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Abstract

A picture description task is a component of Miro Health’s platform for self-administration of
neurobehavioral assessments. Picture description has been used as a screening tool for
identification of individuals with Alzheimer’s disease and mild cognitive impairment (MCI),
but currently requires in-person administration and scoring by someone with access to and
familiarity with a scoring rubric. The Miro Health implementation allows broader use of this
assessment through self-administration and automated processing, analysis, and scoring to
deliver clinically useful quantifications of the users’ speech production, vocal characteristics,
and language. Picture description responses were collected from 62 healthy controls (HC),
and 33 participants with MCI: 18 with amnestic MCI (aMCl) and 15 with non-amnestic MCI
(naMCI). Speech and language features and contrasts between pairs of features were eval-
uated for differences in their distributions in the participant subgroups. Picture description
features were selected and combined using penalized logistic regression to form risk scores
for classification of HC versus MCI as well as HC versus specific MCI subtypes. A picture-
description based risk score distinguishes MCI and HC with an area under the receiver oper-
ator curve (AUROC) of 0.74. When contrasting specific subtypes of MCIl and HC, the classi-
fiers have an AUROC of 0.88 for aMClI versus HC and and AUROC of 0.61 for naMCl
versus HC. Tests of association of individual features or contrasts of pairs of features with
HC versus aMCl identified 20 features with p-values below 5e-3 and False Discovery Rates
(FDRs) at or below 0.113, and 61 contrasts with p-values below 5e-4 and FDRs at or below
0.132. Findings suggest that performance of picture description as a screening tool for MCI
detection will vary greatly by MCI subtype or by the proportion of various subtypes in an
undifferentiated MCI population.

Author summary

Picture description has been used as a screening tool for identification of individuals with
Alzheimer’s disease and mild cognitive impairment (MCI) and is a component of Miro
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Health'’s platform for self-administration of neurobehavioral assessments. The Miro
Health implementation allows broad use of this assessment through self-administration
and automated processing, analysis, and scoring to deliver clinically useful quantifications
of the users’ speech production, vocal characteristics, and language. We analyze picture
description responses from healthy controls (HC) and patients with two subtypes of MCI:
amnestic MCI (aMCI) and non-amnestic MCI (naMCI). Acoustic features were extracted
from recordings of picture description responses and language features were extracted
from transcripts of the recordings. Classifiers were built from the picture description fea-
tures to distinguish HC versus MCI or subtypes of MCI. Classification of HC versus aMCI
had better performance than HC versus naMCI. Findings suggest that performance of pic-
ture description as a screening tool for MCI detection will vary by MCI subtype or by the
proportions of various subtypes in an undifferentiated MCI population. We suggest that it
is important for future studies to identify and report the subtypes of the MCI cases under
analysis. Separate analyses for each MCI subtype would be most useful.

Introduction

Patients with MCI are a heterogeneous group with different domains and degrees of functional
impairment, different etiologies, and different prognoses [1]. An approach to define and char-
acterize subgroups of MCI is to distinguish amnestic MCI (aMCI) where deficits are specifi-
cally in memory or non-amnestic MCI (naMCI) where functional deficits are not in the
memory domain [1,2].

We suggest that the studies with undifferentiated MCI are hard to interpret because differ-
ent mixtures of MCI subtypes will have different average functional profiles and thus different
associations with individual acoustic or language features. Combinations of features used to
distinguish HC from MCI would be tuned to the mixture of subtypes of undifferentiated MCI
in a particular study and would not generalize to other populations with different proportions
of subtypes. In this study we distinguish aMCI and naMCI cases and analyze these case groups
separately. This maintains focus on the study participants’ disease subtypes, with their implica-
tions for prognoses and patient care plans.

In this study we use the Miro Health neurobehavioral assessment platform [3] to record
spoken responses to an updated version [4] of the “Cookie Theft” picture from the Boston
Diagnostic Aphasia Examination (BDAE) [5]. We report the performance of individual fea-
tures extracted from recorded spoken responses and their transcripts and classifiers built by
combining the features at distinguishing healthy controls (HC) from study participants aMCI
or naMCI.

Voice acoustics and language usage can provide insight into individuals’ health and cogni-
tive functioning [6,7]. Alzheimer’s disease and related disorders, Parkinson’s spectrum disor-
ders, and MCI can have measurable impacts on voice and language features including those
based on voice acoustic qualities, speech production, or lexical and semantic complexity [6].
Alterations in such voice and language features captured in picture descriptions have been
associated with diverse populations including normal aging [8], dementia [9,10], primary pro-
gressive aphasia (PPA) [4,11], and stroke [4,12]. Characteristic features that distinguish these
groups have been identified and machine learning methods have been used to select and com-
bine features to make classifiers that distinguish the groups [13-22].

Collecting spoken language samples from picture description tasks has the benefits of focus-
ing attention, helping to avoid the conflation of problems of speech and language production
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with memory issues, and allowing analysis of relevant content units such as nouns and verbs
specific to scenarios depicted in the pictures as well as general linguistic and acoustic features
[10]. Counts of these relevant content units in responses can be especially informative. For
instance, patients with dementia of the Alzheimer’s type (DAT) produce fewer of these rele-
vant content units than age-matched controls [23].

A picture description assessment such as Cookie Theft from the Boston Diagnostic Aphasia
Examination [5] only requires minutes to administer but requires an administrator with access
to and familiarity with scoring rubrics to interpret the test [24,25]. This prevents the wider
application of these assessments. An implementation of the picture description task is included
as a component of Miro Health’s mobile assessment platform [3,4,26]. This allows remote,
self-administration of picture description as well as a battery of additional assessments. Users’
recorded responses are encrypted and sent to Miro Health’s secure servers, where automated
analyses of the responses are conducted. Miro Health users’ results are then made available on
Miro Health’s secure platform. The results can also be sent to a licensed clinician who ordered
the assessment. More details about data security are in Section J in S1 File.

Here we assess the performance of features derived from recordings and transcripts of
study participants’ spoken responses to the picture description task at distinguishing aMCI or
naMCI from healthy controls. In three separate analyses, cross-validated elastic-net logistic
regression [27] is used to select a subset of numerical features and then form a weighted com-
bination of the selected features that optimally separate the HC group from either aMCI,
naMCI, or combined MCI (aMCI+naMCI) cases. The performance of these “PD-MCI risk
scores” is compared to risk scores formed by a similar machine learning approach but using as
input features the scores from a full battery of self-administered neurobehavioral assessments
[26], including picture description.

Related work

There have been other studies that take responses from picture description or related language
tasks from study participants, extract numerical features from the responses, and feed the fea-
tures into statistical or machine learning models to distinguish MCI participants from healthy
controls or to make related clinical distinctions. We summarize 12 studies similar to the pres-
ent work in Table A in S1 File.

Most of the studies shown in Table A in S1 File analyze data collected through administra-
tion of picture description tasks, including recordings of participants’ spoken responses, tran-
scripts from the recordings, or written responses. Some studies combine data from picture
description tasks with other data including participants’ ages, genders, and responses to other
tasks. Several studies use voice or language data but do not use a picture description task: two
studies [13,17] work with spontaneous speech, one uses recordings of participants reading a
short text [21], and one uses recordings of immediate and delayed retellings of a three-sen-
tence story [20].

An advantage of recording participants’ responses to the picture description task, is that by
asking participants for a description of the Cookie Theft scenario or other such circumscribed
topics allows predefinition of relevant, informative content units such as objects, actions, and
locations depicted in the Cookie Theft picture. By counting participants’ mentions of these rel-
evant content units, semantic information in the participants’ responses is easily coded. These
semantic features complement acoustic, lexical, and other language features that would be
available from picture description responses or spontaneous speech. These semantic features
have been shown to be informative for study participants’ diagnoses, with the ratio of content
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units to utterances different in MCI and HC groups [28], and the number of content units spo-
ken lower in AD than in HC or MCI [29].

A recording of a spoken language sample could be analyzed directly to extract acoustic fea-
tures or transcribed and then further processed. Features that can be extracted from transcripts
include counts of content units or semantic features, and other language features including
counts of words in different lexical categories (noun, preposition, and so on), and measures of
sentence length and complexity. Five of the studies in Table A in S1 File collected acoustic and
language features and used them in various combinations to separate MCI and HC study par-
ticipants [14,16-18,20].

In Calza et al, 2021, acoustic, rhythmical, morpho-syntactic and lexical features were calcu-
lated from three language tasks. Features were selected for use in a support vector machine
(SVM) classifier if they had significantly different distributions in HC and MCI study partici-
pants. The performance of the resulting SVM for classification of HC and MCI was (F1 0.74).

In Gosztolya et al, 2019, SVM classifier performance distinguishing HC and MCI using
demographic features alone was (F1 0.565). Adding acoustic features improved performance
to (F1 0.756) while adding language features alone resulted in a performance of (F1 0.783).
Adding both acoustic and language features to the SVM yielded a performance of (F1 0.857).

In Hernandez-Dominguez et al, 2018, picture description responses were analyzed to
extract phonetic features, vocabulary distributions, counts of words by lexical category, and
“information coverage” measures of the relevance of responses to the task. Many models were
evaluated but the model with the best average performance for classification of HC and com-
bined cases (MCI or AD) was a support vector machine using linguistic and information cov-
erage features with (AUROC 0.76).

In Roark et al, 2011, performances in classifying HC and MCI participants with SVMs were
stronger using “language features” (AUROC 0.731) than input rather than “speech features”
(their terms) (AUROC 0.703), but the best classifiers used bother types of features as well as
age, education, and 9 additional neuropsychological assessments (AUROC 0.861).

In Frazer et al, 2019, performance on classification of HC and MCI study participants using
an SVM built using only language features from transcripts of a picture description response
performed slightly better than a SVM built using both acoustic and language features
(AUROC 0.73 versus 0.71), but the best performing classifier (AUROC 0.88) used all available
features from picture description as well as features extracted from two reading tasks.

The studies mentioned above demonstrate the performance of classifiers built by combin-
ing features derived from speech [13,14,16-18] or written language samples [15] to distinguish
groups of study participants. If the objective is to identify or distinguish individuals with differ-
ent medical diagnoses, then the design of classifiers and assessment of classification perfor-
mance with metrics including AUROCsS are paramount. Another study approach is to present
statistical tests of the differences in levels of individual features across groups [22,28,29]. The
statistical analyses of individual features may give insight into the specific functional deficits in
MCI cases. In the present study we assess both the classification performance of speech and
language features, or classifiers built from them, and the statistical significance of differences
of feature distributions in HC and aMCI or naMCI cohorts.

In addition to the analyses of associations of individual acoustic or language features with
diagnosis and to the joint use of many features in machine learning approaches to classify
study participants by diagnosis, two of the studies shown in Table A in S1 File, consider joint
analysis of pairs of acoustic or language features. In an acoustic analysis [22], the difference
between the first harmonic and the third amplitude was different in HC and MCI study partic-
ipants. In an analysis of transcripts of picture description Cookie Theft responses, the ratio of
content words to utterances was different in HC and MCI [28]. In the present study we
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systematically consider pairs of acoustic or language features. For each contrast, or difference
of a pair of normalized features, we evaluate the classification performance and statistical evi-
dence of the contrast across HC, aMCI, and naMCI cohorts.

Of the studies summarized in Table A in S1 File, Calza et al 2021 classifies the MCI partici-
pants as either aMCI or multi-domain MCI (mdMCI). Of 32 study participants identified as
MCI cases, they distinguish 16 aMCI and 16 multi-domain MCI (mdMCI). However, in their
analyses, the MCI subtypes are combined into a single MCI group and contrasted with HC.
The other studies either compare HC to undifferentiated MCI or compare HC to combined
MCI+AD [18]. We find the studies with undifferentiated MCI are hard to interpret. Combina-
tions of features used by a SVM or other classifier to distinguish HC from MCI would be
tuned to the mixture of subtypes of undifferentiated MCI in a particular study and would not
generalize to other populations.

In Table A in S1 File we summarize the studies above that are similar to the present work.
These studies extract acoustic or language features from study participants’ responses to pic-
ture description tasks or related tasks with spoken or written responses, then use these features
to distinguish case and control groups among the study participants, or test for differences in
values in particular features across case or control groups. Eyigoz et al, 2020 studies incident
AD, but the other studies all contrast HC and MCI groups. Hernandez-Dominguez et al, 2018
compare a combined (MCI or AD) group to HC, and Jin et al, 2016 Gosztolya et al, 2019 com-
pare both MCI vs HC and AD vs HC. Of these related studies, only Calza et al, 2021 considers
different subtypes of MCIL.

In the present study we consider both acoustic features extracted from picture description
recordings, and language features extracted from transcripts of the recordings. The language
features include semantic features based on informative content units, response length, and
word counts by lexical category. These features are analyzed individually for association with
diagnosis (HC, aMCI, or naMCI) and for ability to classify study participants to their correct
diagnosis. We systematically consider the association of diagnoses with contrasts derived from
pairs of features. Finally, we select and combine acoustic and language features in optimized
classifiers to distinguish HC from aMCI or naMCI.

The Miro Health assessment platform

The Miro Health platform is a system for remote delivery of neurocognitive assessments, test
scoring and analysis, and administrative support for patient management in healthcare or
study management in clinical research.

Miro Health assessment batteries may be tailored from a library of self-report question-
naires and more than 40 interactive modules. Miro Health modules include redesigned ana-
logs of legacy neuropsychological tests [26] that have been updated for administration on
computer tablets or phones (iOS or Android), and to capture high-fidelity data like movement,
speech, language, and response timing information. Each Miro Health module is automatically
administered and scored.

Methods
Human subject data

Study participants were recruited from neurology clinics at Johns Hopkins University Hospital
in Baltimore, Maryland; from participant pools at contract research organization sites; and
from the general public through advertisements in newspapers. Screening measures included
demographics, medical history (self-reported), the Telephone Interview for Cognitive Status
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[30,31], the Geriatric Depression Scale [32], the Mayo-Portland Modified Inventory [33,34],
and the Mini-Mental State Examination [35,36].

Inclusion criteria for the healthy controls (HC) were age >64 years, score of >33 on the
Telephone Interview for Cognitive Status, English speaker before age 5 years, and high school
or equivalent education. Inclusion criteria for the individuals with MCI were age >64 years;
score of 20-26 on the Mini-Mental State Examination; or medical records with a history of
diagnosis of MCI, neurodegenerative disorder, or vascular disorder with cognitive
impairment. The individuals with MCI had to meet the American Academy of Neurology [36]
clinical criteria for MCI diagnosis. Exclusion criteria for all study participants were evidence of
a comorbid neurologic disease; use of drugs known to affect cognition; uncorrected vision or
hearing impairment; and history of cancer, substance abuse, or axis 1 disorder.

The study protocol was approved by the Johns Hopkins University Institutional Review
Board (protocol 00088299) and the New England Institutional Review Board (protocols
120180208, 120180211, 120180209, and 12080253) and was performed according to the ethical
guidelines of the Declaration of Helsinki and its later amendments. All individuals provided
informed written consent before enrolling in the study.

Verification of study participants’ cognitive statuses

Enrolled participants were assigned to a cohort (HC, aMCI, naMCI) using interpretation of
neuropsychological test results by an independent, licensed clinical neuropsychologist [1,2,37].
The neuropsychologist had access to eligibility and cohort-assignment brief screen scores—
TICS [30,31], MMSE [35,36], or MoCA [38]—demographics, medical history, current medica-
tion use, and the results of the full battery of assessments in the Miro Health platform [26].
The numbers of observations by diagnosis, along with age and gender distributions are shown
in Table 1. Also shown are the means and standard deviations of three measures of cognitive
or functional ability for each diagnosis: MMSE, and scores from verbal learning and memory
(VLM) and delayed verbal learning and memory (DVLM) tasks.

Data collection and preparation

An implementation of the Picture Description task [5,10] is included as the Speak the Scene
module in the Miro Health mobile neurobehavioral assessment platform [3,4,26]. An updated
picture [4] for the Cookie Theft scenario was used for all study participants.

All participants in this study were assessed with supervision by research assistants at Johns
Hopkins University or contract research organizations. Assessments were conducted using
Apple iPads running the Miro Health assessment tool and provided by the research site.

On starting the Speak the Scene module, a welcome page with a button labeled “Let’s go” is
displayed. On pressing the button, an instructions page is displayed with printed instructions
an another “Let’s go” button. A recorded voice reads the instructions out loud when this page

Table 1. Counts, demographics, and functional measures of study participants in the aMCI, naMCI, and HC cohorts.

Cohort

aMCI
naMCI
HC

Participants

18
15
62

Female / Male

6/12
6/9
35/27

Age MMSE VLM Largest Correct Set Spoken DVLM Largest Correct Set Spoken
Mean (sd) Mean (sd) Mean (sd) Mean (sd)
70.2 (7.4) 25.8 (2.6) 28.7 (23.7) 29.1(17.5)
71.5 (5.8) 274 (2.5) 41.8 (22.8) 37.0 (23.2)
70.3 (4.5) 29.2 (1.1) 58.9 (27.3) 57.9 (28.7)

HC = healthy controls. aMCI = amnestic mild cognitive impairment. MCI = mild cognitive impairment. naMCI = non-amnestic mild cognitive impairment. VLM =
Verbal Learning & Memory. DVLM = Delayed Verbal Learning & Memory. MMSE = Mini-Mental State Examination.

https://doi.org/10.1371/journal.pdig.0000197.t001
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is displayed. When study participants press the “Let’s go” button on the touch screen, the
Cookie Theft picture is displayed, and the Miro Health application begins recording 90 sec-
onds of the participants’ spoken responses to the stimulus using the iPads’ microphones.

The recorded audio files are automatically encrypted and transmitted to Miro Health’s
secure servers for scoring, along with information for study participants’ study registration, eli-
gibility screening, consent, and data from test modules besides picture description. Acoustic
analyses proceed automatically. Transcripts are prepared and verified by trained transcription-
ists. The users’ transcripts are then automatically processed to extract language features and to
score relevant content units related to the picture presented during test administration.

Language features were extracted from the transcripts using Stanford CoreNLP 3.9.1 [39] with
Python [40]. Stanford CoreNLP 3.9.1 uses the english-left3words-distsim.tagger. On the CoreNLP
website (https://aclweb.org/aclwiki/index.php?title=POS_Tagging (State_of the_art))), they note
that on the standard WSJ20-24 test set the POS tagger achieves accuracy of 96.97 percent. Feature
generation included lexical analysis and scoring of language features specific to the Cookie Theft
stimulus such as counts of predefined content units related to the picture. Acoustic analysis of
audio files was done using PRAAT 6.1 [41] for Linux. A full list of features that were collected for
this study and their definitions is shown in Table L in S1 File. The acoustic and language features
were quantile normalized before further analyses.

Several acoustic features that quantify vocal tremor (ATrP, FTrP, ATrLFTrl, ATrF, FTrF)
were not calculated by PRAAT for one or more study participants. Missing values of these fea-
tures were imputed using the SoftImpute algorithm, separately for each train-test split during
optimization of the PD risk scores. [42,43]. Imputed values of features were not used in the
evaluations of individual features or in the analysis of normalized differences of features
(contrasts).

A total of 44 features to characterize speech acoustics and 47 language features determined
from transcripts of study participants’ spoken responses were considered in the following
analyses.

Differences in acoustic and language features across diagnoses

The distributions of values of the features across the three study cohorts were explored graphi-
cally by generating violin plots using R and the vioplot library [44].

The features were evaluated for differences in the HC and aMCI or naMCI cohorts. The sta-
tistical significance in the difference of each feature’s distributions across diagnoses was tested
using logistic regression with adjustment for age and gender in Rv. 4.0.2 [45]: glm (y ~ age
+ gender + feature, family = binomial (link =“logit”)),withyin
{case:1, control:0}. The p-values for the regression coefficients associated with the picture
description features were used to calculate false discovery rates (FDR) by the Benjamini-Yeku-
tieli procedure [46] as implemented in the p. adjust function in R.

Classification by diagnosis using individual acoustic and language features

The performance of each picture description feature as a classifier to distinguish the aMCI or
naMCI case group from HC was evaluated. For each Miro Health feature, an L2- penalized
logistic regression model was trained to predict case or control status using R and the elasticnet
library [44] with the Miro Health feature, age, and gender as input variables. The L2 penalty was
chosen to minimize cross-validated model deviance: cv.glmnet (x, y, alpha = 0,
family =“binomial”, nfolds = 5),withy taking values 1 for MCI cases (either
aMCI, naMCI in two separate analyses) and 0 for HC, and x a matrix with columns for the PD
feature, age, and gender. Out-of-sample predictions from 5-fold cross-validation with models
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trained using the selected penalty were generated for each study participant. The procedure was
repeated ten times and the results were averaged to give final predictions. These predictions, on
the scale of the log-odds of being in an MCI cohort rather than HC, given the input variables,
are treated as risk scores for being for MCI, and were evaluated for their classification perfor-
mance by calculating the area under a receiver operator characteristic curve (AUROC). Classifi-
cation performance of a test score using measures other than AUROC generally require
specification of a threshold on values of the test score such that individuals with scores below
the threshold are classified to one group and those with scores above the threshold are classified
to another group. We picked thresholds to maximize F1 (harmonic mean of sensitivity and pre-
cision) such that specificity is at least 0.85. Using these thresholds, we calculated sensitivity,
specificity, precision, accuracy, and F1.

Contrasts: Pairwise analyses of acoustic and language features from picture
description

Differences between pairs of quantile normalized features were calculated and evaluated for
association with case or control cohorts by logistic regression, as were the individual features
above. These contrasts or differences A-B between two variables A and B distinguish study
participants who have high values for variable A relative to their values for variable B or vice
versa. Contrasts were calculated for all 47-choose-2 = 1081 pairs of language features based on
transcripts and all 44-choose-2 = 946 pairs of speech acoustic features, but not mixed pairs of
language and acoustic features. Analyses proceed as for the individual features above. In this
study, contrasts of quantile normalized scores were calculated rather than ratios of scores to
avoid problems with comparing scores with very different scales or ranges of values and with
division by zero or values near zero; and because quantile normalized scores were prepared for
input to the elastic net algorithm for generating a combined classifier.

Violin plots were generated to visualize the distributions of contrasts across the three study
cohorts using R and the vioplot library.

The statistical significance of the differences in values of the contrasts between cohorts was
evaluated with p-values from logistic regression models with adjustment for age and gender.
False discovery rates for each contrast were calculated by the Benjamini-Yekutieli procedure.
The classification performances of the contrasts for distinguishing HC from the aMCI and
naMCI groups were evaluated by calculating AUROCs and other performance measures using
5-fold cross-validated predictions from L2-penalized logistic regression models with the con-
trast, age, and gender as input variables.

PD-risk scores: Classifiers built from multiple features extracted from
picture description responses

Elastic net logistic regression as implemented in the R library glmnet [27] was used to define
three classifiers or risk scores that use acoustics and language features from picture description
responses to distinguish HC versus aMCI, HC versus naMCI, and HC versus combined
(aMCI + naMCI).

The 47 language features extracted from study participants’ transcripts and 44 acoustic fea-
tures, as well as age and gender, were used as inputs to train these classifiers. Features were
quantile normalized before use. The elastic net logistic regression has an L1- penalty that tends
to remove features that do not improve predictive performance, and an L2- penalty that pro-
vides further regularization to improve predictive performance. Age and gender were included
in the models without penalties, so they were guaranteed to be included in the final risk score
models. The form of the final risk score models are a set of weights for a subset of the input
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features. The risk score calculated as the corresponding weighted sum of input features is an
estimate of the log-odds of being a case rather than a control. The parameters alpha (the ratio
of L1 to L2 penalties) and lambda (the scaling factor for the penalties) were optimized for clas-
sification performance as measured by minimizing predictive deviance with 5-fold cross-vali-
dation. In each train-test split of the cross-validation, the training and test subsets had missing
values imputed separately. Features with missing values were limited to six acoustic features
that quantify vocal tremor (ATrP, FTrP, ATrLFTrI, ATrF, FTrF). After selecting the optimal
elastic net penalties, out-of-sample predictions were made for 10 replications of 5-fold cross-
validation. The mean of the 10 model predictions for each study participant was used as their
risk score for calculation of AUROC.

Because of low counts of study participants in the two MCI subtypes, 18 aMCI and 15
naMCI, but a larger count of 62 for HC, our primary analyses and development of classifiers
or risk scores were for comparisons of HC vs each of the MCI subtypes individually, or HC vs
the combined MClI-rather than direct comparisons of aMCI versus naMCI or development of
risk scores to distinguish those groups. However, as an alternative approach for developing
risk scores from that using penalized logistic regression as described above, we trained and
evaluated penalized multinomial logistic regression models for 3-class classification and to
simultaneously optimize risk scores for separation of HC versus aMCI, HC versus naMCI, and
aMCI versus naMCI. As with the penalized logistic regression models above, the penalized
multinomial regression model used was that implemented in the R library glmnet [27]. All 91
acoustic and language features as well as age and gender were used as input features, and three
categories of outcomes (HC, aMCI, naMCI) were modeled. L1 and L2 penalties were chosen
to minimize predictive deviance with 5-fold cross-validation. Missing values for acoustic mea-
sures of vocal tremor were imputed separately for each train-test split during the cross-valida-
tion. With the optimized penalties set, model predictions from another 10 rounds of 5-fold
cross-validation were averaged to give the liabilities of each study participant for the three
diagnoses. Differences of the liabilities for a pair of diagnoses, say liability of aMCI—liability of
HC, are estimates of the log-odds of being in one group rather than the other, log-odds of
aMCI vs HC in the example. The three differences of liabilities (HC—aMCI, HC—naMClI,
and aMCI—naMCI) were used as risk scores for the corresponding classification tasks, and
their performances were assessed with AUROC:s.

Results
Study participants

A total of 95 study participants were assessed on the picture description task for this study.
These were distributed across three study cohorts: amnestic MCI (aMCI), non-amnestic MCI
(naMCI) and healthy controls (HC). Table 1 shows the counts of study participants across
study cohorts and gender, along with the average and range of ages in each cohort. Also shown
in Table 1 are means and standard deviations for the MMSE as well as scores from a verbal
learning and memory (VLM) task and a delayed verbal learning and memory task (DVLM).
The VLM and DVML scores are from a word learning task that is included as a module in the
Miro Health assessment platform. The VLM and DVLM scores represent numbers of words
correctly recalled. These VLM and DVLM scores have been transformed to represent percen-
tiles in a healthy control reference data set [26].

Data preparation

The picture description responses were processed to generate 91 quantitative features. Of these
features, 44 were acoustic features calculated from the study participants’ recorded responses,
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and 47 were language features generated from transcripts of the voice recordings, counts of
sentences, words, and syllables; lexical analyses with counts of words in different categories or
parts of speech; and counts of content units or words for items and actions in the responses.
The means and standard deviations of each feature are shown for the three diagnostic groups
in Table B in S1 File. The features were quantile normalized before further analysis. The means
and standard deviations of the quantile normalized features in the three diagnostic groups are
shown in Table C in S1 File.

As seen in Tables 2 and 3 various sets of content units are distinguished and counted sepa-
rately. If content units are related to the scenario depicted in the picture, they are labeled
“RELATED”, while combined counts of related and unrelated content are labeled “ALL”. Fea-
tures that include “DISTINCT” in the name do not count repeated uses of a content unit. Fea-
tures that include “RIGHT” or “LEFT” in the name are counts of content units related to items
on the corresponding side of the picture, such as “dog” on the left or “sink” on the right for the
Cookie Theft scene. Features that include “Both Sides” in the name are counts of content units
that are not localized to one side of the picture, such as “kitchen” or “family” for the Cookie
Theft scene.

Analyses of individual acoustic and language features

The acoustic and language features were assessed to determine their association with the study
participants’ health statuses. For each feature, the statistical significance of the differences
between aMCI and HC cohorts was assessed using logistic regression with adjustments for age
and gender. Table 2 shows the 20 features having p-values less than 0.005. Included in this set
of significant associations are ten features having “content units” in their names and represent-
ing various counts of content units in the study participants’ responses or the “on-topic” rele-
vance of their response. There are four lexical features or counts of words from various parts
of speech: indefinite articles, prepositions, nouns, and function words. One score is an acoustic
feature—the standard deviation of the fundamental frequency of the participants voice during
the recorded response. The remaining features are different measures of the length of the
response: syllables, words, phrases, sentences, and complete sentences.

The 20 scores with p-values below 0.005 represent 20 out of the 91 features considered in
the analysis. To complement the p-values and account for multiple testing, in Table 2 we pro-
vide false discovery rates (FDRs). An FDR represents an estimate of the fraction of features at
that FDR’s row or above in Tables 2 or 3 that are false positives. The features and the tests that
yielded the p-values of Table 2 are not independent because they are all extracted from the
same responses, so the conservative Benjamini-Yekutieli procedure [46] that allows for depen-
dent tests was used. Table D in S1 File is an expanded version of Table 2 that shows p-values
and FDRs for all 91 features. Panels A and B in Fig A in S1 File show histograms of the p-values
and FDRs for all 91 features.

For each feature, the statistical significance of the differences between naMCI and HC
cohorts was also assessed using logistic regression with adjustments for age and gender. As
shown in Table E and in panels A and B of Fig B in S1 File, the distribution of p-values for
these association tests with the naMCI and HC cohorts showed few nominally significant fea-
tures, with p-values below 0.05, and zero features with estimated FDRs below 1. This suggests
that any findings from this analysis contrasting the naMCI and HC groups would be false posi-
tives. There are also fewer participants in the naMCI cohort than in the aMCI cohort. For
these reasons, the analyses of features considered here are focused on identifying and charac-
terizing differences between the aMCI and HC cohorts rather than analyses using the naMCI
cohort.
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Table 2. Association of features derived from picture description recordings or transcripts with diagnosis of aMCI or HC.

Variable

Count of DISTINCT RELATED content units
Count of RELATED content units

Count of indefinite articles

Count of prepositions

Count of nouns

Both Sides Total Content Units DISTINCT

Both Sides Total Content Units

Count of ALL content units

Count of content units on RIGHT side of picture
Count of Syllables

Count of words

Count of ALL DISTINCT content units

Count of DISTINCT content units on RIGHT side of picture
Count of sentences

Count of phrases

Acoustics standard deviation of FO

Count of complete sentences

Count of content units on LEFT side of picture
Count of all function words

Count of DISTINCT content units on Left side of picture

p-value FDR AUROC Effect Direction
1.1E-04 0.019 0.82 )
1.2E-04 0.019 0.83 ©)
1.7E-04 0.019 0.82 )
2.1E-04 0.019 0.79 (-)
2.3E-04 0.019 0.81 (-)
2.5E-04 0.019 0.80 (-)
3.3E-04 0.021 0.78 (-)
3.7E-04 0.021 0.76 (-)
4.1E-04 0.021 0.75 (-)
6.0E-04 0.028 0.74 (-)
7.9E-04 0.032 0.73 )
8.2E-04 0.032 0.73 )
1.1E-03 0.039 0.71 )
1.5E-03 0.049 0.69 )
1.6E-03 0.049 0.71 ©)
2.8E-03 0.080 0.71 +
4.3E-03 0.113 0.66 (-)
4.4E-03 0.113 0.66 (-)
4.9E-03 0.113 0.67 (-)
4.9E-03 0.113 0.65 (-)

HC = healthy controls. aMCI = amnestic mild cognitive impairment. MCI = mild cognitive impairment. FDR = Benjamini Yakutieli false discovery rate. AUROC =

area under the receiver operator characteristic curve.

https://doi.org/10.1371/journal.pdig.0000197.t002

Even if there is statistical evidence that an acoustic or language feature is different across
aMCI and HC cohorts, it may not be particularly useful for distinguishing the cohorts. The
practical significance of each feature for detection of cohort membership was determined by
using the feature as a classifier. In any practical classification task using these scores, age and
gender should be available for the subject under evaluation, so L2-penalized logistic regression
classifiers were made using age, gender, and a single acoustic or language feature as predictors.
Classifier performance was quantified with area under the receiver-operator characteristic
curve (AUROC) for an average score from 10 iterations of 5-fold cross-validation. For com-
parison, a penalized logistic regression model using only age and gender to identify cases is
used as the baseline. That baseline model for separating the aMCI and HC cohorts has an
AUROC of 0.61. The features presented in Table 2 improve the classifier performance over the
baseline model to as high as 0.83, but at least 0.65. Note that the degree of statistical signifi-
cance (low p-value and low FDR) is sorted in almost the same order as the degree of practical
significance as a classifier (high AUROC).

The final column in Table 2 is labeled “effect direction” and represents the sign of the esti-
mated regression coefficient for the acoustic or language feature in the logistic regression
model that was used to calculate the p-values. For the analyses, aMCI cases were coded as 1
and controls were coded as 0, so a positive effect direction indicates that aMCI cases typically
have higher values of the feature than controls, after adjusting for age and gender. All but one
of the features shown in Table 2 have negative effect directions, so controls tend to have higher
values for these features. The features with negative effect directions in Table 2 are all counts of
various quantities in the picture description transcripts, so they could indicate that the controls
just have longer responses than the aMCI participants. That suggests that more insight may
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Table 3. Association with membership in the aMCI or HC cohorts of contrasts (A-B) of normalized values of two speech or language features A and B.

Speech or Language
Feature A

Count of modals
Count of modals
Pro-sentences

Count of modals
Count of modals
Pro-sentences

Count of modals
Count of modals
Syllables per word min
Count of modals
Count of modals
Syllables per word min
Pro-sentences
Pro-sentences

Count of modals
Pro-sentences

Count of modals
Count of modals
Pro-sentences

Count of modals

Speech or Language
Feature B

Count of prepositions

Count of RELATED content units

Count of prepositions

Count of indefinite articles

Count of nouns

Count of RELATED content units

Both Sides Total Content Units Distinct
Count of words

Count of DISTINCT RELATED content units
Count of content units on RIGHT side of picture
Count of Syllables

Count of RELATED content units

Count of DISTINCT RELATED content units
Count of Syllables

Count of ALL content units

Count of nouns

Both Sides Total Content Units

Count of ALL DISTINCT content units
Count of ALL content units

Count of DISTINCT RELATED content units

p-value

4.9E-05
7.5E-05
8.5E-05
8.6E-05
1.1E-04
1.1E-04
1.1E-04
1.1E-04
1.1E-04
1.2E-04
1.2E-04
1.2E-04
1.3E-04
1.3E-04
1.3E-04
1.3E-04
1.3E-04
1.4E-04
1.4E-04
1.5E-04

FDR

0.114
0.114
0.114
0.114
0.114
0.114
0.114
0.114
0.114
0.114
0.114
0.114
0.114
0.114
0.114
0.114
0.114
0.114
0.114
0.114

AUROC

0.86
0.89
0.84
0.86
0.88
0.85
0.85
0.84
0.83
0.84
0.84
0.84
0.84
0.81
0.84
0.86
0.83
0.83
0.82
0.89

Effect

Direction

1

U U U U FUUE ST FUTE U S N RUI S U FUPE R NP N N

HC = healthy controls. aMCI = amnestic mild cognitive impairment. MCI = mild cognitive impairment. FDR = Benjamini Yakutieli false discovery rate. AUROC =

area under the receiver operator characteristic curve.

https://doi.org/10.1371/journal.pdig.0000197.t003

come from considering ratios or contrasts from pairs of features. The sole feature in Table 2
with a positive effect direction is “Acoustic standard deviation of F0.” This result shows that
the participants in the aMCI cohort tended to have more variation in the fundamental fre-

quency or pitch of their voices over the course of their responses. AUROCs and effect direc-

tions for analyses of all 91 acoustic and language features for distinguishing aMCI and HC
cohorts are shown in Table D in S1 File. The results of corresponding analyses of features for
distinguishing naMCI and HC cohorts are shown in Table E in S1 File.
To further characterize the classification performance of each of the 91 acoustic or language
features when used along with age and gender to classify aMCI vs HC, additional performance
measures were calculated. Accuracy, sensitivity, specificity, precision, and F1 are shown in
Table G in S1 File. The threshold on the risk score needed to calculate these other measures
was chosen to maximize F1 such that specificity was at least 0.85. Similarly, these performance
measures were calculated for classification of naMCI vs HC by each acoustic or language fea-

ture, with results shown in Table H in S1 File.

The distributions across the three cohorts of the features from Table 2 are displayed in Fig 1
using violin plots with embedded box plots. The features are displayed in the same order in
both Table 2 and Fig 1, with “Count of DISTINCT RELATED content units” in the first row of
Table 1 and in panel A of Fig 1 and so on. In each panel, three violin plots are shown, repre-
senting from left to right the aMCI cohort, the HC cohort, and the naMCI cohort. These fea-

tures were selected for being different across the aMCI and HC cohorts, and visual

comparison of the left and middle plots in each panel confirms that there is difference in
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Fig 1. The 2018 speech or language features from Table 2 are displayed with violin and embedded box plots to show the distribution of these features in
the three study cohorts: aMCI, naMCI, and Healthy Control. These features have p-values below 0.005 for association with membership in the aMCI or HC
cohorts, as determined by logistic regression with adjustment for age and gender. The plots are in the same alphanumeric order as the rows in Table 2, with
panel A showing the distribution across cohorts of values for Count of DISTINCT RELATED content units, and subsequent panels for features with increasing
p-values. The corresponding p-values for the association of features with aMCI versus HC cohort status are in Table 1. No features had false discovery rates
below 1.0 for association with naMCI versus HC cohort status. A: Count of DISTINCT RELATED content units. B: Count of RELATED content units. C:
Count of indefinite articles. D: Count of prepositions. E: Count of nouns. F: Both Sides Total Content Units DISTINCT. G: Both Sides Total Content Units. H:
Count of ALL content units. I: Count of content units on RIGHT side of picture. J: Count of Syllables. K: Count of words. L: Count of ALL DISTINCT content
units. M: Count of DISTINCT content units on RIGHT side of picture. N: Count of sentences. O: Count of phrases. P: Acoustics standard deviation of F0. Q:
Count of complete sentences. R: Count of content units on LEFT side of picture. S: Count of all function words. T: Count of DISTINCT content units on Left

side of picture.

https://doi.org/10.1371/journal.pdig.0000197.9001
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typical values of these features across those two cohorts. By contrast, the naMCI features that
form the right plots in each panel are less dissimilar to the HC scores than the aMCI features.

Contrasts of paired acoustic or language features

Analyses of contrasts between pairs of features may be complementary to analyses of individ-
ual features. For example, two talkative study participants may have both high counts of words
and high counts of sentences. But the first participant may have a word count 1 standard devia-
tion above the mean and a sentence count 2 standard deviations above the mean, while the sec-
ond participant has a word count 2 standard deviations above the mean and a sentence count

1 standard deviation above the mean. All features considered in this study are quantile normal-
ized, so their effective units are standard deviations from the mean. In this scenario, the first
participant has a contrast for words—sentences of (1-2 = -1) while the second has a contrast
for words—sentences of (2-1 = 1). The different values and signs of the contrasts indicate that
the first participant has few words for many sentences, or short sentences, while the second
participant has many words for few sentences, or long sentences.

Such contrasts were calculated for all 946 pairs of acoustic features based on the audio
recordings and for all 1081 pairs of language features based on the response transcripts. Each
contrast was generated as the difference (A-B) between the quantile normalized feature A
named in the first column of Table 3 and the feature B named in the second column.

These contrasts were analyzed to assess their ability to distinguish the aMCI and HC
cohorts, just as the individual features were assessed to generate the results in Table 2. Results
of the regression and classification analyses for the contrasts are shown in Table 3.

The contrasts were used as predictor variables in logistic regression models. As before, the
outcome for the regression analyses was cohort membership coded as aMCI =1 and HC =0,
and age and gender were used as adjustment covariates. The p-values for the contrasts from
the logistic regression of aMCI versus HC were calculated and used to sort the results of
Table 3, with the most significant results at the top of the table. Table 3 shows 20 contrasts
with p-values below 1.5e-4. Violin plots showing the distributions of these 20 contrasts are
shown in Fig 2. Table F in S1 File shows a longer set of results with 61 contrasts having p-val-
ues below 5e-4. To address multiple testing and dependencies between the tests FDRs were cal-
culated to complement the p-values using the Benjamini-Yekutieli procedure. The resulting
FDR estimates are included in Table 3. Histograms of p-values and FDRs for all 2007 contrasts
evaluated in these analyses are shown in panels C and D of Fig B in S1 File. The practical sig-
nificance of these contrasts for separating aMCI and HC study participants was assessed by
making classifiers of 5-fold cross-validated predictions from L2-penalized logistic regression
models with the contrast, age, and gender as input variables. The baseline model with only age
and gender as input variables has an AUROC of 0.61, but addition of the contrasts to the
model results in AUROC: as high as 0.89 for the contrast of (count of models [modal verbs]—
count of related content units).

The effect direction or the sign of the estimated regression coefficient from the logistic
regression that yielded the p-values is shown. The outcomes for the logistic regression were
coded as aMCI = 1 and HC = 0, so a positive effect direction indicates that members of the
aMCI tended to have higher values of the contrast than controls, or that aMCI cases tended to
have relatively high values of the features in column A of Table 3, while controls tended to
have relatively high values of features in column B.

The corresponding p-values, FDRs and classification AUROCs were calculated for analyses
distinguishing each contrast’s association with naMCI versus HC status. As shown in Panels C
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Fig 2. Contrasts of speech or language features from Table 3 with the 20 most significant p-values for association with aMCI or HC cohort membership
are displayed with violin and embedded box plots. The corresponding p-values are in Table 3. No contrasts had false discovery rates below 0.5 for association
with naMCI versus HC cohort membership. The plots are in the same alphanumeric order as the rows in Table 3, with panel A showing the distribution across
cohorts of values for the difference of quantile normalized values of Count of modals minus Count of prepositions, and subsequent panels for contrasts with
increasing p-values. A: Count of modals minus Count of prepositions. B: Count of modals minus Count of RELATED content units. C: Pro-sentences minus
Count of prepositions. D: Count of modals minus Count of indefinite articles. E: Count of modals minus Count of nouns. F: Pro-sentences minus Count of
RELATED content units. G: Count of modals minus Both Sides Total Content Units DISTINCT. H: Count of modals minus Count of words. I: Syllables per
word min minus Count of DISTINCT RELATED content units. J: Count of modals minus Count of content units on RIGHT side of picture. K: Count of
modals minus Count of Syllables. L: Syllables per word min minus Count of RELATED content units. M: Pro-sentences minus Count of DISTINCT RELATED
content units. N: Pro-sentences minus Count of Syllables. O: Count of modals minus Count of ALL content units. P: Pro-sentences minus Count of nouns. Q:
Count of modals minus Both Sides Total Content Units. R: Count of modals minus Count of ALL DISTINCT content units. S: Pro-sentences minus Count of
ALL content units. T: Count of modals minus Count of DISTINCT RELATED content units.

https://doi.org/10.1371/journal.pdig.0000197.9002
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and D of Fig B in S1 File, zero contrasts have FDRs below 1 for association with naMCI versus
HC status.

The violin plots in Figs 1 and 2 show the distribution of features and contrasts respectively,
without adjustment for age and gender. The analyses represented in Tables 2 and 3 do account
for age and gender, and a reasonable prior is that the adjustment for these factors is important
for at least some of the features or contrasts. For example, voice pitch or fundamental fre-
quency varies with age and gender. The acoustic features and contrast with highest significance
in the analyses for Tables 2 and 3 were the standard deviation of the fundamental frequency
FO, speech breaks, and their contrast. To visually show the effects of gender on these measures,
violin plots of standard deviation in F0, speech breaks, and their contrast are shown in Fig C in
S1 File, stratified by cohort (aMCI or HC) and gender.

Classification by diagnosis using weighted combinations of features

The contrasts presented in Table 3 show more significant separation of the aMCI and HC
cohorts than do the individual features in Table 2, with lower p-values and higher AUROC:.
Extending the idea that some features provide complementary information about cohort
membership or are most informative when their relative levels are considered, a linear combi-
nation of a larger set of features was constructed, with optimization for selection of the most
informative set of features to use and for the weights to put on each feature in the
combination.

The elastic net logistic regression algorithm was used to find an optimized weighted combi-
nation of speech and language features for separation of the aMCI and HC cohorts. These
model predictions are on the scale of log-odds of being in the aMCI cohort versus HC cohort,
based on age, gender, and features extracted from picture description data. The algorithm’s
tuning parameters or penalties were chosen by 5-fold cross validation. After selection of the
penalties, an out-of-sample prediction was made for each study participant in the aMCI and
HC cohorts by averaging out-of-sample predictions from another 10 iterations of 5-fold cross-
validation of the penalized logistic regression. We name these predictions the “PD aMCI risk
scores”. We used the same procedure to make risk scores for distinguishing the HC cohort
from naMCI, and for separating HC from combined (aMCI + naMCI), for three PD risk
scores.

During cross-validation, missing values in acoustic features measuring voice tremor were
imputed separately for each train-test split. Age and gender were not penalized in the elastic
net fitting procedure, so they were forced to be in the final prediction model. The full set of 91
picture description features was used as input to the elastic net fitting procedure, but final clas-
sification models only used an informative subset of features. The selected features and their
weights are shown in Table K in S1 File.

These PD risk scores were used to calculate the AUROC: for separating pairs of study
cohorts, as shown in Table 4. For comparison, the AUROC: for separation of these cohorts
were also calculated for a second set of risk scores based on input features from a large battery
of neurobehavioral tests implemented in the Miro Health assessment platform and described
in previous work [24]. As shown in Table 4, the PD risk scores do not have classification per-
formance as strong as the risk score based on a large battery of assessments.

An alternative approach was used to make a second set of PD risk scores. In this analysis,
penalized multinomial regression was used to simultaneously find combinations of age, gen-
der, and acoustic or language scores from picture description for classifying aMCI vs HC,
naMCI vs HC, and aMCI vs naMCI. The performances at separating these three groups as
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Table 4. Performance of MCI risk scores at separating cohorts of study participants.

Classification task PD risk score AUROC Miro Health risk score AUROC
aMCI vs HC 0.88 0.97
naMCI vs HC 0.61 0.80
(aMCI+naMCI) vs HC 0.74 0.89

HC = healthy controls. aMCI = amnestic mild cognitive impairment. naMCI = non-amnestic mild cognitive
impairment. MCI = mild cognitive impairment. AUROC = area under the receiver operator characteristic curve. PD
= Picture Description. Additional performance metrics for these classifiers are shown in Table J in S1 File.

PD risk score: out of sample predictions from models trained to separate MCI (or subtype) and HC. Estimated as the
log-odds of MCI:HC given speech and language features from PD, age and gender.

Miro Health risk score: out of sample predictions from models trained to separate aMCI and HC [26]. Estimated as
the log-odds of MCI:HC given features from PD as well as scores from the other neurobehavioral test modules on the

Miro Health assessment platform, age and gender.

https://doi.org/10.1371/journal.pdig.0000197.t1004

measured by AUROC under 5-fold cross-validation are 0.86, 0.51, and 0.78 respectively, as
shown in Table I in S1 File.

Discussion

Our analyses suggest that performance of automated classifiers built on features extracted
from picture description as a screening tool for MCI detection will vary greatly as a function of
the proportions of MCI subtypes in a study or clinical source population. We used elastic-net
logistic regression [27] to screen and combine 91 numerical features extracted from picture
description responses to make classifiers that distinguish MCI cases from healthy controls
(HC). Three separate analyses were done to consider different subtypes of MCI: HC versus
aMCI, HC versus naMCI and HC versus combined MCI (aMCI+naMCI). The approach was
to use predictions from penalized logistic regression models based on age, gender, and the
acoustic and language features as measures of each study participant’s risk of being a case.
These predictions are estimates of an individual’s log-odds of being a case, with higher values
associated with cases and lower values associated with controls.

Evaluating these predictions, here called PD MCI risk scores, as classifiers we find that the
PD-aMCI risk score has an AUROC of 0.88 for separating aMCI cases from HC, but the PD-
naMClI risk score has an AUROC of only 0.61 for separating naMCI cases from HC. The
observed AUROC for separation of combined aMCI and naMCI, with 18 and 15 cases respec-
tively, from HC is 0.74. This AUROC for distinguishing HC from MCI cases with mixed sub-
types is intermediate between the performance of PD risk scores at classifying HC vs aMCI
(stronger at 0.88) and HC vs naMCI (weaker at 0.61). Tables D and E and Figs A and B in
S1 File show that more of the features extracted from picture description responses had high
AUROC:s or low p-values for classification of study participants by diagnosis in the HC vs
aMCI analyses than in the HC vs naMCI analyses.

These results suggest that distinguishing aMCI from HC is an easier problem than distin-
guishing naMCI from HC, when using picture description responses to make the distinctions.
This is in agreement with analyses using response to other neuropsycological tests to distin-
guish HC from either aMCI or naMCI, where classification performance was stronger for HC
vs aMCI [24]. This suggests that the reported performance of methods to detect MCI or distin-
guish MCI from HC will depend on the proportions of aMCI and naMCI subtypes in a set of
study participants with MCI. We propose that studies of MCI detection should assess and
report counts of MCI cases by subtype.
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Our results using classifiers based on acoustic and language features are compatible with
results from prior studies as summarized in Table A in S1 File. Looking at studies that report
AUROC: for classification of HC versus MCI, Asgari et al [13] report an AUROC of 0.796,
Fraser et al [16] report 0.73, and Roark et al [20] report 0.703. These results are similar to the
AUROC of 0.74 for classification of HC vs combined MCI (aMCI+naMCI) in the present
study. The other studies in Table A in S1 File did not determine the MCI subtypes of their
study participants and analyze the subtypes separately. Calza et al [14] did distinguish aMCI
(memory impaired, other cognitive domains not impaired) cases from multiple-domain MCI
(two or more domains of cognitive function impaired, possibly including memory), but sepa-
rate analyses were not done for the two identified subtypes.

Analyses of individual acoustic or language features show ability to distinguish aMCI from
HC, but not to distinguish naMCI from HC. Many scores extracted from picture description
responses are significantly associated with aMCI versus HC cohort, as demonstrated with low
p-values and FDRs for logistic regression analyses in Table 2. Many contrasts of scaled scores
are also associated with aMCI versus HC cohort as shown in Table 3. None of these scores or
contrasts are significantly associated with naMCI versus HC cohort; all of them have estimated
FDRs of 1 in the logistic regression analyses suggesting that any findings would be false posi-
tives. Given the small number of naMCI cases, 15, in this study we cannot conclude that there
are no acoustic or language features that could distinguish naMCI from HC, but this study was
not able to find any.

In this study, analyses suggest that language features based on picture description tran-
scripts may be more informative for distinguishing MCI cases from controls than acoustic fea-
tures from the voice recordings. In the logistic regression analyses of association of individual
features with aMCI vs HC status by logistic regression, the only acoustic feature among the top
twenty features with the most significant p-values as shown in Table 2 is “Acoustics standard
deviation of FO”. Tables D in S1 File show that acoustic features (with “acoustics” in their fea-
ture names) have higher p-values from the association tests with aMCI vs HC status and lower
AUROC:s when used as classifiers than many of the non-acoustic features. However, the risk
scores for distinguishing aMCI vs HC and combined MCI (aMCI + naMCI) vs HC include
both acoustic and language features. Table K in S1 File shows the variables used in the risk
score models and their weights. Together the results suggest that the most informative individ-
ual features for distinguishing aMCI from HC are mainly language features extracted from
transcripts, but that there is complementary information for separating aMCI from HC in the
acoustic features.

The AUROC: in Table E in S1 File show that no individual features were particularly good
at distinguishing naMCI from HC. As shown in Table K in S1 File, the risk score for distin-
guishing naMCI from HC selected by 5-fold cross-validation is just the baseline model with
age and gender as predictors but no picture description features. As naMCI cases include
those with language deficits (as opposed to memory deficits in the definition of aMCI status),
we expect language and acoustic features to characterize at least some naMCI cases, but we
will have to revisit this hypothesis with a larger sample of naMCI cases.

We see pronounced differences in the ability to distinguish MCI cases from HC depending
on the subtypes of the cases. We suggest that it is important for future studies to identify and
report the subtypes of the MCI cases under analysis. Separate analyses for each MCI subtype,
and analyses to distinguish the subtypes would be most useful. Reporting the distribution of
subtypes among the MCI cases as in Calza et al, 2021 would at least allow readers to evaluate
the relevance of findings to their own clinical or research efforts.

With only 18 aMCI and 15 naMCI participants in the study, we did not focus on differenti-
ating MCI subtypes in our analysis. However, the alternative construction we used for
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generating risk scores—a penalized multinomial model trained with all three outcomes-gives
risk scores for distinguishing aMCI versus HC, naMCI versus HC, and aMCI versus naMCL
As shown in Table I in S1 File, the AUROC for separating aMCI versus naMCI using the mul-
tinomial risk score is 0.78.

The large number of features that can be extracted from picture description responses allow
rich narrative descriptions of the functional deficits an individual is experiencing with speech
or language. These scores span several dimensions of study participants’ responses to the pic-
ture description task: counts of informative content units relevant to the Cookie Theft picture
(e.g. “Count of DISTINCT RELATED content units”), voice stability (e.g. “Acoustics standard
deviation of F0”), and rate of speech (e.g. “Count of words”). Contrasts or differences between
normalized versions of individual Miro Health features give additional insight into the study
participants’ performance.

We know that language samples can provide us with detailed information about a patient’s
expressive language. We expect that the ease of remote self-administration of the Miro Health
implementation of the picture description task, with uniform test scoring for language feature
extraction, and collection of acoustic features will allow the expanded and routinized use of
acoustic and language evaluation in research and in the clinic.

Limitations and future work

Classification results based on the features from picture description and the combined PD risk
scores may be different in application or studies of Miro Health users with different distribu-
tions of demographic and health covariates or with more Miro Health users in the borderline
region between healthy and MCI status.

Here we focus on distinguishing healthy controls from study participants with amnestic
mild cognitive impairment (aMCI) and non-amnestic mild cognitive impairment (naMCI).
Only 15 study participants were in the naMCI cohort and there were no study participants
with other conditions or diagnoses. In future work we will evaluate additional patient groups
likely to have different spectra of effects across the collection of features than were seen in the
healthy control and aMCI cohorts—larger numbers of naMCI study participants, and several
groups with distinct forms of aphasia and apraxia of speech.

The individual acoustic and language features and the differences in pairs of features whose
classification performances are summarized in Tables G and H respectively in S1 File were
pre-specified so only the covariate adjustment (age and gender) was subject to over-fitting
(that is, there was no variable selection). Thresholds for calculation of classification perfor-
mance measures were set to maximize F1 with the constraint that specificity is at least 0.85.
There is a trade-off between specificity, sensitivity and precision; as a potential screening tool,
we constrained the analyses to have high specificities. With the constraint for high specificity,
the other measures sensitivity, precision, and F1 can be low.

There are many types of classifiers that could be used to predict diagnosis given a list of
acoustic and language features as input, such as support vector machines, random forests, and
neural networks. We intend to explore these and other models when we have more data avail-
able. Given the small data set in hand, we focused on combining scores to make classifiers for
separating HC from the MCI case groups that are easily interpretable. The alternative con-
struction of risk scores used here, penalized multinomial regression with 3 diagnoses (HC,
aMCI, naMCI) allows multi-class classification and pairwise aMCI vs naMCI classification
(AUROC 0.78), but proper distinction of these subtypes requires specific consideration of the
domains of cognitive impairment: memory for aMCI, domains other than memory for
naMCI, and multiple domains for mdMCI.
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