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Background: Changes to speech and language are common
symptoms across different subtypes of frontotemporal dementia
(FTD). These changes affect the ability to communicate, im-
pacting everyday functions. Accurately assessing these changes
may help clinicians to track disease progression and detect re-
sponse to treatment.

Objective: To determine which aspects of speech show significant
change over time and to develop a novel composite score for
tracking speech and language decline in individuals with FTD.

Method: We recruited individuals with FTD to complete remote
digital speech assessments based on a picture description task.
Speech samples were analyzed to derive acoustic and linguistic
measures of speech and language, which were tested for longi-
tudinal change over the course of the study and were used to
compute a novel composite score.

Results: Thirty-six (16 F, 20 M; Mage = 61.3 years) individuals
were enrolled in the study, with 27 completing a follow-up as-
sessment 12 months later. We identified eight variables reflecting
different aspects of language that showed longitudinal decline in
the FTD clinical syndrome subtypes and developed a novel
composite score based on these variables. The resulting

composite score demonstrated a significant effect of change over
time, high test–retest reliability, and a correlation with standard
scores on various other speech tasks.

Conclusion: Remote digital speech assessments have the potential
to characterize speech and language abilities in individuals with
FTD, reducing the burden of clinical assessments while provid-
ing a novel measure of speech and language abilities that is
sensitive to disease and relevant to everyday function.
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bvFTD= behavioral variant frontotemporal dementia. FTD =
frontotemporal dementia. HC= healthy controls. ICC= intra-
class correlation. PPA= primary progressive aphasia. WLA=
Winterlight Assessment.

Frontotemporal dementia (FTD) is a progressive neu-
rodegenerative disease that is caused by atrophy of the

frontal and temporal lobes, resulting in a set of clinical
subtypes with differing behavioral, cognitive, and motor
symptoms (Convery et al, 2019; Ljubenkov and Miller,
2016). Progressive speech and language deficits are a key
clinical feature of FTD, with different symptoms being
used to differentiate subtypes of primary progressive
aphasia (PPA): nonfluent/agrammatic variant PPA, se-
mantic variant PPA, logopenic variant PPA (Gorno-
Tempini et al, 2011), and behavioral variant fronto-
temporal dementia (bvFTD) (Geraudie et al, 2021; Hardy
et al, 2016).

Speech and Language Changes in FTD Subtypes
Nonfluent/agrammatic PPA is associated with re-

duced fluency of speech, word-finding difficulty, agram-
matism, and apraxia of speech; semantic PPA is associated
with a loss of word meanings, resulting in naming diffi-
culties and a loss of semantic knowledge (Gorno-Tempini
et al, 2011); and logopenic PPA is associated with de-
creased speech output and impairments in naming and
repetition. Logopenic PPA has been associated with
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Alzheimer’s pathology (Etcheverry et al, 2012; Henry and
Gorno-Tempini, 2010; Montembeault et al, 2018; Rohrer
et al, 2013). Historically, bvFTD has been associated with
mild or absent language impairments, but newer research
has increasingly highlighted that speech and language
deficits exist in bvFTD and in FTD–ALS (frontotemporal
dementia with amyotrophic lateral sclerosis) spectrum
disorder (Hardy et al, 2016; Luzzi et al, 2020; Nevler et al,
2017; Nevler, Ash, McMillan, et al, 2020; Rogalski et al,
2011; Saxon et al, 2017).

Speech and Language Assessments in FTD
Assessing speech and language abilities in in-

dividuals with FTD is important for determining disease
subtype and for tracking disease progression. The addition
of language and behavioral scales to the Clinical De-
mentia Rating Scale (Morris, 1993) has resulted in an
improved clinical tool, the CDR plus NACC FTLD
(Clinical Dementia Rating plus NACC frontotemporal
lobar degeneration; Miyagawa et al, 2020), for identifying
and characterizing FTD even in its early stages.

Automated speech analysis has been used to train
and test classification models that are capable of differ-
entiating individuals with FTD from healthy controls
(HC), or between the subtypes of FTD, with accuracies of
80–90%, supporting the rationale that digital language
tracking and analysis can aid in dementia diagnosis (Cho
et al, 2020, 2022; Cho, Nevler, Ash, et al, 2021; Fraser
et al, 2014, 2015; Jarrold et al, 2014; Parjane et al, 2021;
Zimmerer et al, 2020). Recent studies have begun to use
automated analysis tools to profile the specific speech and
language changes in FTD subtypes in more detail (Cho,
Nevler, Ash, et al, 2021; Nevler et al, 2019; Nevler, Ash,
McMillan, et al 2020) and have identified changes such as
decreased speech output and lower lexical diversity, which
are common across subtypes (Cho, Nevler, Ash, et al,
2021). An ongoing study analyzing digital content-free
speech data, language, and tone may provide equally
important insights for diagnosis and care management
(Tonn et al, 2020).

Longitudinal studies in FTD, such as the ALLFTD
study (https://www.allftd.org/) and the GENFI (https://
www.genfi.org/), indicate that language assessments, in-
cluding naming tests, fluency tests, and reading tests, are
useful for identifying language impairments in individuals
with FTD and for differentiating subtypes (Ash et al,
2019; Rohrer et al, 2013; Staffaroni et al, 2021). The ap-
plication of automated speech analysis tools in longi-
tudinal data sets has been limited in previous research,
although one study indicated that these methods may be
useful for characterizing longitudinal changes in speech
output and pause rate in individuals with bvFTD (Nevler,
Ash, Cho, et al, 2020).

Assessing speech and language abilities in in-
dividuals with FTD is, therefore, an ideal area for the
development of novel tools for remote assessment and
monitoring of FTD in support of clinical assessment
(Babrak et al, 2019; Coran et al, 2019; Coravos et al, 2019;
Gold et al, 2018). Speech assessments can be completed

quickly at home, with little instruction, via a smartphone
or tablet, and advances in signal processing and natural
language processing algorithms have the potential to
provide greater insight into speech and language abilities
using objective, automated tools.

Current Study
Building on this research that provides a proof-of-

concept of how automated speech analysis can be used to
characterize FTD, in the present study, we collected
speech assessments remotely from individuals with FTD
over the course of 12 months. We used an app-based
speech assessment that included brief tasks based on
clinical standards, including picture description, reading,
fluency, and naming. We analyzed the speech recordings
using an automated pipeline that generates both acoustic
and linguistic variables representing different aspects of
speech and language patterns. Using these data, we iden-
tified variables that showed longitudinal change and cre-
ated a novel speech-based composite score to measure
language abilities in individuals with FTD.

METHOD

Participants
We recruited individuals via the Association for

Frontotemporal Degeneration, FTD researchers, and FTD
clinics in Canada and the United States. Individuals who
expressed interest in our study were contacted by a member
of theWinterlight research team to confirm study eligibility.
Inclusion criteria included male or female individuals be-
tween the ages of 45 and 90 years who were native or fluent
English speakers; had a physician-confirmed diagnosis of
bvFTD and/or nonfluent/agrammatic PPA, semantic PPA,
or logopenic PPA within the last 12 months; and consented
to have their physician release clinical information about
their FTD diagnosis.

Additional inclusion criteria were the ability to
consent to the study or provide consent from a legally
authorized representative, have an available and willing
relative or study partner to help administer the speech
assessment, and have WiFi access in their residence and a
private area where testing could take place. Exclusion
criteria included the occurrence of a concussion or trau-
matic brain injury in the past 12 months and significant
uncorrected hearing or vision impairments.

A member of the research team contacted each in-
dividual’s physician, who provided written verification of
the individual’s diagnosis and identification of FTD sub-
type. Because individuals were recruited remotely without
a visit to a clinical site, we were unable to perform addi-
tional diagnostic assessments.

We collected data from March 2019 to September
2020, with up to 12 months of data collection for each
individual. No concurrent control individuals were re-
cruited to participate in the study. However, healthy in-
dividuals who had been assessed using the same speech
assessment in an independent study that was conducted by
the same researchers were included as a comparison
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group. The HC consisted of community-dwelling older
adults who had volunteered to take part in a normative
speech assessment study that used the same assessment
and stimuli at baseline.

The study protocol was reviewed and approved by
the Advarra independent ethics review board, and all in-
dividuals and their study partners provided informed
consent to participate.

Procedure
The study was a remotely conducted, observational,

longitudinal study with a 12-month observation period. An
individual’s enrollment was confirmed upon acquisition of
informed consent, release of medical information, and a
completed clinical information form confirming a diagnosis
of either bvFTD and/or PPA (all variants) by the individual’s
physician.

Depending on the individual’s level of function, in
most cases, a study partner was recruited to help admin-
ister and supervise the assessment. Upon enrollment, the
study partner was sent a preconfigured, locked iPad. The
individuals and their study partners were provided with
training videos and written assessment instructions that
described how to conduct the assessment at home.

After each individual and his or her study partner
reviewed the material, they completed the first assessment
with phone supervision and feedback from a member of
the research team. Study partners were instructed that they
could provide prompting and clarification to the in-
dividual during completion of the tasks, if necessary. If
there were any difficulties in the assessment, such as
technical issues using the app or clarifications needed to
the instructions, the study partner was able to receive
clarification from the team member and repeat the base-
line assessment, if necessary. We also provided the in-
dividuals and their study partners with the email and
phone contact information of the Winterlight technical
support team for the duration of the study. Individuals
were able to use the iPad for personal use and could keep
the device at the end of the study as an incentive for
participation.

The study consisted of periodic digital speech as-
sessments that were administered via the Winterlight app
and with study partner assistance, if needed. The in-
dividuals completed the speech assessment at a total of six
time points: at baseline, 2 months, 3 months, 6 months,
9 months, and 12 months. No other clinical assessments
were conducted.

Speech Assessment
The Winterlight Assessment (WLA) was developed

to record and analyze speech via an app on a smartphone
or tablet; it has been used in previous normative studies
and clinical trials (Balagopalan et al, 2019; Robin et al,
2021; Simpson et al, 2019). The WLA is an investigational
product that is used only for research purposes. It has not
yet been approved by the US Food and Drug Admin-
istration.

The WLA consists of a series of speech tasks in
which individuals are prompted to produce speech; this
speech is recorded through the smartphone’s or tablet’s
microphone. In the present study, the WLA included six
speech tasks that took an average of 10–15 minutes to
complete. All of the tasks were conducted in English. The
included speech tasks are based on neuropsychological
speech and language assessments, including picture de-
scription, paragraph reading and recall, phonemic fluency,
semantic fluency, and object naming. The stimuli for each
task varied across time points, but the assessment always
contained all of the tasks in the same order. The in-
dividuals were encouraged to complete the assessment in
one session but were allowed to take breaks if needed.
Once an assessment was started, the speech task com-
pletion rate was very high, with 97% of all tasks being
completed. The focus of the present research is on the
picture description task.

Picture Description Task
In the picture description task, the instruction,

“Please tell me everything you see in this picture” is pre-
sented visually and auditorily; then, a static line drawing
of a scene is displayed on the screen (Figure 1). Individuals
are expected to describe the picture in their own words,
with no time limit, and are recorded. After the recording is
completed, a second prompt asks, “Can you tell me
anything else about this picture?” Tasks of this type have
been shown to be good proxies for spontaneous discourse
and are used in standard aphasia assessments (Borod et al,
1980; Giles et al, 1996).

The WLA includes six unique and proprietary pic-
tures that were developed specifically for the WLA. They
were designed to match the Cookie Theft picture (from the
Boston Diagnostic Aphasia Examination; Goodglass et al,
2001) in lexico-syntactic complexity and amount of in-
formation content but depict more modern and varied
scenes. Every picture depicts a black and white line
drawing of a scene with a similar number of characters,
salient actions, and objects.

At each time point in our study, the individuals were
required to complete two picture descriptions using dif-
ferent picture stimuli. The picture stimuli were alternated
across assessments to reduce any practice effects. Thus,
two different stimuli were used at each of the assessments
at months 1, 2, and 3, and then each set was repeated in
the same order for the assessments at months 6, 9, and 12.

Because this task most closely approximates natural,
unstructured speech, the focus of this paper is on speech
analysis of the picture description task. There was no time
limit for this task, allowing the individuals to speak nat-
urally and to end the recording when they felt they had
described the picture in as much detail as possible.

Data Analysis
Speech Variable Extraction

We used the Winterlight Labs speech analysis plat-
form (Robin et al, 2021; Yeung et al, 2021) to analyze each
individual’s speech recordings. The speech recordings were
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first processed through a manual transcription platform.
The generation of annotations such as speaker segmenta-
tion, transcription, and utterance segmentation was per-
formed by trained raters using a standard protocol and
custom software. An utterance is defined as an idea or unit
of thought that can be equivalent to a phrase or a complete
sentence (eg, I saw a cat is one utterance, whereas I went into
the house/because it was raining is two utterances, with the
boundary indicated by the slash). Raters listened to each
recording and generated a text transcript of each in-
dividual’s speech, including annotations for filled pauses
(eg, um, uh), unfilled (silent) pauses, and unidentifiable
words. Any speech from other speakers was identified and
was removed from all of the recordings and transcripts.

The transcripts and preprocessed sound files were
then used to generate speech variables using the Winter-
light Labs pipeline (www.winterlightlabs.com), which uses
Python-based acoustic and natural language processing
libraries and custom code to compute >500 speech vari-
ables based on each speech recording and its accom-
panying transcript. An overview of all variables by
category is provided in Table S1 of the supplementary
digital content (SDC; http://links.lww.com/CBN/A132).

Next, each transcript was aligned to the audio re-
cording, and both were used to produce speech variables,

based on the audio recording, the transcript, or both.
These variables reflect the acoustic (eg, properties of the
sound wave, speech rate, number of pauses), lexical (eg,
rates and types of words used, as well as their character-
istics, such as frequency and imageability, which reflect
how commonly words are used and how easy they are to
picture, respectively), semantic (relating to the meaning of
the words; eg, semantic relatedness of subsequent utter-
ances, semantic relatedness of utterances to the items in
the picture), and syntactic (relating to the grammar of the
sentences; eg, syntactic complexity, use of different syn-
tactic constructions) aspects of the speech sample.

Open source packages used to extract variables in-
clude SpaCy for parts-of-speech tagging and morpho-
logical variables, the Stanford NLP parser for syntactic
variables (Chen and Manning, 2014), Praat and Parsel-
mouth for acoustic variables (Jadoul et al, 2018), and
GloVe and FastText models for semantic variables (Bo-
janowski et al, 2016; Pennington et al, 2014). The pipeline
also uses custom code to compute additional variables
based on the transcript and audio file using lexical norms
from previous publications (Brysbaert and New, 2009;
Kuperman et al, 2012; Stadthagen-Gonzalez and Davis,
2006; Warriner et al, 2013) or previously published models
and variables (Mota et al, 2012). Custom variables for

FIGURE 1. Schematic of the picture description task, part of the Winterlight Assessment, including all picture stimuli that were
used in the study. Each assessment included two picture description tasks, using two distinct pictures. Picture stimuli are copyright
of Winterlight Labs, Inc. and are used with permission for informational and descriptive purposes only. Reproduction of images for
research or commercial use is prohibited.
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each speech task are also computed (eg, computing the
number of correct items named in each picture for the
picture description task).

Statistical Analysis
We used R Statistical Software version 4.1.1, with R

packages tidyverse 1.3.1 (Wickham et al, 2019) for data
cleaning and processing, lmerTest 3.1-3 (Kuznetsova et al,
2017) for linear mixed models, irr 0.84.1 for intraclass
correlation (ICC) tests, and ggplot2 3.3.5 for visual-
izations for the statistical analyses.

Variable Identification
To identify the speech variables in the picture de-

scription task that demonstrated significant decline over
time, we employed an exploratory, data-driven approach
to test all of the extracted speech variables for significant
linear changes over the time period of the observational
study in the patient population. We first averaged the
values for each variable across the two pictures at each
time point and then standardized each speech variable
with reference to the group mean and standard deviation.

Using linear mixed models with the fixed effects of
time (in months), age at enrollment, sex, stimulus version
(which varied across the time points), and random inter-
cepts to account for baseline individual variations, we
tested each variable for significant effects of time (P <
0.05), indicating significant change over the course of the
study. Due to the exploratory nature of this step, we did
not perform multiple comparison correction. Based on
previous and internal unpublished research, we chose to
control for the effects of age, sex, and stimulus version in
the linear model because variations in these factors have
been shown to affect speech and language patterns (Cho,
Nevler, Shellikeri, et al, 2021). Due to incomplete data on
years of education and time since diagnosis, we did not
add these factors to the models.

Variable Verification
To further refine the set of speech variables, we se-

lected those variables that showed consistent scores across
the first three time points. To do so, we tested the ICC
between the variable scores at months 1, 2, and 3. Variables
that had significant ICCs >0.5 (P < 0.05) between the first
three time points (which occurred within 2 months of one
another) were selected as having moderate or higher test–
retest reliability (Koo and Li, 2016). From this set of speech
variables, we eliminated redundant variables based on
whether ≥2 of the variables had very high correlations
(r > 0.9) and measured similar constructs to one another. In
cases where two variables were correlated (r > 0.9), we se-
lected the variable that had a greater effect of time in the
linear model and removed the other variable.

Composite Score Development
To combine the selected set of variables, we assigned

equal positive or negative weights based on the direction
of the time effect and summed the standardized variables
to create a single composite score. To validate this score,

we used linear mixed models to test for the effect of change
over time and tested the test–retest reliability over the first
three time points using the ICC.

Comparison With HC Group
We processed the speech data from the HC in the

same way as the speech data from the FTD group. The
values for each of the selected variables were averaged
across the two pictures at the baseline assessment and were
standardized with reference to the group means and
standard deviations that we calculated for the FTD group,
so that values were comparable across groups on the same
scale. The composite score was computed in the identical
way for the HC. The demographics of the HC were
compared to the demographics of the FTD group using a
two-sample t test for age and a χ2 test for sex.

Comparison With Speech Task Scores
We developed custom variables for each speech task

(ie, picture description, paragraph reading and recall,
phonemic fluency, semantic fluency, and object naming) in
order to provide an accuracy score for each task in the
speech assessment. For picture description, scoring in-
volves calculating the ratio of how many items in the
picture were correctly named out of all of the items in each
picture. For paragraph reading, scoring involves calcu-
lating the word error rate by dividing the number of de-
viations from the paragraph text by the total number of
expected words. For paragraph recall, scoring involves
calculating a recall score by assessing the proportion of
story details that were remembered correctly. For phone-
mic and semantic fluency, scoring involves counting how
many words were correctly generated in 60 seconds based
on the prompt (ie, first letter for phonemic fluency, se-
mantic category for semantic fluency). For object naming,
scoring involves calculating a naming score by assessing
the proportion of correctly named images out of the three.

All of these scores were automatically computed
based on the speech transcripts using custom code. Cor-
relations between the standardized speech composite score
and the standardized speech task scores were computed at
baseline using Pearson correlations.

RESULTS

Participants
We enrolled 36 individuals (16 female, 20 male) in

the study. Enrollment began in December 2018 and con-
tinued until December 2019. The mean age at enrollment
was 61.3 years (SD = 8.7, range = 45–81). For the in-
dividuals who provided information on years of educa-
tion, the mean years of education was 16.1 years (SD =
2.1, range = 12–20; 7 individuals did not provide educa-
tion data). Based on the clinical information forms that we
obtained from the individuals’ physicians, individuals had
been diagnosed an average of 1.1 years before starting the
study (SD = 1.2, range = 0–5 years; 3 individuals did not
disclose time of diagnosis).
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Twenty-one individuals (58.3%) were identified by
their physician report as having bvFTD, and nine (25%)
were identified as having a variant of PPA. Four of the
cases of PPA were identified as having logopenic PPA,
three as having semantic PPA, and two with the variant
not specified by their physician. The other six individuals
were identified as having both bvFTD and PPA, three of
whom were identified as having semantic PPA, one as
having nonfluent PPA, and two with no variant specified.
For the purposes of our study, we labeled these individuals
as mixed diagnosis. A summary of the number of in-
dividuals per FTD subtype is provided in Table 1.

All of the individuals and the study partners were
able to operate the technology and understand how to
complete the assessment; none of the individuals needed
to repeat the assessment. Twenty-seven individuals
(75%) completed the month 12 assessment. Of the nine
individuals who did not complete the study, one in-
dividual did not complete any assessments after month 1
and did not respond to further contact attempts; three
individuals withdrew due to severe decline in function
and/or no longer being able to participate; three in-
dividuals were unable to complete the study due to
factors relating to the COVID-19 pandemic, including
not being able to have visitors in care homes in cases in
which a care partner helped administer the assessment;
and two individuals were late enrollments in the study
(beginning the study in 2020) and therefore were unable
to complete all of the assessments at the time of study
termination.

The HC baseline comparison group included 41
individuals (25 female, 16 male, Mage = 62 years, range =
50–81 years) with a similar age range to the FTD group.
All of the HC reported no neurologic or psychiatric di-
agnoses and completed the Montreal Cognitive Assess-
ment (Nasreddine et al, 2005) screening test at baseline
with a score ≥26 points, consistent with the threshold for
no cognitive impairment.

Variable Selection
Based on linear mixed models including the factors

of time, age at enrollment, sex, and stimulus version, 23
speech variables from the picture description task showed
nominally significant (P < 0.05) effects of time at the
group level. Of these 23 variables, 10 had moderate or
higher ICCs (ICC > 0.5, P < 0.05) between the values at
months 1, 2, and 3, suggesting good test–retest reliability.

After removing the redundant and very highly corre-
lated (r > 0.9) speech variables, we identified eight speech
variables (Table 2) as being sensitive to change over time and
reliable across multiple assessments. (The variables with
significant effects of time that were subsequently excluded
from the final composite score are provided in SDC Table S2;
http://links.lww.com/CBN/A132.) The eight variables were all
reflective of the linguistic and timing properties of speech,
including total words, unfilled pauses, noun frequency, use of
noun phrases and prepositional phrases, a measure of in-
formation content, and measures relating to the graphical
structure of the language produced.

Total words and unfilled pauses represent the pro-
portion of speech to silence in the recordings.Noun frequency
refers to how common, or frequently used, the nouns in the
transcript were, on average. Two syntactic variables related
to the use of noun and prepositional phrases, representing
more complex sentence structures that contained multiple
phrases and described relationships between items.

The information units (subjects) score, a custom
computed score that counts the number of subjects (people
or characters) that are accurately described for each pic-
ture, based on a list of key words for each picture stimulus,
provides a measure of information richness and com-
pleteness of description. Finally, the graph measures
are derived from using graph theoretical measures to map
the co-occurrence patterns between successive words in the
individual’s description, and the diameter and density
relate to the organization and repetition found in the
participant’s language (Mota et al, 2012, 2017).

TABLE 1. Number of Participants by FTD Subtype who Completed Each Assessment

Assessment

FTD Subtype Baseline (Month 1) Month 2 Month 3 Month 6 Month 9 Month 12

bvFTD 21
7 F/14 M
Mage = 59.2 years

20 21 21 16 14

lvPPA 4
3 F/1 M
Mage = 57.0 years

3 3 3 3 2

svPPA 3
1 F/2 M
Mage = 69.7 years

3 3 3 3 3

Mixed/other 8
5 F/3 M
Mage = 65.9 years

8 7 6 7 8

Mixed/other diagnosis includes PPA (unspecified variant) and bvFTD + PPA.
bvFTD = behavioral variant frontotemporal dementia. lvPPA = logopenic variant primary progressive aphasia. svPPA = semantic

variant primary progressive aphasia.
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TABLE 2. Effects of Time and Test–Retest Reliability for Selected Speech Variables Showing Significant Effects of Time in the Picture Description Task, Based on Linear
Mixed Models, and the Resulting Composite Score

Speech Variable Name Speech Variable Description

Change From Baseline to
12-month Endpoint

M (SD)

Effect Time, Controlling for
Age, Sex, and Stimulus

(β)
ICC Between

Months 1, 2, and 3

Total words Ratio of the number of words to total annotations
(eg, words, pauses, non-words) in the transcript

–0.181 (0.396) –0.012, P = 0.03 0.65, P < 0.001

Unfilled pauses Ratio of the number of silent pauses to total
annotations (eg, words, pauses, non-words) in the
transcript

0.203 (0.435) 0.015, P = 0.01 0.66, P < 0.001

Noun frequency Average frequency score for all nouns in the
transcript, representing the estimated frequency of
usage of nouns; a measure of vocabulary
complexity

0.200 (0.458) 0.013, P = 0.03 0.66, P < 0.001

Use of noun phrases containing a
noun phrase and a prepositional
phrase

Ratio of this syntactic construction to all syntactic
constructions in the transcript; a measure of
syntactic complexity

–0.060 (0.762) –0.024, P = 0.02 0.50, P < 0.001

Use of prepositional phrases
containing a preposition and a
noun phrase

Ratio of this syntactic construction to all syntactic
constructions in the transcript; a measure of
syntactic complexity

–0.171 (0.593) –0.017, P = 0.03 0.64, P < 0.001

Information units (subjects) Ratio of distinct subjects described in the picture to
the total number of subjects contained in the
picture; a measure of information content

–0.713 (0.725) –0.019, P = 0.04 0.55, P < 0.001

Graph diameter (undirected) Length of the longest shortest path between all node
pairs in the undirected graph representation of the
transcript; a measure of language organization/
complexity

0.115 (0.584) 0.019, P = 0.01 0.58, P < 0.001

Graph density Number of edges in the graph representation of the
transcript divided by the number of nodes squared;
a measure of language organization/complexity

0.013 (0.111) 0.005, P = 0.03 0.54, P < 0.001

FTD speech composite score Linear combination of the selected variable above,
designed to measure progressive changes in
language using a single score

–0.306 (0.449) –0.026, P < 0.001 0.79, P < 0.001

FTD = frontotemporal dementia. ICC = intraclass correlation.
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Composite Score Development
Based on the direction of the time effect, we assigned

equal positive or negative weights to the selected variables,
which were already standardized to be on the same, unit-
free scale. Then, we summed the eight variables in order to
create a single composite score that is designed to measure
change in language patterns over time in individuals with
FTD. The effect size of the change over time effect for the
FTD speech composite score was numerically larger than
the effect size of any of the single selected variables from the
picture description task (Table 2). The composite score had
a high ICC between the first three assessments, again higher
than that of any single selected speech variable in the
previous analyses. As shown in Figure 2, on average,
the composite score followed a decreasing trajectory over
the 12 months of the study despite some variability at the
2- and 3-month time points and in individual performance.

Comparison With HC
Because our study did not include a concurrent

control group, we compared HC who had been assessed
using the same speech assessment in an independent study
to the FTD group at baseline. The HC group did not
differ significantly from the FTD group based on age (t =
0.27, df = 70, P = 0.79) or sex (χ2 = 1.49, df = 1, P = 0.22).

As shown in Figure 3, on average, the FTD group
had lower composite scores than the HC at baseline (FTD
group: Mscore = 0.13, SD = 0.51; HC group: Mscore = 0.67,
SD = 0.29), representing increased speech impairment in
the FTD group. A two-sample t test comparing the FTD
and HC groups indicated a statistically significant group
difference (t = 5.59, df = 55, P < 0.001). There was also
more variation in the FTD group, with some of the lowest
scores for individuals with logopenic PPA, and some of
the individuals with bvFTD achieving scores that were
consistent with more mild impairments.

Comparison With Speech Task Scores
To compare the novel FTD speech composite score

with scores from the speech tasks in the WLA, we calcu-
lated correlations at baseline between the FTD speech
composite score and the automatically computed scores
for the picture description, paragraph reading, paragraph

recall, phonemic fluency, semantic fluency, and object
naming tasks (Figure 4). As described in the Method
section, the standard scores are automated ways to score
accuracy on each task (eg, number of words correct). The
FTD speech composite score was positively correlated
with all of the speech task scores, with the strongest
correlation with the picture description task score (r =
0.73, df = 34, P < 0.001), followed by the object naming
task score (r = 0.60, df = 34, P < 0.001), fluency task
scores (phonemic fluency: r = 0.58, df = 34, P < 0.001;
semantic fluency: r = 0.57, df = 34, P < 0.001), and
paragraph recall task score (r = 0.51, df = 34, P = 0.002).
Only the correlation between the FTD speech composite
score and the paragraph reading score (r = 0.27, df = 34,
P = 0.11) did not reach significance.

DISCUSSION
We demonstrated the feasibility of using a remote

digital speech assessment to evaluate speech and language
patterns in individuals with subtypes of FTD over the
course of 12 months. Remote monitoring using digital
tools provides new possibilities for clinical research, al-
lowing assessment at higher frequency, with lower patient
burden, without requiring in-person visits or lengthy
clinical testing, which is of particular importance due to
the debilitating nature of FTD (Coravos et al, 2019;
Kourtis et al, 2019). Owing to its remote design and the
use of a study partner, our study was able to maintain high
study adherence and an individual retention rate of 75%
during the COVID-19 pandemic while in-hospital assess-
ments were limited or unavailable.

Using a data-driven analysis approach, we identified
aspects of speech that showed significant changes over the
course of the 12-month study, based on recordings of a
naturalistic picture description task. Overall, we found
that a number of characteristics of the picture descriptions
changed over the course of the study period in the FTD
group, including the amount of speech, the types of words
and sentences used, and the content of the speech itself.
These changes are consistent with previous research re-
porting shorter, simpler forms of speech being used by
individuals with FTD and other dementias, with impaired

FIGURE 2. Change over time for the standardized FTD speech composite score. A. Group average change relative to baseline, with
error bars showing the standard error of the mean change. B. Individual performance on the composite score for each individual in
the study. Units represent the change from baseline. FTD = frontotemporal dementia.
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content and organization (Ash et al, 2006; Cho et al, 2020;
Cho, Nevler, Ash, et al, 2021; Fraser et al, 2014; Guna-
wardena et al, 2010; Hardy et al, 2016; Nevler et al, 2017;
Nevler, Ash, McMillan, et al, 2020; Poole et al, 2017).

We combined the variables that were identified as
being most sensitive to change over time to form an ex-
ploratory composite measure to assess speech and lan-
guage changes in individuals with FTD. The FTD speech
composite score therefore captures multiple aspects of
speech changes in individuals with FTD, including
changes to the amount of speech and to the types and
content of language used. The FTD speech composite
score was sensitive to changes over 12 months in this
heterogeneous group of individuals with FTD, had good
test–retest reliability, and correlated with scores on other
speech tasks. When compared with a group of HC, the
FTD group had lower speech composite scores at baseline,
suggesting that their speech impairments were present and
detectable at study enrollment.

Although this composite score requires further clin-
ical validation, our study serves as a first step in devel-
oping a novel digital measure for assessing longitudinal
changes in speech and language symptoms in individuals
with FTD, which could allow for more frequent, remote,
low patient burden, and sensitive measurement of disease
progression or improvement in individuals with FTD. As
such, this novel digital measure illustrates how digital
speech measures may be used to assess language ability
across FTD subtypes and to complement current assess-
ments by providing a naturalistic speech assessment that
can be completed at home with a study partner.

Interpretation of Speech Changes
In order to interpret the aspects of speech that are

captured by the FTD speech composite score, we discuss
the component variables in turn. Over the duration of the
study, the mean total number of words decreased and the
mean number of unfilled (silent) pauses increased. These
variables indicate that over 12 months, individuals with

FIGURE 3. Baseline scores for the FTD speech composite score,
based on the picture description task. For reference, FTD scores
were compared with the scores from a group of HC with a
similar age distribution to the FTD group. Dots represent each
individual’s score, color-coded by FTD subtype or HC, and the
box plot indicates the median score and distribution (25% and
75% quantile) for the FTD and HC groups. Units are based on
standardizing the component variables with reference to the
mean and variation in the FTD group, with lower scores in-
dicating increased language impairment. bvFTD = behavioral
variant frontotemporal dementia. FTD = frontotemporal de-
mentia. HC = healthy controls. lvPPA = logopenic variant
primary progressive aphasia. svPPA = semantic variant primary
progressive aphasia.

FIGURE 4. Correlations between baseline scores on the speech composite and baseline accuracy scores on the speech tasks
included in the assessment. Scores have been standardized for comparison purposes, with higher scores indicating better per-
formance. bvFTD = behavioral variant frontotemporal dementia. FTD = frontotemporal dementia. lvPPA = logopenic variant
primary progressive aphasia. svPPA = semantic variant primary progressive aphasia.
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FTD produced shorter descriptions of the pictures in the
picture description task and paused more frequently dur-
ing their descriptions, thereby replicating the findings from
previous research reporting reduced speech output and
increased pausing in FTD subtypes (including bvFTD)
and progression of this pattern over time (Ash et al,
2019; Cho et al, 2020; Hardy et al, 2016; Nevler et al,
2017, 2019; Nevler, Ash, Cho, et al, 2020; Poole et al,
2017; Saxon et al, 2017; Yunusova et al, 2016).

A number of variables representing the content and
structure of language were also found to change over time
in the FTD group. The average frequency of nouns in-
creased over the course of the study, indicating that more
common nouns were employed as the disease progressed,
which may signify declining vocabularies. In addition, the
use of noun phrases including a prepositional phrase and
the use of prepositional phrases (eg, the boy in the kitchen,
on the counter) both declined over the course of the study.
The decline in the use of these sentence structures may
represent an impairment in the ability to form and de-
scribe relationships between entities in the picture. These
changes in vocabulary and syntax use are consistent with
previous research in both FTD and Alzheimer disease, in
which higher frequency words and simpler syntaxes were
used, resulting in simpler, less precise language (Ash et al,
2019; Cho, Nevler, Ash, et al, 2021; Cousins et al, 2016;
Fraser et al, 2014, 2015; Hardy et al, 2016).

Other variables relating to the content of speech
included an information unit score and graph metrics. The
information unit subject score counted how many of the
subjects in the picture were referred to, out of all subjects
depicted. This score declined over the course of the study,
indicating that the FTD group may have failed to notice
the people in the picture or failed to comply with task
instructions as the study progressed (Hardy et al, 2016).

We observed increases over the course of the study in
graph metrics of discourse reflecting the diameter and
density of the speech graph. In the context of the picture
description task, increases in these scores may reflect in-
dividuals having reduced organization and increased rep-
etition in their language output over the course of the
study (Ash et al, 2006).

Study Limitations
Although the present results provide a proof-of-concept

that longitudinal changes in speech and language patterns
can be measured remotely in individuals with FTD using a
digital speech assessment, there are several limitations to this
work that will require further research and replication. First,
due to the remote recruitment and assessment, we were lim-
ited in the depth and breadth of clinical information that we
were able to collect from the individuals. As such, we were
unable to verify FTD diagnoses and subtypes with in-depth
clinical investigations and had to rely on the information
provided by each individual’s physician. In addition, because
we had incomplete data on years of education and symptom
duration, we did not add these factors to our models.We also
were unable to collect other clinician-administered cognitive
assessments that often serve as primary end points in clinical

trials, biomarker data, or genetic information, which would
have helped to better characterize the individuals and their
disease progression using established methods.

Furthermore, the sample size was small, and the
majority of the individuals were identified as the bvFTD
subtype, which is typically characterized as having more
minor language impairments compared with other sub-
types (Hardy et al, 2016; Poole et al, 2017; Saxon et al,
2017), although other studies have indicated that language
symptoms become more similar across subtypes with
disease progression (Ash et al, 2019; Blair et al, 2007;
Ranasinghe et al, 2016; Rogalski et al, 2011). Because of
this imbalance in the subtypes, we were unable to identify
different speech variables that could differentially track
disease progression in individuals with different FTD
subtypes. Nevertheless, by identifying speech variables
that were affected across the FTD group, we hope to have
developed a more general measure that is sensitive to
FTD-related language impairments and is suitable for use
across FTD subtypes.

Although we followed individuals over a 12-month
period, we did not have comparable longitudinal data
from a matched control group, and not all of the in-
dividuals were able to complete all of the assessments.
Attrition may have been exacerbated by limitations re-
lating to the COVID-19 pandemic, such as the inability
for study partners to visit individuals living in care homes.
Study dropout due to increased disease severity may have
additionally biased the sample toward individuals who
were in the earlier stage of the disease or with less im-
pairment. Future studies with larger samples, more bal-
anced subgroups, more in-depth clinical characterization,
a well-matched control group, and a longer follow-up
period will improve and expand on the current findings.

Limitations of our analytic approach include that this
study employed an exploratory, data-driven method to iden-
tify speech variables that showed significant change over the
course of the study, without correction for multiple compar-
isons. This method risks overfitting to the data and identifying
false positive findings (Type I errors), thus requiring future
replication studies to confirm the reproducibility and clinical
significance of these findings in independent samples.

Both variation in the stimuli across assessments and
the remote nature of the assessment may have contributed
noise to the data, as evidenced by the variability in scores
from the baseline assessment, which was supervised by the
research team over the phone, and the month 2 assess-
ment, which was not (Figure 2). Further work is needed to
compare the results of remote and in-clinic assessments,
though we note that the possible increased frequency of
remote assessment may help to balance the increased
variability that was introduced by at-home testing.

CONCLUSION
We conducted a pilot study of a remote digital

speech assessment that was developed based on structured
speech tasks to monitor speech and language changes in
individuals with FTD. We demonstrated that remote
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tracking of speech and language abilities is feasible in the
context of rapidly progressing dementia, with the use of
tablet-based assessments and basic training of study
partners to administer the assessments. Longitudinal as-
sessment over a 12-month period suggested that auto-
matically computed speech variables are reliable across
repeated testing and may be sensitive to detecting disease
progression.

Future work is needed to further develop speech-
based tools for remote monitoring and to replicate and
validate these findings in larger, more extensive clinically
characterized samples. Larger cohorts will allow us to
more clearly parse the differences between FTD subtypes
and relate speech variables to standard clinical assess-
ments and genetic markers. With the ubiquity of smart-
phones/tablets and high-quality microphones, and the
prevalence of speech and language changes in other neu-
rodegenerative disorders including Alzheimer disease,
Parkinson disease, and amyotrophic lateral sclerosis, re-
mote digital speech assessments have the potential to
make disease detection and monitoring more accessible
and less burdensome for clinicians and researchers.
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