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ABSTRACT

Our research studied relapsing-remitting multiple sclerosis (RRMS). In
half of the RRMS cases, mild cognitive difficulties are present, but often
remain undetected despite their adverse effects on individuals’ daily
life. Detecting subtle cognitive alterations using speech analysis have
rarely been implemented in MS research. We applied automatic
speech recognition technology to devise a speech task with potential
diagnostic value. Therefore, we used two narrative tasks adjusted for
the neural and cognitive characteristics of RRMS; namely narrative
recall and personal narrative. In addition to speech analysis, we exam-
ined the information processing speed, working memory, verbal flu-
ency, and naming skills. Twenty-one participants with RRMS and 21
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gender-, age-, and education-matched healthy controls took part in
the study. All the participants with RRMS achieved a normal perfor-
mance on Addenbrooke’s Cognitive Examination. The following para-
meters of speech were measured: articulation and speech rate, the
proportion, duration, frequency, and average length of silent and filled
pauses. We found significant differences in the temporal parameters
between groups and speech tasks. ROC analysis produced high classi-
fication accuracy for the narrative recall task (0.877 and 0.866), but low
accuracy for the personal narrative task (0.617 and 0.592). The informa-
tion processing speed affected the speech of the RRMS group but not
that of the control group. The higher cognitive load of the narrative
recall task may be the cause of significant changes in the speech of the
RRMS group relative to the controls. Results suggest that narrative
recall task may be effective for detecting subtle cognitive changes in
RRMS.

Introduction

Although complex cognitive decline is initially absent in multiple sclerosis (MS), especially
in relapsing-remitting MS (RRMY), a significant number of patients still have difficulties in
daily life due to the slowdown of the information processing speed, and decrease in directed
attention and memory (e.g. working memory and episodic memory) (Rao, 2004; Sumowski
et al., 2018).

In clinical practice, many methods and tasks have a diagnostic value for one or more
particular disorders to detect cognitive difficulties. For example, verbal fluency (VF) tasks
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are generally used in neurodegenerative diseases. These tasks are a common part of English-
speaking MS assessments because of their sensitivity to the cognitive difficulties in MS,
especially to information processing efficiency (Beatty, 2002; Henry & Beatty, 2006;
Lebkuecher et al., 2021). Some of the VF studies focus on the neural pathways activated
by the fluency tasks (Blecher et al., 2019; Santiago et al., 2007; Woods et al., 2005). The
results of Blecher et al. (2019) showed that the phonemic fluency task activated the dorsal
language stream, and semantic fluency activated the ventral stream. According to Woods
et al. (2005), the action fluency task effectively revealed impairments in the frontal -
striatal-thalamocortical loops. Some parts of these loops are commonly affected in MS
(see Table 1 on the common brain lesions in MS). Other studies suggested that action
fluency frequently shows significant difficulties in MS because of the impairment of the
input and output pathways of the prefrontal cortex (see Santiago et al., 2007). Although
common cognitive tasks — such as VFs - are usually suitable for more than one neurological
disease, not all tasks and methods are suitable for diagnosing or predicting all neural
impairments due to the diverse neurological backgrounds of these disorders.

Language and speech are susceptible to subtle cognitive changes as several cognitive
processes are simultaneously activated during speaking, and even mild difficulties in one of
those processes can cause changes in speech production. The information processing speed
and efficiency has a measurable impact on individuals’ speech parameters (cf. Rodgers et al.,
2013). Identifying the interactions between speech and other cognitive processes and
describing the changes in speech and cognition may have diagnostic significance when
managing and assessing neurodegenerative disorders. To date, only a few studies have
investigated the changes of temporal parameters (henceforth: TPs) of speech in response to
different speech tasks and cognitive load in MS (Feenaughty et al., 2013; Svindt et al., 2020).
The type of speech task may affect acoustic, phonetic and grammatic parameters of speech
in speakers with a neurodegenerative disease in various ways (Kempler & Van Lancker,
2002; Sidtis et al., 2015; Van Lancker Sidtis et al., 2012). Feenaughty et al. (2013) and Svindt

Table 1. Commonly affected brain regions and associated cognitive and narrative functions.
Common brain atrophy or lesions in (RR)MS Associated cognitive function

Abnormal brain activity in the left dorsolateral PFC (Du ® monitoring and manipulation of the content of working
et al., 2019) memory during narrative comprehension
® casual-temporal ordering
® casual-temporal orderingdifficulty in initiating, continuing
or completing a story (Mar, 2004)

Abnormal brain activity in the left orbitofrontal PFC ® selecting appropriate details and inhibiting irrelevant ele-
(Du et al., 2019) ments during planning narrative comprehension and pro-
duction (Mar, 2004)
Reduced grey matter and functional connectivity in the ® initial learning, problem solving (Prinster et al., 2006)
left ACC and PCC (Prinster et al., 2006; Rocca et al., ® autobiographic, episodic memory retrieval (Mar, 2004;
2012) Spreng et al., 2009)
® narrative production (Mar, 2004)
Precuneus (Prinster et al., 2006) ® past episodes related to the self (Prinster et al., 2006)
White and grey matter loss in the cingulated- ® new learning, working memory (Sacco et al., 2015)
hippocampus network (Sacco et al., 2015)
Left temporal pole (Steenwijk et al., 2016) ® narrative comprehension (Mar, 2004)
® semantic processing
Temporoparietal junction (Sacco et al., 2015) ® episodic memory, prospection, navigation (Mar, 2004;
Spreng et al., 2009)
Subcortical structures: caudate bilaterally (Prinster ® associative learning and inhibitory control
et al., 2006)

PFC = prefrontal cortex; ACC = anterior cingulate cortex; PCC = posterior cingulate cortex.
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et al. (2020) examined the effect of the cognitive demand of various speech tasks on several
speech parameters. Despite the different methodologies, both studies found a strong effect
of the more demanding speech tasks on the TPs of cognitively more impaired patients
(Feenaughty et al., 2013), as well as progressive patients (Svindt et al., 2020).

As speech technology has advanced, it has become possible to accurately predict some
cognitive changes from speech using automatic speech recognition (ASR) technology in
various neurodegenerative diseases such as primary progressive aphasia, Parkinson’s dis-
ease, mild cognitive impairment, Alzheimer’s disease, and other dementias (e.g. Cuetos
et al., 2007; Fraser et al., 2014; Konig et al., 2015; Lindsay et al., 2021; Meilan et al., 2012;
Moro-Velazquez et al., 2019; Satt et al., 2014; Téth et al., 2015, 2018). To the best of our
knowledge, no study has analysed the TPs of speech in RRMS with ASR technology. The
rationale for this approach over more traditional ones (such as the manual analysis by
Praat) is that it is significantly less labour-intensive, yet it still provides an accurate
evaluation of speech parameters.

The aim of our study is to apply two carefully selected speech tasks and analyse them with
ASR to detect and predict initial cognitive decline. Therefore we only investigated the
relapsing-remitting type of MS in the remitting period and only those participants who
fell within the normal range on neuropsychological assessment. This study is the first step
towards creating a reliable screening tool for clinicians.

Relapsing-remitting multiple sclerosis and cognition

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system
associated with demyelinating processes. The neurobiological consequence of myelin loss is
a significant deceleration in the information transmission efficiency along the axons.
Because of this, one of the first main symptoms is the slowdown of the information
processing speed (Rao, 2004; Sumowski et al., 2018), which is likely to affect other cognitive
processes (e.g. speech).

The present study focuses on the relapsing-remitting MS type, which occurs in 80% of all
MS cases. In RRMS, unpredictable relapsing periods with moderate-to-severe symptoms are
followed by remitting periods without symptoms or only with mild symptoms. Most RRMS
cases progress over time to secondary progressive MS (SPMS). The progression course is
usually not apparently noticeable, but it would be helpful to accurately predict it.

Multiple sclerosis is associated with brain atrophy in various locations of the central
nervous system (see Table 1), resulting in decreased neural network efficiency (Rocca et al.,
2012). Although MS is primarily a white matter disease, several studies have shown that the
brain volume (both white and grey matter), brain activation patterns, and functional
connectivity between distinct brain areas deviate from healthy people in typical brain
locations (Du et al., 2019; Prinster et al., 2006; Rocca et al., 2012; Sacco et al., 2015;
Santiago et al., 2007; Sumowski et al., 2018).

An increasing number of studies indicate that cognition is often affected in RRMS
(Prakash et al., 2008), and patients have mild-to-moderate cognitive difficulties in at least
one cognitive domain early after the onset of the first symptoms. Commonly affected
functions are information processing (general slowness in planning and execution), selec-
tive and focused attention, response inhibition, verbal and visuospatial analysis, long-term
memory, especially episodic memory (encoding, storage, recall), verbal fluency and working
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memory (Chiaravalloti & De Luca, 2008; Matias-Guiu et al., 2020; Migliore et al., 2017;
Nocentini et al., 2006; Olivares et al., 2005; Prakash et al., 2008; Rocca et al., 2012; Sumowski
et al., 2018).

Aims and hypotheses

We sought to create an appropriate method to reveal any subtle impairments that would
remain undiscovered in RRMS with general non-MS-specific neuropsychological assess-
ments. Thus, we only included those RRMS participants in the remission phase who had
normal performance on the Hungarian version of the Addenbrooke’s Cognitive
Examination (ACE, Stach¢ et al., 2003).

During the selection of the speech tasks, we focused on the frequently impaired cognitive
functions (see above) and the typically affected brain structures in RRMS and their
connection with narrative comprehension and production (Table 1). Therefore, we chose
two narrative speech tasks that activate neural and cognitive processes likely to be affected
in RRMS. These are:

(1) A personal narrative about the past (events of their previous day);
(2) Narrative (story) recall task.

Task (1) mainly activates autobiographical memory. Former studies of our colleagues indicated
that an ASR analysis of this type of personal narrative seemed to have a diagnostic value in the
detection of mild cognitive impairment (T6th et al., 2015, 2018). Task (2) is one of the most
challenging speech tasks not only for people suffering from neurodegenerative diseases but also
for healthy adults (Béna, 2014). Although participants have to produce coherent, complex
narratives in both tasks, there are some significant differences in the cognitive requirements of
these tasks (Table 2). We hypothesised that both narrative tasks might be effective to measure
some differences in the TPs of speech between RRMS participants and healthy controls because
both tasks require the activation of commonly affected brain areas in RRMS. Moreover, we
predicted more significant differences in the narrative recall relative to the personal narrative
between groups due to the higher cognitive complexity of the recall task. Speech tasks are
evaluated with the ASR technology presented below.

We also explored specific cognitive abilities likely to be affected in RRMS despite normal
performance on ACE. Hence, we measured information processing speed, working mem-
ory, verbal fluency, naming and sentence repetition skills and the effect and/or interaction
of these features on the speech in RRMS.

Table 2. Main cognitive requirements of the tasks.

Task 1 Task 2:

: Personal narrative about the past Narrative (story) recall

Narrative production Narrative comprehension + production

Personal and emotional Non-personal and non-emotional

Episodic (autobiographical) memory Episodic buffer (working memory) (see: Baddeley & Wilson, 2002)
Storage + retrieval Encoding + storage + (immediate) retrieval

Inhibition of irrelevant events Inhibition of irrelevant information

Sequencing and organising (events, space and time)
Sustained, focused attention
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Methods
Participants

A total of 42 people participated in the study: 21 people diagnosed with RRMS and 21 age-
and gender- and education-matched healthy controls (HC) (Table 3). Our matching
procedure occurred at the group level; one-way ANOVA (for age and education) and Chi-
square test (for gender) did not reveal significant differences between groups. All the
participants were native Hungarian speakers with intact hearing and without any depressive
disorder (measured by the Beck’s Depression Inventory, BDI-II, Beck et al., 1996) or other
known psychiatric conditions. An average performance (at least 90 points) on the ACE was
the main inclusion criterion for the RRMS participants. We expected an average perfor-
mance on ACE in the case of controls. RRMS participants had mild-to-moderate physical
disability according to the Expanded Disability Status Scale (EDSS, Kurtzke, 1983). All the
participants were volunteers and gave their informed consent. The Ethics Committee of the
Uzsoki Hospital, Budapest approved the study.

Procedure

The procedure consisted of three separate sessions.

(1) A neuropsychologist and a neurologist evaluated the neuropsychological (ACE) and
physical (EDSS) examination in the first session.

(2) In the second session, we recorded the narrative speech tasks and conducted
cognitive tasks. Each participant performed two speech tasks: (2a) a personal narra-
tive about the past (‘Tell me about your yesterday in as much detail as possible from
morning to evening!’) and (2b) a narrative (story) recall task. For the narrative recall
task, we used a two-minute-long educational text presented from a recording. The
text was about the subconscious role of touch in our everyday life and did not contain
difficult-to-understand or scientific terms. A trained speech expert read it for the
recording. After listening to the recording, participants had to summarise the con-
tent of the text as accurately as possible.

Then, in the same session, we used working memory tasks (digit span forward and
backwards; non-word repetition, reading span, and sentence repetition); verbal fluency task;
and the Boston Naming Task (BNT) (Table 4). The tasks were conducted in a constant
order, and the session lasted 40-45 minutes. Speech samples were recorded digitally with
a Sony A-10 dictaphone and a clip-on microphone at 44.1 kHz sampling rate.

Table 3. Participants.

RRMS (n =21) HC (n=21)
Age (in years, mean) 39.0 [range: 24-56] 40.1 [range: 28-56]
Male : female 5:16 5:16
Education (in years, mean) 15,1 [range: 12-19] 16,0 [range: 12-19]
Post onset (in years, mean) 9 [range: 1-20] -
EDSS score (mean) 3.2 [range: 0,0-6,5] -

ACE score (mean) 96 [range: 91-100] -
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Table 4. Cognitive tasks.

Measured cognitive ability Task Standard reference values
Executive functions (here: cognitive Wisconsin Card Sorting Task ~ No (groups were compared to each other)
flexibility and information (WCST, Grant & Berg, 1948)
processing speed) Stroop task (Stroop, 1935)
Working memory Digit span task (forward) International standard (Grégoire & Van der Linden,
Digit span task (backwards) 1997)
Non-word repetition Hungarian standard (Racsmany et al., 2005)
Reading span task Hungarian standard (Racsmany et al., 2005)
Sentence repetition task The task is a part of the Hungarian working

memory battery (Racsmany et al., 2005), but it
has no reference values

Verbal fluency Phonemic fluency (letter <m>) ACE international reference values
Semantic fluency (aminals)
Action (verb) fluency No (groups were compared to each other)
Naming Boston Naming Task (BNT) International standard (Kaplan et al., 1983)

(3) The final session was an online test set consisting of the Wisconsin Card Sorting Task
(WCST) and the Stroop task. This online session was completed in the participants’
homes. We used an online interface based on the open-source Psytoolkit platform for
the WCST and Stroop tasks (https://www.psytoolkit.org/). Participants were
instructed to complete the tasks (a) on a computer or a laptop; (b) with a mouse.
In addition, we asked them to (c) do the tasks without interruption, (d) not do the
task if they felt significant fatigue, and (e) do it within one week after the speech
recording. Five participants (4 RRMSs, 1 HC) did not complete the online tasks. We
made a special effort to exclude all technical factors that might affect any parameters
of the online test interface.'

Analysis of the cognitive tasks

We measured cognitive flexibility and information processing speed with the WCST and
Stroop tasks. In these tasks, total errors, perseveration errors and reaction time were mea-
sured. Digit span (forward and backwards), non-word repetition, reading span, and sentence
repetition tasks were used for evaluating working memory capacity. These tasks are part of the
Hungarian working memory test battery (Racsmany et al., 2005). In the sentence repetition
task, participants repeated 10 sentences, similar in syntactic complexity and length (13-16
words per sentence). We also measured verbal fluency skills with three VF tasks: phonemic,
semantic and action fluency. Naming ability was measured with the Boston Naming Task. The
comparison between groups was based on the international or Hungarian standard values or -
in absence of standards — on the performance of the groups (see Table 4). International
standard values were used in the case of the two digit span tasks, the phonemic and semantic
fluency task, and in the BNT. Hungarian standard values were used for the non-word
repetition and the reading span tasks. The online version of the WCST and Stroop task, the
sentence repetition task, and the action fluency task had no reference values. Therefore, we
compared the results of the RRMS group with the control group in these tasks.

'We checked the online tests using the following technical factors. Software: the test ran on all operating systems. Browser: if
an outdated browser was detected, the user was instructed to instal an updated one. Hardware: very low computing power
was required for the tasks. Monitor size and display resolution: the tasks were adapted to these factors.
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Analysis of the narrative speech tasks

The two narrative speech samples (personal narrative and narrative recall) were
analysed using automatic speech recognition (ASR) technology. Our ASR system
used standard speech recognition techniques. We employed the HTK tool (Young
et al., 2006), which was modified to allow the use of a Hidden Markov Model/Deep
Neural Network (DNN) hybrid set-up (Hinton et al.,, 2012). We used 40 raw Mel-
frequency filter bank energy values as acoustic features along with the global log-
energy, which was extended with the first and second order derivatives (‘FBANK + A +
AA’), resulting in 123 acoustic features overall. Training and evaluation were per-
formed on a 150 ms (15 frames) wide sliding window (resulting in 1845 input
neurons). Next, the DNN contained 5 fully connected hidden layers, each consisting
of 1024 ReLU neurons (Glorot et al., 2011), while the final layer had 911 neurons (i.e.
equal to the number of phonetic states) with the softmax activation. The DNN acoustic
model was trained on a subset of roughly 60 hours of recordings from the BEA corpus
(Neuberger et al., 2014).

Our ASR model produced a time-aligned token sequence for each recording; that is, it
supplied a hypothesis of the sequence of tokens uttered, along with the starting and ending
time indices. The set of tokens consisted of phones of the Hungarian language along with
special tokens for silent and filled pauses. Therefore, we distinguished two types of tokens,
namely phoneme tokens and pause tokens. Pause tokens consisted of silent and filled
pauses. The latter included hesitations (um, er, etc.) and lengthenings. From the output of
this ASR system, we calculated the following parameters:

(1) Speech rate (the number of syllables per second including hesitations in the total
duration of the speech sample);

(2) Articulation rate (the number of syllables per second excluding hesitations during
the speech);

(3) Pause duration ratio (the duration of pause tokens divided by the length of the
speech sample);

(4) Pauses count ratio (the number of pause tokens divided by the overall number of
tokens)

(5) Pause frequency (the number of pause tokens divided by the length of the speech
sample);

(6) Average pause duration (the total duration of pause tokens divided by the number of
pauses).

Statistical analysis

The statistical analyses were carried out in R (R Core Team, 2021).

Multiple linear regression models (Ime4, Bates et al., 2015.) were run to test whether (i)
the cognitive tasks (dependent variable) were affected by the post-onset time or the EDSS
score (factors) in the MS patients and by (ii) the age and speaker group (factors, interaction
allowed). The p-values were obtained by the Satterthwaite-approximation (anova()), and
the adjusted determination coefficients were obtained by summary(). The age did not have
any significant effect, so (ii) was simplified to the Mann — Whitney test. One extreme outlier
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(12470.29 ms) appeared in the WCST test’s mean reaction times that must have appeared
due to technical factors or the participant must have left the test at a point and returned to it
several minutes later. This data was excluded from the statistics of the intergroup differ-
ences of WCST.

Linear mixed models (henceforth: Imms) (Ime4) were run to test whether the temporal
parameters (TPs) (dependent variable) were influenced by (i) the group and speech task (fixed
factors with interaction), (ii) the Stroop task reaction time (RT), WCST RT and the speech task
(fixed factors with interaction), (iii) the EDSS score and post-onset time (fixed factors, no
interaction) within the speech tasks (fixed factor, with possible interaction with the EDSS
score and the post-onset time). The results of both groups were included in (i), while (ii) was
evaluated separately. In (iii) only the MS group was tested. The p-values were obtained by the
Satterthwaite-approximation (anova()). Model selection was only carried out for (i) and (iii)
(ImerTest, Kuznetsova et al., 2017). No model selection was carried out for (ii), where only the
effect of Stroop RT was examined. The Imms included only random intercepts by the speakers.
Effect sizes were calculated (MuMIn: Barton, 2022, afex: Singmann 2021).

Results
Cognitive tasks

First, we converted the raw data of the RRMS group in the cognitive tasks into z-scores using
Hungarian or international standard reference values. In absence of standard values, z-scores of
the RRMS group were calculated using the mean scores and SD of the control group (for the
comparison method of each task, see Table 4; for the results in z-scores, see Figure 1). Second, we
compared the raw scores of the groups with the Mann-Whitney test (Table 5).

Figure 1. Results of the cognitive tasks in the RRMS group compared to standard test values (z-scores).
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Table 5. Descriptives and the Mann-Whitney test of the cognitive tasks.

RRMS HC
Cognitive ability Task [n=21] [n=21] p
Executive functions (here: WCST
cognitive flexibility and ® perseverative error (mean) 5.00 435 .604
information processing ® RT (ms, mean, SD) 3678.23 +1122.87 3080.85 + 859.59 .089
speed) Stroop task
® error 0.47 0.20 31

® congruent items RT (ms, SD)  2283.79 £ 637.79 1878.24 +374.13 .033
® incongruent items RT (ms,  2068.86 + 548.37 1771.55+292.87 110

SD)
Working memory Digit span task (forward) 6.21+1.08 6.68 £ 0.95 201
Digit span task (backward) 511+1.24 572+1.27 159
Non-word repetition 5.61+0.85 6.84 +0.50 <.001
Reading span task 3.89+1.49 494 +1.11 034
Sentence repetition task 2.1+246 40+2.19 .005
Verbal fluency Phonemic fluency 16.11 + 4.06 20.63 £ 4.54 <.001
Semantic fluency 2557 £4.85 33.24+£534 <.001
Action fluency 27.57 £6.92 38.19+4.17 <.001
Naming Boston Naming Task (BNT) raw 57.1+3.36 58.7+1.35 .077

score

Both groups performed similarly in the WCST and the Stroop task. However, the Mann-
Whitney test revealed significant differences between groups in the reaction time of the Stroop
congruent items: the RRMS group was significantly slower than the controls. Working memory
tasks showed a different picture. In the digit span tasks, the performance of the RRMS group did
not differ significantly from the international standard values or the control group. Non-word
repetition, reading span, and sentence repetition tasks showed significant differences between
groups (Table 5). Relative to the age-matched standard scores, RRMS participants had signifi-
cantly lower performance in the non-word repetition task, but not in the reading span task
(Figure 1). All three verbal fluency tasks displayed significant differences between groups
(Table 5). However, comparing the phonemic and semantic fluency results to ACE standards,
only the phonemic fluency task displayed a negative difference relative to controls. There is no
Hungarian standard for action fluency task; the comparison between groups demonstrated
a significant difference: RRMS participants listed an average of 11 fewer verbs in 1 minute
than controls did. Most RRMS participants had no word-finding difficulties according to BNT
scores, and only one person had a below-average performance on this task.

According to the linear regression models, neither the post-onset time nor the EDSS
scores significantly affected any of the information processing tasks (WCST and Stroop).
The effect of these factors was attested to the TPs in Imms with the possible interaction of
speech task. The model selection gave different models as best fits for the TPs. However,
none of the factors had any significant effect on the TPs.

ASR analysis of the narrative speech tasks

Figure 2 shows the automatic speech recognition analysis, i.e. the temporal parameters for
both narrative speech tasks. Table 6 lists the linear mixed model results for these parameters
by testing the possible effect of the factors speech task and speaker group. The best-fitting
model based on the model selection and the factor or interaction that had a significant effect
on the TPs is shown in this table. The interaction of the two factors had a significant effect
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Figure 2. Temporal parameters of the speech tasks.

Table 6. The results of the LMMs for the factors group and narrative speech task on the TPs (NumDF = 1
in each case).

Variable Best model Sign. effect DenDF  F p Tk

Number of words Only speech task  Speech task 41 14413 <.001 0.147 0.174

Average length of the narrative (sec)  Only speech task  Speech task 41 1931 <.001 0.173 0.274

Articulation rate (syll) Speech task*group Speech task*group 40 4918 .032 0.221 0.608

Speech rate (syll) Speech task*group Speech task*group 40 5.852 .020 0.207 0.591

Pauses count ratio (pause tokens/ Group Group 40 7420 .010 0.138 0.716
overall tokens)

Pauses duration ratio (sec/sec) Speech task*group Group 40 7.538 .009 0.146 0.700

Pauses frequency ratio (pause tokens/  Speech task Speech task 41 7394 .009 0.020 0.782
sec)

Pauses average length (sec/pause Speech task*group Speech task*group 40 6.048 .018 0.096 0.684
tokens)

on the articulation and speech rates, and the average pause length. The Tukey post hoc test
revealed a significant difference in the articulation rate and the speech rate between groups
in the narrative recall tasks (with slower rates for the RRMS group), and a significant
difference in the average pause length between the two speech tasks within the HC group.
The number of words, the pause count ratio and the pause duration ratio were significantly
different between the HC and MS groups regardless of the speech task (with higher values
for the latter), and the average utterance length and the pause frequency were found to be
significantly different between the speech tasks regardless of the speaker groups (with lower
values and variability in the narrative recall). With most of the measures, the variability was
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lower in the HC group. The effect sizes showed large differences in a few models (see
Table 6), and indicated that the random intercept by speakers increased considerably the
model’s explanatory power in these cases perhaps due to the larger variability in the MS

group.

The effect of the information processing efficiency on the speech parameters

Although the Mann-Whitney test did not reveal significant differences in the RT of the
Stroop incongruent items RT between groups, these variables may tell us something about
the difficulties in the information processing efficiency. Therefore, we decided to evaluate
the relation between the TPs and the RT in the Stroop and WSCT tasks. The Stroop RT did
not have any significant effect in the HC group on any of the TPs regardless of the speech
task, but it did on most TPs in the RRMS group in both speech tasks (see Table 7). The large
differences between the marginal and conditional effect sizes indicate that the random
intercept improved the model fit considerably, perhaps due to the large individual differ-
ences already seen in the group - speech task comparisons.

As presented in the Introduction, verbal fluency tasks - especially phonemic and
semantic fluency - are commonly used in clinical practice to measure the information
processing efficiency in MS (e.g. Beatty, 2002; Henry & Beatty, 2006; Lebkuecher et al.,
2021). Therefore we assessed correlation (between fluency tasks and information processing
tasks) and analysed the possible effect of fluency tasks on TPs. In spite of the significant
weak to moderate negative correlation between the semantic fluency and the Stroop
incongruent RT in both groups (RRMS: r=-.540, r < 0.001; HC: r = -.359, r=0.023), the
semantic fluency performance did not influenced the TPs in the RRMS group. Phonemic
fluency correlated only with the WCST RT in the clinical group (r=-0.608, r=0.016), and
had no effects on the TPs of the speech. The action fluency task had no correlation with any
of the information processing tasks and had no effect on the TPs in any group.

Receiver operating characteristic (ROC)

We performed a receiver operating characteristic (ROC) analysis in order to evaluate the
discriminative value of the two narrative speech tasks (method and reference values:
Mandrekar, 2010). ROC curves for the articulation rate and speech rate attributes for the
tasks were calculated by showing the true positive rate (sensitivity) against the false positive

Table 7. LMM results for the main effect, Stroop and the interaction WCST*speechtype on TPs in the
RRMS group (DenDF: 1, NumDF: 20).

Stroop task (main effect) WCST*speech type interaction
Variable F p r2m r2c F p r2m r2c
Speech rate 5.698 .031 0.226 0.570 4932 .045 0.120 0.690
Articulation rate 5.941 .028 0.233 0.589 - - - -
Pause count ratio - - - -
Pause duration ratio 4.838 .044 0.209 0.648
Pause frequency 6.339 .024 0.036 0.761

Pauses average length 6.339 .024 0.259 0.693
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Figure 3. Receiver operating characteristic (ROC).

rate (1 - specificity) at each possible threshold setting (Figure 3), which is summarised with
the area under the curve (AUC) value. All four curves exceed the dotted line (representing
random guessing and having an AUC score of 0.5). For the personal narrative, the two
corresponding curves are located lower; and they had no discriminatory ability (AUC values
0f 0.617 and 0.592, articulation rate and speech rate, respectively), while for narrative recall,
they had excellent discriminatory ability (AUC values of 0.877 and 0.866, articulation rate
and speech rate, respectively).

Discussion

Our initial hypothesis was that even early and subtle cognitive difficulties can be detected in
(RR)MS via speech analysis, if the speech tasks were adjusted to the neural characteristics of
the disease. We measured temporal parameters of speech with ASR technology, which
proved to be suitable for a fast but reliable evaluation. Our results revealed (1) effects of the
clinical group (RRMS group vs HC group); (2) effects of the speech task; (3) combined
effects of (1) and (2) on the temporal parameters of the participants’ speech; and (4) effect of
the information processing efficiency on the speech parameters. Neither the disease dura-
tion nor the physical state (measured by the EDSS) affected the temporal parameters of
speech and the performance on the executive function tasks (Stroop and WCST).

The effect of the group was shown in the pause count and pause duration ratios,
regardless of the speech task. Persons with RRMS tend to speak with more and longer
pauses, which may reflect the general deceleration of their information processing, and the
consequence of the tasks’ cognitive demand. The group effect was also shown in the
performance on the cognitive tasks. Although none of our RRMS participants had any
cognitive impairment according to ACE, significant deterioration was noted in verbal
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fluency and most working memory tasks (non-word repetition, reading span and sentence
repetition) in the RRMS group.

However, despite the significant difficulties of the RRMS group in the verbal fluency
tasks relative to the HC group, we found no effect of either task on the TPs in either group.
In light of the studies on verbal fluency presented in the Introduction, the lack of this effect
is somewhat unexpected. The narrative recall task presumably activated both dorsal and
ventral streams and the loops seen in Table 1, and we showed the effect of this speech task
on the RRMS group. These results indicate that other possible factors may have a significant
effect on the temporal parameters of speech, which, however, cannot be identified based on
the data collected in this study.

Furthermore, we observed difficulties in those working memory tasks which required the
activation of the episodic buffer among others (reading span, sentence repetition). The
episodic buffer needed to be active in the narrative recall task, but to a lesser extent or not at
all in the personal narrative. Among the working memory tasks, the non-word repetition
task showed the greatest difficulties in the RRMS group. Although the significant deteriora-
tion of the clinical group’s performance could be caused by several reasons — e.g phoneme
discrimination, subtle hearing or oralmotor problems -, this limitation together with the
episodic buffer difficulties may have affected the results in the narrative recall task.

Our results also showed the effect of the speech task on the temporal parameters. Speech
and articulation rate and the average length of pauses differed significantly only in the
narrative recall task between groups. Furthermore, we found the combined effect of the
speech task and the group in the narrative recall task, which revealed significant changes in
the speech parameters only of the RRMS participants. ROC analysis produced excellent
diagnostic accuracy (88% for the speech rate and 87% for the articulation rate) in the
narrative recall task. In contrast, we did not get similar results for the personal narrative task
which had no categorisation power for the RRMS group (62% and 59% for the speech and
articulation rate). Although both narrative tasks were chosen for the typical neural impair-
ments of the (RR)MS, the differences could be due to the considerable differences between
the tasks. Retrieving familiar and/or personal events requires less cognitive load (see
Abraham et al., 2008) than processing, storing (in the working memory) and retrieving
unfamiliar and/or non-personal information. In addition, the personal narrative task was
a speech production task, while the narrative recall task required both comprehension and
production and overloaded the working memory, especially the episodic buffer. These
features are closely related to the less efficient and slower information processing of the
clinical group. Results showed the significant effect of the information processing efficiency
(measured by the Stroop task’s RT) on the temporal parameters in the RRMS but not in the
HC group. This finding is in line with those studies that found a measurable effect of task
complexity, task type, and/or the information processing speed on people’s performance
and/or speech production in MS (e.g. Denney et al., 2005 and 2011; Feenaughty et al., 2013;
Rodgers et al., 2013; Svindt et al., 2020). According to Denney et al. (2005; 2011), the general
slowness of the information processing in MS is relatively independent from other cognitive
factors, but has a significant impact on them. Rodgers et al. (2013) demonstrated the
predictive effect of the information processing speed on the articulation rate in MS. The
finding in our current study of the effect of the speech task on the TPs in cognitively
unimpaired RRMS patients converges with these earlier results.
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Limitations

Our study has several limitations. First, due to the limited number of participants, only
cautious conclusions can be drawn. Second, although none of our patients had marked
dysarthria, some subtle motor speech disorders might have influenced our results. However,
if differences between speech tasks in the RRMS group are partly caused by very mild
dysarthria, this supports our hypothesis about the effect of the higher cognitive load on the
RRMS group relative to the HCs. Finally, as the present study is only the first step of
longitudinal research, the potentially predictive nature of the narrative recall task can be
only confirmed or refuted in a future study.

Clinical implications and conclusion

Our results point to the cumulative effect of the greater cognitive demand combined with
the less effective information processing on the speech of the RRMS patients. The narrative
recall task showed excellent diagnostic accuracy in the RRMS vs. control differentiation.
However, the personal narrative task was ineffective in measuring subtle cognitive changes
in RRMS, in divergence from what was found earlier in the case of another neurodegen-
erative disease (namely in mild cognitive impairment, MCI). A previous study by T6th et al.
(2015, 2018) used the same personal narrative task and the same ASR technique for
detecting mild cognitive impairment. Their results with the personal narrative task showed
75-90% diagnostic accuracy for the MCI group. The contrast between the categorisation
power of the two narrative speech tasks in the same clinical population (RRMS) and the
contrast between diagnostic groups (RRMS vs. MCI) in the same task (personal narrative)
highlights the importance of the task selection method. Adapting the speech task to the
neural characteristics of a particular clinical group appears to be crucial for potential
diagnostic power.
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