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Abstract

■ Analogical reasoning is central to thought and learning.
However, previous neuroscience studies have focused mainly
on neural substrates for visuospatial and semantic analogies.
There has not yet been research on the neural correlates of ana-
logical reasoning on syntactic patterns generated by the syntac-
tic rules, a key feature of human language faculty. The present
investigation took an initial step to address this paucity. Twenty-
four participants, whose brain activity was monitored by fMRI,
engaged in first-order and second-order relational judgments of
syntactic patterns as well as simple and complex working mem-
ory tasks. After scanning, participants rated the difficulty of each
step during analogical reasoning; these ratings were related to
signal intensities in activated regions of interest using Spearman
correlation analyses. After prior research, differences in

activation levels during second-order and first-order relational
judgments were taken as evidence of analogical reasoning.
These analyses showed that analogical reasoning on syntactic
patterns recruited brain regions consistent with those support-
ing visuospatial and semantic analogies, including the anterior
and posterior parts of the left middle frontal gyrus, anatomically
corresponding to the left rostrolateral pFC and the left dorso-
lateral pFC. The correlation results further revealed that the
posterior middle frontal gyrus might be involved in analogical
access and mapping with syntactic patterns. Our study is the
first to investigate the process of analogical reasoning on syntac-
tic patterns at the neurobiological level and provide evidence of
the specific functional roles of related regions during subpro-
cesses of analogical reasoning. ■

INTRODUCTION

Analogical reasoning is central to thought and learning
(Hofstadter&Sander, 2013;Namy&Gentner, 2002;Gentner
& Holyoak, 1997; Holyoak, Thagard, & Sutherland, 1995).
Defined as the ability to perceive and use relational similarity
between two situations or events (Gentner & Smith, 2012),
analogical reasoning encompasses problem solving, rela-
tional mapping, and representation in general and depends
on the ability to consider and compare relationships and inte-
grate or match those relationships (Hobeika, Diard-Detoeuf,
Garcin, Levy, & Volle, 2016; French, 2002; Goswami, 1991).
Across diverse fields, analogical reasoning is employed to
understand new concepts or novel information (Dunbar
& Blanchette, 2001), to solve practical problems (Gick &
Holyoak, 1980, 1983), and to facilitate the learning of new
content in educational settings (Gray & Holyoak, 2021;
Vendetti, Matlen, Richland, & Bunge, 2015; Richland &
McDonough, 2010; Richland, Zur, & Holyoak, 2007).

Because of this importance, there have been amyriad of
neuroimaging studies investigating the neurobiological
bases of analogical reasoning. One particularly useful
approach to understanding the mechanisms of analogical
reasoning is to examine four-term analogies in the classic

form of A is to B as C is to D, denoted as A:B::C:D, such as
sky is to bird as ocean is to fish (denoted as sky:bird::
ocean:fish) and blizzard is to snowflake as army is to sol-
dier (blizzard:snowflake::army:soldier). This form is
widely used because it simplifies analogical reasoning by
decomposing the process of analogy into constituent pro-
cesses (Gentner, 2003; Grudin, 1980; Spearman, 1923).
Studies adopting the A:B::C:D paradigm have used it to
examine major subtypes of analogy, including semantic
analogy tasks (Reber, Luechinger, Boesiger, & Henke,
2014; Green, Kraemer, Fugelsang, Gray, & Dunbar, 2010,
2012; Wendelken, Chung, & Bunge, 2012; Wendelken,
Nakhabenko, Donohue, Carter, & Bunge, 2008; Bunge,
Wendelken, Badre, & Wagner, 2005; Luo et al., 2003)
and visuospatial analogy tasks (Aichelburg et al., 2016;
Watson & Chatterjee, 2012; Wendelken et al., 2012;
Preusse, Elke, Deshpande, Krueger, & Wartenburger,
2011; Cho et al., 2010; Geake & Hansen, 2005, 2010; Volle,
Gilbert, Benoit, & Burgess, 2010; Wartenburger, Heekeren,
Preusse, Kramer, & Van der Meer, 2009; Christoff, Ream,
Geddes, & Gabrieli, 2003). Previous findings have suggested
that the most anterior, left lateral region of the pFC, also
called the anterior pFC, frontopolar cortex, or rostrolateral
pFC (rlPFC), is critical to analogical reasoning. This area cor-
responds roughly to Brodmann’s area 10 (Parsons &
Davies, 2022; Green et al., 2017; Hobeika et al., 2016;
Urbanski et al., 2016; Krawczyk et al., 2008; Morrison
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et al., 2004; Christoff et al., 2001). The common brain area
activated for analogical reasoning across the two task
domains is the left rlPFC, although the region recruited
by semantic tasks is located more ventrally than that
recruited by visuospatial tasks (Wendelken et al., 2012).
These findings implicate the left rlPFC as the locus sup-
porting the process of abstraction from concrete,
domain-specific details to the general principles and rules
that enable higher-level cognition (Wendelken et al.,
2012). In conjunction with this role of the left rlPFC as
the primary shared region for analogical reasoning, spe-
cialization for semantic and visuospatial analogy tasks
was mainly observed in the inferior and middle frontal
gyri, respectively (Hobeika et al., 2016).
Nevertheless, analogical reasoning employing visuospa-

tial or semantic patterns does not represent the full extent
of analogical reasoning. This omits a significant form of
analogical reasoning—the one involving syntactic patterns
generated by syntactic rules (i.e., “syntactic analogy” in this
study). Syntactic patterns are interconnected with, yet dis-
tinct from, both semantic and visuospatial patterns. On the
one hand, although syntax and semantics are both lan-
guage related, syntax could abstract from the relatively
concrete conceptual–semantic relations directly referring
to the objective world to the semantics-free combinatorial
rules, and the use of these syntactic combinatorial rules is
the basic way of human cognition to understand the world
(e.g., Berwick, Friederici, Chomsky, & Bolhuis, 2013;
Chang, Dell, & Bock, 2006). On the other hand, syntactic
and visuospatial patterns, although notmutually exclusive,
focus on different aspects of stimuli in the cognitive task.
When a syntactic pattern is visually presented, it is not
problematic to also classify it as a visuospatial pattern
(Tettamanti et al., 2013; Greenfield, 1991). However, the
essence of a syntactic pattern resides in relations among
its parts rather than in its visual attributes (Goldwater,
2017). The same syntactic pattern can be depicted in var-
ious modes, including visual, auditory, or tactile (Conway
& Christiansen, 2005), whereas attributes essential for the
investigation of visuospatial processing, such as color
(Eimer & Kiss, 2008; Rösler, Heil, & Hennighausen,
1995), shape (Wendelken et al., 2012; Roser, Fiser, Aslin,
& Gazzaniga, 2011), and orientation (Medina et al., 2009;
Tversky, 2005), are exclusively confined to the visual
mode. Moreover, when visuospatial patterns do concern
relations, they often remain nonsyntactical. For instance,
the Raven Progressive Matrices tests (Raven, 2003, 1938)
represent a common type of visuospatial tasks employed
in studies of relational processing and analogical reason-
ing. However, the tests are nonsyntactical not only
because they lack an overt connection to language but also
because focal relations in the tests pertain to relations that
are between-item (Crone et al., 2009; Christoff et al.,
2001), as opposed to within-item. The latter–within-item
relations and patterns, however, are integral to syntax
because they determine grammaticality in the item, be it
a figure or a string. Given such connections and

distinctions, it is intriguing to explore whether syntactic
analogy shares a common neural basis with the visuospa-
tial analogy when the symbols are presented in the visual
domain.

Apart from their differences from visuospatial and
semantic patterns, syntactic patterns warrant separate
neuroscience research in analogical reasoning also
because of its defining role in human language (e.g.,
Friederici, 2017; Berwick et al., 2013; Hauser, Chomsky, &
Fitch, 2002). Syntactic rules and their generated patterns
constitute the basis of the language system (Berwick et al.,
2013), underpin the human language faculty (Hauser
et al., 2002), and play a vital role in language acquisition
(Gómez & Gerken, 2000). Both generativist–nativist
accounts (e.g., Wexler, 1998) and usage-based constructiv-
ist accounts (e.g., Tomasello, 2003) propose stored
abstractions (e.g., a “give sb a + X” slot-and-frame pattern
of the ditransitive construction) in terms of syntactic rep-
resentations in the human brain. However, the so-called
stored abstractions are not necessarily represented in
forms of explicit rules (Ambridge, 2020a, 2020b). Rather,
Kuehne, Gentner, and Forbus (2000) have demonstrated
via simulations that rule-like behaviors in grammar learning
can emerge without explicit knowledge of syntactic rules.
An explanation of how human beings develop syntactic
competence without explicit instruction or deliberate
abstraction of syntactic rules is based on analogical reason-
ing (Ambridge, 2020a, 2020b; Gentner & Hoyos, 2017;
Goldwater, 2017; Vokey & Higham, 2005; Tomasello,
2000; Brooks & Vokey, 1991). Tomasello (2000) described
the beginning of syntactic development as processes of
structure combination and analogy formation where kids
form abstract utterance-level constructions by creating anal-
ogies among utterances emanating from different item-
based constructions. Vokey and Higham (2005) further
showed that even adults relied on analogies to assess the
grammaticality of test items in artificial grammar learning,
as opposed to abstracting rules. Although it is still an ongo-
ing debate whether the syntactic behavior of human beings
can be explained solely by analogical reasoning (Adger,
2020; Ambridge, 2020a, 2020b; Lieven, Ferry, Theakston,
& Twomey, 2020), we are inclined to adopt a moderate
stance, akin to Goldwater’s (2017), in recognizing the
importance of analogical reasoning in syntax learning and
processing, while refraining from making a definitive judg-
ment regarding its exclusive role as the sole supporting
mechanism. Given analogical reasoning is crucial for scaf-
folding the formationof syntactic patterns and syntactic rule
acquisition, the absence of knowledge regarding the local-
ized brain regions and neural correlates of analogical rea-
soning on syntactic patterns is concerning.

Therefore, the primary goal of this study was to delin-
eate the neural substrates for analogical reasoning on syn-
tactic patterns generated by syntactic rules. At this initial
stage, we particularly focused on exploring the boundary
between syntactic analogies in the visual modality (as
teachers would write down the syntactic patterns on the
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board in school language education) and the other visually
presented analogies—visuospatial and semantic—than on
syntactic processing per se. This is to say, whether analog-
ical reasoning on the visually presented syntactic patterns
would be plainly explained by the neural substrates of
visuospatial (or semantic) analogy or any neural correlates
specific to syntactic analogy. To this end, we integrated the
four-term analogy paradigm (A:B::C:D) with the Chomsky
hierarchy-driven paradigm of artificial grammar process-
ing (Chomsky, 1956), building upon the design by
Wendelken et al. (2012) where the neural substrates for
the latter two types of analogies were thoroughly investi-
gated (see Figure 1).

Four-letter strings in the forms of AABB, ABBA, ABAB,
and their reverse patterns were used in the present study.
They were generated by syntactic rules corresponding to
three common classes of supra-regular grammars in the
Chomsky hierarchy. We chose to develop our experimen-
tal material based on this classic form of artificial grammar
because it is theoretically grounded (Linz & Rodger, 2022;
Jäger & Rogers, 2012; Levelt, 2008; Hopcroft, Motwani, &
Ullman, 2001; Chomsky, 1956), widely used as a model
system for studying syntax (see Fitch & Friederici, 2012,
and Uddén & Männel, 2018, for comprehensive reviews),
and well suited for a range of populations from adults to
infants and even to animals (ten Cate, Gervain, Levelt,
Petkov, & Zuidema, 2020; ten Cate & Okanoya, 2012;
Folia, Uddén, De Vries, Forkstam, & Petersson, 2010;
Reber, 1967). It is also noteworthy that a visual pattern is
not necessary in the form of a syntactic pattern generated
by the (artificial) syntactic rules as alreadymentioned,whereas
when such a visual pattern is constructed as a syntactic pat-
tern, syntactic regions might be involved to parse it (see
also Bahlmann, Schubotz, Mueller, Koester, & Friederici,
2009).Hence, it is critical to understand the neural substrates

underlying analogical reasoning on syntactic patterns, espe-
cially in the visual modality. Beyond the context of artificial
grammar, the letter-string format stands out as one of the
most straightforward analogical problem formats, facilitating
precise manipulation and identification of valid analogies
(Rull, Contreras, Córdoba, & Valenzuela, 2010). It also pro-
motes relational mappings owing to its intricate internal
structure (Burns, 1996). In short, we consider that letter-
string analogy problems, despite their artificiality, serve as
a robust cornerstone for the research into syntactic analogy.
With respect to the use of four-term analogy, the anal-

ogy tasks performed by participants involved both first-
order (e.g., A:B::C:D) and second-order (e.g., A1:B1::C1:
D1 vs. A2:B2::C2:D2) relational judgments (see Figure 1).
Analogical reasoning is required in second-order relational
judgments, and the brain areas involved in such reasoning
were identified according to differences in activation in
response to the second-order and first-order tasks by
calculating the following contrast: second-order > first-
order. As shown in Figure 1, analogical reasoning on syn-
tactic patterns was designed similarly to the multiorder
analogy in the visuospatial and semantic domains. In addi-
tion to the second-order > first-order contrast, a working
memory task was also used to mask activation not associ-
ated with analogical reasoning, especially the difference in
complexity between the second-order and first-order rela-
tional judgments. The relationships between the brain sig-
nals of the activated ROIs and the difficulty ratings of each
step of analogical reasoning were also investigated to eval-
uate the functional roles of these ROIs. By specifying the
brain regions recruited during syntax-related analogical
processes, we expected to determine the similarities
and differences during the performance of different ana-
logical reasoning tasks, namely, syntactic analogical rea-
soning (in the present study) and visuospatial and semantic

Figure 1. First- and second-order analogical reasoning for visuospatial, semantic (left; adapted from Wendelken et al., 2012), and syntactic
domains.
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analogical reasoning (in previous studies). Moreover, it
remains unclear which subprocess of analogical reasoning
is most strongly supported by the rlPFC. Generally, the
rlPFC is speculated to be the brain region supporting anal-
ogy mapping given its role in reflective transfer (Anderson
& Fincham, 2014) and relational integration (Christoff,
Keramatian, Gordon, Smith, & Mädler, 2009; Green,
Fugelsang, Kraemer, Shamosh, & Dunbar, 2006; Waltz
et al., 1999). Nonetheless, Krawczyk, McClelland, Donovan,
Tillman, and Maguire (2010) and Volle et al. (2010) both
found that the rlPFC was more active during the encoding
phase than during the mapping phase; Davis, Goldwater,
& Giron, (2017), otherwise, noticed that rlPFC was highly
active when learning a new relation for solving the prob-
lem but would not stay active if relations involved in sub-
sequent problems remained unchanged. Therefore, we
also sought to elucidate the role of the left rlPFC in specific
analogical reasoning subprocesses related to syntactic pat-
terns. These findingsmay shed light on the neurobiological
mechanisms that underlie analogical reasoning on syntactic
patterns and thus substantially expand our understanding
of the neural basis of higher cognitive functions in humans.

METHODS

Participants

Twenty-four healthy young adults (12 women, 12 men;
age: M = 23.5 years, SD = 1.7 years) from Beijing Normal
University participated in the present fMRI experiment
after providing informed consent. The sample size is com-
parable to previous similar studies of neural correlates of
visuospatial and semantic analogical reasoning by
Wendelken et al. (2012). All participants were right-
handed as confirmed by the Edinburgh Handedness
Inventory (Oldfield, 1971), had normal or corrected-to-
normal vision, and were free of neurological disorders.
They had no experience with Chinese Phonetic Alphabet
letters (i.e., the Taiwanese Bopomofo, also called Zhuyin)
or Japanese Katakana, which were utilized as unfamiliar
word-like symbols (i.e., pseudowords) in this study (see
Materials). Informed consent was obtained in a manner
approved by the ethics committee of Beijing Normal Uni-
versity, Beijing, China. Each of the participants received
120 Chinese yuan in remuneration for participation.

Materials

To test analogical reasoning on syntactic patterns, we
designed the organization of symbols to follow the pat-
terns illustrated in Table 1, which, as was already men-
tioned in the Introduction, were generated by syntactic
rules corresponding to three common classes of supra-
regular grammars in the task blocks: regular repetition
grammar (e.g., AABB), context-free mirror grammar
(e.g., ABBA), and mildly context-sensitive copy grammar
(e.g., ABAB; Jiang et al., 2018; Uddén & Männel, 2018;

Uddén, Ingvar, Hagoort, & Petersson, 2017) according to
the formal language theory hierarchy (Chomsky, 1956).
We also designed one uniform pattern for the working
memory task. Moreover, given that word order is not con-
sidered a fundamental feature of human syntax (Berwick
et al., 2013), reversed patterns were also created, as shown
in Table 1. In total, six string patterns were used in the
analogical reasoning tasks, and a simple identical pattern
was used in the working memory tasks.

Note that the As and Bs shown in Table 1 were replaced
with pseudowords in the actual experiment. Asmentioned
above, the symbols used in the experiment were designed
to exclude semantic information to focus on syntactic anal-
ogy. Our pseudoword clusters were composed of 24 Chi-
nese Phonetic Alphabet letters and Chinese-character-like
Japanese Katakana characters (i.e.,ㄅㄇㄉㄋㄌㄖㄆㄛ

ㄊ ㄍ ㄎ ㄓ ㄕ ㄘ ㄈ ㄝ ㄢ ㄤ ㄐ ㄙ ㄜ ㄞ ㄣ ㄩ). The 24
symbols were randomly and evenly divided into four
groups of six, A, B, C, and D, corresponding to the A–B–
C–D elements in a four-term analogy (e.g., AB:AABB::CD:
CCDD). Hence, there were 7776 (= 6 left-hand-side [LHS]
string patterns × 1 right-hand-side string pattern that is
the same as the LHS pattern × 64 symbol combinations)
unique, correct four-term analogies and 38,880 (= 6 LHS
string patterns × 5 right-hand-side string patterns that are
different from the LHS patterns× 64 symbol combinations)
unique, incorrect four-term analogies possible for
analogical reasoning tasks under our design. Analogies
used in task trials were chosen from this large possibility
space with no repeating analogies in each task.

All participants were unfamiliar with these symbols.
Hence, participants could only rely on abstract syntactic
patterns to process the possible relations with potential
semantic interference eliminated (see also Uddén &
Männel, 2018).

Tasks

Analogical Reasoning Tasks on Syntactic Patterns

In the first-order relational judgment trials, participants
were asked to judge (following the A:B::C:D paradigm)
whether the pair of elements that appeared on the second
screen was an appropriate analogy of the pair on the first

Table 1. Syntactic Rules and the Corresponding Patterns Used
in the Study

Types Elements
Canonical
Patterns

Reversed
Patterns

Repetition AB AABB BBAA

Mirror AB ABBA BAAB

Copy AB ABAB BABA

Uniform AA AAAA AAAA
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screen. The 72 trials in the first-order task consisted of 36
correct four-term analogies (e.g.,ㄅㄆ:ㄅㄆㄆㄅ::ㄕㄐ:ㄕ
ㄐㄐㄕ) and 36 incorrect four-term analogies (e.g., ㄅㄆ:
ㄅㄆㄆㄅ::ㄕㄐ:ㄕㄐㄕㄐ). They were randomly
ordered in the task trials.

The second-order task was composed of two first-order
relations and required a second-order relational judgment
based on the consistency of the two first-order relations, as
previously designed by Wendelken et al. (2012). The
second-order task trials were double the length of the
first-order trials, as each trial contained four screens filled
with pseudoword clusters. The second-order task con-
sisted of 36 trials, namely, 18 correct analogies and 18
incorrect analogies, each containing an eight-term pattern
concatenating two first-order four-term items. They were
randomly ordered in the task trials. The eight-term
second-order analogy was correct if the two first-order
relationships were both correct (e.g., ㄅㄆ:ㄅㄆㄆㄅ::ㄕ
ㄐ:ㄕㄐㄐㄕ vs. ㄅㄆ:ㄅㄆㄅㄆ::ㄕㄐ:ㄕㄐㄕㄐ) or
both incorrect (e.g., ㄅㄆ:ㄅㄆㄆㄅ::ㄕㄐ:ㄕㄐㄕㄐ vs.
ㄅㄆ:ㄅㄆㄅㄆ::ㄕㄐ:ㄕㄕㄐㄐ). The second-order
analogy was incorrect if one of the two first-order
relations was correct and the other was incorrect; that is,
the relationship between the two first-order relations was
inconsistent.

Working Memory Tasks

The working memory tasks required participants to recol-
lect specific details about different patterns of pseudo-
word clusters from different screens and included two
conditions: the simple working memory task (with only
two screens) and the complex working memory task
(involving four screens).

The simple working memory task asked participants to
judge whether two screens in the same trial were identical.
Each trial began with the “*” symbols. There were 36 cor-
rect trials, in which an identical match of the uniform pat-
tern of a single element was presented (e.g.,ㄅㄅ:ㄅㄅㄅ

ㄅ::ㄅㄅ:ㄅㄅㄅㄅ), and 36 incorrect trials, in which the
items in A:B and C:D were not identical (e.g.,ㄅㄅ:ㄅㄅㄅ

ㄅ::ㄕㄕ:ㄕㄕㄕㄕ).
The complex-task condition imposed a greater working

memory load by including four screens of pseudoword
clusters. The complex-task condition consisted of 36 trials.
An analogy was considered correct if the fourth pair of
terms was identical to one of the first three pairs (e.g.,
ㄅㄅ:ㄅㄅㄅㄅ::ㄕㄕ:ㄕㄕㄕㄕ vs. ㄐㄐ:ㄐㄐㄐㄐ::ㄕ
ㄕ:ㄕㄕㄕㄕ). Otherwise, the analogy was considered
incorrect.

Experimental Procedures

Participants completed both four-term A:B::C:D analogical
reasoning and workingmemory tasks andmade evaluative
judgments under one of the following conditions: (1) ana-
logical reasoning with first-order relations, (2) analogical

reasoning with second-order relations, (3) simple working
memory, and (4) complex working memory.
Participants were first trained to understand the proce-

dure and requirements of the experiment. Then, before
the fMRI scan, a behavioral adaptation practice session
(48 trials in total) was conducted to familiarize participants
with the paradigm. Participants completed 24 trials of ana-
logical reasoning tasks on syntactic patterns and 24 trials of
workingmemory tasks and reached an average accuracy of
90% in the practice session, which demonstrated their
clear understanding of the experiment. The pseudoword
clusters in both the training session and the practice ses-
sion were completely different from the experimental
materials used in the scanning session to avoid a potential
memory effect because of material similarities.
For the fMRI scanning session, the presentation of the

stimuli was performed using a blocked design with two
runs. The first run contained nine blocks of the first-order
relational judgment and the simple memory task, and the
second run contained nine blocks of the second-order
analogical reasoning task and the complex memory task.
Within each run, the blocks were pseudorandomized.
There were eight trials per block in the first run and four
trials per block in the second run. This was designed to
keep the block duration comparable between the two
runs. The order of individual trials was also randomized
for each block. Overall, it took 15min to complete a whole
run. The order of the two runs was counterbalanced across
participants. To avoid the unnecessary switching cost
between the first- and second-order analogy tasks, each
task was set in one run respectively, and in between the
two runs, a 10-min break was given to help the hemody-
namic response return to baseline. Participants remained
lying in the scanner during the break.
During scanning, the two-symbol element and the gen-

erated four-symbol syntactic pattern were displayed on
the same screen against a black background in a vertical
manner, as shown in Figure 2. The pseudoword cluster
on the evaluation screen for first-order relational judg-
ments and simple working memory tasks was displayed
in cyan, whereas that on the screen for second-order ana-
logical reasoning and complex working memory tasks was
displayed in magenta. Two screens were used to present a
four-term first-order relational judgment trial or a simple
working memory task trial, and four screens were used
to present an eight-term second-order analogical reason-
ing task trial or a complex working memory task trial.
The beginning of both the first-order and second-order

analogical reasoning trials was denoted by a 500-msec fix-
ation cross. There were two screens with pseudoword
clusters in each trial for first-order relational judgment tri-
als. For the second-order analogical reasoning, there were
two first-order sequences within a trial separated by a
screen displaying “#.” Each of the stimuli screens with
clusters was presented for 2000 msec. A black screen sep-
arated the stimuli screens and appeared for 500 msec. Par-
ticipants were required to make a judgment in 2500 msec
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or within 3000 msec after the stimuli screens appeared.
The intertrial interval was set to 500 msec. No feedback
was provided.
Both the simple memory task and the complex memory

task started with a 500-msec fixation on the screen display-
ing “*” symbols. Each trial consisted of two screens with
pseudoword clusters in the simple memory task. Trials
of the complex memory task consisted of four screens
within a trial, with a screen displaying “#” symbols appear-
ing between the second and third screens. Each of the
stimuli screens with clusters was presented for 2000 msec.
A black screen lasting 500 msec separated clusters. Partic-
ipants were required to make a judgment in 2500 msec or
within 3000 msec after the two screens appeared. If a
judgment was entered, the intertrial interval was set to
500 msec. No feedback was provided. The experimental
procedures are illustrated in Figure 2.
To further investigate which analogical subprocesses

were the most difficult, we conducted a posttest survey
to collect participants’ self-reported difficulty ratings of
possible subprocesses (see Appendix A for a full list of sub-
processes in the survey including distractors) involved in
the first-order and second-order tasks; difficulty was rated
on a Likert scale from 1 to 5. Participants rated a subpro-
cess as “zero” if they did not use the subprocess in ques-
tion (e.g., distractors). A semistructured posttest interview
was also conducted to further investigate participants’
experiences during the task.

Imaging Data Acquisition

MRI data were acquired via a 3.0-T Trio magnetic reso-
nance scanner (Siemens AG) with a 12-channel head coil
at the State Key Laboratory of Cognitive Neuroscience and
Learning of Beijing Normal University. A T2*-weighted gra-
dient EPI sequence sensitive to BOLD signals was adopted
with the following parameters for functional data acqui-
sition: repetition time = 2000 msec, echo time = 30 msec,
flip angle = 90°, field of view = 192 × 192 mm2, base
resolution = 64 × 64 mm2, in-plane resolution = 3 ×
3 mm2, slice thickness = 1 mm, gap = 3 mm, and align-
ment to the AC–PC plane. High-resolution anatomical
images (magnetization prepared rapid gradient echo)
were acquired first from each participant, followed by
the acquisition of echo-planar functional images during
the performance of the tasks. Each volume consisted of
tilted axial slices (1mmthick, 3-mmslice gap) that provided
coverage of almost the whole brain. Anatomical T1-
weighted imageswere acquired in the following space: rep-
etition time = 2530 msec, echo time = 3.39 msec, slice
thickness = 1.33 mm, no slice gap, and flip angle =
90°. Head motion was limited using foam padding.

Imaging Data Preprocessing

Preprocessing was conducted using DPARSF 5.1 Advanced
Edition (DPARSF: Data Processing Assistant for Resting-

Figure 2. The procedures of the experiment. (A) The complete experimental procedures. First, participants underwent preexperimental training and
practice to understand the rules and directions. Second, they underwent the fMRI scanning session. Finally, participants completed a survey and an
interview. (B) fMRI scanning session included two runs: Run 1 with first-order relational judgment and simple working memory tasks; Run 2 with
second-order relational judgment and complex working memory tasks. The presentation of the trials with the timing parameters was shown. See the
main text for details. AR = analogical reasoning; ITI = intertrial interval; WM = working memory.
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State fMRI; Yan, Wang, Zuo, & Zang, 2016), implemented
in MATLAB (MathWorks) R2020b. The preprocessing
steps followed those of Yan et al. (2013), including (a)
removing the first four volumes to reduce the magnetic
saturation effect; (b) slice-timing correction; (c) field
mapping; (d) spatial realignment; (e) coregistration; (f )
segmentation (new segment + DARTEL); (g) nuisance
covariate regression (polynomial trend: 1, linear detrend-
ing), including headmotion regression with the Friston-24
model; (h) normalization of the images to the EPI tem-
plate based on Montreal Neurological Institute (MNI)
stereotactic space to minimize cerebral differences
between participants and resampling the images into
3 × 3 × 3 mm3; and (i) smoothing the images with a
3-D Gaussian kernel with an FWHM of 4 mm.

Data from two participants were excluded from the
analyses because of excessive head motion (>3 mm
in translation or >3° in rotation). Therefore, the fMRI
data of 22 of the 24 participants were further processed
and analyzed.

Whole-Brain Analyses

Whole-brain analyses were performed using SPM 12 (www
.fil.ion.ucl.ac.uk/spm/) implemented in MATLAB R2020b.
At the first level, a general linear model was constructed
for each participant by adding the four conditions (i.e.,
first-order and second-order analogical reasoning tasks
and the two working memory tasks) as four regressors
of interest, with the onset and duration of each block
modeled as a boxcar function, which was further con-
volved with a canonical hemodynamic response function.
Subsequently, the data were high-pass filtered at 128 Hz
to eliminate low-frequency drifts.

At the second level, following Wendelken et al. (2012),
the paired-samples T-contrast of interest (second-order
[relational judgments] > first-order [relational judg-
ments]) was performed. Moreover, we also performed
the contrast of complex working memory > simple
working memory to evaluate to what extent the regions
supporting analogical reasoning on syntactic patterns
could be differentiated from regions supporting work-
ing memory. These regions served as the working mem-
ory mask for exclusively masking the activation results
under the second order > first order contrast to ensure
that activation solely reflected the functional role of the
related areas for analogical reasoning on syntactic pat-
terns. Notably, following Yan et al. (2013), each individ-
ual’s mean framewise displacement Jenkinson value was

included as a covariate to regress out the head motion
artifacts. The second-level contrast results were thre-
sholded at puncorr < .0001 and cluster size (KE) ≥ 10
(voxel level), and only the regions with cluster-level
pFWE < .05 were reported as showing significant
activation.

ROI Analyses

ROI analyses were performed using MarsBaR (Tzourio-
Mazoyer et al., 2002). Functionally defined ROIs were
obtained from the activated clusters identified in the
whole-brain contrasts at the second level. For each ROI,
a 4-mm-radius sphere was created, centered on the peak
activation coordinates. The percent signal change (hereaf-
ter, signal intensity) was extracted from each ROI in the
first- and second-order tasks, and its correlation with per-
formance in the corresponding task was assessed via
Spearman correlation analysis.

RESULTS

Behavioral Results

Accuracy, RTs, and the computed task performancemetric
for the two conditions are presented in Table 2. Task per-
formance in this study was operationalized as RT× [1+ 2×
(1− accuracy)], taking into consideration both the RT and
accuracy (Lyons, Price, Vaessen, Blomert, & Ansari, 2014);
the smaller the value was, the better the participants
performed.
Paired-samples t tests were performed to compare par-

ticipant performance among experimental conditions.
There were significant differences in accuracy, t(21) =
−6.44, p < .001, as well as in RTs, t(21) = 10.57, p <
.001, between first-order and second-order analogical rea-
soning tasks. This finding showed that, as expected, the
second-order task required more analogical reasoning
effort than the first-order task.
According to the posttest survey, participants found

analogical mapping (mapping the syntactic patterns on
the two screens) to be the most difficult in both the first-
order task (M = 2.59, SD = 1.14) and the second-order
task (M= 3.82, SD= 0.85), which aligns with the analog-
ical reasoning literature, in that mapping is the funda-
mental (Hummel & Holyoak, 2003; Gentner, 1983) and
“expensive subprocess” (Parsons&Davies, 2022) of analog-
ical reasoning (difficulty ratings of all subprocesses are
shown in Appendix A).

Table 2. Behavioral Performance for Each Condition

Conditions Mean Accuracy (± SD) Mean RT (± SD) Task Performance (± SD)

First order 0.94 (± 0.034) 1469.11 (± 181.546) 1646.39 (± 237.284)

Second order 0.81 (± 0.101) 1857.07 (± 36.157) 2550.49 (± 448.080)
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Each participant completed a semistructured posttask
interview, consisting of five questions about possible strat-
egies used to accomplish the tasks. None of the partici-
pants reported any misunderstanding of the directions.
The participants differed in terms of which strategy
they reported employing to solve the tasks. When
explaining their task-solving process, participants with
higher accuracy adopted more creative tokens such

as numbers or gestures related to the processing of
second-order analogies.

Whole-brain Analysis Results

Compared with first-order relational judgment, second-
order reasoning elicited greater activation of the left mid-
dle frontal gyrus (MFG), including the anterior part

Table 3. Peak Coordinates for the Whole-Brain Comparison

Contrast Region KE

MNI Peak Coordinates (mm)

t Valuex y z

Whole-brain ( puncorr < .0001, KE ≥ 10)

Analogical reasoning (AR): second-order > first-order L. pMFG 19 −42 33 39 5.41

L. aMFG 18 −39 48 −3 5.22

Working memory (WM): complex > simple L. AG 180 −33 −54 39 8.48

R. SPL 194 33 −63 36 7.31

R. MFG 63 33 6 60 6.64

L. pMFG 64 −30 6 51 6.38

L. PrG 152 −39 0 30 6.30

R. aMFG 66 39 33 27 6.22

R. pMFG 22 39 9 27 6.21

R. PCu 15 12 −69 42 5.11

Whole-brain, masking out WM ( puncorr < .001, KE ≥ 30)

Analogical reasoning (AR): second-order > first-order L. pMFG 46 −42 33 39 5.41

L. aMFG 60 −39 48 −3 5.22

L. = left; R. = right; p = posterior; a = anterior; AG = angular gyrus; SPL = superior parietal lobule; PrG = precentral gyrus; PCu = precuneus.

Figure 3. Whole-brain level imaging results. AR = analogical reasoning; WM = working memory.
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(aMFG, part of the rlPFC) and the posterior part (pMFG,
corresponding to a part of the dorsolateral pFC [dlPFC]).
These two areas were partially separable from the working
memory regions identified with the contrast of complex
working memory > simple working memory, and after
masking the working memory regions, the activation of
these two regions was still significant ( pFWE < .05 at the
cluster level; with a more liberal threshold of puncorr <
.001, KE ≥ 30 for the consideration of statistical power),
as shown in Table 3 and Figure 3. In particular, the left
aMFG was activated by analogical reasoning on syntactic
patterns in a manner independent of the working memory
regions, whereas the left pMFG exhibited partial overlap
with the regions associated with the working memory task.

ROI Analysis Results

Because the whole-brain analysis indicated that the left
aMFG and left pMFG were the most relevant brain regions
for second-order analogical reasoning on syntactic pat-
terns, we selected them as ROIs.

Within-order correlates were fully observed in the left
aMFG and left pMFG, as shown in Figure 4. Specifically,

first-order task performance was significantly correlated
with the activation of the left aMFG in first-order relational
judgments, ρ(20) = −.64, p = .001 < .05, and with the
activationof the left pMFG in first-order relational judgments,
ρ(20) =−.49, p= .020 < .05, whereas second-order ana-
logical reasoning performance was significantly correlated
with the activation of the left aMFG in the second-order
analogical reasoning task, ρ(20) =−.51, p= .016 < .05,
and the activation of the left pMFG in the second-order
analogical reasoning task, ρ(20) =−.45, p= .036 < .05.
Apart from within-order correlations found in the ROIs,

we also discovered cross-order correlations, as presented
in Figure 4. Activation levels of the aMFG, ρ(20) =−.71,
p < .001, and pMFG, ρ(20) = −.47, p = .027 < .05, dur-
ing the second-order task were significantly negatively
correlated with participant performance on the first-
order task, whereas only activation of the aMFG (not
the pMFG) in the first-order task predicted participant
performance on the second-order task, ρ(20) = −.49,
p = .020 < .05.
We analyzed the correlations of left aMFG and pMFG

activation with difficulty ratings of all subprocesses of ana-
logical reasoning and found that left pMFG activation in

Figure 4. Correlations of the left aMFG and left pMFG with task performances in first-order and second-order analogical reasoning conditions. The
blue and orange labels at the top of the table denote in which condition the performance data (i.e., the y axis) were collected. The numbers 1 and 2
after MFG denote in which condition—first- or second-order—the brain activation data (i.e., the x axis) were collected.

Figure 5. Correlations of the left pMFG with first-order analogical access and analogical mapping.
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first-order relational judgments was significantly nega-
tively correlated with the difficulty ratings of first-order
analogical access (i.e., recalling the syntactic rule underlying
the two terms on the first screen), ρ(20) =−.50, p= .018
< .05, and first-order analogical mapping (i.e., matching
syntactic patterns on the first and second screens),
ρ(20) = −.47, p = .026 < .05. Thus, the more active left
pMFG was, the less difficult a participant perceived analog-
ical access and analogical mapping to be (see also Figure 5).
Such correlations did not preserve in the second-order con-
dition, which could be related to the floor effect of the cap
value as 5 when rating the difficulty of the second-order
analogical access and analogical mapping, of which
63.64% and 95.45% ratings were 3 and above, respectively.

DISCUSSION

To identify the neural substrates of analogical reasoning
on syntactic patterns generated by syntactic rules, the
present study adopted the four-term analogy paradigm
with two relational orders composed of pseudowords fol-
lowing the Chomsky hierarchy-driven paradigm of artifi-
cial grammar processing.
The behavioral results confirmed that all participants

were able to complete both the first-order and second-
order relational processing, with the latter placing more
cognitive demands than the former as measured by RT
and accuracy. We further investigated the neural sub-
strates of analogical reasoning evinced in the second-order
relational processing by analyzing the fMRI data of partic-
ipants. Analysis of the fMRI data revealed that the neural
correlates of analogical reasoning on syntactic patterns
generated by abstract syntactic rules were related to,
although slightly different from, those of semantic analogy
(Reber et al., 2014; Green et al., 2010, 2012) and visuospa-
tial analogy (Aichelburg et al., 2016; Watson & Chatterjee,
2012), which have been widely researched. Regarding the
modulation of brain activity by increased rule complexity,
the current findings align well with findings that different
reasoning demands are supported by various frontal sub-
regions (Hampshire, Thompson, Duncan, & Owen, 2011).
In the current study, syntactic analogies elicited activity in
the left aMFG (part of the left rlPFC), similar to the activa-
tion elicited by semantic and visuospatial analogies. More-
over, the cross-order predictions of this region for task
performance indicated that the left rlPFC is generally
involved in analogical reasoning tasks, regardless of higher
or lower orders. These results align with the consensus
regarding the role of the rlPFC in analogical reasoning in
previous research (i.e., that it is fundamental to relational
comparison and integration of various forms and orders).
Nevertheless, we regard the role of the left rlPFC in syn-

tactic analogy as universal rather than specific to analogical
mapping because we did not find significant correlations
between its activation and the difficulty ratings of any sub-
processes, which seems to challenge the common
assumption that the rlPFC is central to the mapping

subprocess of analogical reasoning but not to other sub-
processes (Christoff et al., 2009; Green et al., 2006; Waltz
et al., 1999). In their recent review of brain research on
analogical reasoning, Parsons and Davies (2022) also
pointed out that no conclusive evidence has been found
regarding the role of the rlPFC during analogical mapping.
Moreover, other studies found similar results as ours that
the rlPFC was active throughout the whole process of
some high-level cognitive tasks, for example, task planning
(Desrochers, Chatham, & Badre, 2015) and complex spa-
tial navigation (Patai & Spiers, 2021). The significant corre-
lation to thewhole process but not any specific subprocess
could possibly be explained by what Davis et al. (2017)
noticed in their relational categorization research that
the rlPFC was active when learning a new relation for solv-
ing the categorization but would not stay active if relations
involved in subsequent problems remained unchanged
(e.g., in the present study, the repetition, mirror, and copy
patterns were presented in random orders throughout
with no new patterns being introduced later). The rivalry
between the global versus process-specific hypotheses
regarding the functionality of the rlPFC in analogical rea-
soning has not yet been settled, which underscores the
need for further meticulously designed studies delving
into this matter.

The MNI peak coordinates for the whole-brain compar-
ison in the current study not only indicated the loci of acti-
vation during analogical reasoning on syntactic patterns
but also provided data concerning the dorsoventral gradi-
ent in the aMFG in terms of relational integration. By com-
paring second-order visuospatial and semantic trials with
first-order trials, Wendelken et al. (2012) found that the
MNI activation peak for visuospatial analogies was located
dorsal to the peak for semantic analogy. Before the current
study, it was unclear whether the activation peak for ana-
logical reasoning on syntactic patterns would be closer to
that for visuospatial or semantic analogies because syntac-
tic analogies are similar to both types of analogies—syntax
and semantics are closely related because of their interop-
erability for human language use (Berwick et al., 2013),
whereas syntactic rules are abstract, similar to the logical
or mathematical rules that can be inferred from visuospa-
tial relationships (Hobeika et al., 2016).

To determine the aMFG locus that supports syntactic
analogy in relation to the other two types of analogies,
we compared the MNI peak coordinates in our study
(see Table 3) with data reported by Wendelken et al.
(2012). The averaged peak for analogical reasoning on syn-
tactic patterns across participants found in the present
study was located closer to the peaks for semantic analogy
of all participants in Wendelken et al.’s (2012) study than
to their peaks for visuospatial analogy. The anatomical
proximity between semantic peaks and syntactic peaks is
in line with the explanation provided by Wendelken et al.
(2012), that is, that the domain sensitivity of the aMFG is a
result of different anatomical positions of neurons that
process different kinds of first-order inputs because the
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left ventrolateral pFC (which processes semantics; Binder,
Desai, Graves, & Conant, 2009) and the left posterior infe-
rior frontal gyrus (which processes syntax; Matchin &
Hickok, 2020) are both ventral to the left superior frontal
sulcus (which processes visuospatial information; Sala,
Rämä, & Courtney, 2003). However, using only three sets
of coordinates of activation peaks across different studies
and different groups of participants to generalize the dor-
soventral gradient of the aMFG to the domain of syntactic
analogy is relatively coarse grained. From the applied per-
spective, researchers should consider having the same
participants work on all three different types of analogical
reasoning tasks to test the hypothesis using fine-grained
within-participant results. Furthermore, at the group level,
the coordinates of the aMFG identified in this study were
close to those of semantic analogy; however, the visually
presented symbols for reading also contained visuospatial
information, especially considering that the word orders
of the sequences reflected the spatial arrangements of
the symbols. In this sense, we agree with Bahlmann
et al. (2009) that as long as the sequential elements are
integrated as higher-order structural events, both lan-
guage and other domains (i.e., the visuospatial domain
in their study) might share the neural substrates (i.e.,
Broca’s area in their study). Therefore, we assumed that
word orders for deducing/acquiring syntactic rules dur-
ing reading might be a special case of visuospatial pro-
cessing in the language domain; this is reminiscent of
the hypothesis that human knowledgemight be encoded
and represented by both language and sensory/motor
experiences (Bi, 2021). Nevertheless, although the rlPFC
may exhibit a functional gradient, we believe that it is still
safe to conclude that this region (especially the aMFG)
might support different analogical reasoning tasks with
inputs from various cognitive domains (syntactic, seman-
tic, or visuospatial).

In addition to the left aMFG, we also identified the left
pMFG, a region located in the dlPFC, as an important brain
region for analogical reasoning. This region also partially
overlapped with those supporting working memory. Its
role in analogical reasoning is supported by previous stud-
ies that established strong links between working memory
and the dlPFC (Barbey, Koenigs, & Grafman, 2013;
Manenti, Cotelli, Calabria, Maioli, & Miniussi, 2010;
Petrides, 2000) and that emphasized the high demand
for workingmemory in analogical reasoning tasks (Morrison,
Holyoak, & Troung, 2001; Waltz, Lau, Grewal, & Holyoak,
2000). The significant correlations of the left pMFG activa-
tion during first-order tasks with the difficulty ratings of
two first-order subprocesses—analogical access and ana-
logical mapping—further demonstrated the major roles
of the dlPFC in retrieving analogical syntactic rules and
linking one rule to the other. These roles of the dlPFC in
analogical reasoning on syntactic patterns are also consis-
tent with empirical findings in semantic and visuospatial
analogical reasoning (Vendetti & Bunge, 2014; Cho
et al., 2010; Krawczyk et al., 2010; Volle et al., 2010).

Finally, different strategies reported by participants in
the posttest semistructured interview tap on the renewed
exemplar-abstraction debate when accounting for human
language: ability (Adger, 2020; Ambridge, 2020a, 2020b;
Lieven et al., 2020) and the lexicon–ontology interface in
natural language processing (Huang et al., 2010; Hirst,
2009). Our moderate stance was still appropriate in front
of these new pieces of arguments and evidence. According
to the behavioral data and the interview, participants who
reported themselves representing the unfamiliar symbols
using numbers or gestures performed slightly better than
those who did not, but the difference was not significant.
The finding is in line with previous studies on sentence
processing using artificial grammar that a deliberate
choice of symbols for representation (e.g., numbers,
images, and gestures) might facilitate participants’ mem-
ory of the material but exert very limited influence on suc-
cessful rule extraction and relational mapping (Chen et al.,
2023; Goucha & Friederici, 2015; Pallier, Devauchelle, &
Dehaene, 2011). Because conscious abstraction seemed
conducive to syntax processing but far from being deci-
sive, we consider that the human language mechanism is
less likely to be rooted in any either-or dichotomy (e.g.,
exemplar or abstraction) but more likely to be based on
a multifaceted system supported by various cognitive abil-
ities, just like the strategies used by the participants to
memorize the patterns for abstraction could go along with
the analogical process. Although addressing the heated
debate on language mechanisms and models is beyond
the scope of this article, the strategy use revealed in the
current experiment sheds light on a possible route to fur-
ther investigate this issue via strategy-focused measures
in combination with neuroimaging data.

Limitations

The present study followed the most basic paradigms—
the four-term analogy and the artificial grammar—in
research of analogical reasoning and syntax processing,
respectively. Although, as we mentioned in the Introduc-
tion, this choice was self-restraint to provide a simple and
clear reference point for more realistic research on human
syntax processing via analogical reasoning in the future,
the limitation is inherent in the artificial nature of the
symbols and patterns employed and in the particularly
well-controlled laboratory environment. Meanwhile, to
ensure the direct comparability of this initial study of syn-
tactic analogy to previous studies of visuospatial and
semantic analogies, auditory or tactile presentation of
syntax was not used, neither were rule violations (i.e.,
string patterns that followed none of the predetermined
artificial patterns) included in the design. Hence, there is
still work to be done before we can generalize current
findings to the realm of natural syntactic processing
and learning per se.
Apart from the primary goal of this research to identify

the brain regions responsible for analogical reasoning on
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syntactic patterns, a secondary goal was to interpret the
functionality of each ROI with respect to subprocesses of
analogical reasoning. Currently, we did this by correlating
participants’ difficulty ratings of each subprocess with
their ROI activation. However, because of the retrospec-
tive nature of posttest ratings, the grain level for the sub-
process evaluation was relatively coarse. In addition, the
division of the subprocesses, although based on extensive
literature (see Parsons & Davies, 2022, for a review), was
still subjective. To overcome this limitation, future
researchers may develop more elaborate designs by first
choosing a mathematical model of cognition that suits
the cognitive tasks in hand, then quantifying each subpro-
cess determined by the model, and finally, analyzing the
correlations between better-defined subprocess measures
and ROIs’ activation. This model-based neuroimaging
approach (Davis & Goldwater, 2021) takes mathematical
models of cognition as measurement tools, which
increases the precision and objectivity of the subprocess
measurement. Furthermore, although the block design
adopted in this research provided high detection power to
spot the critical brain ROIs, it was not as sensitive to the signal
change between subprocesses as event-related designs. In
addition, future designs may make use of functional near-
infrared spectroscopy and magnetoencephalography, as
supplementary to fMRI, to increase the temporal resolu-
tion of neuroimaging data collected.

Conclusion

Our findings offer a nuanced explanation of the brain net-
work that underlies analogical reasoning, with variation
according to hemisphere and task complexity. First, the
left pMFG activation pattern found in the current study
confirms that the left dlPFC is important to analogical

access and analogical mapping, which demand efficient
memory retrieval. Second, the left aMFG activation pattern
suggests that the task-general function of the rlPFC in rela-
tional integration (Hobeika et al., 2016; Waltz et al., 1999)
is more likely to permeate the whole process of analogical
reasoning than to influence only one or two subprocesses.
Third, the closer MNI peak of syntactic analogy found in
the present study to that of semantic analogy than to that
of visuospatial analogy found in the previous study
(Wendelken et al., 2012) again reflects the domain sen-
sitivity of the aMFG as a result of different kinds of first-order
inputs; that is, the left ventrolateral pFC, which processes
semantics (Binder et al., 2009), and the left posterior inferior
frontal gyrus, which processes syntax (Matchin & Hickok,
2020), are both ventral to the left superior frontal sulcus,
which processes visuospatial information (Sala et al., 2003).

The present findings enhance our understanding of the
task-general function of the MFG in analogical reasoning.
The results fit broadly with past findings but specifically sug-
gest that multiple relational operations involving both first-
order and second-order analogical reasoningmay engage the
left pMFG and left aMFG. In addition, we developed a novel
analytical tactic for whole-brain analysis in which activation
not related to analogical reasoning activation was removed
by masking activated regions during simple and complex
working memory tasks that paralleled the first-order and
second-order analogical reasoning tasks in terms of proce-
dures and content types. This tactic helped isolate the
functional regions dedicated to analogical reasoning.

In conclusion, the present fMRI data support the impor-
tance of both the rlPFC and the dlPFC for analogical rea-
soning, as reported in previous studies, but raise questions
about the specific functional role of the rlPFC, especially in
the context of analogical reasoning on syntactic patterns,
which has not yet been sufficiently studied.
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Table A1. Difficulty Ratings of Subprocesses in the First-order and Second-order Tasks

Conditions Subprocesses Survey Items

Mean
Ratings
(± SD)

First order Recognition Read String (1) on the first screen. 1.36 (± 0.79)

Recognition Read String (2) on the first screen. 1.86 (± 0.89)

Analogical schema induction
(Parsons & Davies, 2022)

Infer the rule that produces String (2) from String (1). 2.18 (± 0.85)

Recognition Read String (3) on the second screen. 1.23 (± 0.92)

Catch item Complete the task by comparing only String (1) and String (3). 0.36 (± 1.05)

Recognition Read String (4) on the second screen. 1.68 (± 1.25)

Catch item Complete the task by comparing String (1) and String (4). 0.55 (± 1.06)

Catch item Complete the task by comparing only String (2) and String (4). 0.41 (± 0.80)

Analogical schema induction
(Parsons & Davies, 2022)

Infer the rule that produces String (4) from String (3). 2.14 (± 0.71)

Analogical access (Parsons &
Davies, 2022)

At the second screen, recall the production rule for the first screen. 1.73 (± 1.35)

Catch item Complete the task by comparing only String (2) and String (3). 0.32 (± 1.04)

Analogical mapping (Parsons
& Davies, 2022)

Compare whether the production rules are the same for the first and
second screens.

2.59 (± 1.14)

Analogical inference
(Parsons & Davies, 2022)

Apply the production rule for the first screen to String (3) and infer
the correct String (4).

0.82 (± 1.40)

Evaluation Compare whether String (4) on the second screen is the same as the
inferred String (4).

1.27 (± 1.70)

Second
order

Analogical access (Parsons &
Davies, 2022)

At the fourth screen, recall the relationship between the first and
second screens (same/different).

2.73 (± 1.32)

Catch item Complete the task by comparing only the first and third screens
(same/different).

0.18 (± 0.85)

Analogical mapping (Parsons
& Davies, 2022)

At the fourth screen, compare the relationship (consistent/
inconsistent) between the relationship of the third and fourth
screens (same/different) and the relationship of the first and
second screen (same/different).

3.82 (± 0.85)

Catch item Complete the task by comparing only the second and fourth screens
(same/different).

0.00 (± 0.00)

Analogical inference
(Parsons & Davies, 2022)

At the third screen, infer the fourth screen based on the relationship
between the first and second screens.

0.91 (± 1.60)

Catch item Complete the task by comparing only the second and third screens
(same/different).

0.09 (± 0.43)

Evaluation Compare the fourth screen with the inferred fourth screen
(consistent/inconsistent).

1.14 (± 1.81)

Catch item Complete the task by comparing only the first and fourth screens
(same/different).

0.00 (± 0.00)

Difficulty ratings range from 1 to 5, with 1 indicating the easiest and 5 indicating the hardest. Participants were instructed to rate an item “zero” if the
subprocess in the item was not present or not used in their entire process of solving the problem. All catch items received mean difficulty ratings
lower than 1, which validates their irrelevance despite their face validity.
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