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Abstract 

A progressive speech/language disorder, such as the non fluent/agrammatic variant of primary 

progressive aphasia and progressive apraxia of speech, can be due to neuropathologically verified 

Progressive Supranuclear Palsy (PSP). The prevalence of linguistic deficits and the linguistic profile 

in PSP patients who present primarily with a movement disorder is unknown. In the present study, 

we investigated speech and language performance in a sample of clinically diagnosed PSP patients 

using a comprehensive language battery, including, besides traditional language tests, a detailed 

analysis of connected speech (picture description task assessing 26 linguistic features). The aim was 

to identify the most affected linguistic levels in seventeen PSP with a movement disorder 

presentation, compared to 21 patients with Parkinson’s disease and 27 healthy controls. Machine 

learning methods were used to detect the most relevant language tests and linguistic features 

characterizing the language profile of PSP patients. Our results indicate that even non-clinically 

aphasic PSP patients have subtle language deficits, in particular involving the lexical-semantic and 

discourse levels. Patients with the Richardson’s syndrome showed a lower performance in the word 

comprehension task with respect to the other PSP phenotypes with predominant frontal 

presentation, parkinsonism and progressive gait freezing.  The present findings support the 

usefulness of a detailed language assessment in all patients in the PSP spectrum. 

 

Keywords: language; progressive supranuclear palsy; connected speech; machine learning; 
Richardson’s syndrome. 
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1. Introduction 

 

In addition to motor symptoms, patients with Progressive Supranuclear Palsy (PSP) commonly 

show behavioural and cognitive disorders (Lee et al., 2016; Monza et al., 1998; Robbins et al., 

1994; Soliveri et al., 2000; for a review see Burrell et al., 2014). The recent Movement Disorder 

Society (MDS) criteria (Hoglinger et al., 2017) include cognitive dysfunction as one of the core 

diagnostic criteria, together with oculomotor dysfunction, postural instability and akinesia. 

Different variants have been identified, including, in addition to the classical Richardson’s 

syndrome, initial predominance of ocular motor dysfunction, postural instability, Parkinsonism 

resembling idiopathic Parkinson’s disease, frontal lobe cognitive or behavioral presentations, 

including behavioral variant frontotemporal dementia, progressive gait freezing, corticobasal 

syndrome, primary lateral sclerosis, cerebellar ataxia, and speech/language disorders, including 

nonfluent/agrammatic primary progressive aphasia (PNFA) and progressive apraxia of speech 

(AOS). The presence of a speech/language disorder is considered as a core clinical feature, with the 

highest level of diagnostic certainty in the cognitive domain (C1).  

The neurolinguistic features of PSP patients presenting with an aphasic phenotype have been 

extensively described (Perkin et al., 1978; Esmonde et al., 1996; Della Sala & Spinnler, 1998; 

Kertesz and McMonagle, 2010; Josephs et al., 2005; Robinson et al., 2006; Boeve et al., 2003; 

Joseph et al., 2006; Roher et al., 2010). Patients with PSP-PNFA when compared with controls 

show an impairment in repetition, naming, semantic and phonemic fluency, single word and 

sentence comprehension and non-word reading (Rohrer et al., 2010;  Santos et al., 2016). 

Connected speech in picture description is characterised by phonetic errors, reduced speech rate 

(Santos et al., 2016; Rohrer et al., 2016), low mean length of utterance (Santos et al., 2016), and an 

increase in syntactic errors (Santos et al., 2016; Rohrer et al., 2016), indicating an impairment at the 

phonetic and syntactic levels. When PSP-PNFA is compared with non-PSP-PNFA, a more severe 

reduction in spontaneous speech, with fewer speech errors and less marked impairment of literacy 

skills were reported in the former (Rohrer et al., 2010).  

Mild language disorders have been reported also in patients with the classical Richardson’s 

syndrome. The first studies (Maher et al, 1985; Podoll et al., 1991; for a review, see Kim and 

McCann, 2015) interpreted language impairment as ‘secondary to other neurological and 

neuropsychological disturbances’ (Podoll et al., 1991). Defective performance in lexico-semantic 

tasks has been successively reported by several studies (Daniele et al., 2013; Bak et al., 2006), in 
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particular for action-verbs (vs. nouns) (Bak et al., 2006; Daniele, 1994; Daniele et al., 2013; Cotelli 

et al., 2006). More recently, an attempt to better characterize the language profile reported 

impairments in naming, word comprehension, semantic association and syntactic comprehension 

(Burrell et al., 2018). When compared to PNFA, a comparable impairment in naming, word 

comprehension, semantic association and syntactic comprehension tasks has been reported (Burrell 

et al., 2018).  

In the present study, we analyse the language impairment in a sample of patients recruited from 

movement disorders clinics, in order to assess the prevalence of linguistic deficits and to 

characterize the linguistic profile in PSP patients with a primarily non-cognitive presentation. To 

this aim, we used a comprehensive language battery, including an analysis of a sample of connected 

speech obtained through a picture description task, to identify the most affected linguistic level in 

PSP patients presenting with different phenotypes, excluding only patients with an aphasic/speech 

apraxia variant. Using machine-learning algorithms, we aimed at capturing the language tests and 

linguistic features best describing the linguistic profile of the disorder when compared to healthy 

subjects. As a second aim, in order to assess the specificity of language impairment in PSP with 

respect to other movement disorders, we compared the performance of PSP patients with a sample 

of patients with Parkinson disease (PD).  

 

2. Materials and methods 

2.1 Participants 

From 2016 to 2017, fifty-nine patients were consecutively included in the study: 32 patients with a 

clinical diagnosis progressive supranuclear palsy (PSP) and 27 with Parkinson’s disease (PD). 

Participants were diagnosed by experienced movement disorder neurologists, in accordance with 

the MDS criteria (Hoglinger et al., 2017) for PSP patients and according to the UK Brain Bank 

Criteria (Gibb and Lee, 1988) for PD patients. Patients were recruited at the Movement Disorders 

Center of the University of Salerno, and at the Neuroscience Division of the San Raffaele’s 

Hospital, Milano. All participants were Italian native speakers. All patients underwent to a 

comprehensive neuropsychological and language assessment (see below for details). Twenty-one 

participants were excluded from the study, as 7 PSP and 1 PD had unintelligible speech and 3 PSP 

and 1 PD refused to complete the picture description task. Additional inclusion criteria were: a 

corrected score on Mini Mental State Examination (MMSE) of at least 18, leading to the exclusion 

of 4 PSP, and a disease duration lesser than 10 years, leading to the exclusion of 4 PD. Finally, we 
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excluded a PSP patient fulfilling the criteria for a non fluent/agrammatic PPA phenotype (Gorno 

Tempini et al., 2011). The patient had been referred to the movement disorder outpatient clinic, but 

showed a prominent speech and language impairment, assessed through a comprehensive language 

evaluation, and characterized by a severe AOS and agrammatism in production, and by a deficit in 

sentence comprehension but not in single word comprehension and semantic association tasks. The 

demographic information for the final sample of thirty-eight patients, 21 PD and 17 PSP (including 

10 presenting with Richardson’ syndrome, 4 with predominant frontal presentation, 2 with 

predominant parkinsonism and 1 predominant progressive gait freezing), are summarized in Table 

1. Disease duration was calculated in years from the onset of the first motor symptoms. Disease 

severity was assessed with the PSP Rating Scale (PSPRS) (Payan et al., 2011) and the Unified 

Parkinson Disease Rating Scale (UPDRS, part III motor subscale) (Fahn and Elton, 1987). 

The control sample included 27 healthy controls (15 males) matched for age (p=.92) and education 

(p=.8) with the 38 patients. None of the controls had a history of neurological illness or mental 

decline, and all had an adjusted score on the MMSE of at least 24.  

The 3 groups (PD, PSP and controls) were not matched for age (p=.056) and education (p=.028). 

Post-hoc comparisons revealed differences only between the PD and PSP groups. Patients in the 

PSP group were significantly older than those in the PD group (p=.05) and had fewer years of 

formal education (p<.05). Both groups of patients were matched with controls for both age (p at 

least=.551) and education (p a least=.343). 

The study was approved by the local research ethics committees.  

 

Table 1: Demographic data of PSP, PD and controls. 

 
 Demographics PSP (n = 17) PD (n = 21) Controls (n = 27) 

Gender (M/F) 8/9 15/6 15/12 

Age (years) 71,29 (63-84) 64,53 (52-76) 67,78 (45-84) 

Education (years) 8,82 (3-17) 12,9 (5-20) 10,78 (5-18) 

Handedness  17 R 20 R  25 R  
 F= female; M= male; R= right hand 

 

2.2 Neuropsychological assessment 

All patients underwent a complete standardized neuropsychological examination, administered by 

experienced neuropsychologists. It included the Mini Mental State Examination (MMSE, Measso et 

al., 1993) and Montreal Cognitive Assessment (MoCA, Nasreddine et al., 2005; Santangelo et al., 
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2014) as measures of the global cognitive functioning. Short term memory was assessed using the 

digit span forward test and the Corsi visuo-spatial span test (Monaco et al., 2013). The immediate and 

delayed recall scores of the Rey auditory verbal learning test (RAVLT, Carlesimo et al., 1996), the 

prose memory test (Spinnler and Tognoni, 1987) and the recall of Rey Osterrieth figure (Caffarra et al., 

2002) were used to assess episodic memory. Visuo-spatial abilities were evaluated with the Benton 

Judgement of Line Orientation test (Benton et al., 1978). Visuo-constructive abilities were assessed with 

the Copy of the Rey Osterrieth figure (Caffarra et al., 2002), the constructional apraxia test (Spinnler and 

Tognoni, 1987) and Clock drawing test (Mondini et al., 2003). Praxis was assessed using the orofacial 

praxis test (Spinnler and Tognoni, 1987) and the imitation of gestures (De Renzi et al., 1980, 1986). 

Attention and executive functions were assessed with the digit span backward test (Monaco et al., 

2013), the letter (P-F-L) fluency test (Novelli et al., 1986), the short version of the Stroop 

Interference Test (Caffarra et al, 2002b) and the Trail making test (Giovagnoli et al., 1996).  

The Frontal behavioural inventory (FBI, Alberici et al, 2007), the apathy evaluation scale (AES, 

Santangelo et al., 2014) and the Beck Depression Inventory (BDI, Visser et al., 2006) were used as 

measures of affect, personality and social behaviour.  

 

2.3 Speech and language assessment. In order to assess the severity of motor speech disorders an 

expert speech therapist (A.M.) used a 3-point scale in order to classify the presence and in case the 

severity of the AOS. The evaluation was based on the oral production obtained at picture 

description, picture naming, repetition and reading tasks. In each of these tasks we evaluated: 1) 

articulation: presence of consonant and vowel errors; production of elongated phonemes; errors 

related to the manner (voiceless and voiced tracts) or to the place of articulation; difficulties in 

repetition and reading of non-words; error consistency; 2) rhythm and prosody: reduction of the 

spontaneous speech rate, presence of lengthening phenomena; 3) fluency: alteration of the fluency 

with self-correction; repetition of syllable sounds; difficulty in starting articulatory sequences. 

According to the 3-points scale, 0 represents normal speech, 1 is associated to mild articulatory 

distortions and prosody alterations and 2 represents a production with moderate articulatory 

disorders. Patients with unintelligible speech were excluded from the study. On this basis, patients 

were classified in three different groups, namely patients with moderate AOS, patients with mild 

AOS and patients without AOS. 

Language was evaluated with the category fluency test (Novelli et al., 1986) and the SAND battery 

(Catricalà et al., 2017; Battista et al., 2018). The SAND provides a brief but comprehensive 

language assessment, including: 

- Picture naming: The subject is asked to name 14 black and white object drawings; 
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- Sentence comprehension: The subject is asked to choose which of two pictures matches the 

meaning of the sentence read by the examiner. The sentences included two short active, two short 

passive, two coordinates and two embedded structures; 

- Word comprehension: The subject is asked to point at the target among four object pictures in 

response to a spoken word; 

- Repetition: The subject is asked to repeat words and non-words read by the examiner; 

- Sentence repetition: The subject is asked to repeat the sentences read by the examiner; 

- Reading: The subject is asked to read regular and irregular words and non-words; 

- Semantic association: the subject is asked to point at the two semantically related images out of 

three; 

-  Writing: The subject is asked to describe how to brush their teeth; 

- Picture description task: The subject is asked to describe a complex picture (see below).  

Picture description task. To elicit connected speech, we used the Summer Time picture of the 

SAND battery, depicting a seaside scene (Fig. 1). This picture includes 36 information units (IU), 

subdivided in four different types: 8 subjects, 10 actions, 5 places and 13 objects. For a detailed 

description of this task, see Catricalà et al. (2017). 

 

Figure 1: Summer time picture. 

 

 
The examiner shows the picture to the participant and asks her/him to “Look carefully at this 

picture and describe aloud all you can see, trying to use sentences”. If the subject stops 

spontaneously the production before the end of two minutes (e.g. pausing longer than 20 seconds, 
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or claiming to have nothing more to say), the experimenter can intervene, suggesting to look more 

carefully at the picture and asking if there is something else to describe, in order to encourage the 

subject to continue. The oral description for each participant was recorded using a stationary 

microphone attached to a laptop or a digital recorder. Recordings ranging from 25 seconds to 4 min 

were manually transcribed into Italian orthography, with the exception of punctuation and sentence 

initial capitalization that were not used. Pauses were marked with dots, with each dot indicating a 

second of silence. Transcriptions were segmented into utterances, i.e. a sequence of words not 

interrupted by pause lasting more than 2 seconds. Utterance boundaries were identified using 

semantic, syntactic and prosodic features, mostly coinciding with sentences, a grammatically 

complete string of words expressing a complete thought, or a group of words that forms an 

independent grammatical unit. Fillers such as ehm and mh were also transcribed. Productions 

considered as non-descriptive, such as questions addressed to the experimenter (i.e. What should I 

say?), interjections (i.e. so, I don’t know) and meta-linguistic comments (i.e. how do you say that? I 

can’t remember the name) were transcribed, but excluded from the analysis. 

All transcriptions were analyzed according to 26 features belonging to four linguistic levels 

(phonetic-phonological, lexico-semantic, morpho-syntactic and discourse-pragmatic), and selected 

on the basis of a review of the relevant literature (Rusz et al., 2011; Ash et al., 2012b; Ash and 

Grossman, 2015; Ash et al., 2011; Murray, 2000; Ellis et al., 2015; Robinson et al., 2015; Santos et 

al., 2016; Rohrer et al., 2010). The 26 features and their transcription modality are described in 

Table 2. 

 

Table 2: Summary of the 26 features used 

Linguistic feature Definition/how to measure 

Phonetic and Phonological (5)  

Speech rate Total words uttered/total time in minutes 
Total locution time The amount of time in the sample containing both speech and pauses 
Number of pauses Number of pauses produced / total locution time 
Between –utterance pause 
duration  

Total duration of pauses between utterances  in seconds/ total locution time 

Phonemic errors Well-articulated phoneme substitutions, additions, transpositions, and deletions 
/ total words 

Lexico-semantic (8)  

Noun rate Total number of nouns / total number of words 
Verb rate Total number of verbs / total number of words  
Pronoun rate Total number of pronouns / total number of words 
Noun-verb ratio Total number of nouns / total number of verbs 
Pronoun-noun ratio Total number of pronouns / total number of nouns 
Quantifiers Total number of quantifiers / total number of nouns 
Repaired sequences Sequences of one or more complete words, resulting in redundancies by 
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subsequent repetitions, elaborations or alternative expressions.  
Repaired sequences / total words 

Semantic errors Total number of errors occurring when a target word is replaced by a term that 
could, from the context, be identified as a semantically related item; this feature 
includes semantic (semantically erroneous substitutions) and visual paraphasias 
(substitutions that are visually similar to the target object).  
Semantic errors / total words 

Morpho-syntactic (5)  

Mean length of sentence (MLS) The average number of words per sentence 
Sentences Total number of sentences  
Incomplete sentences Total number of sentences that are abandoned after producing a verb.  

Total number of incomplete sentences / total sentences 
Dependent clauses Total number of clauses that do not form a sentence on their own.  

Total number of dependent clauses / total sentences  
Morpho-Syntactic errors Erroneous uses of grammatical rules involving sentence structure or 

ungrammatical sentences; errors in inflection and morphological derivations of 
words. Morpho-Syntactic errors / total words 

Discourse and Pragmatic (8)  

Total words Total number of words uttered 
Information Units Total number of correct information units; information units are usually 

subdivided in subjects, places, objects, and actions 
Microproposition Number of utterances which provide details given in addition to the central 

topic. Microproposition / total sentences 
Implausible or irrelevant details  Total number of utterances which provide implausible or irrelevant information 

given in addition to the central topic.  
Implausible or irrelevant details / total sentences 

Index of discourse effectiveness  
(IDE) 

The ratio of the total number of recalled words divided by the number of 
information units. Index of discourse effectiveness / total sentences 

Errors in content elements Total number of utterances containing factually inaccurate elements.  
Errors in content elements / total sentences 

Referential cohesion errors Total number of referential cohesive ties (pronouns), used in an ambiguous or 
erroneous way. Referential cohesion errors / total pronouns 

Efficiency  Total number of information units / total locution time 

 

2.4 Statistical Analyses 

Performances obtained by each patient in all neuropsychological and language (SAND) tests were 

first classified as impaired or unimpaired on the basis of the respective normative data. We then 

calculated the percentage of impaired cases within each group (PD and PSP).  

Subsequently, all the measures derived from neuropsychological and language assessment (using 

corrected scores) were checked for normality of distribution. For differences between the two 

patient groups in neuropsychological tests, nonparametric data were analyzed using the Mann–

Whitney U test, parametric data using t-test for independent sample. Corrected scores were used as 

PD and PSP were not balanced for age and education.  

For measures derived from the language tests and connected speech production task, the control 

group was also included in analyses. Bootstrap one-way ANOVA analyses with 1000 bootstrap 

equally-sized samples obtained by randomly resampling with replacement from the original data 
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were conducted to assess differences between the three groups (controls, PD and PSP) separately 

for each test. Corrected scores were used as PD and PSP were not balanced for age and education. 

Post-hoc analyses were then conducted using Bonferroni correction for differences between the 

three groups. 

Bootstrap ANCOVA analyses with 1000 bootstrap equally-sized samples obtained by randomly 

resampling with replacement from the original patient data were conducted to assess differences 

between the three groups (controls, PD and PSP), separately for each linguistic feature. Age and 

education were used as covariates, as PD and PSP were not balanced for these variables. Post-hoc 

analyses were then conducted using Bonferroni correction for differences among the three groups. 

In order to further check for a possible influence of age and education, in particular on the 

comparison between PD and PSP, we selected a subsample of 15 PD patients (mean age=65,4; 

sd=6,58; mean education= 10,67; sd=3,7) matched with controls and PSP patients for both 

education (F=1,216; p=.304) and age (F=1,198; p=.156). Bootstrap one-way ANOVA analyses with 

1000 bootstrap equally-sized samples obtained by randomly resampling with replacement from the 

original data were conducted to assess differences among the three groups (controls, PD and PSP), 

separately for each test and feature using the raw scores. 

Explorative correlation matrices showing, respectively, the relation between language tests and 

linguistic features, between language tests and neuropsychological tests, and between linguistic 

features and neuropsychological tests separately in PSP and PD patients are reported in 

Supplementary tables 2s - 7s.  

In addition, to better qualify the language profile of the PSP patients with different levels of AOS 

severity, namely PSP without AOS, PSP with mild AOS, and PSP with moderate AOS, we 

considered the number of patients showing a pathological performance in language tests and 

linguistic features requiring a verbal output, which were impaired in PSP when compared to 

controls. In order to classify the performance of each PSP patient as pathological or ‘normal’ we 

used the corrected score and the cut-off value of the respective normative data for the language 

tests. For the linguistic features, in the absence of normative data, we used the Crawford & 

Garthwaite test (2002), in which a patient’s performance is compared to a matched control sample 

(in our study N=27).  

Finally, non parametric analyses were also carried out to investigate differences in language 

impairments between Richardson’s syndrome (N=10) and the other phenotypes (N=7; 4 with 

predominant frontal presentation, 2 with predominant parkinsonism and 1 predominant progressive 

gait freezing) using Bonferroni adjustment (0,05/50). 
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2.5 Machine learning classification  

The goal of a machine learning classification task is to take a feature vector as input, and to produce 

as output a class label (in this case, either PSP, PD or controls). In order to obtain a classification, it 

is necessary to train a classifier to predict participants’ diagnoses. The features used to populate the 

vectors1 are the following: 

1) the corrected scores obtained in the 24 specific language tests of the SAND battery (see 

Table 3); 

2) the 26 linguistic features reported above;  

3) 1 and 2, i.e. the corrected scores obtained in the 24 specific language tests and the 26 

linguistic features. 

Age and education were used as extra features for vectors 2 and 3, as we used raw (uncorrected) 

scores for age and education (note that PD and PSP were not matched for age and education). 

Three group vectors were created: 

- Group classification task 1: controls vs. PSP; composed by 27 vectors for the 27 instances 

belonging to the control group and 17 vectors for PSP (Tot: 44 vectors between controls and 

PSP groups); 

- Group classification task 2: PD vs. PSP; composed by 21 vectors for the 21 instances 

belonging to PD group and 17 vectors for PSP (Tot: 38 vectors between PD and PSP 

groups). 

All combinations of groups were used for the language tests, the linguistic features and the 

combination of language tests and linguistic features. These vectors were used for training the 

classifiers, comparing different machine learning algorithms. We used Weka environment (Witten 

et al., 2016) to test the most appropriate algorithms for the current classification tasks, such as One 

R, NaïveBayes, NaïveBayesMultinomial, Random Forest and 3 different Support Vector Machines 

(SVMs), libSVM, libLINEAR and SMO (see supplementary materials for a description). 

Our analysis included two steps for all 3 models (language tests, linguistic features and the 

combination of features and tests): the selection of relevant features and the classification step.  

                                                 
1 A vector is a multidimensional object whose dimensions/components are usually numerical values representing each 
feature included in the representation of this object: for instance, a patient A could be represented with a three 
components vector such as <76, 344, control> where the first number corresponds to his age, the second to the length, 
in term of number of words, of the description he provided for the picture s/he has been asked to describe, the last 
component corresponds to his/her clinical classification, i.e. control; the first two components are numerical, the second 
is nominal and is  the class to be learned by the machine learning algorithm after the processing of a number of patients 
all represented, in this simple case, as 3-components vectors. 
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As reported in several studies (Fraser et al., 2014; Garrard et al., 2014), the inclusion of too many 

features could lead to an overfitting of the classifier to idiosyncrasies in the training set, resulting in 

poor generalization to new data points. For this reason, it is important to include only those features 

that are non-redundant and highly informative with respect to the classification task. Different 

feature selection algorithms have been proposed. To select features for training the classifiers, we 

used two Attribute Selection algorithms: Information Gain and CfsSubsetEleval with Ranking 

Search as searching method, and mRMR (minimum-Redundancy Maximum-Relevance) as re-

ranking method, across all the vectors. Subsequently, we trained the learning algorithms using 

either the whole set of features or a subset of them, properly selected using both algorithmic 

procedures mentioned above. We then tested each classifier for accuracy, evaluating each learning 

algorithm with a percentage split validation, leaving some completely unseen data aside for testing 

(80% training; 20% testing), for 5 iterative repetition runs to reduce the  error rate of the model and 

to estimate the most accurate learning performance.  

Using Experimenter Weka interface, we compared the performances of each learning algorithm 

using t-test statistic to evaluate if the attribute selection enhanced classification accuracy. Feature 

selection improved only some of the classification performances, as reported in the results section. 

For each model, we reported results in term of classification accuracy of the best three algorithms, 

i.e. AUC, True Positive rate and precision values. Precision, also known as Positive Predictive 

Value, is the number of True Positives divided by the number of True Positives and False Positives, 

i.e. the number of positive predictions divided by the total number of positive values predicted. It 

can be considered as a measure of a classifier’s exactness.  

 

3. Results 

3.1 Neuropsychological assessment 

The percentage of PSP and PD impaired on each test, on the basis of normative data, as well as the 

means of the corrected scores (and the p values for differences) for both patient groups are reported 

in Table 1S in the Supplementary Materials. A high percentage of PSP patients showed an 

impairment in several cognitive domains, including attentional-executive, visuo-constructional 

abilities, orofacial praxis and immediate recall tasks, with a mean score significantly lower than PD 

patients.  

 

3.2 Speech and Language assessment 
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According to the respective normative data, more than 50% of PSP patients were impaired in 

picture naming, semantic fluency and in sentence and single word comprehension. More than 40% 

of PSP were also impaired in non-word repetition, reading and in the number of sentences. The 

direct comparison between PSP patients and controls showed a lower performance in all tasks, with 

the exception of word repetition and number of IU, nouns, verbs and semantic errors in writing (see 

table 3). 

PSP were more impaired than PD patients in naming, single word and sentence comprehension, 

sentence repetition, reading, semantic association, semantic fluency and number of orthographic 

errors, see table 3. Note, however, that considering a subsample of 15 PD patients matched for both 

age and education with PSP patients, single word comprehension and sentence repetition were not 

significantly different. Correlation matrices showing the relation between the neuropsychological 

tasks and the language tests separately for PSP and PD patients are included in Supplementary 

Tables 3s and 6s. 

 

 

Table 3: Speech and Language data of PSP and PD patients 

Measure  PSP (n = 17) 
% of impaired PSP  

(n. PSP assessed) 
PD (n = 21) 

% of impaired PD 

(n. PD assessed) 

 

controls 

 

P 

 

C vs PSP 

95% CI 

 

C vs PD 

95% CI 

PSP vs PD 

95% CI 

Apraxia of speech 

scale:         

    

  

Unimpaired   23,53%   95,24% 
    

  

Mild   64,71%   4,76% 
    

  

Moderate    11,76%   0% 
    

  

Semantic Fluency ° 25,76 (8,23) 58,8% 37,48 (9,93) 4,8% 

 

- 

 

- 

 

- 

 

        - .000 

 

 

Screening for Aphasia in NeuroDegeneration  - SAND 

  

 

Naming:  

    

 

 

  

 

 

Total  9,98 (2,39) 52,9% 12,57 (2,1) 14,3% 

 

13,32 (1,14) 

 

.000 

 

1.5/4.16 

 

ns -3.58/-0.45 

Living  4,75 (1,66) 29,4% 6,33 (1,51) 9,5% 

 

6,64 (0,79) 

 

.000 

 

0.9/2,7 

 

ns -2.57/-0.31 

Non-living 5,21 (1,45) 58,8% 6,38 (0,80) 9,5% 

 

6,7 (0,61) 

 

.000 

 

0.5/1.77 

 

ns -1.44/-.14 

Sentence 

Comprehension  6,32 (1,44) 52,9% 7,68 (1,12) 9,5% 

 

7,77 (0,48) 

 

   .000 

 

0.57/2.21 

 

        ns -2.23/-0.28 

     
    

 

Single word 

comprehension:     

    

 

Total  9,96 (1,94) 52,9% 11,4 (1,61) 9,5% 

 

11,83 (0,44) 

 

.001 

 

0.76/2.98 

 

ns -2.62/-0.04 

Living 4,84 (1,38) 41,2% 5,72 (0,88) 9,5% 

 

5,96 (0,18) 

 

.001 

 

0.41/1.96 

 

ns -1.75/-0.04 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

14 

 

Non-living 5,13 (0,68) 29,4% 5,68 (0,77) 9,5% 

 

5,86 (0,43) 

 

.007 

 

0.29/1.12 

 

ns Ns 

Repetition:  

    

 

 

   

Total  6,93 (1,95) 23,5% 8 (1,41) 9,5% 

 

8,69 (1,17) 

 

.006 

 

0.53/2.78 

 

ns Ns 

Words 5,37 (1,1) 17,6% 5,77 (0,61) 9,5% 

 

5,8 (0,54) 

 

ns 

  

. 

Non-words 1,4 (1,43) 41,2% 2,21 (1,21) 9,5% 

 

2,93 (0,92) 

 

.002 

 

0.53/2.2 

 

0.13/1.43 Ns 

Sentence Repetition: 

    

 

 

   

Total  3,37 (1,37) 23,5% 4,46 (1,41) 14,3% 

 

4,9 (1,14) 

 

.003 

 

0.68/2.28 

 

ns -1.9/-0.11 

Predictable 1,95 (0,79) 11,8% 2,23 (0,83) 9,5% 

 

2,7 (0,58) 

 

.01 

 

0.17/1.13 

 

0.07/0.95 Ns 

Unpredictable  1,43 (0,87) 11,8% 2,27 (0,9) 4,8% 

 

2,19 (0,9) 

 

.007 

 

0.28/1.34 

 

ns -1.44/-0.37 

Reading:  

    

    

Total 12,48 (4,39) 41,2% 15,11 (1,36) 4,5% 

 

15,85 (0,35) 

 

.000 

 

1.17/6.08 

 

0.22/1.45 -5.51/-0.28 

Words (regular and 

irregular) 9,39 (3,14) 41,2% 11,43 (0,98) 9,5% 

 

11, 94 (0,22) 

 

.000 

 

0.1/4.54 

 

0.14/0.99 -4.15/-0.41 

Non-words 3,03 (1,36) 23,5% 3,67 (0,63) 4,5% 

 

3,89 (0,31) 

 

.008 

 

0.17/1.66 

 

ns Ns 

Semantic Association 2,54 (0,78) 7% 3,28 (0,87) 0% 

 

3,59 (0,64) 

 

.001 

 

0.56/1.59 

 

ns -1.29/-0.02 

Writing:         
    

  

Information Units 3,87 (1,71) 7% (14) 3,94 (1,77) 25% (20) 

 

4,64 (1,17) 

 

Ns 

 

ns 

 

ns Ns 

Total words 17,75 (11,39) 21,4% (14) 18,22 (10,5) 10% (20) 

 

27,14 

(14,19) 

 

 

.027 

 

 

1.24/17.0

2 

 

 

1.16/15.59 

Ns 

Noun/total words  0,56 (0,94) 14,3% (14) 0,25 (0,09) 15% (20) 

 

0,26 (0,07) 

 

Ns 

 

ns 

 

ns 

 

ns 

 

Verb/total words 0,22 (0,08) 7% (14) 0,27 (0,12) 5% (20) 

 

0,2 (0,08) 

 

.064 

 

ns 

 

-0.12/-0.006 Ns 

Sentences 0,64 (0,44) 50% (14) 0,89 (0,26) 20% (20) 

 

1,19 (0,49) 

 

.000 

 

0.28/0.85 

 

0.11/0.54 Ns 

Orthographic Errors 4,56 (6,8) 28,6% (14) 0,46 (0,79) 0% (20) 

 

0,52 (1,07) 

 

.001 

 

-7.91/-

1.0 

 

ns 

1.08/8 

Semantic Errors  0,01 (0,04) 0% (14) 0,01 (0,02) 0% (20) 

 

3,59 (0,64) 

 

Ns 

 

ns 

 

ns Ns 

Mean (standard deviation) and percentage of impaired subjects (out of the number of patients assessed) at each scale 
and test. C=controls; CI= Confidence Intervals; IU= Information Units; ns=not significant. Bold p values and CI denote 
significant group differences.  
 
 

3.3 Picture description task 

The means of the corrected scores (and the p values for differences) for the patient and control 
groups are reported in Table 4. Several linguistic features, belonging to the phonological, lexico-
semantic and discourse levels, were significantly different between PSP and controls. PSP showed a 
lower speech rate, characterized by a lower number of sentences and a higher number of pronouns. 
At the discourse–pragmatic level, PSP produced a lower number of total words, IUs, index of 
discourse effectiveness (IDE), and had decreased efficiency, as well a higher number of errors in 
content elements than controls. In contrast, only efficiency and IDE distinguished between PD and 
controls, with PD showing a significant impairment. 
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PSP and PD differed on several linguistic features, belonging to all the considered domains. PSP 

had a lower speech rate, a lower number of sentences, of total words and IUs. In contrast, PD were 

lower in noun rate, and produced more incomplete sentences than PSP.  When a subsample of 15 

PD patients matched for both age and education was compared with PSP patients, the number of 

errors in content was also significantly different, with PSP producing more errors than PD. 

Correlation matrices showing the relation between the neuropsychological tasks, the language tests 

and the linguistic features separately for PSP and PD patients are included in Supplementary Tables 

2s-7s. 

 

 

Table 4: Connected speech results 

Connected speech measures PSP (n = 17) PD (n = 21) Controls (n = 27) p 
PSP vs C 

95% CI 

PD vs C 

95% CI 

PSP vs PD 

95% CI 

   

 

 

 

 

Total locution time 74,35 (50,89) 101,43 (39,36) 78,93 (33,87) ns   

Speech rate 60,73 (22,91) 85,59 (28,65) 91,63 (20,85) .001 -44,59/-17,21 ns -44.8/-2.39 

Number of pauses 0,11 (0,04) 0,13 (0,07) 0,14 (0,06) ns   

BUPD 0,27 (0,13) 0,19 (0,13) 0,17 (0,12) ns   

Phonemic and phonetic errors 0,002 (0,007) 0,001 (0,003) 0,001 (0,003) ns   

 

Lexico semantic level       

 

    

Noun rate 0,28 (0,05) 0,24 (0,05) 0,27 (0,04) p=.029 Ns ns .003/.08 

Verb rate 0,17 (0,03) 0,17 (0,03) 0,16 (0,03) ns   

Pronoun rate 0,09 (0,06) 0,06 (0,04) 0,04 (0,03) p=.009 .008/.07 ns Ns 

Noun-verb ratio 1,76 (0,58) 1,53 (0,49) 1,7 (0,47) ns   

Pronoun-Noun ratio 0,33 (0,24) 0,29 (0,27) 0,18 (0,12) p=.043 .004/.28 ns Ns 

Quantifiers 0,004 (0,007) 0,008 (0,013) 0,008 (0,008) ns   

Repaired sequences 0,06 (0,04) 0,07 (0,03) 0,05 (0,03) ns   

Semantic errors 0,02 (0,02) 0,009 (0,02) 0,008 (0,01) ns   

 

Morpho-syntactic level 

  

   

  

Morpho-syntactic errors 0,005 (0,01) 0,003 (0,007) 0,002 (0,006) ns   

Sentences 8,41 (4,2) 14,9 (6,43) 12,7 (6,06) p=.018 -7.3/-.58 ns -9.55/-2.39 

MLS 7,86 (1,37) 9,66 (2,24) 9,67 (2,81) p=.067 -3,17/-.46 ns -2,91/-,31 

Tot. Incomplete sentences 0,029 (0,06) 0,076 (0,09) 0,037 (0,1) p=.059 Ns ns -.13/-.01 

Tot. Dependent clauses 0,45 (0,36) 0,54 (0,28) 0,6 (0,36) ns   

 

Discourse-pragmatic level 

       

 

    

Total words 66,53 (37,23) 141,05 (63,58) 117,81 (53,55) p=.004 -76.51/-16.77 ns -97.51/-31,51 

Micropropositions 0 0,022 (0,05) 0,014 (0,041) ns   

Implausible or irrelevant 

details  0,05 (0,09) 0,11 (0,13) 0,08 (0,12) ns   
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Errors in content elements 0,23 (0,25) 0,09 (0,13) 0,07 (0,09) p=.023 .04/.27 ns Ns 

IU 13,76 (6,7) 24,57 (11,32) 25,78 (8,45) p=.002 -15.06/-5.58 ns -14.03/-.89 

IDE 5,32 (2,6) 6,45 (3,02) 4,5 (1,16) p=.004 Ns .93/3.77 Ns  

Efficiency 0,23 (0,13) 0,25 (0,11) 0,35 (0,1) p=.001 -.19/-.03 -.18/-.05 Ns 

Cohesion referential errors 0,06 (0,1) 0,06 (0,11) 0,03 (0,13) ns   

Values shown are mean and standard deviation. C= controls; CI= confidence Intervals; BUPD= between utterance 
pause duration; MLS=mean length of sentence; IU=information Units; IDE=Index of discourse effectiveness. 
 

 

3.4 Classification 

We consider separate classifications for the language tests of SAND, for the linguistic features and 

for the combination of language tests and linguistic features to distinguish between: (1) controls and 

PSP, and (2) PD and PSP. Table 5 reports accuracy, AUC, precision and the True positive rate 

values of the three best algorithms for the different measures used. The most relevant language tests 

and linguistic features are reported in Table 6. Language tests obtained the best performance using 

Random Forest algorithm, showing 88,33% of accuracy in classifying controls versus PSP and 

85,12% in classifying PSP versus PD. The NaïveBayes Multinomial algorithm showed the best 

accuracy for the controls vs. PSP (83,06%) and PD-PSP (83,21%) comparisons using linguistic 

features. The combination of both language tests and linguistic features obtained the best 

classifications using the NaiveBayes algorithm, namely an accuracy of 90,65% in discriminating 

PSP from controls and of 87,34 in discriminating PSP from PD. 

 

Table 5: results of the best three algorithms based on 24 SAND tests, the 26 linguistic features and the combination of 

the SAND tests and linguistic features, used in distinguishing controls and PSP and PD and PSP. Accuracy, True 

Positive (TP) rate, precision, and Area Under the Curve (AUC) values, with and without features selection, are reported 

for each algorithm. 

 Controls – PSP PSP – PD 

Accuracy TP Rate Precision AUC Accuracy TP Rate Precision AUC 

 

SAND TESTS         

         

NaiveBayes 86,11 0,87 0,86 0,92 74,68 0,6 0,83 0,82 

NaiveBayes + Attr.Sel. 79,17 0,87 0,75 0,9 66,47 0,43 0,77 0,74 

LibLINEAR 81,11 0,65 0,85 0,79 69,96 0,55 0,73 0,69 

LibLINEAR + Attr.Sel. 88,06 0,82 0,9 0,87 66,75 0,48 0,73 0,65 

Random Forest 88,33 0,87 0,91 0,93 85,12 0,83 0,87 0,91 

RandomForest + Attr.Sel. 86,11 0,87 0,86 0,91 76,9 0,67 0,82 0,83 
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LINGUISTIC FEATURES 

         

NaiveBayes 73,78 0,78 0,82 0,68 78,77 0,83 0,75 0,85 

NaiveBayes + Attr. Sel. 78,89 0,74 0,92 0,84 73,77 0,9 0,67 0,82 

NaïveBayes Multinomial 83,06 0,89 0,87 0,83 83,21 0,88 0,8 0,96 

NaïveBayes Multinomial + 

Attr. Sel. 69,44 0,78 0,76 0,74 73,41 0,65 0,8 0,79 

libLINEAR 78,33 0,81 0,86 0,77 75,91 0,77 0,74 0,76 

libLINEAR + Attr. Sel. 81,11 0,81 0,88 0,81 68,97 0,67 0,64 0,69 

         
SAND TESTS +  LINGUISTIC FEATURES 

 

NaiveBayes 90,65 0,87 0,93 0,85 87,34 0,83 0,9 0,92 

NaiveBayes + Attr.Sel. 83,33 0,87 0,77 0,89 76,27 0,78 0,75 0,85 

libLINEAR 83,61 0,82 0,82 0,83 78,77 0,83 0,79 0,8 

libLINEAR + Attr.Sel. 76,11 0,68 0,72 0,75 64,6 0,57 0,62 0,64 

RandomForest 88,33 0,87 0,88 0,94 82,26 0,78 0,82 0,89 

RandomForest + Attr.Sel. 90,56 0,87 0,91 0,92 71,55 0,68 0,74 0,77 
 
 
 
 
 
 
 
 

Table 6: The most relevant attributes selected using Information Gain (IG) and minimum-Redundancy Maximum-
Relevance (mRMR) methods for each classification and for each measure, i.e. language tests, linguistic features and the 
combination of language tests and linguistic features. 

Controls Controls Controls Controls ––––    PSPPSPPSPPSP                                            PSP PSP PSP PSP ––––    PDPDPDPD    

    IGIGIGIG    mRMRmRMRmRMRmRMR    IGIGIGIG    mRMRmRMRmRMRmRMR    

SAND TESTSSAND TESTSSAND TESTSSAND TESTS 

 0,413 Semantic association  0,316 Semantic association  

0,394 Naming (total)  0,308 Sentence comprehension  

0,299 Non-word repetition  0,204 Writing - n. orthographic errors  

0,299 Sentence comprehension  

0,254 Word comprehension (living) 

0,234 Sentence repetition (predictable) 

0,168 Writing – sentences  

LINGUISTIC FEATURESLINGUISTIC FEATURESLINGUISTIC FEATURESLINGUISTIC FEATURES    
      

0,333 Information units  0,343 Total words  

0,328 Speech rate  0,28 Information Units  

0,254 Efficiency  0,213 Mean lenght of sentences  

0,232 Pronoun rate  0,212 Semantic errors  

0,192 Errors in content elements  0,21 Index of discourse effectiveness  

SAND TESTS + LINGUISTIC FEATURESSAND TESTS + LINGUISTIC FEATURESSAND TESTS + LINGUISTIC FEATURESSAND TESTS + LINGUISTIC FEATURES 

0,413 Semantic association  0,343 Total Words  

0,388 Naming (total)  0,316 Semantic association  

0,328 Speech Rate  0,308 Sentence comprehension  
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0,299 Reading (total) 0,28 Information Units  

0,28 Reading (words) 0,213 Mean length of sentences  

0,28 Repetition (total)  0,212 Semantic errors  

0,279 Word comprehension (non living)  0,21 Index of discourse effectiveness  

0,254 Efficiency  0,128 Writing - n. orthographic errors  

0,232 Pronoun Rate  

0,192 Errors in Content Elements  

0,168 Writing – number of words 

0,168 Writing – sentences  

 

3.5 Differences according to AOS severity and PSP phenotypes 

 

Table 7 shows the number of PSP patients, divided according to the level of AOS severity, impaired 

at each language task and linguistic features significantly different between PSP and controls. 

Qualitatively, it can be observed that the two patients with moderate AOS did not show an 

impairment profile that can be completely explained by the presence of AOS.  

While semantic fluency and speech rate were reduced, neither of these patients showed an 

impairment in the total number of words produced, in the number of sentences and in the mean 

length of sentences. 

 

 

Table 7: number of PSP patients, divided according to the level of AOS severity (namely no AOS, mild AOS and 
moderate AOS), resulting impaired at each linguistic variable considered (see text for details). 

AOS 

Number of 

PSP 

Semantic 

fluency 

Naming 

(total) 

Repetition 

(total) 

Sentence 

repetition 

(total) 

Reading 

(total) 

Speech 

rate Sentences MLS 

Total 

words 

Errors in 

content 

elements IU Efficiency 

Unimpaired 4 0 1 0 0 1 1 0 0 0 1 1 1 

Mild 11 8 6 2 3 5 3 0 0 0 8 5 5 

Moderate 2 2 2 2 1 1 2 0 0 0 0 0 1 

 

 

Patients with Richardson’s syndrome and other PSP phenotypes (NON RS) were matched for age 

(p=0,364), education (p=0,364) and disease duration (p=0,635). Only picture naming (RS 

mean=8,6, ds=1,9; non RS mean=11,43, ds=2,3; p=0,025) and word comprehension (RS mean=8,7, 

ds=1,57; nonRS mean=11,71, ds=0,49; p<0,000) tests were significantly different between PSP 

groups, with a more severe impairment in RS patients (see figure 2). The number of information 

units was the only significant linguistic feature, with RS patients producing lesser information 

(mean RS=10,5; ds=5,3; mean nonRS=18,4, ds=5,3; p=0,002). Adjusting with Bonferroni 
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correction, considering the number of comparison for 24 language tests and 26 linguistic features 

(0,05/50=0,001), only the word comprehension score was significant.  

 

 

 

4. Discussion 

The aim of this study is to identify the linguistic profile of PSP patients presenting primarily with a 

movement disorder, through a comprehensive assessment including language tests and the linguistic 

features provided by connected speech analysis. 

The first result is that subtle language deficits can be observed also in PSP patients with non 

aphasic/speech apraxia presentation. Machine learning classifications, using separately language 

tests and linguistic features, resulted in a high performance in discriminating between PSP and 

controls and between PSP and PD, on the basis of either language tests or linguistic features. The 

combination of both types of measures further improved the classification accuracy in 

distinguishing PSP from controls and PD.  

 

4.1 Qualitative speech and language impairment in non-aphasic PSP 

 

Neuropsychological profile. At least 50% of PSP patients showed an impairment in attentional-

executive abilities, including set shifting, inhibitory control and cognitive flexibility, and in 

immediate recall tasks, visuo-constructional abilities, and orofacial praxis, in line with previous 

findings (Lee et al., 2016; Monza et al., 1998; Robbins et al., 1994; Soliveri et al., 2000; Santangelo 

et al., 2018). The prominent executive impairment is attributed to the frontal-subcortical 

Figure 2: performance of PSP groups (RS and NON RS) at picture naming and word comprehension tasks and the number of 
information units 
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dysfunction present in PSP, and has been considered to be responsible also for memory disorders in 

these patients (Pillon et al., 1994; Santangelo et al., 2018). 

  

Speech and language profile.  

Machine learning classification showed that language tests correctly classified 88,33% of controls 

and PSP. The most relevant tests included semantic association, picture naming, sentence and word 

comprehension, i.e. tasks already reported to be impaired in PSP when compared to controls 

(Burrell et al., 2018). Non-word and sentence repetition and the number of sentences produced in a 

written description task were also found to discriminate PSP vs. controls (Burrell et al., 2018).   

We found that even using relatively short samples of descriptive speech, classifiers were able to 

achieve a high degree of accuracy in distinguishing PSP patients from controls (83,06%). The best 

distinguishing features were speech rate, IUs, the number of pronouns, efficiency, and the number 

of error in content elements, with PSP patients obtaining a worse performance than controls.  

These results suggest the presence of an impairment mainly at lexical-semantic level, as 

characterized by a lower performance in measures like naming, semantic association, word 

comprehension, speech rate, IUs, and number of pronouns. A milder deficit at the pragmatic-

discourse level is also detected on the basis of measures such as efficiency and number of errors in 

content elements.  

Naming impairment, in particular, is characterized by a high number of semantic errors (55,56%), 

followed by visual (19%), visual/semantic and phonological/semantic (7,9%), and phonological 

(4%) errors. Correlation analyses showed a significant association between picture naming, 

semantic fluency, and word comprehension.  

The presence of a lower speech rate in PSP can be attributed to different factors. No correlation was 

found for specific neuropsychological test scores. The slower speech rate in PSP patients may 

include a motor component, reflected by articulatory alterations in the AOS scale. Although we 

have excluded patients with unintelligible speech, 65% of PSP presented with a mild articulatory 

impairment and 12% (namely 2 patients) with a moderate impairment (see Table 3). The 

performance of the two patients with moderate AOS, however, does not support an exclusive role of 

articulatory disorders. While both patients were impaired at speech rate, the number of words or 

sentences produced in the picture description task was not significantly reduced. In addition, 

exclusion of these two patients from the analyses comparing PSP with controls did not change the 

results.   
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This feature correlated with semantic fluency, naming, number of total words and of sentences in 

the written description task, and with IU, verb rate and efficiency of picture description task. 

Further investigations, using a larger number of participants with different levels of AOS severity, 

are needed  

to clarify the role of the articulatory component. 

Impaired IU could be considered as reflecting impaired global coherence, which indicates 

utterances closely associated with the general topic, and in the case of IU could refer to the items 

depicted in the picture (Croisile et al., 1996). This finding may thus be also consistent with the 

naming impairment (Burrell et al., 2018). In fact, IUs correlated with semantic fluency, naming, 

word comprehension, reading, speech rate, number of words and sentences on the picture 

description task, suggesting the presence of a lexico-semantic impairment resulting in a simplified 

description (number of words and sentences). The increased usage of demonstrative pronouns such 

as this, that, or of personal pronouns, such as he, she, used deictically, rather than of more specific 

nouns i.e. child, woman, in PSP patients may also be compatible with word-finding difficulties. 

Pronoun rate correlated with naming scores and with the number of dependent clauses in the picture 

description task.  

Errors in naming content elements, together with other impaired features, result in discourse, which 

is weakly cohesive (pronoun misuse) and coherent (IU underuse).    

To summarize, the most relevant tests and features that distinguish PSP patients' language involve 

mainly the lexical-semantic and discourse-pragmatic levels.  It is noteworthy that PSP patients with 

the Richardson’s syndrome showed a greater impairment on word comprehension when compared 

to PSP patients with the other phenotypes. A semantic memory impairment, assessed with picture 

naming, written word synonym and judgment task and an association task including both word and 

picture versions has been already reported  in these patients (van der Huk and Hodges, 1995). It is 

noteworthy that a focal, bilateral cortical thinning involving not only the prefrontal/precentral 

cortex but also the temporal pole, a crucial area for semantic cognition severely affected in the 

semantic variant of PPA (Iaccarino et al., 2015),  has been recently reported in PSP patients with 

the Richardson’s variant (Caso et al., 2016). With the exception of semantic fluency, all these tasks 

use pictorial stimuli, where performance can be affected by the visual problems (blurred vision and 

diplopia) frequently reported by these patients (Kim et al., 2015, Podoll et al., 1991). The 

correlation analyses, however, did not show a significant association between picture naming and 

visuospatial performance. 
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Distinguishing our patients from PSP patients with a prominent language impairment (PSP-PNFA),  

a prominent syntactic or phonetic impairment was not present in our sample. A direct comparison 

of PSP-PNFA, patients with PNFA and PSP with a prominent movement disorder based on the 

same comprehensive assessment is beyond the aims of the present paper, but future studies could 

provide further important insights about differences in site and extent of brain pathology and their 

relationship with the heterogeneity of the language phenotype in these conditions.  

4.2 Progressive supranuclear palsy versus Parkinson’s disease 

 

Neuropsychological profile. PSP patients were more impaired in comparison with PD patients on 

attentional-executive and memory tasks, visuo-constructional abilities and praxis. A greater 

cognitive impairment in PSP with respect to PD patients has been reported in other studies, in 

particular in the case of executive functions (Santangelo et al., 2018). 

 

Speech and language profile. Machine learning algorithms resulted in a high accuracy (87%) in 

detecting differences in language performance between PSP and PD. The most discriminant 

language tests were semantic association, sentence comprehension and writing (orthographic 

errors), with PSP more impaired than PD. 'The most discriminating linguistic features were the 

number of total words, IU, MLS, and IDE, lower in PSP than in PD, as well as the number of 

semantic errors, higher in PSP. Taken together, these data confirm the presence of a distinctive and 

more severe language impairment in PSP when compared to PD patients, mainly involving 

semantic abilities. Tests such as semantic association tests and language features including number 

of total words in oral production, IU and semantic errors are in fact ascribable at the lexico-

semantic level, as described in the previous section.  

In addition, PSP were more impaired than PD at syntactic level, producing a lower mean length of 

sentence, according to the significant correlation of this measure with the number of incomplete 

sentences in connected speech and the number of sentences in the writing task. 

The reason for the lower score obtained by PSP patients on sentence comprehension is less clear 

and does not seem associated to a pure syntactic impairment. In fact, sentences with the more 

complex syntactic structures were not the most impaired. The short passive sentences were well 

understood by at least the 82% of PSP patients, the two coordinates sentences were well performed 

by at least 52%, the two longer embedded sentences by at least 59%, and the short active sentences 

were correctly comprehended by at least the 94% of PSP patients. Correlation analyses in addition 

showed an association between the sentence comprehension performance and some lexico-semantic 
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and executive tasks, and only with the number of sentences produced as a syntactic measure. 

Syntactic comprehension disturbances have been already reported in PSP (Burrell et al., 2018), but 

not consistently (Cotelli et al., 2007). 

 

At the pragmatic and discourse level, PSP patients had a distinctive disorder characterized by a 

lower performance on efficiency and produced a greater number of errors in content elements when 

compared with controls, but not with PD. In fact, PD patients were worse than PSP patients on 

discourse effectiveness, as they used more words to describe the same content element identified by 

PSP patients, perhaps to compensate to the lower number of nouns. In fact, the index of discourse 

effectiveness negatively correlated with the number of nouns in PD. Deficits at pragmatic discourse 

measures have been previously reported in PD (Ash et al., 2012; Boschi et al., 2017). As shown by 

correlational analyses, the index of discourse effectiveness was related with tasks assessing working 

memory and mental flexibility, suggesting an association between difficulties on discourse 

measures and executive dysfunction in PD, likely reflecting prefrontal dysfunction (Ash et al., 

2012). Differences in discourse measures emerging from the comparison of PSP and PD patients 

should be further investigated for a better characterization of the pragmatic impairment in patients 

with movement disorders.  

 

 

 

5. Conclusion 

We have demonstrated high classification accuracy provided by machine learning in discriminating 

PSP from healthy subjects and PSP from PD, in particular combining language tests and linguistic 

features provided by a connected speech task. Although PSP with prevalent movement disorders is 

not typically associated with language deficits, our analyses indicate the presence of a subtle 

language impairment, involving mainly lexical-semantic and discourse-pragmatic levels. While 

lexical-semantic impairment characterizes the linguistic profile of PSP patients when compared 

with controls and PD, deficits at discourse level are a common feature of PD.  

The language profile of PSP described by our studies comparing patients with PSP to those with PD 

and to controls characterizes a unique profile of language impairment. Detailed information about 

language performance in patients with PSP may contribute to categorizing and distinguishing 

among the different PSP phenotypes. Further, the findings of our study, which identify unique 
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linguistic deficits in PSP may prove valuable in constructing sensitive neuropsychological tests as 

part of a diagnostic evaluation. 
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