Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Three clusters of grammatical abilities in
individuals with language deficits “split” the
universal grammar hypothesis

Andrey Vyshedskiy (8% vysha@bu.edu)

Boston University https://orcid.org/0000-0002-1610-8716
Rohan Venkatesh

ImagiRation
Edward Khokhlovich

Independent researcher

Article

Keywords: recursive language, grammatical language, syntactic language, language uniqueness, first-
language acquisition

Posted Date: November 20th, 2023
DOI: https://doi.org/10.21203/rs.3.rs-3181937/v1

License: © ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations: (Not answered)

Page 1/18


https://doi.org/10.21203/rs.3.rs-3181937/v1
mailto:vysha@bu.edu
https://orcid.org/0000-0002-1610-8716
https://doi.org/10.21203/rs.3.rs-3181937/v1
https://creativecommons.org/licenses/by/4.0/

Abstract

In this study we assessed 15 language comprehension abilities in 55,558 individuals with language
deficits 4 to 22 years of age using parent-generated reports. Data-driven cluster analysis identified three
distinct clusters of co-expressed abilities. The first cluster, termed “command language,” included
knowing the name, responding to ‘No’ or ‘Stop’, responding to praise, and following simple commands.
The second cluster, termed “modifier language,” included understanding color and size modifiers, several
modifiers in a sentence, size superlatives, and numbers. The third cluster, termed the “prepositional
language,” included understanding of spatial prepositions, verb tenses, flexible syntax, possessive
pronouns, explanations about people and situations, simple stories, and elaborate fairy tales.
Independently, we performed data-driven cluster analysis of participants. 19.8% of participants were
limited to command language phenotype; 58% of participants were limited to modifier language
phenotype; 22.2% of participants were clustered to the most-advanced prepositional phenotype. All
neurotypical participants were clustered to the prepositional phenotype. While the Universal Grammar
hypothesis attempts to preach a dichotomy between the presence of grammatical abilities in humans
and their absence in animals, this study shows that there are additional distinct language comprehension
phenotypes that require an explanation.

Introduction

The acquisition and use of language is a unique and defining characteristic of the human species. From
a young age, children demonstrate an astounding ability to learn language, grasping complex
grammatical structures and communicating effectively within a relatively short period. The question of
how this remarkable feat is accomplished has intrigued scholars across various disciplines, leading to
the development of numerous theories. One of the most influential theories in the field of linguistics is
Noam Chomsky's theory of Universal Grammar '. Chomsky proposed that humans possess an innate
mechanism that enables them to acquire and understand language effortlessly. Universal Grammar is
characterized by a set of universal principles and parameters that define the fundamental properties of all
human languages, while allowing for variation across different linguistic systems.

Some individuals, though, do not acquire full grammatical understanding. This can happen as a result of
culture deprivation during early childhood or a genetic defect. An example of the former is illustrated by
deaf linguistic isolates. About 90% of all congenitally deaf children are born to hearing parents 2. In
developed countries, these children typically are introduced to a formal sign language early and acquire
full grammatical language. In countries without widespread testing for deafness and rigorous support
network, however, deaf children living in remote villages may never be exposed to a formal sign language.
To communicate, families usually spontaneously invent homesign (a.k.a. kitchensign), a system of iconic
gestures that consists of simple signs. As a result, despite children’s upbringing in a loving family, they
are deprived of exposure to complex grammar. Invariably, these individuals do not acquire full
grammatical language comprehension and no amount of postpubertal language therapy can reverse the
effect of early childhood grammatical deprivation 3~8. The simple act of withdrawing exposure to
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grammatical sentences can profoundly prevent the physical structure of the brain from typical
development °.

Genetic abnormalities can also preclude individuals from acquiring full grammatical comprehension. For
example, the prevalence of this lifelong condition among individuals diagnosed with autism (that is
widely considered to have genetic etiology '°712), is 30 to 40% '3 and can be as high as 60% among
children enrolled into special ASD schools '%.

Accordingly, both aberrant nurture and nature can result in a similar impairment of grammatical language
comprehension phenotype. However, the structure of this phenotype and its relationship to the Universal
Grammar hypothesis are poorly understood. In 2014 we developed a language therapy app for children
with language delay 177, In order to receive the access to free structured lessons contained within this
app, parents are asked to complete a 133-question survey once every quarter. Over ten years we
accumulated more than 200,000 longitudinal assessments from children and adolescents with language
deficits. This large database provides an opportunity to investigate grammatical abilities acquisition
using cluster analysis. Accordingly, we extracted all 15 language-comprehension-related abilities polled
by the 133-question parent survey (Table 1) and conducted data-driven cluster analysis of these abilities.

Table 1. Language comprehension items as they were posed to parents. The answers choices were: very
true (0 points), somewhat true (1 point), and not true (2 points). ltems 1 to 3 were assessed as part of the
expressive language ATEC subscale 1; the rest of items were part of the MSEC subscale. A lower score
indicates better language comprehension ability.
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Language comprehension items (verbatim)

Knows own name

Responds to ‘No’ or ‘Stop’
Responds to praise

Can follow some commands

Understands some simple modifiers (i.e., green apple vs. red apple or big
apple vs. small apple)

Understands several modifiers in a sentence (i.e., small green apple)

Understands size (can select the largest/smallest object out of a collection
of objects)

Understands NUMBERS (i.e., two apples vs. three apples)

Understands spatial prepositions (i.e., put the apple ON TOP of the box vs.
INSIDE the box vs. BEHIND the box)

Understands verb tenses (i.e., | will eat an apple vs. | ate an apple)
Understands simple stories that are read aloud

Understands elaborate fairy tales that are read aloud (i.e., stories describing
FANTASY creatures)

Understands possessive pronouns (i.e., your apple vs. her apple)

Understands the change in meaning when the order of words is changed (i.e.,

und)erstands the difference between 'a cat ate a mouse' vs. 'a mouse ate a
cat'

Understands explanations about people, objects or situations beyond the
immediate surroundings (e.g., “Mom is walking the dog,” “The snow has

turned to water”).

Abbreviations
used in
dendrograms
Knows Name
No and Stop
Resp. to Praise

Commands

Color or Size

Two Modifiers

Size
Superlatives

Numbers

Sp.
Prepositions

Verb Tenses
Simple Stories

Elab. Fairy
tales

Poss.
Pronouns

Flexible Syntax

Explanations

Methods

Study Participants

Participants were children and adolescents using a language therapy app that was made available gratis

at all major app stores in September 2015 '°71°. Once the app was downloaded, caregivers were asked to
register and to provide demographic details, including the child’s diagnosis and age. Caregivers

consented to anonymized data analysis and completed a 133-item questionnaire approximately every
three months. Inclusion criteria for this study were as follows: absence of seizures (that commonly result

in intermittent, unstable language comprehension deficits 2°), absence of serious and moderate sleep
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problems (that are also associated with intermittent, unstable language comprehension deficits 2'), age
range of 4 to 21 years (the lower age cutoff was chosen to ensure that participants were exposed to all
variety of items listed in Table 1 %%; the upper age cutoff was chosen to avoid analysis of participants
who may be linguistically declining due to aging). When caregivers have completed several evaluations,
the last evaluation was used for analysis. Table 2 reports participants’ diagnoses as reported by
caregivers. A good reliability of such parent-reported diagnosis has been previously demonstrated 22. As a
control we have added 48 neurotypical children 4 to 8 years of age, whose data were previously collected
for a different study 22 by approaching parents on a community online site and asking if they would be
willing to complete a Google form. Thus, the study included the total of 55,558 participants, the average
age was 6.4+2.7 years (range of 4 to 21 years), 76% participants were males. The education level of
participants’ parents was the following: 90.9% with at least a high school diploma, 68.6% with at least
college education, 35.8% with at least a master’s, and 5.6% with a doctorate. All caregivers consented to
anonymized data analysis and publication of the results.

Statistics and Reproducibility

All fifteen available language comprehension items from the 133-item questionnaire were included in the
cluster analysis (Table 1). Unsupervised Hierarchical Cluster Analysis (UHCA) was performed using
Ward’s agglomeration method with a Euclidean distance metric. Two-dimensional heatmap was
generated using the “pheatmap” package of R, freely available language for statistical computing.

Table 2. Participants’ diagnoses as reported by caregivers.
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Number of Percent of Age, Percent

Participants Total Mean(SD) Males
Neurotypical 48 0.1 6.3(1.3) 47.9
Not-diagnosed 8096 14.6 5.7(2.0) 68.2
Mild Language Delay 2211 4.0 5.3(1.6) 69.6
Apraxia 244 0.4 6.5(2.8) 68.0
Specific Language Impairment 2587 47 5.9(2.2) 70.7
Sensory Processing Disorder 416 0.7 6.5(2.6) 72.1
Social Communication 393 0.7 6.2(2.4) 73.3
Disorder
Mild Autism Spectrum Disorder 18144 32.7 6.2(2.5) 77.8
(ASD)
Moderate ASD 12841 23.1 6.8(2.8) 80.6
Severe ASD 8431 15.2 7.3(3.3) 80.7
Down Syndrome 864 1.6 8.3(3.5) 60.1
Other Genetic Disorder 569 1.0 7.9(3.6) 58.7
ADHD 714 1.3 6.4(2.4) 75.2
Total 55558 100 6.4(2.7) 76.2

Results

Clustering analysis of 15 language comprehension abilities

Parents and caregivers evaluated 15 language comprehension abilities (Table 1). To explore their co-
occurrence, we used two common clustering methods: Unsupervised Hierarchical Cluster Analysis (UHCA)
and Principal Component Analysis (PCA). Figure 1A depicts the dendrogram generated by UHCA. The
height of the branches indicates the distance between clusters, which is an indicator of greater
dissimilarity. Three clusters have inter-cluster distances that are significantly larger than the distances
between subclusters. The right-most cluster includes knowing the name, responding to ‘No’ or ‘Stop’,
responding to praise, and following some commands (items 1 to 4 in Table 1). This cluster was termed
“command language.” The cluster in the middle includes understanding color and size modifiers, several
modifiers in a sentence, size superlatives, and numbers (items 5 to 8 in Table 1). It was termed “modifier
language.” The left-most cluster includes understanding of spatial prepositions, verb tenses, flexible
syntax, possessive pronouns, explanations about people and situations, simple stories, and elaborate
fairy tales (items 9 to 15 in Table 1). It was termed the “prepositional language.”
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The PCA (Fig. 1B) also shows clear separation between the three clusters. The command items (knowing
the name, responding to ‘No’ or ‘Stop’, responding to praise, and following some commands) are clustered
in the top left corner. The modifier items (understanding color and size modifiers, several modifiers in a
sentence, size superlatives, and numbers) are clustered in the lower middle. The prepositional items
(understanding of spatial prepositions, verb tenses, flexible syntax, possessive pronouns, explanations
about people and situations, simple stories, and elaborate fairy tales) are clustered in the top right corner.

The three-cluster solution was stable across multiple seeds as well as consistent across different
evaluation methods (Ward.D2 method, Figure STA; Ward.D method, Figure S1B; Average method, Figure
S1C; Complete method, Figure S1D; Mcquitty method, Figure S1E), across different age groups (Figures
S2 and S3, the dendrogram on the left), and across different time points (first evaluation, Figure S4; last
evaluation, Fig. 1A).

Language comprehension phenotypes in participants

Independently from clustering 15 language comprehension abilities, we utilized UHCA to cluster all
55,558 participants, Fig. 2A. The distances between three clusters were significantly larger than those
between subclusters, indicating that the three-cluster solution is the most favorite choice. The PCA also
showed reasonable separation between the three participant clusters (Fig. 2B). This three-cluster solution
was stable across different seeds, age groups (Figures S2 and S3), time points (first and last evaluations;
Figures S4 and 2A, respectively), and evaluation methods (Euclidean, Manhattan, and Minkowski
distance metrics; Figs. 3, S5, and S6, respectively).

A two-dimensional heatmap was used to relate participant clusters to language comprehension abilities
clusters (Fig. 3). Columns represent the 55,558 participants and rows represent the 15 linguistic abilities.
Blue indicates the presence of a linguistic ability (parent’s response = very true); white indicates an
intermittent presence of a linguistic ability (parent’s response = somewhat true); and red indicates the lack
of a linguistic ability (parent’s response = not true). The three clusters of participants match the three
clusters of linguistic abilities.

The cluster of participants termed “Prepositional Language Phenotype” shows the predominant blue
color that indicated good skills across all three clusters of language comprehension abilities (22.2% of
participants, Table 3). The cluster of participants marked as “Command Language Phenotype” shows the
predominant blue color only among the command items and red colors across prepositional and modifier
items (19.8%). The third cluster of participants marked “Modifier Language Cluster” shows the
predominant blue color only across command and modifier items and white to red colors across
prepositional items (58%).

Table 4 shows cluster assignment of participants by their diagnostic category. As expected, all

neurotypical children were clustered into the prepositional cluster. Undiagnosed participants and

participants with milder conditions have the highest proportion clustered to the prepositional language

phenotype (46.6%) and the lowest proportion clustered to the command language phenotype (11.2%).
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This observation is reversed among participants diagnosed with more severe conditions. For example,
participants with severe autism have the lowest proportion clustered to the prepositional language
phenotype (4.2%) and the highest proportion clustered to the command language phenotype (41.3%).

Table 3
Participant cluster statistics
Prepositional Modifier Language = Command Language Total
Language Phenotype Phenotype Phenotype
Number of 12363 32212 10983 55558
participants
Percent of 22.2 58.0 19.8 100.0
Total
Age, Mean(SD)  6.1(2.3) 6.5(2.8) 6.7(3.0) 6.4(2.7)
Percent Male 68.3 75.1 76.2 73.8
Table 4
Percentage of participants in the three language comprehension phenotypes.
Prepositional Language = Modifier Language Command Language
Phenotype Phenotype Phenotype
Neurotypical 100 0 0
Not-diagnosed 46.6 422 11.2
Mild Language Delay 442 48.1 7.7
Apraxia 31.6 56.6 11.9
Specific Language 31.3 56.7 11.9
Impairment
Sensory Processing 25.0 57.9 17.1
Disorder
Social 24.2 61.8 14.0
Communication
Disorder
Mild ASD 24.5 62.8 12.7
Moderate ASD 9.4 65.1 25.5
Severe ASD 4.2 54.6 41.3
Down Syndrome 14.8 64.5 20.7
Other Genetic Disorder 19.2 61.0 19.9
ADHD 35.6 52.2 12.2
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Discussion

The study analyzes 15 language comprehension abilities in 55,558 participants with language deficits. A
three-cluster solution was consistent across a range of ages as well as parameters controlling the
Unsupervised Hierarchical Cluster Analysis (UHCA). The first cluster included four abilities:
comprehension of one's name, responding to ‘No’ or ‘Stop, responding to praise, and following simple
commands (Fig. TA); this cluster of concurrently acquired linguistic abilities was termed “command
language.” The second cluster included four abilities: comprehension of simple color/size modifiers,
understanding of several modifiers in a sentence, understanding of size superlatives, and number
comprehension; this cluster of simultaneously acquired abilities was termed “modifier language.” The
third cluster included the remaining 7 abilities: comprehension of spatial prepositions, verb tenses,
flexible syntax, possessive pronouns, explanations, simple stories, and elaborate fairy tales; this cluster of
related abilities was termed “prepositional language.” Reassuringly, principal component analysis

(Figs. 1B) corroborated the three-cluster solution.

Independently, UHCA assigned 55,558 participants to clusters. The three-cluster solution was consistent
across a range of diagnosis, ages as well as parameters controlling the UHCA (Fig. 2). The two-
dimensional heatmap analysis related participants’ clusters (Fig. 3, the dendrogram shown on the top) to
language comprehension abilities clusters (the dendrogram shown on the left). Participants in the
prepositional language phenotype cluster acquired most language comprehension abilities tested by the
15 items (indicated by the predominant blue color across all items). Participants in the modifier language
phenotype cluster acquired most command and modifier language abilities (indicated by the blue color)
and did not acquire most prepositional language abilities (indicated by the red and white colors).
Participants in the command language phenotype cluster acquired command language abilities
(indicated by the blue color) and did not acquire prepositional and modifier language abilities (indicated
by the predominant red color).

One explanation for differences in language comprehension could be differential exposure of participants
to linguistic concepts. For example, if participants were never exposed to numbers, they would not
understand the concept of numbers; if they were never exposed to spatial prepositions, they would not
understand spatial prepositions. However, by four years of age (the lower cutoff in our study) participants
were exposed to all variety of items listed in Table 1 22. Furthermore, limiting cluster analysis to older
participants 6 to 21 years of age also demonstrated the same three language comprehension phenotype
clusters (Figure S3). Therefore, differential exposure cannot explain differences in language
comprehension. In the absence of exposure differences, differences in comprehension can only be
explained by some common language mechanisms. For some reason, individuals in the modifier
language phenotype were not able to acquire the mechanism underlying prepositional skills and
individuals in the command language phenotype were not able to acquire the mechanism underlying
modifier and prepositional skills. Taken together with cluster analysis of linguistic abilities (Fig. 1), these
results suggest a single mechanism behind comprehension of spatial prepositions, verb tenses, flexible
syntax, possessive pronouns, explanations, simple stories, and elaborate fairy tales; a different
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mechanism behind color, size, and number modifiers comprehension; and still a different mechanism
behind commands comprehension. In other words, once a single mechanism is acquired, the whole
cluster of linguistic abilities is manifested.

Limitations

Epidemiological studies leveraging app users as participants offer access to a substantial number of
individuals, but they do have some evident drawbacks, such as reliance on parental reports. On one hand,
parents may be prone to wishful thinking and may overestimate their children's abilities 24. On the other
hand, parents possess a deep understanding of their children, which can be particularly valuable for
assessing grammatical language skills that can be challenging to evaluate in a clinical setting.
Furthermore, several previous studies have indicated that parent reports of language abilities align
closely with direct assessments conducted by clinicians 2>2%. Our own database studies also support the

consistency and reliability of parent reports 212327,

Implications for the universal grammar hypothesis

On the one hand, this study results strongly support the universal grammar hypothesis: when
prepositional grammatical abilities are acquired, all of them tend to be acquired together as can be seen
from both UHCA and PCA analysis (Fig. 1). It is really astounding that spatial prepositions, verb tenses,
flexible syntax, possessive pronouns, explanations about people and situations, simple stories, and
elaborate fairy tales are all co-expressed together. For example, at the onset of the study, we did not
expect that “understanding of simple stories” and “understanding of elaborate fairy tales” would co-
express together. These findings are consistent with a single innate faculty underlying all prepositional
language abilities as predicted by the Universal Grammar hypothesis. Once this faculty has been
acquired, all prepositional language abilities are manifested simultaneously.

On the other hand, our findings suggest that a more intricate view of the Universal Grammar hypothesis
may be necessary: while the Universal Grammar hypothesis attempts to present grammatical abilities as
a dichotomy between the presence of grammatical abilities in humans and their absence in animals,
there is a clear split between modifier and prepositional grammatical abilities. Why some individuals’
innate language faculty limits their development to modifier language phenotype despite typical cultural
exposure remains unknown.

This report aims to contribute to the ongoing debate surrounding Universal Grammar. By exploring
organization of the innate faculty of language on a fine level, we hope to inspire further research and
investigation into this intriguing topic. Understanding Universal Grammar is crucial not only for the
advancement of linguistic theory but also for comprehending the nature of human cognition and the
fascinating capacity for language acquisition.
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Clinical implications

Communication level in individuals with language delay is commonly characterized in terms of their
verbal level (nonverbal, minimally verbal, or verbal) 2’~2° while their language comprehension ability is
left undescribed. If there was an objective way to characterize an individual’s language comprehension
level, that would facilitate their language therapy and improve outcomes. This study presents evidence
for a three-level classification of language comprehension abilities from basic to advanced: 1) command,
2) modifier, and 3) prepositional language comprehension phenotypes. Once a language comprehension
phenotype has been assessed in a child, language therapy can be fine-tuned for his or her particular
phenotype. Furthermore, using language comprehension phenotype improvement as a measure of
success will help focus language therapy on the important aspect of language development.

Implications for the language evolution hypotheses

Humans split from chimpanzees six million years ago and developed a unique prepositional
communication system 30. The origin of this prepositional communication system remains a mystery.
There is an opposition between saltationist and gradualist hypotheses of human language
comprehension evolution. The saltationist hypothesis argues for an abrupt step-like transition from non-
recursive to recursive language sometime around 100,000 years ago 3734, The gradualist scenario
conjectures a much slower acquisition of grammatical and syntactic abilities over several million years
35-38 The former hypothesis expects a uniquely-human neurological mechanism made possible by a
single mutation that resulted in simultaneous acquisition of a whole range of uniquely-human linguistic
abilities 3%, while the latter believes that many different mutations enabled various uniquely human
neurological mechanisms that underlie human linguistic abilities 3°. Therefore, the saltationist single-
neurological-mechanism hypothesis predicts a two-cluster solution (one cluster of individuals who
acquired that mechanism and another cluster of individuals who did not), while the gradualist scenario
predicts the solution with many smaller clusters. This study results are partially consistent with both
saltationist and gradualist hypotheses. The three clusters are more than anticipated by the saltationist
hypothesis, but significantly fewer than predicted by the gradualist hypothesis. The ensuing discussion of
evolutionary acquisition of the three language comprehension phenotypes is expected to be most
interesting.

Implications for language terminology used in linguistics,
philosophy, and psychology

The definition of language is ambiguous. Fitch, Hauser, & Chomsky 3° write that “It rapidly became clear

... that considerable confusion has resulted from the use of “language” to mean different things. We

realized that positions that seemed absurd and incomprehensible, and chasms that seemed

unbridgeable, were rendered quite manageable once the misunderstandings were cleared up. For many

linguists, “language” delineates an abstract core of computational operations, central to language and

probably unique to humans. For many biologists and psychologists, “language” has much more general
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and various meanings, roughly captured by “the communication system used by human beings.” Neither
of these explananda are more correct or proper, but statements about one of them may be completely
inapplicable to the other.” This report will facilitate interdisciplinary communication by simplifying
terminology for describing different language comprehension phenotypes.
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Figure 1

Clustering analysis of language comprehension items. (A) The dendrogram representing the hierarchical
clustering of language comprehension abilities. (B) Principal component analysis of the 15 language
comprehension abilities shows clear separation between command, modifier and prepositional items.
Principal component 1 accounts for 42.5% of the variance in the data. Principal component 2 accounts

for 11.0% of the variance in the data.
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Clustering of participants
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Figure 2

Clustering analysis of 55,558 participants. (A) The dendrogram representing the hierarchical clustering of
participants. (B) Principal component analysis of participants shows reasonable separation between the
three participant clusters. Principal component 1 accounts for 49.3% of the variance in the data. Principal
component 2 accounts for 8.4% of the variance in the data.
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Figure 3

Two dimensional heatmap relating participants to their language comprehension abilities. The 15
language comprehension abilities are shown as rows. The dendrogram representing language
comprehension abilities is shown on the left. Participants are shown as 55,558 columns. The
dendrogram representing participants is shown on the top. Blue color indicates the presence of a
linguistic ability (the “very true” answer), red indicates the lack of a linguistic ability (the “not true”
answer), and white indicates the “somewhat true” answer.
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