Supplementary Material

Artificial Intelligence, Speech,

and Language Processing Approaches
to Monitoring Alzheimer’s Disease:
A Systematic Review

Keys to table interpretability

The following conventions and acronyms were adopted when reviewing the research articles.

When a conference paper was later extended and published in a different venue, only the latter publication
was included. Percentages were rounded to the nearest decimal place. Education is expressed in average years,
same as age, unless otherwise specified. For the purposes of this review we do not distinguish between acoustic
and paralinguistic features, and the tables we will always designate these features as “acoustic”. Where the type
of classifier or model used is not specified on the table, this means it was not reported in the paper reviewed.

Since “data balance” can be understood in, at least, three different ways, we created the following acronyms
to standardize and simplify the description of this characteristic on the tables:

o dataset Feature Balance (FB): where the “F” is replaced for the initial of each particular feature. This
refers to whether a certain feature, e.g., gender, is evenly distributed in the dataset as a whole. Consider,
for instance, a dataset with 100 participants, 60 healthy controls (HC), 30 of whom are female, and 40 AD
participants, 30 of whom are female. As regards gender, this is indicated in the table as “No-GB” (no gender
balance) because the ratio of female to male participants in this dataset is 60:40. Regarding class, this dataset
would also be “No-CB” (no class balance), because the ratio of HC to AD is also 60:40A. Age and education
are reported as a between class features only.

e Within-Classes Feature Balance (WCFB): This indicates whether a certain feature, such as gender, is
evenly distributed within each class. In the above described sample dataset, this would be indicate as “HC:
WCGB, AD: no-WCGB”, because the gender ratio is 30:30 in HC, but 30:10 in AD. This type of balance
makes sense for gender, since it is a category within the classes. However, age and education are generally
reported as group averages, and hence it is not possible to report their balance within class.

o Between-Classes Feature Balance (BCB: F): This denotes whether a feature is evenly distributed across
experimental classes. Our example dataset would be described as “BCB: no-G”, because the number of
female is indeed balanced (30 in both groups), but the number of males is not (30 in HC versus 10 in AD).
Again, his type of balance makes sense for gender, since it is a category within the classes. However, age and
education are generally reported as group averages, and hence balance between classes is equivalent to their
balance across the dataset. Since they are reported to control for their potential confounding effect between
groups, we will report their between-class balance.



Gender balance is reported as GB, WCGB, BCB: G, or, alternatively, no-GB, no-WCGB, BCB: no-G. Class
balance is reported as CB or no-CB. Age and education, with respect to group average are reported within BCB:
A, E or BCB: no-A, no-E. No-BCB indicates that none of the features are balanced between classes, whereas
BCB (without further specification) indicates that all three are. Lastly, some studies report the number of speech
or text samples as well as the number of participants per group and then take only one of those figures for analysis.
In these cases class balance will be indicated followed by an m or an n depending on whether the comparison
groups are balanced in terms of samples or participants, respectively. For example, CBm would indicate class
balance based on number of samples per class, whereas no-CBn would indicate class imbalance in terms of
number participants per class, both of which could coexist in the same study. A similar logic applies to other
types of balance (e.g., no-WCGBm, BCBm: no-A, G, no-E). When it is unspecified whether the analyzes and
reported results are based on number of participants or number of samples, this will be indicated as “unclear”.



Abbreviations and Acronyms

Supplementary Table 1
Diagnostic abbreviations

Diagnostic Groups

AD Alzheimer’s Disease or Dementia
CI Cognitive Impairment (unspecified)
HC Healthy Controls

MCI Mild Cognitive Impairment

SCI Subjective Cognitive Impairment

Note: For the purpose of this review, labels such as “normal elderly” or “cognitively normal”
are noted as HC; dementia groups as AD. For the pre-clinical stage, Subjective Memory Loss
(SML) is equated to SCI. CI refers to the symptomatic group where no official diagnosis
term is stated.



Supplementary Table 2
General textual abbreviations

General terms and noun phrases

ast assessment

avail available

B/L baseline

corr correlation

demogr demographics

ds dataset

ft features

ibid see previous footnote on same dataset/paper/topic
incl included

info information

lex lexical

m number of samples
meas measurement (s)

n number of participants
NI Neuroimaging

pp participants

rec recording

repr representation

S/N average sentences per narrative or sample
seg segmentation

syl syllable

tr transcript

utt utterance

w/ with

w/o without

Wi/S average words per sentence or sample




Supplementary Table 3
Methods and metrics

Methods
ADR Active Data Representation
ASR Automatic Speech Recognition
CNN Convolutional Neural Network
Cv Cross-validation
DR Data representation
DT Decision Trees
GC Gaussian Classifier
GNB Gaussian Naive Bayes
HOS Higher Order Spectral (analysis)
1G Information Gain
k-NN k-Nearest Neighbour
LDA Linear Discriminant Analysis
LASSO (LR) Least Absolute Shrinkage and Selection Operator
LM Language Model
LR Logistic Regression
LOO (CV) Leave-one-out
LPO (CV) Leave-pair-out
LSA Latent Semantic Analysis
LSTM (RNN) Long-short-term-memory
MLP Multi-layer Perceptron
NN Neural Network
PCA Principal Components Analysis
RBF (SVM) Radial Basis Function (kernel)
RF Random Forest
RFE Recursive Feature Elimination
RNN Recurrent Neural Network
SGD Stochastic Gradient Descent
SVM Support Vector Machine
Metrics
ACC Accuracy
AUC Area Under the Curve
CER Classification Error Rate
EER Equal Error Rate
FA False Alarms
MLU mean length of utterance
N noun frequency
pc Precision
rc Recall
sp Specificity
ss Sensitivity
ROC Receiving operating characteristic (curve)
TP True Positives
UAR Unweighted Average Recall

\Y% verb frequency




1. SPICMO (PICOS) TABLE

The first table is based on the PICOS design, widely used in the clinical field. Its columns are:

® Population: Total number of participants followed by number of participants per group (always starting

with the less impaired group). Average demographic figures (i.e., age, education, MMSE) follow the same
order.

Interventions: Assessments that participants underwent as part of the study. These are usually either
cognitive or full clinical assessments, recorded speech tasks and written tasks.

Comparison groups: Different stages of cognitive impairment of the study participants conform the groups
to be compared. These are Healthy Controls (HC), Subjective Cognitive Impairment (SCI), Mild Cognitive
Impairment (MCI), Alzheimer’s Disease (AD), and Cognitive Impairment (CI), when unspecified. This
terminology is not standardized across publications, but we have standardized it for the purpose of this
review. Hence, for instance, normal controls (NC), healthy elderly (HE), Subjective Memory Complaints
(SMC) or Dementia (e.g., Alzheimer’s Type Dementia) are hereby equated to HC, SCI, and AD, respectively.
Outcomes of interest: Detection, prediction, or discrimination performance of the method used in an
article. This mostly includes classification metrics, such as overall accuracy, sensitivity, and specificity.
Study aim/design: Most frequently, automatic detection of a target group when compared to a healthy one,
or automatic discrimination between different stages of target groups. It also includes the main design, i.e.,
text versus speech, narrative versus monologue.

We have extended this by adding a column on methods, an essential part of this review:

® Methodology: Brief overview of the approach for feature generation (i.e., acoustic analysis or natural
language processing), as well as the approach for feature set reduction (when reported). These are feature
selection (i.e., filtering or wrapping) and feature extraction (i.e., combination or transformation of original
features, e.g., PCA, LSA, ADR). This section also mentions the machine learning task used in the paper
(i.e., machine learning task).

Lastly, we considered it to be more intuitive for this review to have information about Study aim at the
beginning, and therefore, the conventional order of the columns has been shifted, yielding SPICMO (study aim,
population, intervention, comparisons, methodology, and outcomes) as a result.
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1.1. Data details table

This table accounts for details of the datasets, as well as specific subsets, used in the reviewed studies. It is
structured as follows:

Data set size: Number of participants or samples, including details on number of words, or number of
hours recorded, when available.

Data type: With two distinctions: a) writings, audio recordings and/or transcripts (abbreviated as per
Table 2); b) monologues or dialogues. Monologues, in turn, are divided into spontaneous, narratives
and answers to cognitive tests (most frequently fluency task), while dialogues are subdivided into three
groups: structured, semi-structured, and conversational. When available, information about transcription
(i.e., software used, manual versus automatic) is included.

Other modalities: Such as video, cognitive scores or motor measurements, when applicable (“NA” is
written otherwise).

Data annotation: Group labels available in the data, corresponding with what was described in the com-
parison groups column of the SPICMO table. It includes groups’ n, i.e., group size, as well as groups’ m,
i.e., number of speech/test samples per group, as sometimes these two figures differ (e.g., in longitudinal
studies).

Data balance: Whether the dataset or subset used in the study is balanced in terms of age, gender, and
education. It accounts for dataset balance, within class balance and between class balance when applicable
(see “keys to table interpretability”, above, for acronyms). If a feature is not reported in the table, this is
because it was not reported in the article.

Data availability: Whether the data used in the study is available to the wider research community.
Language: Language in which the dataset was collected, including country of origin, since many languages
are spoken in more than one country.

Names of particular datasets are underlined (e.g., Pitt) The second table aims to provide the community with
benchmark information about current databases and their availability, in order to highlight recurrent gaps that
future research projects should target when designing their data collection procedures.
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1.2 Methodology table

This table summarizes the features and methods employed in the reviewed studies. It is structured as follows:

Pre-processing: Where available, this column describes the procedures undertaken on text and audio data
as preparation steps for subsequent analysis. before. For text, this includes transcription (manual or ASR),
tokenization, removal of unanalyzable events and stopwords, and so on. For audio, this includes background
noise removal, normalization, speaker diarization.

Feature generation: Whether the features were generated from raw data through text analysis and/or
through acoustic analysis, followed by more specific subcategories as per the taxonomy described in
Table 1. When reported, this column also includes the paper’s approach to reduce the extracted feature set,
essentially either selection or extraction. On the one hand, ’filtering’ selection uses extrinsic criteria, such
as information gain or, commonly, p-values (i.e., whether the differences between the experimental groups,
e.g., AD and HC, for a particular feature are statistically significant or not); whereas 'wrapping’ selection
uses a cross-validation model that searches through the power set of features. On the other hand, feature
extraction entails creating a new reduced feature set by combining or transforming the original one with
method such as PCA, LSA, clustering, or ADR.

ML task/method: Supervised versus unsupervised learning. Task: clustering, classification, regression.
Method: clustering algorithm, classifiers and regression method as per Table 3. This column also includes
information on the number of classes that the classifier outputs.

Evaluation technique: Describes four points, when available. First, the baseline against which the study
results are compared (i.e., random guess, neuropsychological scores, different feature sets). Second, the
performance metrics reported by the authors (i.e., acc, Fl, pc, rc, ss, sp, AUC, EER, see Supplementary
Table 3). This will include information about different ASR precision measures, such as WER, where
applicable. Third, the cross-validation technique used. Fourth, whether a test set held out, unused for model
training, and its size.

Results: Numerical results of the selected performance metrics for the baseline and for the fitted model/s.
When multiple metrics are reported, only summary metrics such as EER, acc, FI, and AUC are included
in this column.
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Clinical applicability

This table summarises our assessment of the potential implications and applications of findings of each
reviewed paper as regards research and clinical use. The table is structured as follows:

¢ Research implications:

* Research Novelty: whether at the time of publication the study described a new dataset, proposed a new
set of features, implemented a new method or applied an existing one for a different task;

* Study Replicability: low, partial or full, depending on how well the procedure is described and whether
data or data identifiers are available). Low refers to cases where both data is unavailable and method
description is incomplete or unsatisfactory; partial to cases where either is the case, and full when
both data and methods are available and satisfactorily described.

* Results generalizability: low, moderate and high, depending on whether the analysis is specific to the
task, and/or there have been any extrinsic validation procedures and/or robust evaluation techniques
are in place (i.e., train-test, CV, baseline). Low refers to cases where the analysis is indeed specific
to the task, and therefore difficult to apply to other tasks (e.g., when relying heavily on content
features). In low generalizability studies there are no extrinsic validation procedures (e.g., pilot in
clinical settings) and the evaluation techniques are insufficient (e.g., CV is in place, but no train-test
and/or appropriate baseline comparisons). The improvement of one of these features would bring
the study up to moderate, and further improvements would make its generalizability high. Given
the state of the field, no study is 100% generalizable, hence why we have used this terminology
instead of the same we used for replicability. For generalizability to be high, most conditions need
to be met except for the extrinsic validation, since it is still very uncommon in the field that studies
are carried within a clinical setting.

¢ Clinical potential: External validation is outlined if present. That is, whether the procedure has actually
been attempted in real life (yes); or is, at least, embedded in a device, or the experimental design envisions
realistic clinical testing at some stage (in-design). This column also includes potential applications (i.e.,
early screening for new cases of SCI or similar, monitoring disease progression or supporting diagnosis
of MCI and AD), potential outcomes for global health (i.e., language of study) and potential for the
methodology to be remotely applicable (no, suggested potential, yes when tried or purposefully designed
with that in mind).

Risk of bias: Feature balance (no/partial/yes), suitable metrics (yes/no, i.e., whether metrics other than
overall accuracy are reported when data are class-imbalanced), contextualized results (yes/no, i.e., whether
an appropriate baseline is provided in order to put results into perspective), overfitting (yes/no, i.e., whether
cross-validation and/or hold-out set procedures are implemented). With regards to sample size, we specify
three ranges that ranges: ds < 50, ds < 100 and ds > 100.

Strengths/Limitations: Several characteristics are listed with a yes/no answer, “yes” indicating strength
and “no” indicating limitation. These characteristics are:

* spontaneous speech: speech data is naturally generated, generated in response to an open-answer ques-
tion or a narrative task, or generated in response to a scripted cognitive task (i.e., verbal fluency or
counting). Speech is considered spontaneous when it is natural and when its prompted by open-
answered or narrative tasks. That is, for example, the Cookie Theft picture description would
be spontaneous (although not natural), whereas reading sentences from a screen saying as many
animals as possible within 60 seconds is not spontaneous (nor natural).

* conversational speech: whether the study includes dialogue data or only monologue.

* automation: the only characteristic that observes a *middle’ stage. Method automation can be labeled
as no, when the only automated procedure is the ML task; partial, when aspects of the procedure
other than the ML task, such as feature set reduction, are also automated; or fotal, when everything
is automated including preprocessing (e.g., ASR is used for transcription).



* content-independence: whether the model for feature generation relies heavily on content features of
the data (e.g., lexical or high level n-gram are often closely related to the way in which spoken
language was prompted).

* Transcription-free: text analysis usually requires transcripts. Whether manual or ASR, transcribing
procedures entail many restrictions. Manual transcription is time-consuming, whereas ASR tran-
scription have limited performance on impaired speech, and they need to be trained to a specific
language, therefore adding an extra step to the method.
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