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Abstract

Traditional clinical trials in neurodegenerative disorders have utilized combinations of examination-based
outcomes, global assessments by investigators and participants, and scales aimed at function, some of
which are patient-reported outcomes. It is debatable whether these tools optimally convey therapeutic
efficacy. A complementary approach using digital biomarkers to surpass exam-based limitations for
detecting physical change coupled with a direct report from participants on what their sources of suffering
are could be a useful advance in reporting beneficial effects of interventions, particularly if changes track
together. We sought to determine the feasibility of remotely assessing speech, facial features, and cognition
in an mild cognitive impairment (MCI) population, whether those extracted features could distinguish
MCI from controls, and to explore what self-reported problems could reveal about the MCI experience.
Our web-based platform was easy to use and revealed facial features in particular as capable of discrim-
inating MCI from controls. Using the features that showed a statistically significant difference between
cohorts (P<.01) produced an area under the receiver operating curve of 0.75. Self-reported problems with
cognition, gait, sleep, and behavior were more common in the MCI group. The MCI was associated with 6
times more difficulty with falls (n¼6 vs 1). These data support the feasibility and discriminative utility of
using remote monitoring technology in combination with participant self-report in an MCI population.
Future work will investigate the extent to which multimodal biomarkers combined with self-report can
characterize MCI longitudinally and for potential research applications as a measure of therapeutic effect.
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Every patient you see is a lesson in much
more than the malady from which he
suffers.

–William Osler, Aequanimitas “The
Student Life” 1914:425.

At its core, medicine relies on the develop-
ment of treatments whose efficacy benefits are
reliably demonstrable and generalizable.
Traditional clinical trials in neurodegenerative
disorders have utilized combinations of
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examination-based outcomes, global assess-
ments by investigators and participants, and
scales aimed at function, some of which are
patient-reported outcomes. Although there is
standard experimental rigor in designing trials
using these elementsean approach generally
lauded as a strength of experimental therapeu-
ticsewhether or not the tools are optimal for
determining what is effective is subject to
debate. Examinations, for example, may reveal
“how much” but not necessarily “so what”,
the end of this article.
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and the domains in a functional scale, with
ordinally ranked descriptions of disability,
may only allow for partial description of
participant experience. Adding to the
dilemma, examination or structured scales
may show neither “how much” nor “so
what” in early populations of diseases charac-
terized by prodromal phenotypic periods or
slow progression, potentially making the study
of critically important biological transitions in
disease states difficult or impossible. More-
over, it does not necessarily follow that expert
opinion as reflected in scale design will always
capture what constitutes meaningful disability
or improvement through the eyes of the par-
ticipantdwe might do well at characterizing
the malady for assessment, but be less capable
in attending to the illness experience in how
we design the tools we use. Mindful of these
challenges, a complementary approach using
digital biomarkers to surpass exam-based lim-
itations for detecting physical change coupled
with a direct report from participants on what
their sources of suffering are could be a useful
advance in reporting the efficacy of interven-
tions, particularly if changes track together.

Beyond the existing limitations in demon-
stration of efficacy, homogeneity of study pop-
ulations and generalizability of results have
been recurrent criticisms in clinical trial
conduct, with National Institute of Health-
led initiatives to improve access to trial partic-
ipation.1,2 Among those at risk for access to
clinical trials are veterans, a population with
particular needs and challenges and for
whom access to and trust in health care may
be variable and complex.3,4 Awareness and at-
titudes toward research among veterans may
also be complex; a recent survey showed
only 58% knew what a clinical trial was, but
trust in researchers was high and participation
was of interest if their Veterans Affairs primary
care physician recommended it.5 Because vet-
erans represent a population for whom access
to trials may be limited, we sought to test the
feasibility of an easily accessible research plat-
form in a veteran cohort with and without
mild cognitive impairment (MCI). MCI de-
scribes cognitive decline that does not interfere
with function or independence in comparison
to people of similar age and educational back-
ground.6 Identifying people early in an MCI
trajectory potentially allows for interventions
Mayo Clin Proc Digital Health n XXX 2
before more substantial deterioration or clin-
ical consequences. Therefore, there is a need
for accurate, sensitive, noninvasive methods
to improve the ascertainment of MCI, all the
more crucial given the concerns for access to
care and research in this population.

Several studies have reported the utility of
speech and video signals for the assessment of
MCI and other neurological conditions.7e11

Although these results are promising, it is
not clear how generalizable they are due to
several limitations. Accuracies reported for
machine learning with small sample sizes are
often overoptimistic.12,13 Many studies typi-
cally analyze a single modality (ie, text or
speech) in isolation, as opposed to combining
information from multiple modalities for
greater discriminative power. Previous studies
were either partly or wholly performed in-
laboratory or in-clinic, with data collection
technologies not built for larger-scale data
acquisition. Although previous work has
collected objective features to describe patient
performance, digital capture of patient self-
reporting on their current condition,
capability, or well-being has not been done
in unison with digital outcomes. This absence
of asking patients to report directly on their
status is consistent with traditional clinical trial
methods, where investigators or participants
must align their considerations and observa-
tions with the limited options in typical cate-
gorical scales. However, there is growing
interest in prioritizing open-ended patient
self-reports on what is bothersome and im-
pairs function as the most meaningful way to
follow disability progression and therapeutic
response.14

Overall, an easily usable digital platform
capturing metrics of interest and self-report
that capably identify and describe a specific
population would appear highly attractive for
both efficacy evaluations and improved acces-
sibility. We assessed a web-based multimodal
platform that employed a virtual human guide
to lead participants through several tasks while
recording speech, text, facial, and cognitive
measures, and unfiltered verbatim replies
about bothersome problems and their func-
tional consequences.15 To our knowledge,
this is the first work in MCI that integrates
both the measurement of objective biomarkers
from multiple modalities and unfiltered
025;3(2):100224 n https://doi.org/10.1016/j.mcpdig.2025.100224
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MCI:
Did not reply to email=7040
Replied not interested=73
Replied interested but
did not consent=18

Controls:
Did not reply to email=22,022
Replied not interested=65
Replied interested but
did not consent=23

Withdrew consent=2
Lost to follow up=2
Technical issues=2

Withdrew consent=1
Lost to follow up=3
Technical issues=0

Withdrew consent=5
Lost to follow up=1
Technical issues=1

Withdrew consent=0
Lost to follow up=0
Technical issues=2

MCI
(N=100)

Healthy control
(N=100)

First session completed
(N=94)

First session completed
(N=93)

Second session completed
(N=90)

Second session completed
(N=91)

Analyzed
(N=90)

Analyzed
(N=91)

Assessed for eligibility in VA database:
7231 MCI; 1, 377, 509 controls

7231 MCI contacted;
22,210 controls contacted

Enrolled in study
(N=200)

FIGURE 1. Disposition of participants.

A WEB-BASED DIGITAL PLATFORM WITH SELF-REPORT
patient verbatim replies about bothersome
problems and their functional consequences
into one comprehensive platform at scale.
Our aims were to determine the feasibility of
remotely assessing speech and cognition in
MCI among veterans, whether extracted mea-
sures were informative at distinguishing MCI
from controls, and what the most bothersome
self-reported problems could reveal about the
MCI experience.

PARTICIPANTS AND METHODS
We recruited an age-and gender-matched
comparative cohort of 100 MCI patients and
100 controls through the San Francisco Vet-
erans Affairs Healthcare System. Key inclu-
sion criteria were: (1) at least 55 years of
age; (2) ability to provide informed consent;
(3) possession of a valid phone number and
email; (4) access to a smartphone, tablet, or
personal computerwith internet connection
Mayo Clin Proc Digital Health n XXX 2025;3(2):100224 n https://do
www.mcpdigitalhealth.org
and webcam; and (5) ability to read and
speak in English. Key exclusions were: (1)
formal diagnosis of dementia from any cause;
(2) cognitive impairment due to cerebrovas-
cular disease, head trauma, or alcohol/illicit
substances; (3) diagnosis of Parkinson dis-
ease, schizophrenia, bipolar disease, or major
depressive disorder; and (4) use of benzodiaz-
epines, non-benzodiazepine receptor modu-
lator sleeping medications, drugs for the
treatment of Parkinson disease, or antipsy-
chotics. The MCI participants were required
to meet clinical diagnostic criteria of MCI
(subjective concern for change; objective
impairment in one or more cognitive do-
mains; preservation of functional indepen-
dence; no significant impairment in social or
occupational engagement) and selected for
screening based on appropriate ICD-10 cod-
ing for MCI in the electronic medical
record.16
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Vowel phonation /u/ - avg. lip aperture (0.76)

11 word sentences - avg. lip aperture (0.81)
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7 word sentences - avg. lip aperture (0.8)

9 word sentences - avg. mouth surface area (0.82)

13 word sentences - avg. lip aperture (0.83)

Delayed word identification - avg. lip aperture (0.69)

Picture description - min. F0 (0.77)

Digit span backward - avg. eye opening (R) (0.59)

Counting - avg. eyebrow displacement (L) (0.71)

Digit span backward - avg. eye opening (0.61)

Delayed cognitive recall - score (0.43)

Delayed cognitive recall - intensity (0.47)
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FIGURE 2. Effect sizes and test/retest reliabilities of speech, facial, and cognitive measures.
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To determine whether measures extracted
from digital data were clinically valid, we per-
formed nonparametric Kruskal-Wallis tests for
each metric to determine which showed statis-
tically significant differences (a¼0.01) be-
tween cohorts. To further investigate how
well measures could discriminate between co-
horts, we employed several classifiers for bi-
nary classification experiments using 5-fold
cross-validation. We computed Pearson corre-
lations between sessions to assess test-retest
reliability and considered coefficients less
than 0.5 unreliable. We used a Fisher’s Exact
test to compare self-reported domains and
complaints. Please see the Supplementary
Material for methodological details.

The study was reviewed and approved
by the institutional review board at the Uni-
versity of California, San Francisco. Prospec-
tive candidates were identified in the
electronic medical record and e-mailed in-
formation about participation. If return cor-
respondence was received, phone contact
was then made for further explanation of
study details and to answer any questions,
Mayo Clin Proc Digital Health n XXX 2
followed by informed consent obtained
electronically.

RESULTS
Recruitment was completed in 6 weeks. A vir-
tual human (“Tina”) guided participants
through 23 structured exercises in 2 sessions
each one week apart to elicit speech, facial
movements, and cognitive behaviors,
including vowel phonations, counting on a
single breath, read speech (sentences and
Bamboo passage), spontaneous speech (pic-
ture description and open-ended questions),
cognitive recall (immediate and delayed), digit
span (forward and backward), a sequential
commands task, and categorical fluency. The
multimodal dialog platform automatically
extracted 238 speech (eg speaking rate),
1450 facial (eg range and speed of movement
of the lips), and 21 text (eg noun rate) features
in near-real-time during all exercises of the
interactive assessments (please see
Supplementary Material for technical details
of the platform assessment). We also asked
participants to describe in their own words
025;3(2):100224 n https://doi.org/10.1016/j.mcpdig.2025.100224
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FIGURE 3. ROC curves for binary classification and 5-fold cross-validation
using 13 measures with nominal difference between MCI and controls.
ROC, receiver operating curve; MCI, mild cognitive impairment.

A WEB-BASED DIGITAL PLATFORM WITH SELF-REPORT
problems related to general health and per-
sonal well-being. They could indicate up to
5 problems for each category and could
describe each problem for up to 3 minutes.
Participants were asked to explain how prob-
lems affected daily functioning and what
made them better or worse (when applicable).
They completed a user experience survey at
the end of each session (see Supplementary
Material for Overview).

Figure 1 shows participant disposition.
For exploration, Figure 2 shows effect sizes
and test-retest reliabilities for 13 significant
differences between groups (P<.01, not cor-
rected for multiplicity). Facial measures
showed the strongest signal, accounting for
10 of the 13 measures (Figure 2). Measures
related to mouth surface area and lip aperture
were higher for MCI participants, whereas ver-
tical eyebrow position and eye opening were
lower. For picture description, the minimum
F0 (fundamental frequency, a speech metric
related to pitch) in MCI was lower compared
to controls. Using measures with uncorrected
significant difference between cohorts
(P<.01) as input to a support vector machine
classifier led to the best area under the receiver
operating characteristics curve of 0.75
(Figure 3). Among self-reported domains,
cognition was significantly different in the
MCI group, as was the memory complaint
among symptoms (22 vs 7, P¼.008; 18 vs 5,
P¼.007). Figure 4 shows that MCI partici-
pants reported more problems with gait
(n¼41 vs 35), sleep (n¼14 vs 9), and psychi-
atric items (n¼20 vs 13). MCI was associated
with 6 times more falls (n¼6 vs 1) and more
than twice as many problems with speech
(n¼13 vs 7). Figure 5 shows that most felt sys-
tem performance, responsiveness, and overall
experience were either satisfactory or very
satisfactory (84.7%, 90.3%, and 90.3%).

DISCUSSION
Our data show the MCI veteran cohort effec-
tively interacted with the platform and
completed assessments. Recruitment was
rapid, suggesting a remote digital platform
may lend well to study participation. More
than 89% felt engaged, liked their experience,
and would use it again. Extracted biomarkers
revealed that patterns in speech, counte-
nance, and cognition may differentiate MCI
Mayo Clin Proc Digital Health n XXX 2025;3(2):100224 n https://do
www.mcpdigitalhealth.org
from controls. It is notable that facial features,
especially lip aperture, were reliable for
discriminating MCI from healthy partici-
pants. This association between facial features
and cognition in MCI may reflect an underap-
preciated breadth of the MCI neurodegenera-
tive process. Persons for whom this
distinction was possible were defined in the
study as already having clinical MCI or not;
whether the platform would remain sensitive
for very early change, perhaps in the context
of routine screening in older adults, is not yet
known but an intriguing possibility. Further
study may explore the platform’s utility for
discriminating other neurodegenerative dis-
eases from controls and perhaps demon-
strating change in the context of therapeutic
interventions.

Self-report data suggest that gait, sleep,
and psychiatric symptoms may distinguish
MCI with more diversity than commonly
considered in clinic. Anxiety was more com-
mon in the MCI group, implying that func-
tional difficulty and related concern may be
more pervasive than the formal diagnostic
criteria would suggest; indeed, MCI is a spec-
trum, and some participants would be ex-
pected to be evolving toward overt dementia.
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Consistent with this hypothesis, and perhaps
expected, memory difficulty was substantially
more common and significantly different in
the MCI group. It is not trivial to consider
that many people with MCI appear to be
aware of their cognitive deficits, suggesting
active surveillance for decline and potential
interventionenot passive reaction to problems
when they ariseeshould be clinical priorities.
The MCI participants’ reports of speech as
problematic are consistent with the literature,
where language and speech patterns are
known to change.17e19 The higher frequency
of gait complaints is consistent with reports
that numerous gait metrics in MCI can change
(speed, cadence, variability, etc.), which may
in turn worsen existing causes of gait dysfunc-
tion common in older adults.20e23 It may be
that the neurodegenerative process present in
MCI, which garners attention for cognitive
risk in the Alzheimer’s Disease spectrum, in-
fluences other complex neurological domains
like gait and is better considered as diffuse
deterioration. Remarkably, falls were 6 times
more common in the MCI group. Although
falls are known in the literature to be more
prevalent in MCI,24e26 current guidelines for
MCI management do not include fall avoid-
ance measures.27 Greater clinical awareness
and surveillance for falling in MCI are war-
ranted, and should be a central theme in
future studies. Although exploratory, we
found it striking that the self-report compo-
nent of the platform was able to richly differ-
entiate MCI participantsdusing their own
words, in a setting of their choosingdwhere
conventional clinical care, a sometimes harried
and incomplete enterprise, may fail to do so.

This technology holds promise for applica-
tions in both research and clinical care. Future
work in larger cohorts will investigate how well
multimodal biomarkers combined with self-
report can be used to differentiate MCI, charac-
terize MCI severity and trajectory, perform in
more diverse populations, and use additional
feature sets/selection methods. The easy acces-
sibility of the platform is especially intriguing
for improving access in populations for whom
traditional access to research is limited or ab-
sent and for whom traditional assumptions
about what is important regarding disability
and illness may be underreported or not alto-
gether accurate.
Mayo Clin Proc Digital Health n XXX 2025;3(2):100224 n https://do
www.mcpdigitalhealth.org
CONCLUSION
Ultimately, the enterprise of medicine must
incorporate careful measurements of disease
biology and phenotype as well as attention
to the authentic, lived experience of our pa-
tients. Although modern medicine brings pa-
tients into clinics, laboratories, and hospitals
for sophisticated assessments, it is notable
that this distinction is by no means granted
to all, nor does it follow that such assessments
are necessarily timely, actionable, or complete.
Much of human history, well before our
centralized facilities, tools, and tests, has
involved clinicians and healers going directly
to the patient. Using a combination of tech-
nology capable of detecting the earliest pheno-
typic changes and direct inquiry into concerns
of the patient in their natural environment,
the digital platform tested here represents
both the best of modern clinical surveillance
capability and the tradition of meeting the pa-
tient as they are, where they are. Such capa-
bility holds promise to surpass current
limitations in disease detection and under-
standing of the illness experienceeindeed,
much more than the malady.
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