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Abstract

Embodied cognition research on Parkinson’s disease (PD) points to disruptions of frontostriatal
language functions as sensitive targets for clinical assessment. However, no existing approach has
been tested for crosslinguistic validity, let alone by combining naturalistic tasks with machine-
learning tools. To address these issues, we conducted the first classifier-based examination of
morphological processing (a core frontostriatal function) in spontaneous monologues from PD
patients across three typologically different languages. The study comprised 330 participants,
encompassing speakers of Spanish (61 patients, 57 matched controls), German (88 patients, 88
matched controls), and Czech (20 patients, 16 matched controls). All subjects described the
activities they perform during a regular day, and their monologues were automatically coded via
morphological tagging, a computerized method that labels each word with a part-of-speech tag
(e.g., noun, verb) and specific morphological tags (e.g., person, gender, number, tense). The
ensuing data were subjected to machine-learning analyses to assess whether differential
morphological patterns could classify between patients and controls and reflect the former’s
degree of motor impairment. Results showed robust classification rates, with over 80% of patients
being discriminated from controls in each language separately. Moreover, the most discriminative
morphological features were associated with the patients’ motor compromise (as indicated by
Pearson r correlations between predicted and collected motor impairment scores that ranged from
moderate to moderate-to-strong across languages). Taken together, our results suggest that the
morphological patterning, an embodied frontostriatal domain, may be distinctively affected in PD
across languages and even under ecological testing conditions.

Keywords

Parkinson’s disease; linguistic assessments; morphology; automated speech analysis; cross-
linguistic validity

1. Introduction

Recent translational studies couched in the embodied cognition framework point to
disruptions of frontostriatal language domains in Parkinson’s disease (PD) as sensitive
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targets for clinical assessment (Birba et al., 2017; Cardona et al., 2014; Garcia & Ibafiez,
2014; Garcia & Ibafiez, 2018). Although biochemical, genetic, and neuroimaging tests have
long proven quite successful at identifying and classifying patients with this disease, they are
either limited due to their invasiveness, elevated costs, or dependence on highly specialized
equipment that not all clinical centers possess. Ecological discourse-level assessments thus
emerge as a promising complement, since they afford a simple, non-fatiguing, scalable, and
cost-effective framework for patient discrimination (Garcia et al., 2016a, 2018). So far,
however, this approach has been employed in very few studies and it has not been tested for
cross-linguistic validity, let alone via sophisticated classification tools. To address these
issues, we report the first classifier-based examination of morphological processing, a core
frontostriatal function (Carota, Bozic, & Marslen-Wilson, 2016; Nevat, Ullman, Eviatar, &
Bitan, 2017; Newman, Supalla, Hauser, Newport, & Bavelier, 2010), in spontaneous
monologues from PD patients and controls across three typologically different languages.

Neurolinguistic research on PD has been recently fueled by insights from the embodied
cognition framework. Succinctly, this perspective posits that diverse higher-order processes
are grounded in sensorimotor networks subserving functionally akin operations (Borghi &
Cangelosi, 2014; Buccino, Colageé, Gobbi, & Bonaccorso, 2016; Pulvermiiller, 2005;
Pulvermiller & Fadiga, 2010). In particular, processing of action verbs (i.e., words denoting
bodily motion) and morphosyntax (i.e., sequencing of hierarchically organized morphemes
and words) involves differential recruitment of frontostriatal motor mechanisms underlying
the preparation and execution of actions (Garcia et al., 2019; Pulvermiller, 2013; Vigliocco,
Vinson, Druks, Barber, & Cappa, 2011) as well as their organization into hierarchically
organized sequences (Casado et al., 2018; Pulvermuller, 2014; Pulvermiller & Fadiga, 2010;
Ullman, 2001). From an embodied perspective, this suggests that such linguistic domains
involve reusing brain mechanisms specialized for processing similar types of information
(Puvermiller, 2018).

As proposed in recent works (for a review, see Birba et al., 2017; Gallese & Cuccio, 2018),
these linguistic domains should be distinctively impaired in PD patients, given their
predominantly frontostriatal atrophy and diverse motor initiation and sequencing disorders
(Dujardin et al., 2013; Helmich, Hallett, Deuschl, Toni, & Bloem, 2012; Liu et al., 2006;
McKinlay, Grace, Dalrymple-Alford, & Roger, 2010; Rodriguez-Oroz et al., 2009; Samii,
Nutt, & Ransom, 2004). Indeed, embodied research on this population has consistently
revealed selective or differential deficits in accessing words denoting bodily movements or
graspable objects (Bocanegra et al., 2017; Boulenger et al., 2008; Buccino et al., 2018;
Cardona et al., 2014; Cotelli et al., 2007; Fernandino et al., 2013a, 2013b; Garcia et al.,
2018; Péran et al., 2009; Peran et al., 2013), and in processing diverse syntactic patterns
(Bocanegra et al., 2015; Garcia et al., 2018; Grossman, Carvell, & Peltzer, 1993; Grossman,
Carvell, Stern, Gollomp, & Hurtig, 1992; Hochstadt, Nakano, Lieberman, & Friedman,
2006). In particular, high classification rates at the individual-patient level have been
obtained by tracking these domains in naturalistic textual tasks (Garcia et al., 2016a, 2018).
This suggests that assessments of embodied language functions via discourse-level data
could inform the cognitive characterization of PD in a simple, non-fatiguing, scalable, and
cost-effective setting.
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While the available studies on naturalistic texts have focused on action language and syntax,
a highly relevant and under-explored target can be found in morphology —i.e., the internal
structural organization of words (Garcia, Sullivan, & Tsiang, 2017). Processing of
inflectional and derivational morphology has been repeatedly associated with activity in
various frontostriatal structures affected early in PD (Carota et al., 2016; Nevat et al., 2017,
Newman et al., 2010). In fact, despite certain inconsistencies (Garcia et al., 2020), previous
word- and sentence-level research on PD has revealed morphological impairments in both
comprehension (Grossman, 1999; Kemmerer, 1999; Terzi, Papapetropoulos, & Kouvelas,
2005) and production (Silveri et al., 2018; Terzi et al., 2005; Ullman, Corkin, Coppola,
Hickok, Growdon, & Koroshetz, 1997; Zanini, Tavano, & Fabbro, 2010) tasks. Thus, the
analysis of morphological patterns in spontaneous discourse might also index the impact of
frontostriatal disruptions in PD.

Though certainly promising, research on these domains in PD is mainly limited by its lack
of cross-linguistic validation. Word- and sentence-level studies have targeted only 11
separate languages, whereas text-level studies have been conducted in only four —and none
of these reports has assessed more than a single language at a time (for a review, see Birba et
al., 2017). Moreover, the only two studies that have performed automated classification
analyses based on text-level performance have focused on Spanish only (Garcia et al.,
20164, 2018). Given that the neurocognitive mechanisms of linguistic processing may vary
widely depending on the typological properties of particular languages (Evans & Levinson,
2009; Kemmerer, 2014; Kemmerer & Eggleston, 2010), their assessment needs to be
supported by findings from various languages (Calvo, Ibafiez, Mufioz, & Garcia, 2017). To
meet this imperative, the present study targeted morphological patterns in speech samples
from Spanish (a Romance language), German (a Germanic language), and Czech (a Slavic
language).

Briefly, then, our study aimed to assess whether morphological usage patterns are
systematically affected in PD patients across languages. To this end, we employed
automated text analysis (Bedi et al., 2014, 2015; Cohen, Alpert, Nienow, Dinzeo, &
Docherty, 2008; Elvevag, Foltz, Weinberg, & Goldberg, 2007), an approach that allows
detecting sensitive features in spontaneous discourse to discriminate between healthy
subjects and patients with different neuropsychiatric disorders (Bedi et al., 2014, 2015),
including PD (Garcia et al., 2016a). Specifically, we evaluated whether specific clusters of
derivational and inflectional morphemes can classify PD patients and controls in each of our
three target languages, and whether morphological usage patterns correlate with the patients’
motor symptoms. Succinctly, then, our study seeks to open a clinically relevant, cross-
cultural avenue for the neurolinguistics of movement disorders.

2. Methods

We report how we determined our sample size, all data exclusions (if any), all inclusion/
exclusion criteria, whether inclusion/exclusion criteria were established prior to data
analysis, all manipulations, and all measures in the study.
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Participants

The study comprised 320 participants, recruited at three different international centers:
Clinica Noel in Medellin, Colombia; the Knappschaftskrankenhaus of Bochum, Germany;
and the General University Hospital of Prague, Czech Republic. The sample size for each
language group proved larger than or similar to those of most previous studies in the field
(for a review see Birba et al., 2017). None of these 320 participants was excluded from the
reported analyses. Recruitment at each center encompassed non-demented PD patients and
sociodemographically matched healthy controls (see Table 1). All participants were native
speakers of each country’s official language (Spanish, German, and Czech, respectively).
The data used in the study belongs to systematic databases used in previous studies on
Spanish (Orozco-Arroyave, Arias-Londofio, Vargas-Bonilla, Gonzalez-Rativa, & Noth,
2014), German (Skodda, Gronheit, & Schlegel, 2011), and Czech (Rusz et al., 2013).

Spanish-speaking subjects included 61 patients (27 women) and 57 controls (28 women)
[sex: X2(117) =9.62, p=1; age: 117) = 0.54, p=.30); education: {117) = 0.8855, p
=.38]. The German sample was composed of 88 patients (41 women) and 88 controls (44
women) [sex: X2(175) =0, p=1;age: {175) = 2.06, p=.02). Speakers of Czech included
20 patients (all male) and 16 controls (all male) [age: 35) = .19, p = .39]. For further details
about each sample, see Table 1.

Clinical diagnosis of PD was made by expert neurologists at each institution, in accordance
with the United Kingdom PD Society Brain Bank criteria (Hughes, Daniel, Kilford, & Lees,
1992). Motor impairments in all patients were assessed with section 111 of the Movement
Disorder Society-sponsored revision of the Unified Parkinson’s Disease Rating Scale (MDS-
UPDRS-I111) (Goetz et al., 2004) and the Hoehn &Yahr (H&Y) scale (Hoehn & Yahr, 1967).
As reported in previous works based on the same groups of subjects (Orozco-Arroyave et al.,
2014; Rusz et al., 2013; Skodda et al., 2011), and as revealed by individual clinical reports,
patients exhibited canonical motor symptoms (mainly bradykinesia, freezing of gate, and
resting tremor, but also rigidity and postural instability in several cases). As reflected in
H&Y scores, and in line with MDS-UPDRSIII outcomes, most patients presented with
bilateral or midline involvement (without balance impairment) and good recovery on pull
test (Hoehn & Yahr, 1967). Some of them also reported non-motor dysfunctions, such as
hyposmia, fatigue, weight loss, and sleep problems (these abnormalities were confirmed by
caregivers, when present). No major visual or auditory compromise was reported.
Importantly, no patient exhibited or had received treatment for primary speech or language
disorders (including orofacial and abdominothoracal dyskinesias), and all of them were
capable of providing fully coherent and cohesive verbal responses across different tests and
in formal clinical interviews. The patients had no symptoms of Parkinson-plus and they
lacked a history of other neurological or psychiatric disorders. None of them underwent
deep brain stimulation or presented with signs of depression of cognitive dysfunction that
could interfere with the measurements. Healthy controls reported no history of neurological
or psychiatric disorders or substance abuse, and they did not have a background of motor
symptomatology.

All participants gave written informed consent in accordance with the Declaration of
Helsinki. The study was approved by the ethics committees of Universities of each country,
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namely, the University of Antioguia in Medellin (Colombia), Ruhr University Bochum
(Germany), and the General University Hospital in Prague (Czech Republic). No part of the
study procedures or analyses was pre-registered prior to the research being conducted.

2.2. Data collection

The data collection protocol began with the recording session. Roughly 30 minutes later,
participants underwent the neurological evaluation, including administration of the
MDSUPDRS-III and the H&Y tests. In the case of the Spanish- and German-speaking
patients, the recording session began approximately 60 minutes after the morning dose of
medication, to ensure the “on” state. Dopaminergic medication in these patients remained
unchanged for at least four weeks before the examination (Orozco-Arroyave et al., 2014;
Skodda et al., 2011).

Spanish-speaking participants were recorded in a sound-proof booth at the Clinica Noel in
Medellin (Colombia), through a dynamic omni-directional microphone and a professional
audio card. German-speaking and Czech-speaking participants were recorded in quiet rooms
at the Knappschaftskrankenhaus of Bochum (Germany) and the General University Hospital
of Prague (Czech Republic), with a Plantronics 550 head-set microphone and the
microphone of a Panasonic NV-GS 180 videocamera, respectively. The sampling frequency
of the recordings was 44.1 kHz with 16-bit resolution for the Spanish sample, 16 kHz with
16-bit resolution for the German sample, and 48 kHz with a 16-bit resolution for the Czech
sample.

As in previous research on PD (Garcia et al., 2016a), each participant was asked to talk
about the activities they perform during a regular day in order to induce spontaneous speech.
Average durations of the monologues for patients and controls were statistically similar in
each country, with respective means of 45.24 (SD = 23.65) and 48.03 (SD = 28.85) seconds
for Spanish [498) = 0.5269, p=.60], 31.16 (SD=5.18) and 32.76 (SD = 6.21) seconds for
German [#174) = 1.7529, p=.08], and 129.50 (SD=150.99) and 111.19 (SD=61.76)
seconds for Czech [434) = 0.9750, p = .33]. Spanish- and German-speaking patients were
recorded during the “on” phase of antiparkinsonian medication. Recordings of the Czech
patients were obtained during the “off” phase.

Audio recordings of each language were transcribed verbatim by native experts in linguistics
from each country. Transcribed texts were punctuated following standard norms of each
language —as endorsed by Real Academia Espafiola (http://www.rae.es/) for Spanish, the
Council for German Orthography (http://www.rechtschreibrat.com/) for German, and the
Serbski Institut (https://www.serbski-institut.de) for Czech. Of note, inter-sentential
elements (i.e., full stops) were identified and transcribed based strictly on grammatical
criteria. The rare occurrences of unintelligible words were discarded from the transcripts.

The data used for this study has not been made publicly available because it contains
identifiable information of the participants (derivable from acoustic and linguistic features of
their recorded and transcribed speeches). Interested parties can contact the corresponding
author, who will provide access to these records, exclusively for research purposes, upon
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signature of a formal data transfer agreement to be co-signed by the coauthors responsible
for data collection.

2.3. Morphological tagging

Each participant’s monologue was automatically coded via morphological tagging (MTag)
(Jurafsky, 2018). This computerized method labels each word with a part-of-speech (POS)
tag (e.g., noun, verb, adjective) and specific morphological tags (e.g., person, gender,
number, case, tense, voice, mood, negation), based on well-established human-annotated
corpora containing a few million words. Importantly, since most isolated word forms are
ambiguous (i.e., they can manifest more than one POS), tagging relies on statistical
algorithms, such as HMMs and MEMMs (Jurafsky, 2018), which factor in grammatical
and/or semantic attributes of the words surrounding the target item to estimate the
probability of a tag in its current context. The assigned tags are thus morphosyntactically
disambiguated. For example, the sentence “So / have some small businesses there, like
cattle’ (from the Spanish “Entonces yo tengo unos negocitos ahi, como de ganado’) is
tagged as shown in Table 2, which shows each lexical item, its corresponding POS, the
morphological tags assigned, and the probability score with which the latter were assigned
given the word’s linguistic context. As shown in Table 2, MTag provides a list of labels
capturing each word’s overall morphological attributes, thus offering substantial information
about a text’s grammatical and semantic properties (Bertram, Pollatsek, & Hyon&, 2004; de
Gispert & Marifio, 2008; Eyigoz, Gildea, & Oflazer, 2013; Habash & Rambow, 2007; Hajic
et al., 2009; Shrivastava, Agrawal, Mohapatra, Singh, & Bhattacharya, 2005).

MTag of Spanish and German was conducted with Freeling (Carreras, Chao, Padro, &
Padrd, 2004; Padr6 & Stanilovsky, 2012), which yields a tagging accuracy of roughly 97%
(Carmona et al., 1998). MTag of Czech was performed with Morphodita (Haji¢, 2004;
Strakova, Straka, & Hajic, 2014) —based on the pre-trained linguistic model included in the
package—, which warrants an accuracy of 95.03% on the whole tag set (Strakova et al.,
2014). Of note, Freeling uses morphological tags based on the proposal by EAGLES (Ide &
Véronis, 1993), which encodes morphological features for most European languages.
Therefore, the morphological tags used by Freeling are similar to those used by Morphodita.
Links to the complete lists of tags used by each software can be found in the Supplementary
Material (section 1).

2.4. Feature extraction method

Each participant’s monologue was tagged separately, and so was each word within the
monologues (i.e., in no case was a single morphological tag assigned to a sequence of
words, such as nominal compounds). For Spanish and German, Freeling uses the following
POS categories: noun, verb, adjective, adverb, pronoun, determiner, conjunction, adposition,
and interjection. For a given POS category, a list of attributes is specified, which in turn can
be assigned a value from a set of possible values. For example, a Spanish verb may have the
attribute ‘tense’, and its value can be “present’, ‘past’ or ‘future’. A verb may also have the
attribute ‘person’, which can have the value “first’, “second’ or ‘third’. A noun may have the
attribute ‘case’, which can be either ‘nominative’, ‘accusative’, ‘dative’, or ‘genitive’.
Similarly, an adjective can be tagged with a degree, which can be superlative or comparative.
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Each POS category was combined with one of its attributes and the value of that attribute
(e.g., verb in past tense, noun in nominative case). The number of POS and attribute-value
pairs in a monologue was computed as a percentage to adjust for interindividual differences
in fluency (i.e., number of words per minute). Attribute extraction was similar for Czech, as
the morphological tags used by Morphodita and the tags used by Freeling overlap
significantly.

As shown in Table 2, Freeling provides a score between 0 and 1 for each tagged word,
indicating the likelihood of the assigned tag (Carreras et al., 2004; Padré & Stanilovsky;,
2012). Since such scores are not computed automatically by Morphodita, we computed them
manually for Czech. To this end, we counted frequencies of POS-attribute-value pairs and
POS tags in a large Czech corpus. To obtain a score between 0 and 1, we divided the
frequencies of POS-attribute-value pairs by the frequency of their POS tags. Through this
normalization procedure, frequencies were converted to probability scores, indicating the
probability estimate of observing an attribute-value pair given the POS tag of the word —e.g.,
the probability that the word goneis in past tense (POS is verb, attribute is tense, value is
past), given that the word gone is a verb. Similarly, we divided the frequencies of POS tags
by the total number of words in the corpus, to obtain probability estimates of all POS tags
(Manning & Schiitze, 1999).

For all languages, the following measures were computed on the scores for each POS-
attribute-value pair: minimum, maximum, mean, standard deviation, skewness and kurtosis.
Standard deviation, skewness and kurtosis can be interpreted as three different measures of
the stability of the score. Standard deviation represents the dispersion of values around the
mean, skewness represents the asymmetry of the distribution of values, and kurtosis
represents the presence/absence of outlying values. Therefore, they constitute
complementary measures of morphological consistency across the datasets, showing how
consistently they figured in the linguistic output of each sample and, hence, how robust they
prove as potential discriminatory features. In particular, the statistical capabilities of the
framework allow detecting covert patterns distributed throughout the texts. Thus, for
example, the consistency of a morphological feature (e.g., present-tense suffixation) can be
operationalized in terms of mean, minimal, and maximal scores, rate, or stability indices
(standard deviation, kurtosis, and skewness).

This information was computed for four sets of features in each language, namely: (i) rates
of POS categories (e.qg., verb, noun); rates of POS-attribute-value pairs (e.g., verbs in past
tense); (iii) POS scores (e.g., mean score of verbs); and (iv) POS-attribute-value pair scores
(e.g., mean scores of verbs in past tense). Also, given that Morphodita provides information
about each word’s frequency of use in different styles (including the most frequent
contemporary style, a less frequent but still standard style, or colloquial, archaic or bookish
styles), this feature was also considered in the analysis of Czech texts.

2.5. Data analysis: prediction and inference

For each language, we tested three different classifier algorithms (stochastic gradient
descent, support vector machines, and logistic regression) with a leave-one-out-cross-
validation (LOOCV) scheme to evaluate which of them was the best to model the data from
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each language, and learn to discriminate whether each monologue belonged to a PD patient
or a healthy control. Moreover, feature selection was performed during this step to optimize
classification performance (see section 2.5.1 for methodological details). Next, for
interpretation purposes, we determined the minimal set of best features for classifying
between PD patients and controls in each language using recursive feature elimination
(RFE) (Guyon, Weston, Barnhill, & Vapnik, 2002)-section 2.5.2. Finally, the minimal set of
features was used to predict the participants’ degree of motor impairment (as revealed by
MDS-UPDRS-III scores). A set of regression analyses was then conducted between the
predicted and collected MDS-UPDRS-111 scores of PD patients of each language —section
2.5.3. The complete process, from tagging to prediction, is summarized in Figure 1.

2.5.1. Classification setup—In a LOOCYV setting, as used in previous spontaneous
speech analyses (Bedi et al., 2014, 2015; Garcia et al., 2016a), each sample (i.e., each
monologue) is tested against the rest of the dataset, which is called a fold (i.e., round) of
cross-validation; the number of folds is equal to the number of samples. In the present case,
each speech sample was classified as PD or control as the result of a prediction based on all
the other speech samples of the dataset. The sample that was left-out for testing is called the
test sample, and all other samples are called the training dataset of a cross-validation fold.
For each algorithm applied in this step (stochastic gradient descent, support vector machines,
and logistic regression), we used a grid search approach (an exhaustive method that builds a
model for every combination of hyperparameters specified, evaluates each resulting model,
and determines the best one) to explore the best hyperparameters for each model —see details
of the initialization of hyperparameters in the Supplementary Material (section 2).

Feature selection (i.e., elimination of non-discriminative features) was performed to
optimize classification performance. Feature selection was implemented in the LOOCV
scheme as follows: discriminative features in each fold were identified by using only the
training samples of the fold, and then a classifier was trained using only the selected features
of the training dataset, which in turn was used to predict the label (PD, control) of the left-
out test sample of that fold. Given the high-dimensionality and the relative small sample
sizes of our data, we combined multiple feature selection methods because this approach
yields robust results and provide more robust feature subset than a single feature selection
technique (Saeys, Abeel, & Van de Peer, 2008; Saeys, Inza, & Larrafiaga, 2007). As an
initial filtering, we used univariate feature selection methods. First, we obtained a p-value
for each feature by computing a £test between the samples from PD patients and the
samples from controls. Then, we eliminated features with a p-value higher than .01 corrected
by FDR via Bejamini-Hochberg’s procedure. Next, each feature that passed the FDR
correction was analyzed via an ANOVA Ftest. We eliminated features with low F£test scores
using a non-parametric method for setting a threshold for elimination (see Supplementary
material, section 3). Finally, we implemented a stability-selection procedure (Meinshausen
& Buiihlmann, 2010), which computes a score for each feature indicating its importance. We
eliminated features with low importance scores using a non-parametric method for setting a
threshold for elimination (Supplementary material, section 3).

In summary, we performed the following feature-selection methods in LOOCV folds
subsequently: (1) £test, (2) ANOVA Ftest, (3) stability-selection, such that each step was
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applied on the features that were selected in the prior step. Feature-selection was performed
using only the training data of a given fold, so that feature-selection did not observe the test
sample. Therefore, feature-selection in each fold did not observe the entire dataset. In
contrast, we present a feature-selection method that used the entire dataset in the following
section, for interpretation purposes.

Finally, the values obtained through the LOOCYV schemes were used to compute accuracy,
recall, precision, area under the curve (AUC) scores, and the confusion matrix for the
discrimination between PD patients and controls in each language. As stated before, such
analyses were performed through different classifiers. In this sense, note that since the three
languages differed in their number of samples, subjects, and features, each of them could
reach its highest classification results based on different classifiers (Hastie, Tibshirani, &
Friedman, 2009). In the Results section, only the best performing classifier is reported for
each language (see Table 3).

2.5.2. Interpretation of features—The features obtained in the previous analysis
(section 2.5.1) were further scrutinized to detect the most informative subset of features for
each language. To this end, we first selected a subset of the features through RFE. If the
subset was smaller than the set of features RFE was run on, then we reran RFE on the
selected subset. We performed this procedure until RFE no longer returned a smaller subset
of features —in other words, until RFE converged. The most informative subset of features
thus selected was then used in LOOCV experiments.

The outcome of this method was the set of features yielding optimal classification
performance between patients and controls for each language in the dataset. The
classification performance of this method is presented for interpretation purposes and should
not be taken to generalize to other datasets. In order to emphasize this distinction between
the previous analysis and the method presented in this section, below we refer to the latter as
a “non-generalizable” analysis.

2.5.3. Correlations between morphological features and motor compromise
—We further assessed whether morphological usage patterns correlated with the patients’
degree of motor compromise as indexed by MDS-UPDRS-I11 scores. To this end, we
computed a predicted MDS-UPDRS-I111 score for each participant by fitting a multiple
regression model to the collected MDS-UPDRS-I11 scores with the minimal set of features
previously selected in the classification analysis (section 2.5.2). To estimate the p-value for
the correlation between inferred and actual MDS-UPDRS-I111 score, we performed 100,000
permutations of the inferred values and computed the correlation with the actual ones. We
then used this distribution of random correlations to estimate the probability of finding by
chance the same or higher values than the obtained inferred correlation. The association
between the predicted and the collected MDS-UPDRS-I11 scores was calculated via
Pearson’s r index. A high correlation between predicted and actual MDS-UPDRS-I11 scores
would reveal a strong link between morphological usage patterns and motor compromise
across individual patients.
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3. Results

3.1. Classification of speech samples

A high classification accuracy was achieved in each language separately. The best
performing classifiers discriminating PD patients’ monologues from the ones of the controls
yielded an accuracy rate of 71% and an AUC of 73 (with LR) for Spanish, an accuracy rate
of 71% and an AUC of 76 (with SGD) for German, and an accuracy rate of 80% and an
AUC of 83 (with SGD) for Czech. As expected, metrics were even higher for the ‘non-
generalizable’ analysis (in which we selected the minimal set of features through the RFE
method), with values of accuracy and AUC of: 82% and 89 for Spanish (with SVM), 81%
and 84 for German (with SVM), and 94% and 97 for Czech (with LR) (see Table 3 for a
summary of all the classification metrics for the cross-validation and the ‘non-generalizable
analysis).

In addition, a set of four main features in the classification was extracted for each language.
Each set of four features contains the features that were the most important in the
classification of speech samples for each language. Results show that the four main features
for speech sample classification vary across languages (Table 4).

Importantly, complementary analyses showed that similar classification rates are obtained
even when participants are pooled apart depending on their sex, age, and education level
(when available). For details, see Supplementary material (section 5).

3.2. Correlations between morphological features and motor compromise levels

The predicted MDS-UPDRS-I11 scores obtained fitting a multiple regression model with the
minimal set of features (section 2.5.2) showed a significant correlation between the
automated analysis of naturalistic speech and the degree of motor compromise as indexed by
MDS-UPDRS-I11 scores (Figure 3). Correlations ranged from moderate to moderate-to-
strong across languages (Spanish: Pearson’s r=0.35, p<.01; German: Pearson’s r=0.26, p
=.01; Czech: Pearson’s r=0.61, p<.001) —for statistical details about each feature from
multiple regressions, see Supplementary material (section 6).

Of note, correlations with MDS-UPDRS-I111 scores yielded similar results even when
patients were analyzed in separate groups differing in sex, age, and education level (when
available), as well as MDS-UPDRS-I11 scores, H&Y scores, and years since diagnosis. For
details, see Supplementary material (section 5).

4. Discussion

This is the first cross-linguistic investigation of spontaneous speech on PD. Using automated
analyses of Spanish, German, and Czech monologues we found that different clusters of
morphological patterns consistently discriminated between patients and controls with high
accuracy. Moreover, those differential patterns were significantly correlated with the
patients’ degree of motor compromise in each language. Taken together, these results
underscore the embodied domain of morphological usage as an ecologically and trans-
linguistically valid target for clinical research on PD.
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Across the three languages tested, specific collections of morphological features allowed
classifying patients from controls with over 70% accuracy, an outcome that actually
surpassed 80% when only the optimal discriminatory features were considered. Given the
physiopathology of early-stage PD (Rodriguez-Oroz et al., 2009; Samii et al., 2004), this
pattern supports the overarching view that frontostriatal networks are critically involved in
morphological processing (Carota et al., 2016; Nevat et al., 2017; Newman et al., 2010).
More particularly, it aligns with previous evidence that PD patients differ from controls in
several morphological skills, such as detection of obligatory affixes (Grossman, Carvell,
Stern, Gollomp, & Hurtig, 1992), word derivation for specific lexical classes (Silveri et al.,
2018), and past-tense inflection (Longworth, Keenan, Barker, Marslen-Wilson, & Tyler,
2005; Terzi et al., 2005; Ullman, Corkin, Coppola, Hickok, Growdon, Koroshetz, et al.,
1997). Our results extend these findings by showing that morphological assessments in PD
might also possess two crucial features: ecological and trans-linguistic validity.

Note, in this sense, that our approach captures differences in usage rather than deficits
proper. This is noteworthy given that experiments testing for morphological impairments in
PD have yielded a mixture of significant (Grossman et al., 1992; Longworth et al., 2005;
Silveri et al., 2018; Terzi et al., 2005; Uliman, Corkin, Coppola, Hickok, Growdon,
Koroshetz, et al., 1997) and non-significant (Grossman, 1999; Longworth et al., 2005;
Macoir et al., 2013; Silveri et al., 2018) differences between patients and controls.
Therefore, classification analyses capturing dissimilarities in morphological patterning
across texts might outperform typical controlled tasks in their capacity to identify PD
patients. In fact, previous analyses of grammatical features in spontaneous monologues
yielded 75% accuracy in classifying individuals with and without this disease (Garcia et al.,
2016a). Here lies another potential advantage of favoring more naturalistic set-ups in the
linguistic assessment of patients with movement disorders (Birba et al., 2017; Garcia et al.,
2018).

The distinct sensitivity of morphological usage to the impact of PD was further underscored
by the regression analyses. In fact, in each language, the minimal set of discriminative
morphological features was significantly correlated with the patients’ degree of motor
compromise, as tapped by the MDS-UPDRS-III. This finding mirrors previous results from
controlled tasks, showing that inflectional morphology deficits in PD correlate with the
patients’ symptoms of hypokinesia (Ullman, Corkin, Coppola, Hickok, Growdon,
Koroshetz, et al., 1997). Moreover, it also extends outcomes from previous spontaneous
speech analyses in PD showing that syntagmatic properties of their texts allowed predicting
MDS-UPDRS-I111 scores with 77% accuracy (Garcia et al., 2016a). Our results afford a
promising synthesis of these antecedents, showing that morphological patterns might reflect
the motoric impact of PD even in ecological verbal settings.

Note that the obtained rvalues were smallest for German, followed by Spanish and then by
Czech. This gradient was inverse to that of the sample sizes in each case (German > Spanish
> Czech). This is likely because the ordinary least squares regression aims to minimize the
sum of the squares of the errors —i.e., the differences between the observed MDS-UPDRS-I11
scores and those predicted by the linear function. In this setting, the in-sample estimates of
the mean squared error (MSE) has been shown to decrease as the number of samples used
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for training increases (Friedman, Hastie, & Tibshirani, 2001). Yet, beyond sample size
differences, this variance may also be partly explained by other factors. In particular, the
range of MDS-UPDRS-I11 scores was much wider for the Spanish-speaking group (the 25
and 75t percentiles are 28 and 52) than for the German- speaking group (the 25t and 75t
percentiles are 14.75 to 30). This might also influence the differential correlation outcomes
in each of these languages, as variables with narrower ranges are harder to fit. While this
remains speculative and calls for further research, the emergence of robust results in each
language despite this variability speaks to the apparent sensitivity of the approach.

Given their Romance, Germanic, and Slavic roots, the languages involved in our study are
structurally dissimilar. It is, therefore, unsurprising that the specific morphological features
affording the above results rates varied considerably across languages, with different top
features for Spanish (e.g., use of proper nouns and present tense), German (e.g., case-
marking for determiners and gender in nominal groups), and Czech (e.g. person-marking
and gender). Despite such idiosyncrasies, it is interesting to note that those top features,
across languages, mainly point to specific word classes and inflectional (as opposed to
derivational) morphemes. Though preliminary, this observation mirrors previous
spontaneous speech analyses in PD that underscored specific word classes (e.g., pronouns,
negative adverbs) as contributing to patient/control discrimination (Garcia et al., 2016a). In
addition, it aligns and with the fact that the morphological tasks yielding more consistent
deficits in this population involved inflectional operations —in particular, past-tense
formation (Longworth et al., 2005; Terzi et al., 2005; Ullman, Corkin, Coppola, Hickok,
Growdon, Koroshetz, et al., 1997). More importantly, the robustness of our results despite
major typological variability suggests meets the imperative of crosslinguistic validity, a
cornerstone to support any claim of broad generalizability in the study of language
mechanisms, in general (Evans & Levinson, 2009; Kemmerer, 2014; Kemmerer &
Eggleston, 2010), and their dysfunction in neurodegenerative conditions, in particular (Calvo
etal., 2017).

It is also worth noting that the above findings, across all three languages, proved consistent
even when samples were partitioned in terms of sex, age, and education (when data thus
allowed), and in terms of the patients’ MDS-UPDRS-I111 scores, H&Y scores, and years
since diagnosis. Thus, the relation between morphological usage and motor dysfunction
would not seem to be biased by particular sociodemographic and clinical profiles. Although
a number of caveats must still be noted in this regard (see “Limitations” below), this opens
fruitful avenues to further explore the generalizability of our results in future research.

Additionally, we showed that our main results, as obtained with a LOOCYV approach, were
highly consistent in 25-fold settings. This further attests to the robustness of our findings. As
it happens, although LOOCYV has been successfully used with relatively small samples in
previous spontaneous speech analyses (Bedi et al., 2014; 2015; Garcia et al., 2016a), this
method does not allow for repetition of the cross-validation experiments, potentially leading
to over-fitting issues (Gareth, Hastie, Witten, & Tibshirani, 2013). This is not the case when
more than only one sample is left out for testing. Upon performing multiple variations of the
latter approach (over 25 cross-validation folds for each language with 100 combinations per
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metric), we found strikingly similar (and very high) classification results, suggesting that our
findings were not an artifact of over-fitting in a LOOCV setting.

From a larger theoretical perspective, these findings have implications for fine-tuning our
understanding of the role of motor circuits in language processing. In line with Birba et al.
(2017), we propose that the implication of frontostriatal networks in morphology reflects the
embodied nature of this domain: just like these networks are crucial for processing
hierarchically organized sequences of actions so do they prove crucial to process
hierarchically organized sequences of morphemes. This claim, which represents a
straightforward extension of the so-called Disrupted Motor Grounding Hypothesis (Birba et
al., 2017; Garcia & Ibafiez, 2018), implies that the intimate relation between morphology
and frontostriatal networks would be a manifestation of ‘grounding’, namely: the recycling
of lower-level sensorimotor networks supporting functionally germane operations (Dehaene
& Cohen, 2007) —for similar claims, see Ullman (2001). Incidentally, this postulation
highlights the contributions of the embodied cognition framework as an organizing principle
for understanding the neurocognitive particularities of patients with neurodegenerative
motor disorders (Gallese & Cuccio, 2018; Garcia & Ibafiez, 2018).

Our results also have clinical implications. Disruptions of embodied processes have been
proposed as potential signatures of motor-network degeneration in early disease stages
(Abrevaya et al., 2017; Bocanegra et al., 2015), irrespective of the patients’ overall cognitive
status (Bocanegra et al., 2017; Garcia et al., 2016a, 2016b, 2018), and even in preclinical
stages (Garcia et al., 2017a, 2017b; Kargieman et al., 2014). While these claims have been
advanced by reference to other embodied domains (syntax and action-language processing),
our results point to morphology as a sensitive domain for neurolinguistic research on PD.
Note, in this sense, that despite presenting similar H&Y scores our patient samples featured
great heterogeneity in terms of their years since diagnosis and their MDS-UPDRS-III scores.
Moreover, whereas the Spanish and German samples were tested during the “on” phase of
antiparkinsonian medication, Czech patients were evaluated in the “off” phase. Moreover, all
three patient samples had similar H&Y scores despite differing in their years since
diagnosis. Yet, high classification rates were nonetheless obtained in each language.
Tentatively, this indicates that morphological patterns might robustly discriminate between
patients and controls despite major variability in disease progression and dopamine
bioavailability —an important milestone in this research field (Birba et al., 2017; Garcia &
Ibafez, 2018).

Of course, the gold standard for diagnosis, prognosis, and monitoring of PD involves a
combination of validated clinical tests complemented by biochemical, neuroimaging, and
(when appropriate) genetic biomarkers (e.g. Rodriguez-Oroz et al., 2009; Samii et al., 2004).
Far from a replacement of any of these elements, our approach might represent a useful
complement to them —especially in institutions from low-income countries lacking
neuroimaging, biochemical, or genetic expertise (Parra et al., 2018). In particular
spontaneous speech tasks are undemanding, non-stressful, and non-fatiguing, which sets
them apart from several standardized clinical tests (Garcia et al., 2016a). Moreover, they
involve virtually no costs, and they can be administered remotely and massively. Finally, our
automated approach is also advantageous in that it can handle vast amounts of data in little
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time, circumventing the biases of human analysis. Moreover, its relevance for translational
research has been demonstrated in previous studies yielding high classification rates for
psychiatric populations, including ecstasy users (Bedi et al., 2014), schizophrenics, maniacs
(Mota et al., 2012), and bipolar subjects (Mota, Furtado, Maia, Copelli, & Ribeiro, 2014).
Together with the only previous application of this approach to PD (Garcia et al., 2016a),
our novel findings indicate that this framework can also afford breakthroughs in the context
of neurological disorders.

5. Limitations and avenues for further research

Admittedly, however, our study presents a number of limitations, mainly due to differences
in the standard clinical protocols adopted in each international center. First, the size of our
samples was not homogeneous across the three languages tested. However, even the 77 of the
smallest sample (i.e., the Czech cohort) was similar to or even larger than that of previous
morphological studies on PD (Longworth et al., 2005; Macoir et al., 2013; Silveri et al.,
2018; Terzi et al., 2005). While this speaks to the relevance of present results even for our
smallest sample, future applications of our approach should aim to recruit groups of
comparable size across languages.

Second, we lacked data on the participants’ education level in two countries. Still, patients
and controls were matched for education in the large Spanish sample, which yielded similar
results to those obtained in for German and Czech. Moreover, results in the Spanish sample
remained proved consistent even when participants were binned into lower and higher
education subgroups. Also, note that the significant correlation between morphological
patterns and motor impairments is a result that can hardly be explained principally by
potential educational confounds —and, more generally, morphological processing in
spontaneous discourse is a domain that would not seem to depend on formal education. Still,
it would be useful to replicate this investigation while controlling for this factor in all
language groups.

Third, Spanish- and German-speaking patients were recorded during the “on” phase of
antiparkinsonian medication, while recordings of the Czech patients were obtained during
the “off” phase. Although our study did not involve statistical comparisons among the three
patient samples and robust results were obtained in all of them, levodopa or dopamine
agonists are known to modulate other linguistic domains, such as lexical access (Boulenger
et al., 2008) and word fluency (Herrera and Cuetos, 2012). Therefore, future cross-linguistic
assessments of morphology in this disease should aim to homogenize dopaminergic levels
across samples to circumvent this caveat of our research.

Fourth, the software used to analyze Czech data (Morphodita) was not the same as that used
for the other two languages (as it happens, Freeling is not available for Czech). While it is
true that Morphodita and Freeling yield very similar tagging accuracies in their respective
languages (95% and 97%, respectively), and even though both programs use nearly identical
tags, software-specific discrepancies may have introduced a source of inconsistency across
results for each language. This reservation should be acknowledged in the present results
and addressed through the use of identical analysis programs in future research.
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Finally, potential extensions of our study should also include more detailed clinical
characterizations of the patients, crucially controlling for their overall cognitive status.
Although previous evidence suggests that embodied language disruptions in PD hold
irrespective of the patients’ domain-general (dys)functions (Birba et al., 2017; Garcia &
Ibafiez, 2018), direct testing of this factor would represent an important complement to the
data reported herein. Moreover, valuable insights could be gained by factoring in
physiopathological information ideally by combining linguistic assessments with anatomo-
functional brain measures, as done in previous PD research (Grossman et al., 2003; Isaacs,
McMahon, Angwin, Crosson, & Copland, 2019; Magdalinou et al., 2018; Pereira et al.,
2009). Finally, given that other aspects of language have revealed deficits in very early and
even preclinical stages of PD (Birba et al., 2017; Garcia et al., 2017a), our approach should
tested on de novo patients, with continual monitoring in the course of disease.

6. Conclusion

This study has offered unprecedented evidence that morphological patterning in spontaneous
discourse can represent a robust and cross-linguistically valid target for research on PD.
Such a finding represent a promising extension of recent proposals capitalizing on embodied
cognition principles to advance innovations in clinical neuroscience. Further efforts in this
direction may lead to fruitful synergies at the crossing of theoretical and applied research in
the field.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

We examined morphology in natural speech from Parkinson’s disease (PD)
patients.

Our study comprised speakers of three languages: Spanish, German, and
Czech.

Morphological features classified > 80% of patients and controls in each
language.

The most discriminative features correlated with the patients” motor
compromise.

This embodied frontostriatal domain may afford crosslinguistic signatures of
PD.
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A. Data collection and preprocessing
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Figure 1.
Flowchart summarizing the pipeline for morphological tagging and cross-validation analysis

of the participants” monologues. A. Data collection and preprocessing. In sound-proof
rooms, PD patients and healthy controls (HCs) from each language group were asked to
narrate the activities they perform during a regular day (Al). Morphological tagging (MTag)
for each monologue was conducted with Feeling for Spanish and German, and with
Morphodita for Czech (A2). B. Classification models. For each dataset in each language,
we predicted each participant’s monologue as belonging to a PD patient or a HC using three
classification models: stochastic gradient descent (SGD), support vector machine (SVM),
and logistic regression (LR) (B1). For cross-validation, we applied a leave-one-out-cross-
validation (LOOCV) approach, combined with the elimination of non-discriminative
features in each fold, considering only the training samples of each fold (based on the
analysis of each feature through a #test, an ANOVA F£test, and a stability-selection method).
Then, the minimal set of best features for the classification in each language from the
previous step was identified based on a recursive feature elimination (RFE) method (these
correspond to the ‘non-generalizable’ analysis from section 2.5.2). (B2). C. Regression
model. Finally, these minimal set of selected features were used to predict the participant’s
degree of motor impairment (as measured by the MDS-UPDRS-I11 scores), and these
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predicted scores were used to perform correlation analyses between the selected feature set
and the actual scores of the PD patients (C1).
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Figure 2.

Results from the non-generalizable analyses. The top left panel shows the AUC scores
obtained after RFE procedure (section 2.5.1.2). The remaining three panels show the
confusion matrices based on the same analysis settings for each language (top right:
Spanish; bottom left: German; bottom right: Czech).
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Figure 3.

Correlation between actual motor compromise and predicted motor compromise based on
morphological usage patterns. A predicted MDS-UPDRS-I1I score was computed for each
participant by fitting a multiple regression model to the collected MDS-UPDRS-I11 scores
with the minimal set of features selected by the classification analysis. The actual and
predicted MDS-UPDRS-I111 scores for each PD patient are shown for Spanish, German, and
Czech. Pearson’s rcorrelations between the predicted and the collected MDS-UPDRS-III
score were 0.35 for Spanish, 0.26 for German, and 0.61 for Czech.
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Demographic and clinical data.

Table 1.

Page 28

Language  Group N  Gender (F:M) Yearsofage Yearsofeducation MDS-UPDRS-1II  H&Y  Years since diagnosis
PD . 62.0 11.30 38.4 2.2 10.9
patients 01 27:34 (10.0) (4.36) (19.4) ©0.9) ©9.1)
Spanish 61.7 10.56
Controls 57 28:29 (9_'9) (4.64) ---------------
PD . 66.5 22.7 24 6.6
patients 20 avar @o (10.9) (0.6) (.9)
German
. 63.2
Controls 88 44:44 a0 T e
PD i 61.0 17.9 2.2 24
patients  2° 0:20 a0 7.3) (0.5) L7
Czech 618
Controls 16 0:16 (13:2) ————————————————————

MDS-UPDRS-I11: Movement Disorder Society-sponsored revision of the Unified Parkinson’s Disease Rating Scale. H&Y: Hoehn & Yahr scale.
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Table 2.

Example of tagging of a sentence in the Spanish corpus.

Page 29

Correct tagging

Word Part of speech  Attribute-value pairs probability score
Entonces Adverb Type: General 0.998
(S0)

Yo Pronoun Type: Personal, Person: 15t Gender: Common; Number: Singular; Case: 1
) Nominative

Tengo Verb Type: Main; Mood: Indicative; Tense: Present; Person: 15, Number: 1
(have) Singular

Unos Determiner Type: Indefinite; Gender: Masculine; Number: Plural 0.96
(some)

E\i‘srgigl?}]%ssinesses) Noun Type: Common; Gender: Masculine; Number: Plural; Degree: Evaluative 1
AN Adverb Type: General 1
(there) yp

como Conjunction Type: Subordinating 0.967
(like)

De . . L

C.) Adposition Type: Preposition 1
?g;g;g) Noun Type: Common; Gender: Masculine; Number: Singular 0.246
0 Punctuation Period 1
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Table 3.

Classification results for each language.

Feature selection within cross-validation folds

Accuracy | Recall | Precision | AUC | Classifier

Spanish 71% 70% 73% 73% LR
German 71% 68% 73% 76% SGD
Czech 80% 90% 78% 83% SGD

Results from the non-generalizable analyses

Accuracy | Recall | Precision | AUC | Classifier

Spanish 82% 80% 84% 89% SVM
German 81% 84% 79% 84% SVM
Czech 94% 95% 95% 97% LR

SGD: stochastic gradient descent; SVM: linear support vector machine; LR: logistic regression.
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Table 4.

The most important four features for classification for each language.

Language Morphological tag description  Feature specification weight  p-value
Spanish Subordinating conjunction Rate of tag 0.47 <.001
Proper noun Rate of tag -0.46 0.019
Present tense Mean of probability scores -0.42 .040
Proper noun Skewness of probability scores 0.41 .070
German Verb person not specified Skewness of probability scores 0.36 <.001
Determiner in accusative case Skewness of probability scores  -0.29 .012
Neuter gender in pronouns Kurtosis of probability scores 0.25 .002
Feminine gender in nouns SD of probability scores -0.22 .010
Czech Person not specified Skewness of probability scores 39 <.001
Use of 2nd most frequent variant ~ Kurtosis of probability scores 27 .001
Personal pronoun Rate of tag 19 <.001
Masculine gender Skewness of probability scores -19 .024

The weight column shows the average weight assigned to each feature by the classifiers, which indicates the importance of the feature in

classification decision. The rightmost column shows the p-value of the #test for each feature.
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