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Analysis of pre-surgical language in children with posterior fossa tumours relative to postoperative speech outcomes: findings from the European CMS study

In this supplementary material, we provide an extended overview of the psycholinguistic properties included in our analyses. This overview elaborates on how these properties relate to different levels of language processing and how they have been used in previous experimental research in several clinical populations, such as in children with language disorders [1–8] and people with aphasia [9–21]. Additionally, psycholinguistic properties have been used to reveal level-specific language impairments in a wide variety of tasks, including (semi-)spontaneous language [4,20,22–24]. In what follows, we provide a more detailed description of four levels of language processing involved in production (i.e., semantics, lexical, morphosyntax, and phonology). This description is based on the language generation model proposed by Levelt [25]. For each level we outline which variables can be extracted from a language sample and explain how these measures may serve as markers of impairment.

Semantics
Semantics relates to the meaning of words. At this level, speakers construct a conceptual representation of what they want to express [25]. The ease of retrieving semantic information needed to convey meaning can be influenced by semantic complexity. There are several psycholinguistic properties that reflect the semantic complexity of concepts.
Concreteness is a property reflecting how perceptible or tangible a word is [26]. ‘Capability’, for instance, has a lower concreteness rating than ‘tree’. Highly concrete words contain richer sensory and perceptual features, which means they carry more semantic information. Highly concrete words, associated with richer and more accessible contextual information [27], have been reported to have a facilitating effect on word recognition and production in children with a developmental language disorder (DLD) [8], children treated for a PFT [24], neurotypical adults [28], and people with aphasia [29], with highly concrete words being easier to recognise/produce. A reverse effect of concreteness was found in people with semantic dementia, who seem to have more difficulties with concrete words [30,31]. Imageability is closely related to concreteness and expresses how easily a word evokes a mental image [32]. Although concreteness and imageability are correlated (e.g., ‘capability’ and ‘tree’ have similar ratings on both properties), they are distinct. For instance, highly imageable words may be less concrete, such as emotion words like ‘panic’ [33]. Highly imageable words seem to be easier and faster to name in people with aphasia [29] and children with a language disorder [8]. Additionally, an increased use of highly imageable and concrete words in the spontaneous language of children treated for a PFT was found [24]. Furthermore, imageability has been linked to expressive vocabulary size: children with a smaller vocabulary size produced words of a higher imageability, indicating a heavier reliance on perceptual-based language production, while children with larger vocabularies produced words of a lower imageability [34]. 
Familiarity reflects the extent to which a word feels known or recognizable to someone, based on past experiences or exposure. More familiar items were easier to access and name for people with aphasia [15,21] and to name and  generate in children with a language disorder [1,8]. 
Finally, verb instrumentality expresses whether an action is performed with an instrument (not a body part), such as ‘cutting’ for which the instrument ‘scissors’ is needed as opposed to ‘walking’. The instrument adds semantic complexity, but there is no consensus on the effect of instrumentality on language performance. It has been reported to have a facilitating effect in adults with aphasia [16] and a hindering [7], or no effect [35] in children with language disorders.
Although the opposite has also been shown [7,36], the vast majority of studies suggest that increased semantic complexity (i.e., more semantic information) has a facilitating effect on language processing. A heavier reliance on semantically complex words (e.g., more concrete, imageable and familiar nouns/verbs and more instrumental verbs), reflecting the need for facilitatory semantic information, could therefore indicate semantic impairments. 

Lexical
The lexical level relates to the mental inventory of words: our vocabulary. From our vocabulary, words must be selected that convey the meaning of the preverbal message [25]. Several standard and psycholinguistic lexical variables can be derived from connected language. Lexical diversity in language output, for instance measured by Type-Token Ratio (TTR), is a standard measure reflecting the lexical richness of a language sample. TTR is calculated by dividing the number of unique nouns/verbs in a language sample by the total number of words. It is a widely used measure in language research in clinical populations but its sensitivity to sample size should be taken into account [37]. Lexical accuracy, on the other hand, expresses whether an utterance contains lexical errors such as semantically related substitutions (e.g., ‘tree’ instead of ‘plant’), unrelated substitutions (e.g., ‘bike’ instead of ‘plant’), or general all-purpose (GAP) verbs (e.g., ‘to get an ice-cream’ instead of the more specific ‘to buy an ice-cream’). Lexical accuracy has been shown to be a good predictor of language impairment in children [24,38–40]. 
In addition to these standard measures, there are psycholinguistic variables that reflect lexical difficulty, such as age of acquisition (AoA). AoA refers to the age at which a word is acquired. The word ‘mom’, for instance, is typically acquired much earlier than the word ‘matrix’ [41]. A lower AoA has been found to facilitate lexical retrieval of nouns and verbs [9]. Further, people with aphasia may retain words learned earlier in life better than words learned later in life [12]. Another indicator of lexical complexity is word frequency, which refers to how often a word appears in language corpora and generally reflects its usage in everyday language [42]. Word frequency seems to have a facilitating effect on language processing. High-frequency words are easier to name [9,19] and understand [13] in people with aphasia, and were named faster in children [43]. An increased use of words learned earlier in life and that are more frequent might reflect difficulties in lexical retrieval, resulting in greater dependence on words that are more easily accessible in the mental lexicon.

Morphosyntax
Morphosyntax is the rule-based system which governs the internal structure of words (morphology) and sentences (syntax) [44], establishing the legal combinations (i.e., grammatical). The process of transforming ideas to grammatically correct sentences is referred to as ‘grammatical encoding’ [25,45]. The ease of grammatical encoding is influenced by morphosyntactic complexity, as reflected in several standard language sample measures. One of the most commonly used measures is Mean Length of Utterance (MLU), a rough measure of syntactic complexity. A shorter MLU is a well-established marker of impairment, for example in children with DLD [46], and adults with aphasia [47]. Furthermore, grammatical accuracy was found to be a very consistent marker of differences between typically developing children and children with DLD [48]. Another standard measure is the finiteness index, capturing the accurate production of finite verbs. A finite verb is for instance ‘walks’ in ‘the man walks’, as the verb form matches the third person singular of the subject, as opposed to the verb in ‘the man walking’. Producing finite verbs has been proven to be particularly difficult in children with DLD and can discriminate them from typically developing children [49,50]. When grammatical accuracy and finiteness were combined, they also appeared to detect difficulties in performance in children treated for a PFT [24].
In addition to these standard measures, several verb properties may reflect grammatical complexity. Verb transitivity expresses whether a verb requires an object or not. Transitive verbs, such as ‘to buy’, always require an object in the sentence (i.e., something that is bought). Intransitive verbs, such as ‘to dance’, do not require such an object. The addition of the object in transitive sentences adds to the grammatical complexity of a verb and its corresponding sentence, rendering intransitive sentences easier for children with language disorders [2,51], although an opposite pattern has also been reported in people with aphasia [10]. Unaccusativity, on the other hand, relates specifically to intransitive verbs, which can be divided into two subtypes: unergative and unaccusative verbs. For unergative verbs, the subject of the sentence (e.g., the man) is considered an agent (e.g., the man dances), that is, an entity which actively and volitionally performs the action. The subject of unaccusative verbs, on the other hand, (e.g., ‘the ice-cream’ or ‘the man’ in the following examples) is experiencing or undergoing the action (e.g., ‘the ice-cream melts’ or ‘the man faints’). In English, sentences with unergative and unaccusative verbs differ in difficulty, because the most common or ‘canonical’ sentence order places an agent in subject position before the verb [52]. Sentences with unaccusative verbs are thus considered to be non-canonical and have been shown to be difficult for children with DLD, who frequently tend to omit the subjects in unaccusative verb constructions [4]. A similar pattern was found in people with aphasia [10]. Identifying atypical usage of unaccusative versus unergative verbs could detect difficulties with syntactic processing. 
Another property reflecting the complexity of verbs is their regularity, which indicates whether a verb follows a predictable pattern of inflection. In English, for instance, regular verbs form the third-person singular in the present tense by adding -s (e.g., ‘he walks’, ‘she talks’) and form the past tense by adding -(e)d (e.g., ‘he walked’, ‘she talked’) without changing the root of the verb. Irregular verbs, on the other hand, do not follow this pattern and often change the root of the verb when inflected. Examples are the verb ‘to have’, which is ‘he has’ in the third-person singular in the present tense, or the verb ‘to drink’, which is ‘drank’ in the past tense. Children with DLD and adults with aphasia have greater difficulty producing irregular verbs [6,14,18]. 
The aforementioned measures all reflect aspects of encoding at the morphosyntactic level of language and are essential for formulating sentences that conform to grammatical conventions. Errors in the sentence construction and atypical use of verb properties (e.g., more intransitive, unergative and irregular verbs) could be an indication of morphosyntactic difficulties. 

Phonology
Phonology relates to the system and patterns of speech sounds that a language is composed of. At this level, a phonological plan is constructed that specifies how speech sounds and syllables are organized to produce fluent, intelligible speech [25]. A standard way to assess phonological skills is to examine the presence of phonological errors, such as substitutions, omissions, or consonant cluster reductions. These errors may indicate incomplete or inaccurate phonological representations [53,54]. 
Phonological properties of words, such as syllable structure, number of syllables, or overall word length, can reflect the level of phonological complexity a child can successfully produce [55]. For instance, speech units with a higher complexity, such as consonant clusters (e.g., string) and long words, require the coordination of more phonological elements [56] and place greater processing demands on phonological working memory [57], which makes them more prone to errors than simpler structures. The accuracy of consonant cluster production, reflected in the current study by the measure cluster index, is a commonly used measure in children with phonological impairments [58], and DLD [59]. 
A frequently examined property reflecting phonological complexity is word length, which can be defined as the number of syllables, letters, or phonemes in a word. For instance, dog is short, whereas crocodile is comparatively long. Studies into the effect of word length show a better performance on shorter words in children with DLD [5] and people with aphasia [20] and children treated for a PFT [24]. These patterns align with the word-length hypothesis of Baddeley et al. [57], which proposes that longer words place greater demands on phonological working memory, as more phonological material must be planned and maintained before articulation.
However, an inverse word-length effect has also been reported in aphasia, where shorter words pose more difficulty than longer ones [11,17]. Nonetheless, this pattern might not reflect phonological complexity per se but rather lexical-phonological competition: short words often have many phonological neighbors (i.e.,  words that sound similar and compete during retrieval), whereas longer words typically have fewer competitors. For example, cat has several neighbors (e.g., rat, bat, cap), whereas elephant does not. Such patterns may indicate difficulties at the interface of lexical selection, rather than a deficit in phonological complexity itself.
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