismeasured using
dprime, which indicates the discrimination sensitivity in the
task. Higher values reflect a better ability to perform the task.
Performance in the TMB MOT is measured using accuracy,
which assesses the ability to correctly track objects. Median
performance acrossall EMAsisat 70%, indicating participants
genera ability to do well in the task. Furthermore, TMB DSM
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performanceis measured using the DSM score, which indicates
the number of correctly identified matches in the task. Higher
values indicate a higher processing speed and better visual
short-term memory. Median performance appears stable across
all EMA measurements, with little fluctuation.

Finally, we assessed whether performance was significantly
different between the morning (EMA 1 and 2) and evening
(EMA 3 and 6) and morning and midday (EMA 4 and 5) EMASs.
Results showed that for the DSM, there was no significant
difference in performance between the morning and evening
(t1370=1.46, P=.17) or morning and midday EMAS (t;39,=0.98,
P=.34; average performance morning: mean 23, SD 3.76;
midday: mean 24.94, SD 4.11; evening: mean 25.56, SD 3.26).
For semantic fluency, we again did not see adifferencein mean
performance between morning (mean 19.2, SD 4.73) and
evening (mean 19.3, SD 4.75) EMASs (t3=—0.033, P=.97) and
morning and midday (mean 20.4, SD 5.18) EMAS (t; 43=—0.38,
P=.71). A similar pattern emerges for the MOT, with no
significant difference between morning (percent correct: mean
71.46, SD 19.35) and evening (mean 76.04, SD 19.54) EMAs
(tg,=1.16, P=.25) or morning and midday (mean 74.79, SD
19.46) EMAS (tg,=—0.84, P=.40). Finally, the same is true for
the comparison between morning (dprime: mean 2.83, SD 0.32)
and evening (mean 3.07, SD 0.51) EMASs in the gradCPT
(t11.65=1.13, P=.29), and between the morning and midday
(mean 3.17, SD 0.40) performance (t;5 ,5=—1.86, P=.09). Hence,
performance does not decrease when EMAS are administered
later in the day compared with earlier (all reported t tests are
2-tailed).

Attrition

In total, 21 participants were recruited through the NPKUA.
Furthermore, 1 participant was removed because of a conflict
of interest (they were a part of another study with alaboratory
we are collaborating with a the University of
Missouri-Columbia). All participants completed the study in
its entirety. Regarding EMASs, completion rates were around
70% (between 4.6 and 5 measurements out of 6); 1 participant
only completed 1 EMA and 2 blood samples.

Discussion

Principal Findings

Individualswith PKU face alarge health care burden given that
they endure multiple hospital visits from childhood, and must
consistently monitor diet and blood levels, without the advent
of continuous monitoring digital tools[51,52]. Theseindividuals
are more likely to experience chronic conditions of organ
systems, further increasing their health care burden [52,53]. In
addition, given that PKU is inherently a rare disease, there is
often adearth of specialty providerswho can routinely monitor
patients with the disease; thus, the time burden on caregivers
and patients alike is further exacerbated [51]. Studies on this
population need to focus on scalable, accessible ways of
remotely monitoring individualswith PKU, so they can achieve
abetter quality of life with less health care burden. Thus, EMA
studies in this population fill a unique gap, wherein providers
and researchersalike can continuously monitor patientsat scale,
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enabling greater accessto individual swith PKU both nationally
and internationally. Smartphones and the widespread avail ability
of personal digital devicesfurther facilitate larger-scale studies
that can readily incorporate novel or experimental measures as
they are devel oped.

The goal of this pilot study was to (1) demonstrate that EMA
isavalid and reliable methodology for evaluating fluctuations
in cognitive status in individuals diagnosed with PKU and (2)
optimize a test battery that can be iterated on in the larger
protocol based on these results. Given that thisisthe first study
examining cognitive and speech EMA inindividual s diagnosed
with PKU, there were limited previous studies on which to
develop appropriate frequency or timepoint decisions. Therefore,
we turned to other clinical studiesthat use EMA inclinical and
community samples[24,37]; based on the results demonstrating
robust reliability (between-person for all testsand within-person
for processing speed), it appears that this frequency can be
deemed appropriate for this population.

Results suggest that EM As were compl eted adequately well in
this clinical sample, with completion rates above 70% (4.78
measurements out of 6). Furthermore, performancein both EMA
measures and baseline tests appears in line with expectations
based on expansive normative data, both for community and
clinical samples, which demonstrate participants can complete
these types of tasks with relatively low attrition or participant
burden. Reliability is also close to what has been recorded in
other samples, though dlightly lower for the gradCPT and
semantic fluency (0.7 and above), with the latter, however,
representing a domain that is known to be specifically difficult
for patients with PKU [53]. The TMB DSM and TMB MOT
tests demonstrate the strongest between-person reliability in
this sample, consistent with previous studies and the TMB
representative sample [37].

Notably, there appeared to be small “dips’ in semantic fluency
on EMA 3; however, this qualitative decline cannot only be
accounted for by time of assessment (ie, evening), given that
EMA 6 was aso in the evening, and time of day did not
significantly impact performance. Furthermore, we did not see
asignificant difference between EMA 3 (mean 15.6, SD 3.85)
and 6 (mean 23, SD 7.12; t5 1=—2.05, P=.09). Similarly, TMB
MOT appears to be somewhat more variable during EMA 3 as
well, so we compared variability in performance on EMA 3
versus EMA 6, given that they are both administered in the
evening, and therewas no significant differencein performance
(tgz.95=—0.28, P=.78) between EMA 3 (mean 75.41, SD 21.92)
and EMA 6 (mean 76.67, SD 21.57). In addition, performance
onthe MOT during EMA 3wasin noway significantly different
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(Fligner-Killeen test of homogeneity of variances: P=.93).
Therefore, it appearsthat there may be natural peaks and troughs
in performance that, although not statistically significant,
strengthen the argument for this methodology, which enables
one to assess fluctuations in performance over one full month.

Limitations

Future work might examine whether higher-frequency EMASs
could potentially offer greater utility in capturing nuanced
changesin everyday cognition. Previouswork by Mascarenhas
Fonseca et a [37] has demonstrated that 3 EMAS per day for
10 days was particularly effective in capturing changes in
glucose levels in individuals diagnosed with type 1 diabetes;
thisfrequency should be examined within the PKU population,
with finger prick tests completed at the time of EMA, rather
than first thing in the morning, as done in this study, but no
conclusionswere drawn based on bl ood-based biomarkers given
the limited range of Phe or Tyr. Ongoing anayses are
determining whether any specific changesin blood levelswithin
individuals may offer some interesting insights in relation to
fluctuations in cognitive status. In addition, given the small
samplesizeand relatively (racially or ethnically) homogeneous
population, it isdifficult to determine the generalizability of the
results. All participants were recruited through the NPKUA,
and therefore specia efforts aimed at encouraging diversity
were limited. Future work might attempt to recruit individuals
with PKU from the broader community to better capture
diversity. As this study continues, obtaining a larger sample
size, though difficult in arare disease population, will becritical
in determining how cognition, other speech characteristics
(besides semantic fluency), and blood-based biomarkers (Phe,
Tyr) interact. Collecting this information will facilitate a
data-driven approach in streamlining and refining the battery
used in this study.

Conclusion

The EMA pilot study described in this manuscript demonstrated
the psychometric reliability and feasibility of EMA studiesin
individuals with PKU. By leveraging digital tools, EMA offers
the ability to remotely capture everyday cognitive functioning,
outside of asingle time point of assessment. The digital nature
of EMA batteriesfacilitates entirely remote test administration,
enabling more rapid and scalable patient monitoring while
improving equity and accessibility, particularly inclinical trials
interested in outcome-based research. Future projects may focus
on validating a singular battery that could be rapidly
administered at scale and in clinica trials to determine the
progression of disease, with or without pharmacological
intervention.

Acknowledgments

This research was funded through a research fellowship administered by the Phenylalanine Families and Researchers Exploring
Evidence (PHEFREE) Consortium. The PHEFREE Consortium (U54HD100982) is a part of the National Institutes of Health
Rare Disease Clinical Research Network, supported through collaboration between the National Center for Advancing Translational
Science, the Eunice Kennedy Shriver National Institute of Child Health and Human Development, the National Institute of
Neurological Disorders and Stroke, and the Office of Dietary Supplements. The authors confirm independence from the funders;

the content of the article has not been influenced by the funders.

https://formative.jmir.org/2025/1/e63644

JMIR Form Res 2025 | vol. 9| e63644 | p. 14
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR FORMATIVE RESEARCH Singh et &

Data Availability

The datasets generated during or analyzed during this study are not publicly available dueto participant confidentiality and privacy
concerns but are available from the corresponding author on reasonabl e request.

Conflictsof I nterest

SSisaVenture Associate with a venture capital fund that invests in medical technology companies. SW consults for BioMarin
Pharmaceutical and Sanofi regarding functional end pointsfor clinical trialsin phenylketonuria. SC has received consulting fees
and honorariafrom BioMarin Pharmaceutical, Synlogic Therapeutics, and Jnana Therapeutics. Biomarin has also funded current
and past research in SC's laboratory. LG is the president of the Many Brains Project, a nonprofit organization that supports
open-sourcedigital cognitive assessment. ZH hasreceived consulting feesfrom Blueprint Health and Kintsugi Health. No authors
reported biomedical financial interests or potential conflicts of interest.

References

1.  Romani C, Olson A, Aitkenhead L, Baker L, Patel D, Spronsen FV, et al. Meta-analyses of cognitive functionsin early-treated
adults with phenylketonuria. Neurosci Biobehav Rev. 2022;143:104925. [FREE Full text] [doi:
10.1016/j.neubiorev.2022.104925] [Medline: 36283539]

2. HawksZzW, Strube MJ, Johnson NX, Grange DK, White DA. Developmental trajectories of executive and verbal processes
in children with phenylketonuria. Dev Neuropsychol. 2018;43(3):207-218. [FREE Full text] [doi:
10.1080/87565641.2018.1438439] [Medline: 29432026]

3. HoodA, Grange DK, Christ SE, Steiner R, White DA. Variability in phenylalanine control predicts 1Q and executive
abilitiesin children with phenylketonuria. Mol Genet Metab. 2014;111(4):445-451. [FREE Full text] [doi:
10.1016/j.ymgme.2014.01.012] [Medline: 24568837]

4. JahjaR, van Spronsen FJ, de Sonneville LMJ, van der Meere JJ, Bosch AM, Hollak CEM, et a. Long-term follow-up of
cognition and mental health in adult phenylketonuria: A PKU-COBESO Study. Behav Genet. 2017;47(5):486-497. [FREE
Full text] [doi: 10.1007/s10519-017-9863-1] [Medline: 28776207]

5. Christ SE, Huijbregts SC, de Sonneville LM, White DA. Executive function in early-treated phenylketonuria: profile and
underlying mechanisms. Mol Genet Metab. 2010;99 Suppl 1:S22-S32. [doi: 10.1016/j.ymgme.2009.10.007] [Medline:
20123466]

6. Janzen D, Nguyen M. Beyond executive function: non-executive cognitive abilities in individual s with PKU. Mol Genet
Metab. 2010;99 Suppl 1:547-S51. [doi: 10.1016/j.ymgme.2009.10.009] [Medline: 20123470]

7.  Hofman DL, Champ CL, Lawton CL, Henderson M, Dye L. A systematic review of cognitive functioning in early treated
adults with phenylketonuria. Orphanet J Rare Dis. 2018;13(1):150. [FREE Full text] [doi: 10.1186/s13023-018-0893-4]
[Medline: 30165883]

8. PaermoL, Geberhiwot T, MacDonald A, Limback E, Hall SK, Romani C. Cognitive outcomesin early-treated adults with
phenylketonuria (PKU): A comprehensive picture across domains. Neuropsychology. 2017;31(3):255-267. [FREE Full
text] [doi: 10.1037/neu0000337] [Medline: 28080075]

9.  Anderson PJ, Wood SJ, Francis DE, Coleman L, Anderson V, Boneh A. Are neuropsychological impairmentsin children
with early-treated phenylketonuria (PKU) related to white matter abnormalities or elevated phenylalanine levels? Dev
Neuropsychol. 2007;32(2):645-668. [doi: 10.1080/87565640701375963] [Medline: 17931123]

10. Leuzzi V, Pansini M, Sechi E, Chiarotti F, Carducci C, Levi G, et a. Executive function impairment in early-treated PKU
subjects with normal mental development. JInherit Metab Dis. 2004,27(2):115-125. [doi:
10.1023/B:BOL 1.0000028781.94251.1f] [Medline: 15159642]

11. BrummVL, Azen C, Moats RA, Stern AM, Broomand C, Nelson MD, et al. Neuropsychological outcome of subjects
participating in the PKU adult collaborative study: a preliminary review. J Inherit Metab Dis. 2004;27(5):549-566. [doi:
10.1023/b:boli.0000042985.02049.f] [Medline: 15669671]

12. ClocksinHE, Abbene EE, Christ S. A comprehensive assessment of neurocognitive and psychological functioning in adults
with early-treated phenylketonuria. J Int Neuropsychol Soc. 2023;29(7):641-650. [doi: 10.1017/S1355617722000686]
[Medline: 36134437]

13. Singh S, Germine L. Technology meets tradition: a hybrid model for implementing digital toolsin neuropsychology. Int
Rev Psychiatry. 2021;33(4):382-393. [doi: 10.1080/09540261.2020.1835839] [Medline: 33236657]

14. Ebner-Priemer UW, Trull TJ. Ecological momentary assessment of mood disorders and mood dysregulation. Psychol
Assess. 2009;21(4):463-475. [doi: 10.1037/a0017075] [Medline: 19947781]

15. Cartwright J. Technology: smartphone science. Nature. 2016;531(7596):669-671. [doi: 10.1038/nj 7596-669a] [Medline:
27035011]

16. Germinel, Reinecke K, Chaytor NS. Digital neuropsychology: challenges and opportunities at the intersection of science
and software. Clin Neuropsychol. 2019;33(2):271-286. [doi: 10.1080/13854046.2018.1535662] [Medline: 30614374]

https:/formative.,jmir.org/2025/1/e63644 JMIR Form Res 2025 | vol. 9 | 63644 | p. 15
(page number not for citation purposes)


https://linkinghub.elsevier.com/retrieve/pii/S0149-7634(22)00414-6
http://dx.doi.org/10.1016/j.neubiorev.2022.104925
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36283539&dopt=Abstract
https://europepmc.org/abstract/MED/29432026
http://dx.doi.org/10.1080/87565641.2018.1438439
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29432026&dopt=Abstract
https://europepmc.org/abstract/MED/24568837
http://dx.doi.org/10.1016/j.ymgme.2014.01.012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24568837&dopt=Abstract
https://europepmc.org/abstract/MED/28776207
https://europepmc.org/abstract/MED/28776207
http://dx.doi.org/10.1007/s10519-017-9863-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28776207&dopt=Abstract
http://dx.doi.org/10.1016/j.ymgme.2009.10.007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20123466&dopt=Abstract
http://dx.doi.org/10.1016/j.ymgme.2009.10.009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20123470&dopt=Abstract
https://ojrd.biomedcentral.com/articles/10.1186/s13023-018-0893-4
http://dx.doi.org/10.1186/s13023-018-0893-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30165883&dopt=Abstract
https://europepmc.org/abstract/MED/28080075
https://europepmc.org/abstract/MED/28080075
http://dx.doi.org/10.1037/neu0000337
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28080075&dopt=Abstract
http://dx.doi.org/10.1080/87565640701375963
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17931123&dopt=Abstract
http://dx.doi.org/10.1023/B:BOLI.0000028781.94251.1f
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15159642&dopt=Abstract
http://dx.doi.org/10.1023/b:boli.0000042985.02049.ff
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15669671&dopt=Abstract
http://dx.doi.org/10.1017/S1355617722000686
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36134437&dopt=Abstract
http://dx.doi.org/10.1080/09540261.2020.1835839
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33236657&dopt=Abstract
http://dx.doi.org/10.1037/a0017075
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19947781&dopt=Abstract
http://dx.doi.org/10.1038/nj7596-669a
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27035011&dopt=Abstract
http://dx.doi.org/10.1080/13854046.2018.1535662
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30614374&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR FORMATIVE RESEARCH Singh et &

17.

18.

19.

20.

21

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

36.

37.

Germine L, Strong RW, Singh S, Sliwinski MJ. Toward dynamic phenotypes and the scal able measurement of human
behavior. Neuropsychopharmacol ogy. 2021;46(1):209-216. [ FREE Full text] [doi: 10.1038/s41386-020-0757-1] [Medline:
32629456]

Trull TJ, Ebner-Priemer U. Ambulatory assessment. Annu Rev Clin Psychol. 2013;9:151-176. [FREE Full text] [doi:
10.1146/annurev-clinpsy-050212-185510] [Medline: 23157450]

Liao Y, Skelton K, Dunton G, Bruening M. A systematic review of methods and procedures used in ecological momentary
assessments of diet and physical activity research in youth: an adapted STROBE checklist for reporting EMA studies
(CREMAYS). IMed Internet Res. 2016;18(6):e151. [FREE Full text] [doi: 10.2196/jmir.4954] [Medline: 27328833]
Germine L, NakayamaK, Duchaine BC, Chabris CF, Chatterjee G, Wilmer JB. Isthe web as good as the |ab? Comparable
performance from web and lab in cognitive/perceptual experiments. Psychon Bull Rev. 2012;19(5):847-857. [doi:
10.3758/s13423-012-0296-9] [Medline: 22829343]

Sliwinski MJ, Mogle JA, Hyun J, Munoz E, Smyth JM, Lipton RB. Reliability and validity of ambulatory cognitive
assessments. Assessment. 2018;25(1):14-30. [FREE Full text] [doi: 10.1177/1073191116643164] [Medline: 27084835]
Chaytor NS, Barbosa-Leiker C, Germine LT, Fonseca LM, McPherson SM, Tuttle KR. Construct validity, ecological
validity and acceptance of self-administered online neuropsychological assessment in adults. Clin Neuropsychol.
2021;35(1):148-164. [FREE Full text] [doi: 10.1080/13854046.2020.1811893] [Medline: 32883156]

Fonseca L, Kanapkal, Miller K, Pratley R, Rickels M, Chaytor N. Cognitive impairment in older adults with type 1
diabetes: longitudinal datafrom the wireless innovation for seniors with diabetes mellitus (WISDM) Study. Alzheimer's
& Dementia. 2022;18(S7). [FREE Full text] [doi: 10.1002/alz.066626]

Singh S, Strong R, Xu |, Fonseca LM, Hawks Z, Grinspoon E, et al. Ecological momentary assessment of cognition in
clinical and community samples: reliability and validity study. JMed Internet Res. 2023;25:e45028. [FREE Full text] [doi:
10.2196/45028] [Medline: 37266996]

Hawks Z, Beck E, Jung L. Dynamic associ ations between glucose and ecol ogical momentary cognition in Type 1 Diabetes.
npj Digit Med. 2024;59(7). [EREE Full text] [doi: 10.1093/geroni/igae098.2212]

Hartshorne JK, Germine LT. When does cognitive functioning peak? The asynchronous rise and fall of different cognitive
abilitiesacrossthelife span. Psychol Sci. 2015;26(4):433-443. [EREE Full text] [doi: 10.1177/0956797614567339] [Medline:
25770099]

Passell E, Dillon DG, Baker JT, Vogel SC, Scheuer LS, Mirin NL. Digital Cognitive Assessment: Results from the
TestMyBrain NIMH Research Domain Criteria (RDoC) Field Test Battery Report. 2019. URL : https://osf.io/preprints/
psyarxiv/dcszr_v1 [accessed 2025-03-21]

Singh S, Strong RW, Jung L, Li FH, Grinspoon L, Scheuer LS, et a. The testMyBrain digital neuropsychology toolkit:
development and psychometric characteristics. J Clin Exp Neuropsychol. 2021;43(8):786-795. [FREE Full text] [doi:
10.1080/13803395.2021.2002269] [Medline: 34907842]

Larsen E, Murton O, Song X, Joachim D, Watts D, Kapczinski F, et al. Validating the efficacy and value proposition of
mental fithess vocal biomarkersin a psychiatric population: prospective cohort study. Front Psychiatry. 2024;15:1342835.
[FREE Full text] [doi: 10.3389/fpsyt.2024.1342835] [Medline: 38505797]

Pilkonis PA, Choi SW, Reise SP, Stover AM, Riley WT, CellaD, et a. PROMIS Cooperative Group. Item banks for
measuring emotional distressfrom the patient-reported outcomes measurement information system (PROMIS®): depression,
anxiety, and anger. Assessment. 2011;18(3):263-283. [FREE Full text] [doi: 10.1177/1073191111411667] [Medline:
21697139

Cohen S, Kamarck T, Mermelstein R. A global measure of perceived stress. Journal of Health and Social Behavior.
1983;24(4):385. [doi: 10.2307/2136404]

CellaD, Lai JS, Nowinski CJ, Victorson D, Peterman A, Miller D, et a. Neuro-QOL.: brief measures of health-related
quality of lifefor clinical research in neurology. Neurology. 2012;78(23):1860-1867. [FREE Full text] [doi:
10.1212/WNL.0b013e318258f744] [Medline: 22573626]

NA. Diagnostic and Statistical Manual of Mental Disorders. Virginia, United States. American Psychiatric Association;
2013.

Narrow WE, Clarke DE, Kuramoto SJ, Kraemer HC, Kupfer DJ, Greiner L, et al. DSM-5field trials in the United States
and Canada, part 111: development and reliability testing of across-cutting symptom assessment for DSM-5. Am JPsychiatry.
2013;170(1):71-82. [doi: 10.1176/appi.ajp.2012.12071000] [Medline: 23111499]

WHO ASSIST Working Group. The acohol, smoking and substance involvement screening test (ASSIST): devel opment,
reliability and feasibility. Addiction. 2002;97(9):1183-1194. [FREE Full text] [doi: 10.1046/j.1360-0443.2002.00185.]
[Medline: 12199834]

Chung F, Abdullah HR, Liao P. STOP-bang questionnaire: A practical approach to screen for obstructive sleep apnea.
Chest. 2016;149(3):631-638. [FREE Full text] [doi: 10.1378/chest.15-0903] [Medline: 26378880]

Mascarenhas Fonseca L, Strong RW, Singh S, Bulger JD, Cleveland M, Grinspoon E, et al. Glycemic variability and
fluctuations in cognitive status in adults with type 1 diabetes (GluCog): observational study using ecological momentary
assessment of cognition. IMIR Diabetes. 2023;8:€39750. [FREE Full text] [doi: 10.2196/39750] [Medline: 36602848]

https:/formative.,jmir.org/2025/1/e63644 JMIR Form Res 2025 | vol. 9 | 63644 | p. 16

(page number not for citation purposes)


https://europepmc.org/abstract/MED/32629456
http://dx.doi.org/10.1038/s41386-020-0757-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32629456&dopt=Abstract
https://europepmc.org/abstract/MED/23157450
http://dx.doi.org/10.1146/annurev-clinpsy-050212-185510
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23157450&dopt=Abstract
https://www.jmir.org/2016/6/e151/
http://dx.doi.org/10.2196/jmir.4954
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27328833&dopt=Abstract
http://dx.doi.org/10.3758/s13423-012-0296-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22829343&dopt=Abstract
https://europepmc.org/abstract/MED/27084835
http://dx.doi.org/10.1177/1073191116643164
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27084835&dopt=Abstract
https://europepmc.org/abstract/MED/32883156
http://dx.doi.org/10.1080/13854046.2020.1811893
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32883156&dopt=Abstract
https://doi.org/10.1002/alz.066626
http://dx.doi.org/10.1002/alz.066626
https://www.jmir.org/2023//e45028/
http://dx.doi.org/10.2196/45028
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37266996&dopt=Abstract
https://doi.org/10.1038/s41746-024-01036-5
http://dx.doi.org/10.1093/geroni/igae098.2212
https://europepmc.org/abstract/MED/25770099
http://dx.doi.org/10.1177/0956797614567339
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25770099&dopt=Abstract
https://osf.io/preprints/psyarxiv/dcszr_v1
https://osf.io/preprints/psyarxiv/dcszr_v1
https://europepmc.org/abstract/MED/34907842
http://dx.doi.org/10.1080/13803395.2021.2002269
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34907842&dopt=Abstract
https://europepmc.org/abstract/MED/38505797
http://dx.doi.org/10.3389/fpsyt.2024.1342835
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38505797&dopt=Abstract
https://europepmc.org/abstract/MED/21697139
http://dx.doi.org/10.1177/1073191111411667
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21697139&dopt=Abstract
http://dx.doi.org/10.2307/2136404
https://europepmc.org/abstract/MED/22573626
http://dx.doi.org/10.1212/WNL.0b013e318258f744
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22573626&dopt=Abstract
http://dx.doi.org/10.1176/appi.ajp.2012.12071000
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23111499&dopt=Abstract
https://core.ac.uk/reader/34711901?utm_source=linkout
http://dx.doi.org/10.1046/j.1360-0443.2002.00185.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12199834&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0012-3692(15)00018-5
http://dx.doi.org/10.1378/chest.15-0903
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26378880&dopt=Abstract
https://diabetes.jmir.org/2023//e39750/
http://dx.doi.org/10.2196/39750
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36602848&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR FORMATIVE RESEARCH Singh et &

38.

39.

40.

41.

42.

43.

45,

46.

47.

48.

49,
50.

51.

52.

53.

Germine LT, Joormann J, Passell E, Rutter LA, Scheuer L, Martini P, et al. Neurocognition after motor vehicle collision
and adverse post-traumatic neuropsychiatric sequelae within 8 weeks: initial findings from the AURORA study. J Affect
Disord. 2022;298(Pt B):57-67. [FREE Full text] [doi: 10.1016/j.jad.2021.10.104] [Medline: 34800569]

D'Ardenne K, Savage CR, Small D, Vainik U, Stoeckel LE. Core neuropsychological measures for obesity and diabetes
trials: initia report. Front Psychol. 2020;11:554127. [FREE Full text] [doi: 10.3389/fpsyg.2020.554127] [Medline: 33117225]
Fortenbaugh FC, DeGutis J, Germine L, Wilmer JB, Grosso M, Russo K, et al. Sustained attention across the life span in
asample of 10,000: dissociating ability and strategy. Psychol Sci. 2015;26(9):1497-1510. [FREE Full text] [doi:
10.1177/0956797615594896] [Medline: 26253551]

Pylyshyn ZW, Storm RW. Tracking multiple independent targets: evidence for a parallel tracking mechanism. Spat Vis.
1988;3(3):179-197. [doi: 10.1163/156856888x00122] [Medline: 3153671]

The R foundation for statistical computing. R version 4.3.1. 2023. URL : https.//www.r-project.org/ [accessed 2025-03-21]
RStudio, PBC. 2022. URL: https://posit.co/ [accessed 2025-03-21]

Wickham H, Averick A, Bryan J, Chang W, McGowan L, Frangois R, et a. Welcome to the Tidyverse. JOSS.
2019;4(43):1686. [FREE Full text] [doi: 10.21105/j0ss.01686]

Wickham H. The split-apply-combine strategy for data analysis. J Statistical Software. 2011;40:1-29. [FREE Full text]
[doi: 10.18637/jss.v040.i01]

Revelle W. psych: procedures for psychological, psychometric, and personality research. R package version 2.4.3. 2024.
URL: https://CRAN.R-project.org/package=psych [accessed 2025-03-21]

Pedersen T. patchwork: the composer of plots. R package version 1.2.0. 2024. URL : https://github.com/thomasp85/patchwork
[accessed 2025-03-21]

Cranford JA, Shrout PE, lidaM, Rafagli E, Yip T, Bolger N. A procedure for eval uating sensitivity to within-person change:
can mood measures in diary studies detect change reliably? Pers Soc Psychol Bull. 2006;32(7):917-929. [FREE Full text]
[doi: 10.1177/0146167206287721] [Medline: 16738025]

Featured brain tests. Test My Brain. URL: https://testmybrain.org [accessed 2025-03-21]

Banerjee P, Grange D, Steiner R, White DA. Executive strategic processing during verbal fluency performance in children
with phenylketonuria. Child Neuropsychol. 2011;17(2):105-117. [FREE Full text] [doi: 10.1080/09297049.2010.525502]
[Medline: 21140312]

Eijgelshoven |, Demirdas S, Smith TA, van Loon JM, Latour S, Bosch AM. Thetime consuming nature of phenylketonuria:
a cross-sectional study investigating time burden and costs of phenylketonuriain the Netherlands. Mol Genet Metab.
2013;109(3):237-242. [FREE Full text] [doi: 10.1016/j.ymgme.2013.05.003] [Medline: 23731533]

Trefz KF, Muntau AC, Kohlscheen KM, Altevers J, Jacob C, Braun S, et al. Clinical burden of illness in patients with
phenylketonuria (PKU) and associated comorbidities - a retrospective study of German health insurance claims data.
Orphanet J Rare Dis. 2019;14(1):181. [FREE Full text] [doi: 10.1186/s13023-019-1153-y] [Medline: 31331350]

Darba J. Characteristics, comorbidities, and use of healthcare resources of patientswith phenylketonuria: a popul ation-based
study. JMed Econ. 2019;22(10):1025-1029. [ FREE Full text] [doi: 10.1080/13696998.2019.1636381] [Medline: 31237171]

Abbreviations

BPR: between-person reliability

dprime: response bias

DSM: digit symbol matching

EMA: ecological momentary assessment

gradCPT: gradual onset continuous performance test
HIPAA: Health Insurance Portability and Accountability Act
IRB: Ingtitutional Review Board

MGB: Mass General Brigham

mir: multilevel reliability

MOT: multiple object tracking

NPKUA: National PKU Alliance

Phe: phenylalanine

PHEFREE: Phenylalanine Families and Researchers Exploring Evidence
PKU: phenylketonuria

REDCap: Research Electronic Data Capture

TMB: TestMyBrain website

https:/formative.,jmir.org/2025/1/e63644 JMIR Form Res 2025 | vol. 9| 63644 | p. 17

(page number not for citation purposes)


https://europepmc.org/abstract/MED/34800569
http://dx.doi.org/10.1016/j.jad.2021.10.104
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34800569&dopt=Abstract
https://europepmc.org/abstract/MED/33117225
http://dx.doi.org/10.3389/fpsyg.2020.554127
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33117225&dopt=Abstract
https://europepmc.org/abstract/MED/26253551
http://dx.doi.org/10.1177/0956797615594896
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26253551&dopt=Abstract
http://dx.doi.org/10.1163/156856888x00122
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3153671&dopt=Abstract
https://www.r-project.org/
https://posit.co/
https://www.jstatsoft.org/v40/i01/
http://dx.doi.org/10.21105/joss.01686
https://www.jstatsoft.org/v40/i01/
http://dx.doi.org/10.18637/jss.v040.i01
https://CRAN.R-project.org/package=psych
https://github.com/thomasp85/patchwork
https://europepmc.org/abstract/MED/16738025
http://dx.doi.org/10.1177/0146167206287721
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16738025&dopt=Abstract
https://testmybrain.org
https://europepmc.org/abstract/MED/21140312
http://dx.doi.org/10.1080/09297049.2010.525502
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21140312&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1096-7192(13)00151-0
http://dx.doi.org/10.1016/j.ymgme.2013.05.003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23731533&dopt=Abstract
https://ojrd.biomedcentral.com/articles/10.1186/s13023-019-1153-y
http://dx.doi.org/10.1186/s13023-019-1153-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31331350&dopt=Abstract
https://www.tandfonline.com/doi/10.1080/13696998.2019.1636381?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1080/13696998.2019.1636381
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31237171&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR FORMATIVE RESEARCH Singh et &

Edited by A Mavragani; submitted 25.06.24; peer-reviewed by MS Schoen, J Curcic; comments to author 07.10.24; revised version
received 18.11.24; accepted 04.03.25; published 03.06.25

Please cite as:

Sngh S Kluen L, CurtisK, Norel R, Agurto C, Grinspoon E, Hawks Z, Christ S Waisbren S, Cecchi G, Germine L

Leveraging Cognitive and Speech Ecological Momentary Assessment in | ndividual s With Phenylketonuria: Devel opment and Usability
Sudy of Cognitive Fluctuations in a Rare Disease Population

JMIR Form Res 2025;9: 63644

URL: https://formative.jmir.org/2025/1/e63644

doi: 10.2196/63644

PMID: 40072884

©shifali Singh, LisaKluen, Katelin Curtis, Raquel Norel, Carla Agurto, Elizabeth Grinspoon, Zoe Hawks, Shawn Christ, Susan
Waisbren, Guillermo Cecchi, Laura Germine. Originally published in IMIR Formative Research (https.//formative.jmir.org),
03.06.2025. This is an open-access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work, first published in IMIR Formative Research, is properly cited. The complete bibliographic information,
alink to the original publication on https://formative.jmir.org, aswell asthis copyright and license information must be included.

https:/formative.,jmir.org/2025/1/e63644 JMIR Form Res 2025 | vol. 9 | 63644 | p. 18
(page number not for citation purposes)

RenderX


https://formative.jmir.org/2025/1/e63644
http://dx.doi.org/10.2196/63644
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=40072884&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

