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Abstract
This study investigates the role of recursive language and working memory (WM) in second-order false belief skills in 
Danish-speaking children with autism spectrum disorder (ASD; n = 62; 8 females) and typical development (n = 41; 15 
females), ages 6–16. Second-order false belief skills correlated with receptive grammar, vocabulary, and age; sentential 
complement production predicted second-order false beliefs, controlling for age, receptive grammar and WM. Regressions 
showed that second-order false belief was associated with age across groups, but with sentential complements in the ASD 
group only. Second-order false belief skills improved in children who received training in either recursive phrases (d = 0.21) 
or WM (d = 0.74), compared to an active control group. Results suggest that false belief skills are entwined with both lin-
guistic and executive functions.

Keywords Verbal mediation · Sentential complementation · Compositional semantics · Theory of mind · Second-order 
false belief

First‑Order and Second‑Order Mental State 
Understanding

Theory of Mind (ToM) involves understanding that others 
have mental, epistemic, and emotional states, understanding 
the content of these states, and predicting behavior based 
on this knowledge. The development of ToM knowledge 
is robustly associated with language and executive abili-
ties, as well as social communicative differences, in autism 

spectrum disorder (ASD). One specific component of ToM, 
second-order mental state reasoning, is thought to require 
knowledge of a specific component of linguistic structure: 
sentential complements. The present study uses correlational 
analyses and a training approach to test the roles of recur-
sive sentential complementation and working memory in the 
acquisition of second-order ToM.

First-order mental state reasoning requires understand-
ing that other individuals have their own distinct beliefs, 
or representations, of the world: Molly believes that it is 
raining; Desmond knows that the rain has stopped. This 
form of reasoning is critical for multiple aspects of social 
communication, such as deception (Bosco & Gabbatore, 
2017; Sodian & Frith, 1992; Sodian et al., 1991), recogniz-
ing surprise (Baron-Cohen et al., 1993), pretend play (Leslie, 
1987), and protodeclarative pointing (Baron-Cohen, 1989b). 
Second-order mental state reasoning skills emerge later in 
development, and require understanding that one person’s 
belief can be about another person’s belief: Desmond thinks 
that Molly believes that it is still raining. Such beliefs are 
embedded one inside another; that is, they are recursive 
(Braüner et al., 2020). Second-order mental state reasoning 
skills seem to be critical for complex pragmatic language 
skills such as understanding idioms (Caillies & Le Sourn-
Bissaoui, 2013), irony, sarcasm, and metaphor (Bosco & 
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Gabbatore, 2017; Filippova & Astington, 2008), embarrass-
ing statements (Hillier & Allinson, 2002), coordinating with 
peers (Grueneisen et al., 2015), reasoning about evidence 
(Astington et al., 2002), maintaining consistency between 
a lie and subsequent statements (Talwar et al., 2007), and 
moral judgement (Fu et al., 2014).

While we can understand another person’s representation 
of the world when it is either true or false, measuring these 
representations often requires situations that are inconsistent 
with reality. For example, if it is raining, and Molly believes 
that it is raining, and Desmond reports that Molly believes 
that it is raining, this is an ambiguous demonstration of Des-
mond’s ability to represent Molly’s beliefs; he may simply 
be describing reality. Accordingly, most ToM research relies 
on false belief (FB) paradigms, in which the participant must 
demonstrate her knowledge that a second person holds a 
belief that is inconsistent with reality. Reporting that Molly 
believes that it is raining on a sunny day demonstrates the 
speaker’s grasp of the distinction between representation 
and reality. In unexpected transfer paradigms (e.g., Edwards 
& Low, 2017), an object is moved from an initial location 
(known to the agent), unbeknownst to that agent; the child’s 
task is to describe the agent’s belief about the location of the 
object. In unexpected contents paradigms (e.g., Rubio-Fer-
nandez, 2019), a container that typically holds a particular 
type of content (e.g., Smarties candies in a Smarties Tube) 
is revealed to contain something different (e.g., paper clips). 
After seeing the contents, the child is asked what someone 
else (who has not seen the unexpected contents) will believe 
it contains. Both tasks require the participant to understand 
and report someone else’s belief when it differs from the 
child’s own knowledge. This ability emerges by around age 
4 years (Wellman et al., 2001).

Second-order reasoning requires more complex para-
digms. To investigate this form of false belief understand-
ing, paradigms typically present brief anecdotes featuring 
characters who hold conflicting beliefs, and ask the child to 
report that Character A holds a false belief about Character 
B’s belief by answering questions about those beliefs and 
providing an explanation of the responses. For example, in 
the “Ice Cream” story (Perner & Wimmer, 1985; see also 
Online Appendix A), Frederik, Katrine and an ice cream 
seller are in the park. Frederik goes home to get money to 
buy ice cream. After he leaves, the ice cream seller tells 
Katrine that he is going to the city center. En route, the 
ice-cream man encounters Frederik and tells him the same 
thing. Later, Katrine sees Frederik’s mother, who tells her 
that Frederik has gone out to buy ice-cream; Katrine goes 
to look for Frederik. Participants are asked ‘Where does 
Katrine think that Frederik has gone?’ and are asked to jus-
tify their answer.

Mental State Understanding in ASD

Theory of Mind research has been shaped by studies 
of autism spectrum disorder (ASD). A number of stud-
ies indicate that children with ASD pass first-order false 
belief tasks several years later than neurotypical children, 
and that there are meaningful links between ToM abilities 
and the broader symptoms of ASD (Baron-Cohen, 2000; 
Tager-Flusberg, 2001). The original (“mindblindness”) 
version of this theory, suggesting that ToM impairments 
are universal and specific to ASD, has been discounted on 
several grounds (Brynskov et al., 2015); they are not spe-
cific to ASD, as Deaf children with delayed access to lan-
guage show similar impairments(Schick et al., 2007); ToM 
cannot account for other characteristics of ASD (Happé, 
2003; Peterson et al., 2005); symptoms of ASD emerge 
prior to ToM delays (Tiede & Walton, 2020); and some 
autistic individuals display intact ToM abilities (Tager-
Flusberg, 2001). Between 15 and 60% of children with 
ASD are found to pass first-order FB tasks at the typi-
cal developmental age (Happé, 1995). Second-order false 
belief tasks present a more mixed picture; nonetheless, 
in essentially every study we could find, either the entire 
sample or a subsample of children with ASD displayed 
intact second-order false belief skills (Baron-Cohen, 
1989a) (the sole exception was Baron-Cohen, 1989a, 
which reported impairments in all participants).

There are several potential explanations for the finding 
that some (but not all) individuals with ASD show delayed 
or impaired ToM. First, it has been proposed that ToM 
tasks can be solved via two distinct methods: a social-per-
ceptual (implicit) method or a social-cognitive (explicit) 
method. Children with ASD may struggle with the former 
and relying more than their neurotypical peers on the latter 
(Tager-Flusberg, 2001; Tager-Flusberg & Joseph, 2005). 
The social-perceptual/implicit route involves online under-
standing of mental states based on social stimuli such as 
faces, body, and voices, while the social-cognitive/explicit 
route involves information processing and deliberate, con-
scious reasoning skills. Although mental-state inference 
also depends on perceptual cues, its development starts 
when children are beginning to talk and reason about epis-
temic states (Tager-Flusberg & Joseph, 2005). Of course, 
there is infant research (using looking time and viola-
tion of expectation paradigms) demonstrating false belief 
understanding as early as 15 months (Buttelmann et al., 
2009; Scott & Baillargeon, 2009; Southgate et al., 2010; 
Surian et al., 2007) and even at age 7 months (Kovács 
et al., 2010). The distinction between implicit and explicit 
false belief understanding implies that children younger 
than 4 years of age rely on implicit false belief under-
standing, and that improvements in language, executive 
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and processing skills at around age four help make such 
false belief understanding explicit, enabling children to 
succeed in verbal elicited-response tasks (Low, 2010; Low 
& Perner, 2012).

A second explanation suggests that general cognitive 
skills and experience may allow children to learn a restricted 
set of solutions to a given problem, to compensate for diffi-
culty solving such problems via implicit intuition. Examples 
of such compensatory cognitive skills include logical rea-
soning (Frith, 2004), application of rule-bound, cognitively 
acquired heuristics (Williams & Happé, 2009), and syntactic 
skills (Lind & Bowler, 2009; Tager-Flusberg & Sullivan, 
1994b). A study of Danish-speaking schoolchildren with 
and without ASD found significant correlations between 
verbal IQ and social-cognitive (explicit) mental state infer-
ence tasks, but no correlations with the Eyes in the Mind 
task, thought to tap social-perceptual (implicit) processes 
(Kaland et al., 2008). For the typically developing group, 
verbal IQ and ToM performance were uncorrelated. Such 
findings suggest that individuals with ASD may rely more 
on general logical reasoning and linguistic skills to solve 
advanced ToM tasks. As such, ToM performance may be 
differently intertwined with cognitive and language abilities 
in individuals with ASD.

The current study provides a strong test of this second 
explanation. We investigate second-order false belief reason-
ing abilities and their association with relevant features of 
linguistic structure (namely, syntactic recursion and seman-
tic compositionality) and with domain-general (working 
memory) processes; we also test whether training on these 
critical processes shapes second-order false belief process-
ing. As a novel contribution to the literature, we hypothesize 
that the mastery of recursive sentential complementation is 
a compensatory skill that helps children with ASD to solve 
theory of mind problems.

Associations Between Mental State 
Understanding and Language Acquisition

Developmental research has established strong links between 
development of first-order false beliefs and language skills 
development in both ASD and neurotypical development. 
Both longitudinal and training studies have shown a causal 
relationship between first-order false beliefs and semantic 
and syntactic skills (Astington & Baird, 2005; de Villiers, 
2007; Hale & Tager-Flusberg, 2003; Lohmann & Tomasello, 
2003; Miller, 2006; Milligan et al., 2007). “Semantics” here 
encompasses words such as thinking, hoping, or wishing, 
which describe unobservable mental acts. More frequent or 
developmentally earlier production of mental states terms 
is associated with better ToM performance (Farrar & Maag, 
2002; Guajardo & Watson, 2002; Peskin & Astington, 2004).

A syntactic construction called “sentential comple-
mentation,” central to this paper, has long been linked to 
first-order false belief understanding; indeed, the theory 
of “linguistic determinism” originally proposed that the 
comprehension of sentential complementation is required 
for success on first-order false belief tasks (de Villiers & 
Pyers, 2002). In sentential complementation, one of the 
arguments of a verb is a complement clause: In “Molly 
believes that it is raining,” “that it is raining” is a com-
plement clause in a singly embedded sentential comple-
ment sentence. Reflecting the focus on second-order false 
belief, this paper focuses on doubly embedded sentential 
complements such as “Desmond says that Molly believes 
that it is raining.” Here one sentential complement clause 
(about Molly) is embedded in another (about Desmond); 
this embedding is recursive, in that one could embed a 
theoretically infinite number of clauses: “Molly says that 
Desmond believes that Jack wishes that Keisha said that 
it is raining.” While the strong version of linguistic deter-
minism is likely incorrect, sentential complementation 
may provide a well-defined index of multiple aspects of 
development, including working memory and syntactic 
knowledge.

The correlation of sentential complement comprehen-
sion and false belief understanding has been tested in mul-
tiple languages, including English (de Villiers & Pyers, 
2002), American Sign Language (Schick et al., 2007), 
and Danish (Boeg Thomsen, 2016). These studies use 
both unexpected transfer and unexpected contents tasks 
to assess first-order false belief understanding. Mastery 
of complementation predicted explicit but not implicit FB 
understanding in three and four year-olds (Low, 2010). 
Further, intervention studies with preschoolers reported 
that training in sentential complementation contributed 
to improvements in first-order false belief understanding 
(Hale & Tager-Flusberg, 2003; Lohmann & Tomasello, 
2003). One training study tested the impact of a four-week 
training on sentential complements on false belief reason-
ing in children with ASD, developmental language disor-
der, or typical development, ages 2–11 (Durrleman et al., 
2019). Results clearly indicated a benefit of complement 
training on both the production of sentential complements, 
and on ToM reasoning.

The importance of syntactic knowledge, and specifi-
cally sentential complementation, for FB reasoning has 
been supported by studies of ASD (Tager-Flusberg & Sul-
livan, 1994a, 1994b). In the absence of intuitive or implicit 
understanding, children with ASD may use complemen-
tation to reason (or “hack”) solutions to first-order false 
belief tasks (Durrleman & Franck, 2015; Durrleman et al., 
2016; Lind & Bowler, 2009; Tager-Flusberg & Joseph, 
2005).
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Second‑Order False Belief and Language

While many studies document the critical role of sentential 
complementation in first-order false belief reasoning, there 
is limited empirical work investigating the role of language 
development in second-order false belief (SOFB) reasoning. 
Evidence against the central role of language was reported 
in a study of Dutch-speaking children showing that double-
embedded sentences (X says/thinks that Y says/thinks that 
P) were spontaneously produced at all levels of false belief 
mastery, including by children who failed second-order 
FB questions (Bogaerds-Hazenberg & Hendriks, 2016). 
Furthermore, children who had mastered SOFB produced 
both single and mixed embeddings, suggesting that recur-
sive language was not a prerequisite for recursive FB rea-
soning, contesting the notion of linguistic determinism. In 
contrast, Lockl and Schneider (Lockl & Schneider, 2007) 
suggested that general language abilities were fundamental 
in both first-order and SOFB, for different reasons; in the 
first-order case, language supports comprehension of belief 
representation; in the second-order case, language support 
expression of belief representation, reflecting increased pro-
cessing demands.

In several studies, overall linguistic competence (includ-
ing vocabulary) predicted SOFB abilities (Astington et al., 
2002; Filippova & Astington, 2008). General semantic, 
syntactic abilities and complex working memory were each 
found to be significant contributors to SOFB performance 
in a study of 60 preschoolers ages 38–71 months, using the 
birthday puppy stories (Hasselhorn et al., 2005). Vocabu-
lary was the most important limiting factor, and findings 
suggested that vocabulary and working memory were each 
independent contributors to ToM development. Arslan and 
colleagues reported that the main predictor of SOFB rea-
soning in Turkish-speaking children was complex work-
ing memory, assessed using a listening span task (Arslan 
et al., 2017). Findings were explained in terms of a serial 
processing bottleneck, in which SOFB performance reflects 
the demands of holding multiple representations in working 
memory while also serially processing them.

Linguistic Recursion

The current study focuses on the shift from mastery of sin-
gle to double embedded sentential complements. Linguis-
tic structures can be described as constituents, or groups 
of words (such as clauses) that function as a single unit. 
Constituents can contain a constituent of the same type 
(Jackendoff, 1990), as in Linda likes that Henry learned that 
Susan hopes that Mary says that John thinks that the car is 
cool, which has five levels of embedding, and could be dia-
grammed as follows: (5Linda likes that (4Henry learned that 
(3Susan hopes that (2Mary says that (1John thinks that (0the 

car is cool))))). Embeddings can be viewed either structur-
ally (as above), or algorithmically, as in: Add a prefix of the 
form Proper-Name + Verb + “that” to a zero-order sentence.

While we often think of recursive beliefs in structural 
terms, where one belief can be nested inside another, the 
algorithmic perspective is informative about how one 
accesses the information embedded inside these structures. 
The sentences we use to talk about beliefs are often embed-
ded sentential complements with a recursive structure: 
the zero-order competency reflects a basic representation 
of the world, which is altered by the awareness that others 
may hold different (possibly false) representations: Emma 
believes that the ball is in the basket. This leads to the reali-
zation that there can be beliefs about beliefs. Here, we probe 
whether second-order false belief reasoning depends primar-
ily on linguistic or on domain-general processes.

Working Memory

Working memory involves holding information in mind 
while performing one or more mental operations. For exam-
ple, we use working memory to re-order items while holding 
them in mind and seeing how they relate to one another; 
this is critical for reasoning and problem solving. Working 
memory is conceptualized as an executive function (Shah & 
Miyake, 1999), and has been found to correlate with perfor-
mance on false belief tasks (Arslan et al., 2017; Gordon & 
Olson, 1998; Hughes, 1998; Hughes & Ensor, 2007; Keenan 
et al., 1998). Some studies suggest that executive functions 
precede Theory of Mind development (Carlson et al., 2004; 
Perner & Lang, 1999); the ability to monitor one’s actions 
may precede Theory of Mind understanding (Russell, 1997).

The Present Study

As reviewed here, language acquisition, and specifically 
syntax, plays an important role in false belief reasoning for 
children with ASD. Previous studies have examined first-
order false belief understanding; the current study focused 
on the role of syntax in second-order false belief develop-
ment, testing the hypothesis that children with ASD depend 
on mastery of recursive sentential complementation (and 
linguistic recursion more generally) in order to perform 
second-order mental reasoning. The work reported here 
utilizes two approaches. Study 1 investigates associations 
among second-order false beliefs, linguistic recursion, and 
working memory in children with and without ASD. We 
collected data on language skills and working memory to 
identify profiles of linguistic, second-order false belief, and 
working memory skills. This study also provided Time 1 
data for Study 2, in which children with ASD were ran-
domly assigned to one of three interventions: (1) recursive 
language training, (2) working memory training, and (3) 
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an interaction-only (control) condition. This training study 
investigated causal relationships between recursive struc-
tures, working memory, and SOFB reasoning. This is the 
first study to our knowledge in which children with ASD 
were trained on recursive linguistic structures, and the first 
to juxtapose linguistic and working memory training.

Study 1: Associations of Linguistic 
Recursion, Working Memory, 
and Second‑Order False Belief Reasoning

The goal of Study 1 was to test linguistic recursion as a 
predictor of SOFB mastery, controlling for age, working 
memory and receptive grammar, in children with and with-
out ASD.

Methods

Procedures

Participants with ASD aged 6–16 years were recruited from 
six schools for children with special educational needs in 
the Sjælland region of Denmark (which includes Copenha-
gen) and by word of mouth. Inclusion criteria were: formal 
diagnosis of ASD; Danish as first language; and the abil-
ity to sit through an assessment session (as evaluated by 
their teachers) and a training program (as evaluated by the 
psychologist who administrated the assessment). The only 
exclusion criterion was psychosis. All parents gave informed 
written consent; all children gave verbal assent prior to each 
session. The study was reviewed by the National Commit-
tee on Health Research Ethics, which determined that it met 
ethical standards. There was no financial compensation for 
participation.

Initial Assessment

Children completed the Danish version of the Wechsler Intel-
ligent Scale for Children (WISC-IV) Verbal Comprehension 

Index (including subtests measuring vocabulary and verbal 
concept formation, knowledge of concepts, and the ability 
to apply reasoning skills to verbally-presented information) 
and Working Memory Index ( including subtests measur-
ing the ability to memorize new information, to hold it in 
short-term memory, and to concentrate and manipulate that 
information to produce some result) (Wechsler, 2003). They 
also completed the Danish version of the Test for Reception 
of Grammar—2nd Ed (TROG; Bishop, 2009), as an assess-
ment of grammar comprehension.

These tests provided quantitative data for the secondary 
inclusion criteria. Participants were included if they had 
standard scores of 80 or higher on WISC Verbal Comprehen-
sion and Working Memory indices and on the TROG. A total 
of 62 children met these criteria and were included in Study 
1. These participants completed a set of four SOFB stories 
and a set of five recursive embedding stories (described 
below), in random order. Teachers completed the Danish 
version of the Social Responsiveness Scale (SRS) question-
naire, to provide a quantitative assessment of autistic social 
impairments (Constantino, 2003). Testing was carried out 
at school or home, in a private room with a table. All chil-
dren were tested individually over two or three sessions of 
between 45 and 60 min per session, depending on the child.

Neurotypical (NT) children were recruited from local 
schools (n = 25) and via word of mouth (n = 16). Given 
the likely emergence of first-order false belief skills at age 
4 years (as reviewed above), children as young as 4;0 were 
recruited; the age range was limited at 12 years to facilitate 
age-matching with the ASD sample. Inclusion criteria were: 
Danish as first language, and a history of typical develop-
ment per teacher and parent report. Due to time constraints 
at school, children in the NT group did not complete the 
WISC Verbal Comprehension or TROG standardized assess-
ments, but completed all other assessments. All children 
were tested individually in a private room during a single 
30–45 min session.

Demographic characteristics are shown in Table 1. Miss-
ing data were entered as missing values, and treated pair-
wise. Missing scores included the WISC, due to concerns 

Table 1  Participant information: Study 1

Data are presented as M(SD); range. Results for the WISC and TROG measures are shown as standard scores, which have a mean of 100 and SD 
of 10; the SRS is reported as T-scores, with M(SD) = 50(10), and where higher scores suggest greater severity of symptoms

Measures ASD group NT group F/χ2 P Cohen’s d

Total n; male/female 62; 54/8 39; 26/15 28.48  < 0.001
Chronological age 11.8 (2.5); 6.1–16.9 8.4 (1.9); 4.5–11.6 54.64  < 0.001 1.53
Verbal comprehension—WISC 109 (12.6); 87–138 (n = 57) N/A
Working memory—WISC (RS) 30.9 (4.6); 16–40 (n = 61) 28.5 (6.7); 13–42 (n = 35) 4.25 0.04 0.42
TROG grammar comprehension 105 (7); 89–118 (n = 59) N/A
Social Responsiveness Scale (T-score) 61 (12); 38–93 (n = 53) 46 (6); 39–55 (n = 12) 19.44  < 0.001 1.58
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about re-testing (n = 2); and other missing scores due to poor 
compliance with testing (WISC, n = 3), TROG (n = 3) and 
working memory (n = 1). The Teacher SRS was missing due 
to time constraints (n = 27).

Measures

Second‑Order False Belief Tasks

The four second-order false belief tasks were Danish transla-
tions of four second-order false belief stories used in prior 
research: Ice-Cream (Perner & Wimmer, 1985), Birthday 
Puppy (Sullivan et al., 1994), Sally Anne (Baron-Cohen 
et al., 1999), and Bake-Sale (Hollebrandse et al., 2014). 
The Ice-Cream and Puppy stories were taken from the Dan-
ish version of the validated Dutch ToM Storybook (Blijd-
Hoogewys et al., 2008), translated and validated for Danish 
(Clemmensen et al., 2016). The Sally Anne and Bake Sale 
stories were translated by the first author; English trans-
lations of accompanying pictures for all tasks are shown 
in Online Appendix A, and Danish versions are available 
upon request. Each story was read aloud, with accompany-
ing pictures; participants then answered multiple questions 
including one or two memory questions, one or two first-
order false belief questions, one or two second-order false 
belief questions, and one justification question. The SOFB 
and justification questions required a child to understand 
what one protagonist believed about another protagonist’s 
understanding of reality, when the first protagonist’s beliefs 
were false. To minimize the use of sentential complements, 
direct speech was used whenever possible, and the test 
questions contained no double embedded constructions. 
This ensured that participants did not need to process any 
linguistic double embedded structures; of course, correct 
responding required doubly-embedded (second-order) false 
belief reasoning. For example, questions for the Ice-Cream 
story (described above, and see Online Appendix A) were:

Memory questions: Has Katrine heard what the ice-
cream man said to Frederik? Has Frederik heard what 
the ice-cream man was saying to Katrine?
SOFB questions: Where does Frederik think Katrine 
has gone? Why does Frederik think that?
Justification question: Why does he think that?
Control question 3 (reality): Where did Katrine really 
go?

SOFB responses were scored only if participants 
answered the control questions correctly. The justification 
questions were scored as in previous studies (Arslan et al., 
2015): Incorrect explanation = 0; correct reasoning with no 
reference to mental states (“Because that is what the ice-
cream man told him”) = 1; correct reasoning including one 
mental state verb (“Because he does not know that she saw 

the ice-cream man”) = 2; correct reasoning using two or 
more mental verbs (“Because he thinks that she does not 
know that the ice-cream man left the park”) = 3. Scores for 
individuals were correlated in a pairwise fashion across the 
four stories (all p’s < 0.05); as such, response scores were 
collapsed across the four stories, for a maximum of 18 SOFB 
points.

Recursive Embedding Task

We could not find any validated Danish test of the com-
prehension or production of recursive syntactic construc-
tions. Thus, we developed the Recursive Embedding Task 
(RET), piloted with a sample of 240 typically developing 
Danish-speaking children; the final version was validated 
with 70 typically developing Danish-speaking children (36 
girls and 34 boys) and 15 adults. Further description of the 
RET design and validation can be found elsewhere (Poly-
anskaya, 2019).

The RET consists of five short stories involving both a 
single-embedded and a double-embedded question, each 
with a colorful illustration (Hollebrandse & van Hout, 2015; 
Hollebrandse et al., 2008); Fig. 1 presents a sample item. 
Each story included truth-value contrasts between clauses 
(de Villiers et al., 2014). Note that a single complement 
answer to Q2 (Mom says that the rabbit has run away) 
would contradict the fact that Mom can see the rabbit in 
Sofie’s arms (the truth value contrast). Participants received 
1 point for a correct answer to the double embedding ques-
tion. The English translation of the RET test is shown in 
Online Appendix B; the maximum score was 5.

Statistical Analyses

All study variables were inspected to test whether they 
met standard statistical assumptions of normality and het-
eroscedasticity. Several did not, even after transformations; 
this included the RET and SOFB measures. For analyses 
including these variables, nonparametric Kendall's tau-b 
(τb) tests were used. The interrelationships among study 
variables were tested using bivariate correlational analyses. 
Given the large age differences between groups, we created 
subgroups of ASD and NT participants, matched for age, 
by excluding the oldest ASD and youngest NT participants 
until both subgroups (ASD n = 30; NT n = 30) were normally 
distributed for age (p > 0.10) and group differences in age 
were not statistically significant (p > 0.08). Subgroup dif-
ferences were evaluated using t-tests for normally-distrib-
uted measures (WM and age) and Mann–Whitney tests for 
non-normal measures (SOFB, RET). Given the relatively 
limited literature on SOFB development, we also present 
performance data for the full unmatched samples. Regres-
sion analyses were used to test the role of WM, and RET in 
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SOFB abilities; regressions were conducted separately for 
ASD versus NT age-matched groups. Because age might 
play a significant role in performance, and because groups 
were not well-matched for age, this variable was included 
in all regressions.

Results

First, an analysis of the entire sample of ASD/NT partici-
pants indicated no group differences in sentential comple-
ments (RET), but group differences in second-order false 
belief task performance (SOFB) and working memory (WM) 
abilities; see Table 2. Results indicated that the ASD group, 
which was significantly older, had significantly higher SOFB 
and working memory scores compared to their non-autistic 
peers. Comparing the age-matched subgroups, there were 

no differences on second-order false belief task performance 
(SOFB), sentential complements (RET), or working memory 
(WM).

Next, we probed for correlations among second-order 
false belief, recursive complements, grammar comprehen-
sion (TROG), WISC verbal comprehension, WISC working 
memory, age, and autistic severity (SRS). These correla-
tions are presented in Table 3, with the ASD group above 
and the NT group below the diagonal. Second-order false 
belief was significantly correlated with all language meas-
ures (recursive complements, WISC verbal comprehension 
and TROG grammar comprehension; the latter two measures 
were available in the ASD group only) and with age and 
working memory, in both groups. Autism severity (SRS) did 
not correlate with other variables.

We used hierarchical regression analysis to investigate 
the contribution of recursive complements mastery (RET 

Fig. 1  Sample item, recursive 
embedding test (RET)

Table 2  Theory of mind/second-order false belief (SOFB), recursive embedding test (RET) and working memory scores for the entire sample 
and for age-matched subgroups

ASD, n = 62 NT, n = 39 z/F p Cohen’s d

SOFB 8.8 (4.3); 1–17 6.3 (4.5); 0–17 7.65 0.007 0.57
RET 3.1 (1.6); 0–5 2.7 (1.9); 0–5 1.18 0.28 0.23
WISC WM (RS) 30.9 (4.6); 16–40 28.5 (6.7); 13–42 4.25 0.04 1.32

ASD, n = 30 NT, n = 30

Age 9.8 (1.3), 6.1–11.7 9.2 (1.4), 6.8–11.6 3.42 0.07 0.44
SOFB 7.3 (4.5), 1–17 7.7 (4.1), 0–17 0.18 0.68 0.68
RET 2.9 (1.5), 1–5 3.1 (1.9), 0–5 0.38 0.54 0.54
WISC WM (RS) 29 (5), 16–40 30 (6), 17–42 0.25 0.62 0.18
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score) to second-order false belief (composite SOFB score), 
controlling for individual differences in age, general gram-
mar, and working memory, within the full ASD sample. The 
assumption of normal distribution of residuals was met, as 
assessed by P–P Plot, and there was no evidence of multicol-
linearity. Independent variables were added in three steps: 
age was added at Step 1; WISC working memory and TROG 
raw scores were added in the second step; and RET score 
was added at the third step. WISC Verbal Comprehension 
scores were removed because the participants as a group had 
very strong verbal skills, with mean scores in the high end 
of the average range (and nearly a third with above-average 
range scores). As such, including verbal IQ in the analysis 
would likely swamp the effect of a more specific language 
variable such as recursive complements (see, e.g., Dennis 
et al., 2009). Model results are shown in Table 4.

This regression analysis indicates that, in the ASD sam-
ple, recursive complements (RET) accounted for significant 
variance in SOFB reasoning, controlling for age, working 
memory and receptive syntax. With age alone, the model 

explained 21% of the SOFB variance, and age was a sig-
nificant predictor. With age, WM and TROG, the model 
explained a further 7% of the variance in SOFB under-
standing. Individual beta weights suggested that WM and 
age were each marginally significant, and TROG was not 
significant. With RET scores, the model explained an addi-
tional 5% of the variance with a large effect size (Cohen's 
 f2 = 0.51). The individual beta weights suggested that, in 
the full model, recursive complement comprehension was 
significant, age and WM were marginally significant, and 
TROG was not significant.

Regression with ASD and NT Subsamples

To contrast the distinct contributions of age, RET and 
WM to SOFB in children with and without ASD, the same 
multiple regression analyses were conducted in the age-
matched ASD and NT subgroups. The models were signifi-
cant predictors of SOFB scores for both the ASD group, 
F(3,25) = 6.82, p = 0.002, R2 = 0.45, with a large effect 

Table 3  Correlations among 
Study 1 measures

SRS autism severity Social Responsiveness Scale, SOFB second-order false belief, RET recursive embed-
ding task with sentential complements, TROG Test of the Reception of Grammar, VC WISC verbal com-
prehension index, raw score, WM WISC working memory raw score
*p < 0.05; **p < 0.01; ***p < 0.001; correlations calculated using Kendall’s tau. Correlations for the full 
ASD group are shown above the diagonal; the full NT group is shown below the diagonal, in italic font

Age SRS SOFB RET TROG VC WM

Age –  − 0.16 0.44*** 0.13 0.30** 0.56*** 0.30***
SRS – − 0.16 0.11 0 − 0.24* 0.25
SOFB 0.54*** − 0.23 – 0.30** 0.27** 0.43*** 0.36**
RET 0.46*** 0.20 0.38** – 0.18 0.23* 0.18
TROG – 0.46*** 0.30**
VC – 0.45***
WM 0.50*** 0.00 0.58*** 0.44*** –

Table 4  Full ASD sample: 
second-order false belief 
(SOFB) abilities as a function 
of age, working memory (WM), 
receptive syntax (TROG scores) 
and recursive complement 
knowledge (RET)

Significant variables are highlighted in bold font
B  unstandardized regression coefficient, SE standard error of the coefficient. Data represent mean raw 
scores
*p < 0.05; **p < 0.001

Variable Step 1 Step 2 Step 3

B SE P B SE p B SE p

Constant − 0.94 2.57 0.71 − 10.37 5.68 0.07 − 9.68 5.53 0.08
Age 0.81** 0.21  < 0.001 0.43 0.25 0.09 0.46 0.24 0.07
WM 0.26 0.13 0.05 0.22 0.13 0.09
TROG 0.33 0.36 0.36 0.23 0.35 0.5
RET 0.63* 0.31 0.04
R2 0.21 0.29 0.34
F 14.93  < 0.001 7.31  < 0.001 6.89  < 0.001
Δ  R2 0.21 0.07 0.05
ΔF 14.93  < 0.001 2.97 0.06 4.25 0.04
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(Cohen's f2 = 0.81), and for the NT group, F(3,26) = 11.28, 
p < 0.001, R2 = 0.57, again with a large effect (Cohen's 
f2 = 1.32); see Table 5. Age was a significant predictor in 
both groups; further, the regression coefficients for age 
were similar, suggesting similar developmental trajecto-
ries in the two samples. In contrast, recursive embedding 
complements accounted for significant variance in false 
belief only in the ASD subgroup. Working memory was a 
significant predictor only in the NT subgroup. When work-
ing memory was further split into simple (short-term) and 
complex (the ability to manipulate information kept in 
short-term memory) functions, complex working memory 
was the significant predictor (see Polyanskaya, 2019 for 
further details). 

Interim Discussion

Study 1 examined working memory, age, and syntactic 
abilities as predictors of second-order theory of mind pro-
cessing in a large cohort of children with ASD, and in 
age-matched subgroups of children with ASD and typi-
cal development. Results indicated similar abilities on all 
variables, for the age-matched groups. This failure to find 
group differences in performance of false belief ToM tasks 
in children with ASD with a mean age of 11 years (range, 
6–16 years) is consistent with numerous studies, reviewed 
above. Furthermore, regression analyses suggested that 
age, recursive knowledge, and working memory together 
contributed to variance in second-order theory of mind 
processing. One intriguing group difference was that 
recursive embedding complements abilities were impor-
tant in ToM processing only in the ASD subgroup. This 
result is consistent with the hypothesis that comprehension 
of recursive complements scaffolds second-order theory 
of mind development in children with ASD, in contrast to 
typically developing children, for whom these processes 
are relatively independent. Further, the finding that work-
ing memory was critical for ToM processing in the NT 
subgroup, is consistent with other studies as reviewed in 

the Introduction. It is possible that limits in power and 
variability precluded us from capturing the role played by 
other predictor variables.

Study 2: The Impact of Training in Recursive 
Embedding and Working Memory 
on Second‑Order False Belief Processing

Study 2 provided a stringent experimental test of the rela-
tionships among recursive embedding, working memory and 
second-order false belief reasoning abilities in autism.

Methods

Participants

Study 1 participants with ASD were included in the training 
study if they scored below chance (nine or fewer points out 
of 18) in the SOFB tasks; children who already displayed 
adequate SOFB reasoning skills were unlikely to show 
measurable benefits from training. A total of 27 children met 
this criterion and were randomly assigned to one of three 
training conditions: recursive embedding training, working 
memory training, or interaction only (control condition). 
The exception to random assignment was three children who 
were allocated to the working memory group at the request 
of their classroom teachers. Age, verbal comprehension, 
grammar comprehension, working memory, SRS, SOFB and 
RET baseline scores did not differ across training conditions. 
Table 6 shows participant characteristics.

An ANOVA analysis tested whether participants differed 
in demographic characteristics shown in Table 6 as a func-
tion of school district; there was one significant difference, 
in age, F (5,26) = 2.987, p = 0.03, with children from one 
school being older. The districts did not differ in other char-
acteristics, and as a result, schools were collapsed in subse-
quent analyses.

Overview of  Training Procedures The training comprised 
five individual 30-min sessions, generally scheduled across 

Table 5  Predictors of second-
order false belief in age-
matched subgroups

Significant variables are highlighted in bold font
n = 30 per group
B unstandardized regression coefficient, SE standard error of the coefficient

ASD group (n = 30) NT group (n = 30)

Variable B SE p B SE P

Constant − 12.61 5.24 0.02 − 12.53 4.05 0.005
Age 1.84 0.59 0.004 1.41 0.52 0.01
RET 1.11 0.47 0.03 − 0.01 0.38 0.97
WM − 0.05 0.16 0.77 0.25 0.12 0.04
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five consecutive days except when school activities or sick-
ness intervened; in all cases, the training was completed 
within two weeks. One examiner (the first author) conducted 
all of the training sessions across conditions; this approach 
led to enhanced treatment fidelity, as did the examiner’s 
reliance on manualized scripts (as described below). Within 
3  days after the end of training, participants once again 
completed the SOFB, RET and working memory tasks. 
The pre-and post-training tasks were identical in structure, 
but incorporated different content, to reduce the impact of 
practice and familiarity. After children completed all study 
measures, teachers and parents received detailed reports 
describing each child’s results.

Across training conditions, the trainer presented the con-
cept of “the brain as a muscle” that can be strengthened; this 
short discussion was motivating for many participants. Dur-
ing all sessions, children were given a red “I need a break” 
card that they could utilize as needed. Several children made 
use of this option, later returning to the activity. Across the 
three conditions, the participants seemed similarly engaged 
and interested in participating.

Recursive Embedding Training The recursive embedding 
program was developed de novo for this study, utilizing 
ideas from compositional semantics, which investigates 
how the meaning of a whole is built out of the meaning of 
its parts, in concert with syntactic structure (Janssen, 2020, 
Fall; Szabó, 2020, Fall). Specifically, syntactic structure 
provides a ‘frame,’ and the semantics of the top-level con-
stituent are constructed by combining the meanings of com-
ponents using the pattern provided by the syntactic frame. 
The training was designed to convey four ideas concerning 
compositionality, namely: (1) Multiple linguistic constitu-
ents of the same type may be combined; (2) Constituents 
may be embedded inside each other; (3) Changing the order 
of embedded components changes the meaning of the whole; 
and (4) The number of embedded constituents is theoreti-
cally infinite. These concepts were communicated in termi-
nology appropriate for children; a translation is included in 
Online Appendix B.

The aim of the training was to expose children to a large 
number of sentences with embedded constituents that do not 
involve mental state terms, to get children to produce such 
sentences, and to provide the children with explicit awareness 
of the four principles. During training, children heard and 
produced multiple examples of recursively embedded posses-
sive noun phrases and sentential complements (none of which 
involved mental vocabulary). The examples were presented 
in concert with, and mentioned, images of familiar characters 
(e.g., Harry Potter) and scenes from popular books and maga-
zines. The participants were asked to produce sentences to 
describe the pictures, using the rules that had been discussed. 
On the final day, children were asked to repeat all four rules 
aloud. Each day’s session began with a recap of the previous 
day’s activities and a preview of the day’s session.

Working Memory Training Training utilized an off-the-shelf 
computerized adaptive working memory game, “Jungle 
Memory” (Memosyne Ltd., 2008), designed for children 
ages 7–16 years. The program included three games with 
multiple difficulty levels and activities, presented with moti-
vational features and regular feedback: memorizing and use 
of word endings, mental rotation of letters, and sequential 
memory of mathematical solutions. The WM training was 
completed online, with minimal verbal input from the exam-
iner; however, the examiner and participant sat side by side, 
to enable the examiner to address questions and to monitor 
engagement.

Interaction‑Only Condition The interaction-only program 
was designed to function as an active control condition. It 
mirrored the RET program in terms of materials and length, 
but without discussion of recursion. Children heard and pro-
duced sentences based on presented images. The central dif-
ferences between RET and IOC were that (1) there was no 
mention of compositionality, recursion, or embedding, and 
(2) only singly-embedded sentences (e.g., the girl’s dog) 
were included, with no use of double embeddings (e.g., the 
girl’s dog’s tail).

Table 6  Group characteristics for each of the three training conditions

TROG, WISC and SRS are standard scores. All data are shown as M(SD), range

Recursive embedding, n = 9 Working memory, n = 10 Interaction only, n = 8 H P

Age (years) 10.65 (2.26), 8.17–15.75 10.87(1.56), 8.83–13.92 11.02 (1.78), 8.42–13.58 1.03 0.6
SRS 65.4 (10.6), 52–80 60.7 (5.8), 53–70 62.3 (10.0), 48–75 0.83 0.66
TROG 103 (6), 96–113 107 (9), 91–118 102 (5), 96–111 2.52 0.28
WISC verbal comprehension 102 (11), 85–116 108 (12), 93–128 109 (13), 91–132 1.01 0.61
WISC working memory 94 (11), 80–110 91 (7), 83–101 94 (10), 83–110 0.56 0.76
SOFB, pre-training score 4.9 (1.9), 1–8 6.2 (2.2), 2–10 5.4 (3.1), 1–10 1.71 0.43
RET, pre-training score 3.0 (1.7), 1–5 3.1 (1.6), 1–5 2.5 (1.5), 1–5 0.75 0.69
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Results

To test whether the training conditions led to a change in 
second-order false belief processing, pre- and post-training 
scores were calculated; see Table 6. All variables met stand-
ard statistical assumptions of normality, skewness, and het-
erogeneity. A repeated-measures ANOVA was conducted 
with training condition (Recursive embedding, Working 
memory, or Interactive control) as a between-subjects factor 
and pre-training vs. post-training second-order false belief 
score as a within-subjects factor. The results showed a sig-
nificant main effect of training condition, F(1,24) = 29.526, 
p < 0.001, with a large effect size (partial η2 = 0.55). Second-
order false belief scores increased from pre- to post-training 
timepoints in all conditions. This significant main effect was 
moderated by a significant interaction of training condition 
and time, F(2, 24) = 5.311, p = 0.01, partial η2 = 0.30, sug-
gesting that the change in second-order false belief scores 
differed as a function of training type; see Fig. 2. Paired sam-
ple t-tests showed a significant increase in false belief abil-
ity following Recursive embedding, t(8) = 6.27, p < 0.001, 
Cohen’s d = 2.1, and Working memory, t(9) = 2.5, p = 0.04, 
d = 0.74, trainings, both with large effect sizes. The Inter-
active control group scores showed no significant change, 
t(7) = 1.14, p = 0.29, d = 0.48. Because participants were 
older in one school, age was included as a covariate in a 
second ANOVA. The interaction between age and time was 
not significant, F(1, 23) = 1.14, p = 0.29, partial η2 = 0.04, 
and the pattern of results was unchanged.1 

These results confirmed that there was a significant 
improvement from pre- to post-test in both the Recursive 
embedding training and Working memory training condi-
tion, but not in the Interaction-only control condition. The 
improvement in the working memory training group of a 
smaller effect size than in the Recursive embedding con-
dition; this is relatively unsurprising, given that the latter 
involves a much more distant transfer of training knowledge.

The exciting results of Study 2 show that the capacity to 
reason through second-order false belief tasks by children 
with ASD is impacted by the development of recursive com-
plementation and working memory skills; it is both novel 
and exciting to find that this sophisticated form of theory of 
mind reasoning can be shaped by intervention. Even a rela-
tively abbreviated five-day training course led to significant 
changes in reasoning performance immediately following 
the training. This work lays a foundation for a large-scale 
intervention study that includes a long-term follow-up.

General Discussion

Neurotypical children are thought to understand and reason 
through theory of mind problems using relatively intuitive, 
perceptually-driven, and implicit skills and knowledge. The 
development of theory of mind processing has been pro-
posed to follow a distinct developmental pathway in indi-
viduals with ASD, with performance more directly tied to 
cognitive skills and experience. Here we examine a proposal 
that a late-developing aspect of theory of mind, second-
order false belief skills, specifically depends on the ability 
to perform algorithmic recursive operations on linguistic 
materials.

The present study tested associations among second-order 
theory of mind, language, and working memory, in chil-
dren with ASD aged 6–16 and typically developing chil-
dren aged 4 to 11 years, using two approaches. Importantly, 
the ASD group showed no impairments in second-order 
theory of mind performance, compared to an age-matched 
group of neurotypical children. Cross-sectional correlational 
analyses examined links among performance on theory of 
mind. The results provided support for the associations in 
the ASD group among semantic knowledge (as measured 
by the WISC Verbal Comprehension index), grammar com-
prehension (as measured by the TROG), recursive sentential 
complement skills (as measured by the recursive embedding 
test), working memory (as measured by the WISC Working 
Memory index), and false belief reasoning skills. Crucially, 
our results showed that recursive sentential complemen-
tation skills predicted second-order false belief reasoning 
skills (in a test battery including all four types of second-
order reasoning task), supporting previous findings about 
such a link in ASD (Boeg Thomsen, 2016; Lind & Bowler, 
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Fig. 2  Pre and post-training accuracy, second-order false belief test. 
Note: Recursive embedding training, grey lines; Working memory 
training, solid black lines; Interactive control, dotted lines

1 To test whether differences in teachers, classroom structure, geo-
graphical location, etc., might influence results, school district was 
added as a covariate; the interaction of district and time was not sig-
nificant, F(1, 23) = 0.20, p = 0.88, partial η2 = 0.001, and the pattern 
of results was unchanged.
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2009; Tager-Flusberg & Joseph, 2005). Furthermore, results 
showed that second-order false belief skills were predicted 
by recursive sentential complementation skills for children 
with ASD, but not for neurotypical children; in contrast, 
second-order false belief skills were predicted by working 
memory skills for neurotypical children, but not for the ASD 
group. This suggests that children with ASD and NT chil-
dren arrive at the correct solutions differently, consistent 
with the hypothesis that children with ASD rely to a greater 
extent on language, compared to neurotypical children.

Correlational results cannot determine whether relation-
ships are causal, nor can they address the role one capac-
ity plays in facilitating the development of another. Study 2 
addressed this issue, by providing five sessions of training in 
linguistic recursion or working memory, as compared to an 
active control training condition, for the children with ASD 
who had the most impaired second-order theory of mind 
skills at the outset. Results of this intervention indicated 
that both linguistic recursion and working memory skills 
training boosted the ability to make correct predictions in 
second-order false belief reasoning. These results are nicely 
consistent with effects of a different form of linguistic train-
ing on first-order ToM reasoning (Durrleman et al., 2019).

Both training conditions involved far transfer. The far-
transfer effect in the recursion training group (from the lin-
guistic use of recursive embeddings, to the use of recursive 
mental state reasoning) suggests that some children with 
ASD benefit from enhanced language skills in solving false 
belief reasoning tasks; this is corroborated by the fact that 
references to mental states were carefully avoided in the 
training part and in general communication with the children 
who took part in the study. These results further support the 
proposal that sentential complements are an effective tool for 
‘hacking out’ solutions to false belief tasks; that is, a deeper 
grasp of compositional semantics influences second-order 
false belief reasoning because this tool helps build a foun-
dation of competency in recursive structures in language, to 
support the processing of recursive false belief knowledge.

In order to understand how such a recursive tool may 
function and affect SOFB reasoning, it seems useful to draw 
a distinction between recursion in structural and algorithmic 
terms. To understand recursion in structural terms is to think 
of it in terms of its subparts: for example, we can think of a 
sentence as consisting of a number of embedded sentences, 
or think of a belief as consisting of a number of embedded 
beliefs. Thinking structurally about the development of men-
tal state understanding, we might say that at the first-order 
stage, the child learns that beliefs are ‘mental objects,’ and 
that people can have false beliefs; at the second-order stage, 
the child learns that these mental objects can be about other 
beliefs, that is, that they have recursive structure. View-
ing the current study from this structural perspective, our 
results suggest that learning recursive structures in language 

enhanced or strengthened children’s conceptual understand-
ing of recursion and led to improvement in applying this 
concept to beliefs.

On the other hand, recursion can be described in algorith-
mic terms, as a procedure to process several levels of infor-
mation in a uniform fashion. Under this reading, recursion 
becomes a solution for dealing with growing complexity, 
which may be applicable to both language and false belief 
reasoning domains. In the current study, results suggest 
that learning the procedure of embedding complements 
one inside another led to improvements in reasoning about 
beliefs: learning how they are built helps children to produce 
them.

Whether from a structural or an algorithmic perspective, 
development from first-order to second-order false belief 
reasoning requires additional processing to handle the 
increased complexity, requiring increased working memory 
capacity. The far-transfer effects in the working memory 
group cannot serve as a stringent evidence of the work-
ing memory’s direct impact on the false belief reasoning, 
because there was no direct control for this condition (such 
as a computer game that trains other, non-executive skills). 
Nonetheless, children in the working memory group were 
not exposed to any language training, and the tasks were not 
even verbally mediated; this argues against the possibility 
that WM training lead to enhanced second-order false belief 
processing by affecting language. Rather, the far-transfer 
effects of WM training support the proposal that language 
and working memory each have an independent impact on 
SOFB development (Hasselhorn et al., 2005).

The interplay of mental state understanding, working 
memory, and two perspectives on recursion, corresponds 
with explanations of the development from the first-order to 
the second-order false belief stage: the conceptual change 
and the complexity-only theories (Perner, 1988; Tager-
Flusberg & Sullivan, 1994b). According to the conceptual 
change theory, SOFB competency involves a qualitative 
transformation of the underlying thought system, requiring 
new conceptual resources. According to the complexity-only 
position, SOFB development requires higher information 
processing skills rather than conceptual change.

Understanding recursion in structural terms fits well 
with the conceptual change position: the new conceptual 
resources that are needed for this development may include 
understanding recursion—learning that representations 
(words, utterances, thoughts, figures, mental states) can 
be meaningfully embedded into each other, and the order 
of embedding is relevant for meaning. Acquiring this con-
cept could impact the cognitive, perceptual, and linguistic 
domains. Along with increasing working memory, a child 
who can explicitly understand the concept of recursion 
across different contexts will do better in recursive mental 
state reasoning tasks.
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Understanding recursion in algorithmic terms, on the 
other hand, seems to correspond to the complexity-only 
position: by learning the procedure of embedding, a child 
learns how to handle complex information, and coupled 
with growing working memory, is better equipped to pro-
cess recursive false belief reasoning. This procedural knowl-
edge could be formulated as the skill needed to embed an 
unlimited number of objects inside one another. The train-
ing study involved learning about four simple principles of 
compositional semantics (i.e., procedural knowledge) for 
recursion, and helping children to comprehend and produce 
a large number of sentences with embedded constituents of 
the same type. This provided hands-on experience with the 
role played by the principles (i.e., conveyed knowledge of 
structural recursion).

Limitations

This study provides new data on the links among domain-
general cognitive skills, linguistic skills, and mental state 
reasoning, in children with ASD and with typical develop-
ment, and demonstrates the effectiveness of a relatively brief 
training on such reasoning skills. However, results are nec-
essarily limited in several dimensions. It is impossible to 
pinpoint the precise mechanism of improvement in the recur-
sive embedding training condition. Learning the principles 
of recursive embedding may have helped to highlight the 
procedural and structural aspects of recursion; this training 
also included concentrated exposure to multiple examples 
of recursion in language, and the opportunity to produce 
recursive structures. Any of these, or other factors, may have 
been the “active ingredient.” A second important limitation 
is the lack of a follow-up assessment months after the train-
ing and post-test, which would help to establish the depth 
of knowledge and skill-building that occurred as a result of 
training. A third and important limitation is the relatively 
small size of the three training groups. Furthermore, for 
pragmatic reasons, the TD comparison group did not com-
plete the training, nor the entire set of characterizing meas-
ures, which limits our ability to compare predictors, among 
other analyses. Finally, the same examiner administered the 
pre- and post-tests, and the training activities in all three 
conditions. This consistency likely contributed to participant 
engagement, and to training consistency within conditions. 
However, the fact that the examiner was not naïve to study 
hypotheses could have led to subtle examiner effects. While 
the results are not conclusive, given these limitations, they 
provide motivation for pursuing a larger study.

This study breaks new ground in training children with 
ASD to use recursive linguistic structures, and in compar-
ing the effects of linguistic and working memory training on 
second-order false belief reasoning skills. It suggests that 

sentential complementation is important in the acquisition 
of the more complex aspect of theory of mind processing. 
Furthermore, our training results suggest that mastery of 
linguistic recursion is among the compensatory skills that 
lets children with ASD succeed in second-order mental state 
reasoning.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10803- 021- 05277-1.
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