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ABSTRACT

ARTICLE HISTORY

Higher cognitive functions such as linguistic comprehension must ultimately relate to perceptual
systems in the brain, though how and why this forms remains unclear. Diﬀerent brain networks
that mediate perception when hearing have recently been proposed to respect a taxonomic
neurobiological model for the processing of diﬀerent acoustic-semantic categories of real-world
natural sounds. Using functional magnetic resonance imaging (fMRI) with Chinese/English
bilingual listeners, the present study explored whether reception of short spoken phrases that
described corresponding natural sounds, in both Chinese (Mandarin) and English, would engage
overlapping brain regions at a semantic category level. The results revealed a double-dissociation
of cortical regions that were preferential for representing knowledge of human versus
environmental action events, whether conveyed through natural sounds or the corresponding
spoken phrases depicted by either comprehended language. These ﬁndings of cortical hubs
exhibiting linguistic-perceptual knowledge links at a semantic category level should help to
advance neurocomputational models of the neurodevelopment of language systems.
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and English. These ﬁndings were consistent with a
recent taxonomic neurobiological model of how the
human brain becomes organised to represent realworld natural sounds as meaningful events, further
revealing a potential neuronal mechanism for linking linguistic-semantic knowledge with perceptual-semantic
knowledge, regardless of language used.

1. Introduction
Statement of signiﬁcance
This study tested the prediction that the brain has partly
separable cortical networks that mediate phrase-level
comprehension of diﬀerent semantic categories of
natural non-vocal action sound events. The neuroimaging results from bilingual listeners revealed distinct
brain regions (cortical “hubs”) preferentially involved in
representing knowledge of meaningful sound-producing events by human agents (living things) versus the
natural environment (non-living things) as depicted in
each of two disparate languages; Mandarin Chinese

One issue of neurolinguistics has been to understand
how the human ability to communicate knowledge
regarding every day real-world natural events is
achieved, and to determine why cortical architectures
in neurotypical individuals form independent of which
of the roughly 6000 currently spoken languages are
learned. Some theories of spoken language evolution
(glottogenesis) propose that the ability to communicate
orally about speciﬁc semantic categories of natural
action events provided our social hominin ancestors
with a widening range of survival advantages (Donald,
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1991; Hewes, 1973). Neurosemantic theories related to
glottogenesis are founded upon evidence that symbolic
representations of concepts become encoded, at least in
part, within the same networks or circuits used for action
perception (e.g. “action perception circuits”; APCs) by
sensory and sensory-motor systems (Barsalou, 2008;
Binder et al., 2016; Brefczynski-Lewis & Lewis, 2017; Perlovsky & Ilin, 2013; Pulvermuller, 2018a, 2018b, 2018c).
Neuronal representations of individual concepts when
elicited by diﬀerent sensory modalities, such as when
seeing and/or hearing a hammer in use, show convergence in a variety of association cortices (Beauchamp
et al., 2004; Beauchamp & Martin, 2007; Man et al.,
2015; Meyer et al., 2011). Prior experiences with observing or producing meaningful action events, including
their sights, characteristic sounds, and/or feel, lead to
conceptual representations described as being
“grounded” or “embodied” in sensory-motor networks
that mediate perception (Barsalou et al., 2003; Molenberghs et al., 2012; Rizzolatti & Craighero, 2007). Such
neurocognitive models have led to questions about
how, or the degree to which, linguistic utterances
might be grounded in cortical networks mediating
sensory perception, including recent models of auditory
perception at a category level.
Words can be comprehended and expressed by a
variety of nonhuman species (Snowdon, 1990), but
spoken phrases can convey vastly greater numbers or
types of events and subtle nuances therein. Thus,
some regard short spoken phrase communication as
representing the lowest level feature of language that
is unique to humans (Chomsky, 2002). From an anthropological perspective, hominins are proposed to have
initially evolved advances in oral communication of a
few ethologically relevant categories of event types,
including the mimetic use of incidental sounds of locomotion, animal vocalizations, tool-use sounds, and
sounds of the natural environment (Falk, 2004; Larsson,
2012, 2014, 2015). A recent taxonomic neurobiological
model of auditory object perception (Figure 1), which
has taken the above mentioned ﬁndings into consideration, has provided an account for how diﬀerent categories of real-world natural sounds may become
organised in the human brain as meaningful events to
a listener (Brefczynski-Lewis & Lewis, 2017). While organisational principles for phrase-level language have previously been explored in a variety of ways using
neuroimaging techniques (Aziz-Zadeh, Wilson, et al.,
2006; Homae et al., 2002; Kang et al., 1999; Kumar
et al., 2010), the main rationale for the present study
was to test the extent to which neurolinguistic semantic
representations might relate to this acoustic-semantic
model of hearing perception.

The model was largely based on fMRI studies (Engel
et al., 2009; Lewis, 2010; Lewis et al., 2005, 2006, 2012;
Lewis, Talkington, et al., 2011; Webster et al., 2017)
with consideration to other types or sub-categories of
complex natural sounds (De Martino et al., 2008;
Leaver & Rauschecker, 2010; Staeren et al., 2009), and
also to a recent meta-analysis of literature revealing
audio-visual interaction sites in the human brain representing these same semantic categories (Csonka et al.
in press). The boxes depict three basic sound-source
classes proposed to represent ethologically relevant
semantic categories, including action sounds produced
by living things (without vocalisation content), nonliving things without an agent instigating the action,
and “vocalizations” (a sub-category of sound produced
by living things). The model further includes entries
depicting human speech (and singing), tool use
sounds, and human-made mechanical sounds, which
are considered as representing extensions of the three
rudimentary perceptual-semantic categories. In principle, one potential neuronal mechanism for mediating
comprehension of short spoken phrases, the encoding/
decoding of linguistic-semantic knowledge, might be
fundamentally based around perceptual-semantic
systems. In this model, the boundary between nonliving and living (non-vocal) sound events represented
a pair of categories devoid of vocalisation content with
example stimuli that could be depicted and expressed
linguistically through speech “vocalizations”, thereby
entailing three cleanly separable categories of acoustic-semantic stimuli.
Our hypothesis for the present study was that cortical
network representations mediating the perception of
human versus environmental action sound events at a
semantic category level (depicted in Figure 2A, double
headed dashed arrow) will represent a fundamental categorical organisation for how linguistic-semantic knowledge is represented in the human brain, independent of
language form used. Our approach was to study Asian
listeners who had relatively similar bilingual experience
with two highly unrelated language systems (Chinese
and English). As a 2 × 3 experimental paradigm, they
would hear and categorise exemplars of various realworld natural sound stimuli that were either human-produced or of the natural environment (two semantic categories) in addition to hearing and categorising short
spoken phrases in each language that described each
of the speciﬁc sound-producing events by category
(i.e. three modalities: natural sounds, English phrases,
Chinese phrases). This bilingual group was chosen
because Mandarin Chinese, a tonal language in the
Sino-Tibetan language superfamily, has substantively
diﬀerent phonological and syntactic rules relative to
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Figure 1. A neurobiological taxonomic model of acoustic-semantic categories of natural sounds that are processed as meaningful
events along diﬀerent neuronal pathways in the human brain, based largely on hemodynamic neuroimaging (from BrefczynskiLewis & Lewis, 2017), reprinted with permission by the publishers.

English, which represents a non-tonal Latin-based
language in the Indo-European superfamily (McWhorter,
2004; Tong et al., 2005). These two disparate language
systems should thus serve as excellent critical controls
of one another for revealing linguistic-semantic representations that are language-general, rather than
language-speciﬁc, which might otherwise be masked
by study of monolingual listeners.

2. Materials and methods
2.1. Participants
We recruited 16 bilingual Chinese/English speaking
right-handed adult participants of Asian ancestry
(average age 28.8 years, 8 female), with no previous
history of major neurological or psychiatric disorders,
and a self-reported normal range of hearing with no
auditory impairments. Informed consent was obtained
for all participants following guidelines approved by
the West Virginia University Institutional Review Board.
Handedness was assessed based on 12 questions from
the Edinburgh Handedness Inventory (Oldﬁeld, 1971).
This resulted in a handedness quotient between −100
and +100, and the group average quotient was +91.8
(range +57.1 to +100), indicative of moderately to
strongly right-handed participants.
Thirteen participants indicated that Chinese (Mandarin) was their ﬁrst language (L1), many having lived
in the greater Beijing area of China (and thus mostly
Beijing dialects), and who had initially learned English
as a second language (L2) in secondary education as
young adults while in China before moving to the
United States (US). The age of emersion into using
English (by moving to the US) was in the range of 15–
25 years old, and the age of acquisition (AoA) onset
was typically around age 12–14 when English was
being learned in grade school. Each participant lived
and spoke English at their work place in the US for at
least a year. Two participants learned English as their
ﬁrst language (L1-English), and one participant spoke

both languages at home from earliest ages in the US.
Language Proﬁciency in L2 was further assessed
through a variety of measures. This included comprehension tests, such as the Test of English as a Foreign
Language (TOEFL) standardised test, Bilingual Verbal
Ability Tests (BVAT), and also ACT/SAT scores for
college entry. Although these results varied given the
diﬀerent types of proﬁciency tests (and not all participants conducted these tests) all participants were able
to hold casual conversations with adults in either
language. For instance, all of the L1-Chinese participants
could converse in English about the nature of the study
and discuss or ask questions about brain mapping in
general. Every participant could comprehend the
simple English and Chinese phrase stimuli (Table 1) as
well as the corresponding natural sounds used in the
present study, which was assessed (and veriﬁed)
immediately prior to scanning. A team of three bilingual
researchers qualitatively estimated the proﬁciency of
conversational speech on a 1–10 scale, and across all
participants the proﬁciency with Chinese was rated
overall at 9.5 and English at 7.8.

2.2. Natural sound stimuli
Sound stimuli included professional recordings (Sound
Ideas, Inc., Richmond Hill, Ontario, Canada) of 21
human actions and 21 environmental actions used in
two earlier studies of categorical perception of
natural sounds (Engel et al., 2009; Lewis, Talkington,
et al., 2011). The human action sounds were explicitly
devoid of vocal content to avoid potentially confounding activation in pathways specialised for vocalisation
processing (Belin et al., 2000; Brefczynski-Lewis &
Lewis, 2017; Lewis et al., 2009; Talkington et al., 2020).
The environmental sounds had been psychophysically
assessed previously, and were judged by ﬁve participants as not being attributable to a human agent instigating the action. All of the human action sounds were
judged as clearly depicting a human agent creating the
sound. Sounds were 2.5 ± 0.2 s in duration, and
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Figure 2. (A) Features from the neurobiological taxonomic model (from Figure 1) that were being tested in the present study, contrasting brain responses to action sounds (green box) relative to speech (red text), and further contrasting the semantic category
human action sounds (yellow box) versus environmental action sounds (blue box). Resulting cortical activation patterns of
Chinese/English bilingual listeners (n = 16) projected onto (B) ﬁducial and (C) inﬂated 3-dimensional surface models of the brain (standardised PALS atlas). Coloured cortices depict regions diﬀerentially responsive for representing knowledge of human actions (yellow
hues, puncorrected < 0.0005; pcorrected < 0.05) versus knowledge of environmental action events (blue hues), whether heard and correctly
categorised as natural sound stimuli (perceptual system, PS), as corresponding spoken Chinese phrases (Chi), or corresponding spoken
English phrases (Eng). Regions preferential for processing language (transparent red) versus the natural sound stimuli (transparent
green) are also illustrated for comparison (both at puncorrected < 0.0005; pcorrected < 0.05). Histograms show the BOLD percent signal
change (average ± SEM) for various regions of interest illustrating activation preference for the human (H) versus environmental
(E) category of action sound, whether heard as natural sounds or spoken phrases in English or Chinese. IPL = intraparietal lobule;
MFG = middle frontal gyrus; SFG = superior frontal gyrus; STG = superior temporal gyrus; TPO-J = temporal-parietal-occipital junction.
Refer to text for other details.

adjusted to total root mean squared power at −17.6 ±
0.5 dB, ON/OFF ramped at 25 ms to avoid noise pops,
and converted to one channel (mono, 44.1 kHz, 16-

bit; Adobe Audition 3.0, Adobe Systems Inc.), but presented to both ears, thereby removing any binaural
spatial cues.
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Table 1. English and Mandarin Chinese (pinyin) spoken phrases stimuli used, depicting Human versus Environmental action events.
English phrase
Human actions
1
drinking soup
2
tearing paper
3
scissors cutting paper
4
walking up stairs
5
pouring water
6
pouring tea
7
opening door
8
brushing teeth
9
counting coins
10
counting money
11
playing on computer
12
garggling
13
eating a cracker
14
a woman is walking
15
eating an apple
16
writing
17
clapping
18
playing basketball
19
jumping rope
20
knocking on door
playing tennis
21
Average
Environmental actions
1
big wind blowing
2
water dripping
3
waves splashing sound
4
ocean waves splashing sound
5
summer storm
6
thunderstorm
7
big thunderstorm
8
lake water splashing
9
large ﬂaming ﬁre
10
ﬂowing river water
11
river water sound
12
13
14
15
16
17
18
19
20
21

very big wind
small river water sound
rocks falling oﬀ cliﬀ
big wind
rainstorm
small wind
big thunderstorm
wind storm
thunder
small ﬁre is crackling
Average

Intensity

Duration

Syllables

−18.52
−18.83
−19.06
−21.40
−18.12
−19.52
−16.12
−20.44
−19.14
−16.87
−17.74
−18.37
−17.07
−15.91
−16.57
−18.01
−18.07
−17.61
−17.83
−16.33
−19.65
−18.15

1.10
1.25
1.70
1.87
1.13
1.15
1.20
1.31
1.36
1.18
1.53
0.68
1.30
1.71
1.25
0.65
0.77
1.45
1.11
1.40
1.25
1.25

3
4
6
4
4
3
4
3
3
4
5
3
5
6
5
2
2
5
3
4
4
3.90

−17.54
−15.24
−19.25
−20.53
−20.76
−18.58
−19.49
−19.48
−19.67
−19.25
−19.71

1.24
1.05
1.50
2.00
1.04
0.91
1.45
1.75
1.70
1.90
1.85

−19.66
−18.83
−21.07
−19.44
−15.36
−19.86
−20.19
−19.68
−15.70
−19.95
−19.01

1.80
2.31
2.07
1.13
1.18
1.30
1.40
1.12
0.79
2.34
1.52

Intensity

Duration

Syllables

he tang
si zhi
jiandao jian zhi
zou shang lou ti
dao shui
dao cha
kai men
shua ya
shu yingbi
shu qian
wan diannao
shu kou
chi bing gan
nu ren zai zou lou
chi ping guo
xie zhi
pai shou
da lan qiu
tiao sheng zi
chiao men
da wan qiu
Average

−15.38
−17.94
−17.40
−21.85
−16.87
−15.40
−16.67
−15.67
−16.58
−16.51
−16.09
−14.60
−16.45
−14.46
−13.57
−16.19
−16.32
−16.79
−16.43
−16.33
−14.16
−16.27

0.85
1.02
2.00
1.85
0.90
0.90
0.78
0.98
1.06
0.92
1.36
0.80
1.20
1.68
1.30
0.78
0.91
1.22
1.20
0.86
1.15
1.13

2
2
4
4
2
2
2
3
3
3
4
2
3
5
3
2
2
3
3
2
3
2.81

4
4
4
5
3
3
4
5
5
6
5

gua da feng
di shui
hai lang de sheng ying
da hai liang de sheng ying
xia tian bao yu
da lei
da lei
hu shui de sheng ying
da huo de sheng ying
liu shui
he shui de sheng ying

−19.68
−16.73
−17.59
−17.17
−19.19
−16.39
−16.38
−16.69
−17.29
−16.53
−16.97

1.23
0.92
1.64
1.77
1.55
0.74
0.75
1.45
1.45
0.90
1.50

3
2
5
6
4
2
2
5
5
2
5

4
6
5
2
2
2
4
2
2
6
3.95

baofeng
xiao he shui de sheng ying
shi to zai guen xia shan
da feng
xia da yu
xiao feng de sheng ying
lei zhen yu
bao feng
da lei
xiao huo zai pilipala
Average

−17.38
−17.07
−16.88
−16.99
−16.64
−16.43
−17.02
−18.54
−16.37
−16.06
−15.53

0.80
1.79
2.56
0.82
1.22
1.50
1.25
0.82
0.76
2.38
1.32

2
6
6
2
3
5
3
2
2
7
3.76

2.3. Phrase stimuli
We derived short spoken phrases in English and Chinese
(Table 1) that described each of the 42 action sound
events. Short phrases, rather than single words, were
predominantly used as linguistic stimuli because they
could convey a much wider range of speciﬁc action
events and situations, plus they could be more closely
matched in a number of low-level acoustic stimulus features as nuisance variables, including (1) overall loudness (intensity in dB below zero), (2) stimulus duration,
and (3) range in number of acoustic epochs or syllables.
Although many common nouns and verbs can be accurately translated between English and Chinese, “precise”
translations of phrases from one language to another
pose a rather challenging problem given diﬀerences in
their respective grammatical constructs, polysemous

Chinese phrase

words, homophonic words, skeuomorphisms, idiomatic
expressions, and in cultural-linguistic biases that may
exist in expression. Consequently, as an initial guide to
balancing phrase construct complexity across the two
languages we recruited two Chinese/English bilingual
children (female aged 9, and male aged 7) and had
them listen to the sound stimuli and provide a verbal
description of what they thought they heard, once in
Chinese, and once in English. Although no fMRI data
from children were included in the present study, this
approach served as a starting point to help balance variables such as phonological diﬀerences, word frequency
or word comprehension diﬃculty, syntactic structure,
general semantic verbal (oral) representations, and imageability between languages, which are factors known
to impact cortical activation patterns (Mummery et al.,
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1996; Paulesu et al., 1997). The resulting phrase stimuli
included verbs, verb phrases and underspeciﬁed noun
phrases (Huddleston & Pullum, 2002). Psycholinguistically, all of the phrases were deemed to be depicting
motion or an action event, both in English and Chinese.
Spoken stimuli were recorded inside a sound isolation
booth (Model 800A-RF shielded, Industrial Acoustics Co.)
by an adult female speaker using neutral conversational
speech prosody during a single recording session to
balance cadence, prosody, and noise ﬂoor. Multiple
“takes” were recorded to achieve spoken phrases of
1.3 ± 0.3 s duration, 25 ms ON/OFF ramped, and
equated for intensity.

2.4. Scanning procedures
2.4.1. Scanning preparation
Participants practiced the paradigm until they were
comfortable with recognising all the sound and phrase
stimuli. The paradigm consisted of three separate fMRI
recordings repeated once for a total of six recordings.
Each set of three recordings consisted of presentation
of the 42 sound stimuli plus 84 phrase stimuli (252
acoustic events total), plus 48 silent events in a
pseudo-random order, avoiding having two or more
silent events in a row and having natural sound stimuli
precede either of the corresponding phrase stimuli to
minimise verbal priming or labelling of the sound
stimuli. The high-ﬁdelity sound stimuli were delivered
using a Windows PC computer, with Presentation software (version 11.1, Neurobehavioral Systems Inc.)
through a sound mixer and MR compatible ear buds
(Model S14, Sensimetrics Corp., Malden MA). Stimulus
intensity was set to a comfortable level for each participant. Using a two alternative forced choice (2AFC) left
hand button response, participants were instructed to
indicate as accurately as possible which category the
action sound or spoken phrase belonged – human or
environmental – using their index and middle ﬁnger,
the order of which was counterbalanced equally across
subjects.
2.4.2. Magnetic resonance imaging and data
analysis
The imaging was conducted on a 3 Tesla Siemens Verio
MRI scanner using a 28-channel head coil. We acquired
whole-head brain volumes using an event related
design (28–35 axial slices at 4 mm slice thickness,
3.75 × 3.75 mm2 in-plane resolution). Blood oxygenlevel dependent (BOLD) signals were collected using a
clustered acquisition echo planar pulse sequence
(ep2d: TR = 9300 ms, TE = 30 ms, FOV = 240 mm, 75
degree ﬂip angle, 2.155 s slice packet). The stimulus

computer was triggered by each TR from the scanner,
thereby ensuring accurate button press time stamps,
and the time between sound onset and fMRI scanning
acquisition was 6.8 s. Whole brain T1-weighted anatomical MR images were collected using a standard MPRAGE
pulse sequence (0.9 × 0.6 × 1.5 mm3 resolution, TI =
900 ms).
Functional datasets were processed using Analysis of
Functional NeuroImages (AFNI; http://afni.nimh.nih.gov/
) and associated software packages (Cox, 1996). The fMRI
recordings were globally corrected for minor motion
artifacts due to head translations and rotations (software
3dVolreg), and subjected to a 6 mm Gaussian spatial blur
(Mikl et al., 2008). BOLD signals were converted to
percent signal change on a voxel-wise basis relative to
the averaged BOLD signals attained from silent events
in each scanning recording for each participant. Scanning recordings were concatenated, corrected for baseline linear drifts, and multiple linear regression analyses
were performed (3dDeconvolve software) to model and
compare several cross-category BOLD brain responses,
and to derive the residual error time series (“errts”)
from the full model ﬁt to the input data (Taylor et al.,
2018). Individual functional images were volumetrically
aligned to their anatomical images, which were then
transformed to a standardised Talairach space (Talairach
& Tournoux, 1988).
Average accuracy rates for categorising the sounds
and phrases were near ceiling performance for all six
conditions: 96.3% accuracy for human action sounds,
94.8% for environmental action sounds, 96.6% for
English phrases depicting the human actions, 96.2%
for English phrases depicting the environmental
events, 97.4% for Chinese phrases depicting the
human actions, and 95.5% for Chinese phrases depicting the environmental events. Only those imaging
events that corresponded to correctly categorised
sounds for a given participant, based on their button
press responses, were retained for fMRI data analyses,
rejecting trials with apparent omission errors (i.e. nonresponses and late responses) or commission errors
(e.g. ﬂip-ﬂop between incorrect then correct
responses).
For group-level analyses, the resulting BOLD multiple
regression coeﬃcients (statistical maps) were subjected
to a multifactorial ANOVA analysis. This analysis entailed
a repeated-measures, mixed eﬀects three factor ANOVA
(software 3dANOVA3; type 4 model), wherein one source
of variation was the modality (Modality: hearing natural
sounds, hearing English phrases, hearing Chinese
phrases) and a second source was the semantic category
of event (Category: human actions, environmental
actions), all being measured relative to activation
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during the separate silent event trials as the common
baseline. This approach served to contrast the conjunction of knowledge for human (H) actions versus environmental (E) actions (H vs E).
To correct for multiple comparisons, we used a
cluster size simulation tool in AFNI (3dClustSim software, version 16.2.06) to estimate the probability of
ﬁnding false positive clusters (Eklund et al., 2016;
Forman et al., 1995). An analysis of the functional
noise in the BOLD signal across voxels (the “errts”
error time series) was further assessed using a spatial
autocorrelation parameter ﬁtting function (3dFWHMx
software with “-ACF” option). This ﬁts a model yielding
three parameters, which was conducted with every participant. Averaging results from all 16 participants
yielded an estimated full-width half-max Gaussian
ﬁlter width of roughly 6.8 mm, plus coeﬃcients used
to determine critical cluster size thresholds by Monte
Carlo simulation. This analysis indicated that applying
a minimum cluster size of 246 mm3 voxels together
with puncorrected < 0.0005 individual voxel-wise ANOVA
yielded a whole-brain correction for multiple comparisons at pcorrected < 0.05 (alpha, bi-sided). Based on a
recent study of global multiple comparison correction
strategies (Chen et al., 2018), this level of correction
should yield an estimated global or Family Wise Error
(FWE) rate of roughly 10%.
The ANOVA model also tested for voxels showing
greater BOLD signals in response to the language
stimuli (Chinese or English) relative to the natural sound
stimuli at a category level (puncorrected < 0.0005, pcorrected< 0.05; alpha bi-sided). Separate ANOVA analyses were
also performed for the n = 13 L1-Chinese participants
and the n = 3 L1-English participants for comparison to
explore possible eﬀects of language acquisition history
in bilinguals. For visualisation purposes, data were projected onto the PALS atlas cortical surface models in
Talairach coordinate space using Caret software (http://
brainmap.wustl.edu) (Van Essen, 2005).

4. Results
While undergoing event-related fMRI imaging, Chinese/
English bilingual listeners indicated by left hand button
press the category to which a pseudo-random presentation of natural sounds and corresponding spoken
phrases depicting those events belonged: Human
versus Environmental. Thus, the paradigm entailed a
2 × 3 design comparing brain activation responses by
category to the real-world natural sound stimuli, the corresponding English phrases, and the corresponding
Chinese phrases.
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4.1. Response data
For group-average analyses, only correctly categorised
trials were retained: sounds (∼95% accuracy) and
phrases (∼96%; also see Methods). Although participants were encouraged to respond as accurately as
possible as to the category of sound or phrase being
heard, reaction times were also analysed across the six
conditions. The accurately categorised action sounds
had comparable reaction times for the human action
events (mean 2.00 ± 0.31 s) and environmental events
(2.01 ± 0.31 s), showing no signiﬁcant diﬀerence
(ANOVA F1,82 = 0.0006, p > 0.98). The reaction times for
categorising the four categories of phrases were also
comparable: English human phrases (i.e. spoken
phrases depicting human action events; 1.57 ± 0.24 s),
English environmental phrases (1.80 ± 0.28 s), Chinese
human phrases (1.66 ± 0.25 s), and Chinese environmental phrases (1.78 ± 0.28 s). Button press responses
to the human versus environmental phrases were
faster in English (F1,82 = 10.1, p < 0.002, signiﬁcant) and
trended toward being faster in Chinese (F1,82 = 2.2, p >
0.14), consistent with the slight diﬀerences in overall
phrase stimulus durations (see Table 1). Responses to
English versus Chinese phrases showed no diﬀerence
either for the human action phrases (F1,82 = 1.8, p >
0.18) or environmental phrases (F1,82 = 0.02, p > 0.88).
The reaction times to the sound stimuli were longer
than those for the spoken phrases, consistent with the
greater average duration in time for the action sounds
than most of the corresponding phrases. Together, the
accuracy and reaction time data indicated that participants were in full compliance with the task, being able
to accurately categorise most of the natural sound and
phrase stimuli during their fMRI scanning session.

4.2. Neuroimaging data
Numerous brain regions were signiﬁcantly responsive to
spoken phrases relative to the baseline control silent
events (data not shown, though see hemisphere laterality analyses below). Several brain regions were commonly activated in response to both English and
Chinese phrases relative to the corresponding sound
stimuli (Figure 2B and C, transparent red hues; corresponding to red in Figure 2A “human speech”), which
were measured relative to the averaged responses to
the silent events that served as a baseline for deriving
percent signal changes in BOLD responses. The speech
stimuli preferentially activated the left middle STG
region (mid-STG), the mesial parietal cortices (right >
left hemisphere), plus smaller foci in the left parietal cortices (including the angular gyrus and superior parietal
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lobule). In the left hemisphere, the medial two thirds of
the transverse temporal gyrus (Heschl’s gyrus), overlapping primary auditory cortices, was comparably activated by both the natural sound and phrase stimuli
and thus showed no diﬀerential activation (data not
shown). The natural sound stimuli, in contrast to the
spoken phrases, preferentially activated large swaths of
cortex, including the middle and posterior insulae bilaterally, plus right inferior frontal and inferior parietal
regions (Figure 2B and C, transparent green).
The multifactorial ANOVA yielded a signiﬁcant main
eﬀect of category, revealing a double-dissociation of
regions for representing knowledge of human (H)
actions versus environmental (E) actions. For the
human action events, and regardless of modality, the
correctly categorised human-produced (non-vocal)
action events and the spoken phrases depicting those
corresponding events in English and in Chinese (Figure
2B and C, yellow; Table 2, puncorrected < 0.0005, pcorrected
< 0.05) preferentially recruited portions of a complex
encompassing the left temporo-parietal-occipital junction (TPO-J) that extended into the left inferior parietal
lobule (IPL). Conversely, hearing and correctly categorising the environmental action events, and their corresponding phrase-level depictions in English and in
Chinese, preferentially recruited a focus in a right
middle insula (mid-insula) region that extended into
the frontal operculum (Figure 2B and C, blue foci with
white outlines; Table 2, puncorrected < 0.0005, pcorrected <
0.05).
A multifactorial ANOVA analysis of the n = 13 L1Chinese participants and of the n = 3 L1-English participants was also conducted. While there were diﬀerences
in relative strength and/or expanse of activation among
various brain regions, the left TPO-J for Human event
knowledge and right middle insula region for Environmental event knowledge were qualitatively similar
(data not shown). An analysis of language-speciﬁc
eﬀects (e.g. cortical representations for Chinese phrase
knowledge overlapping with perceptual system knowledge but not with English phrase knowledge, etc.) was
less clear with regard to statistically signiﬁcant eﬀects

Table 2. Group activation centroids in Talairach coordinate
space for activation foci to Human versus Environmental
knowledge (from Figure 2), with individual voxel-wise p-value
p < 0.0005 corrected for multiple comparisons at p < 0.05.
Talairach coordinates
Anatomical location
Human > Environmental events
Left TPO-J
Environmental > Human events
Right middle insula

x

y

Z

volume
(mm3)

−41

60

35

1236

46

4

4

278

and went beyond the scope of the present study,
which was testing for proof of concept of the existence
of potential language-general linguistic-perceptual links
at a semantic category level.
To assess hemisphere dominance for language, separate analyses were conducted to examine the degree of
left- versus right-lateralised activation in response to
the speech stimuli. Approximate locations of Broca’s
and Wernicke’s areas, together with their corresponding
mirror opposite cortical locations in the right hemisphere,
were constructed (Figure 3) as ROIs from which to derive
laterality index quotients. Because all participants
revealed a cluster of activation in response to spoken
phrases along the left inferior frontal gyrus (IFG) region,
an ROI was created by performing a t-test (thresheld
until a single focus emerged) that was preferentially activated when hearing the English phrases versus baseline
silence and Chinese phrases versus baseline silence.
This ROI (Figure 3A, black with white outlines) highly
overlapped with a region used for fMRI language evaluation for presurgical mapping as an estimate of “Broca’s
area” (Szaﬂarski et al., 2008), and thus served as an ROI
to assess language hemisphere dominance for the
present data. This left-lateralised ROI was mirror imaged
to the opposite right hemisphere (Figure 3A, white with
black outlines). The mean percent signal change within
these two ROIs were derived for each participant and
charted as an average for both English phrases and
Chinese phrases (Figure 3A, top right histogram), revealing signiﬁcantly greater left hemisphere activation (twosided t-test(31) = 5.95, p < 1.4 × 10−6). The BOLD percent
signal changes were also charted for each participant
(Figure 3A, lower histograms). A laterality index (LI) was
computed using the formula LI = 100*(R-L)/(|R|+|L|). All
participants showed a left-lateralisation in one or both
languages, with 4 of 32 measurements showing a rightlateralisation in one language system. Average lateralisation indices for activation to the speech stimuli in the estimated Broca’s area were −54.9 ± 10.0 for English, and
−40.0 ± 9.6 for Chinese.
An estimate of the location of Wernicke’s area for
speech reception was additionally examined based on
previously published coordinates (Figure 3B, black with
white outlined circles: MNI Talairach x = −52, y = −54, z
= 14; 10 mm radius sphere) from an earlier fMRI study
(Narain et al., 2003), together with its mirror opposite
right hemisphere location (white with black outlined
circles). The mean percent signal change was derived
for the group average (Figure 3B, upper right histogram),
which revealed signiﬁcantly greater left hemisphere activation (two-sided t-test(31) = 3.94, p < 0.0004). The BOLD
signal was also charted for each participant for both
languages (Figure 3B, lower histograms). All participants
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Figure 3. Assessment of the language dominant hemisphere across participants. Regions of interest (ROIs) were derived to quantitatively analyse the degree of lateralised activation in response to the English and Chinese spoken phrase stimuli in the n = 16 right
handed participants. Estimated location of (A) “Broca’s area” and (B) “Wernicke’s area” and their mirror opposite right hemisphere
ROIs. Histograms reveal activation magnitudes in each ROI both as group averages and plotted for each individual. Refer to text
for other details.

showed a left-lateralisation in one or both languages,
with 6 of 32 measurements showing a right-lateralisation in one language system. Average lateralisation
indices for the Wernicke’s area ROIs in each subject
were −51.1 ± 14.6 for English, and −33.4 ± 16.2 for
Chinese. Overall, the assessments of left hemisphere LI
quotients for spoken language processing were indicative of our participants being moderately to strongly

left hemisphere dominant for semantic processing of
spoken language.

5. Discussion
The main ﬁnding of the present study involving Chinese/
English bilingual listeners was support for the hypothesis that there would exist a double-dissociation of
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brain regions for preferentially processing and representing phrase-level knowledge of human versus
environmental sound-producing action events, independent of language used. This ﬁnding was suggestive
of separable neuronal architectures, and thus separable
cognitive processes (Shallice, 1988), related to linking
linguistic-perceptual knowledge at an acoustic-semantic
category level. This organisation included a pathway for
speech sounds (vocalizations, Figure 2, red) together
with cortical regions preferential for knowledge referring
to human (yellow) versus environmental (blue) action
events, whether conveyed by natural sounds or by
spoken phrases in either of the two disparate languages.
This suggested that the neurobiological taxonomic
model for perceptual-semantic knowledge (i.e. Figure
1) can be extended to neurolinguistic modelling at the
level of short spoken phrase utterances. These ﬁndings
are addressed below in the context of (1) cortical hubs
representing event knowledge, (2) neurocomputational
models of language representation, and (3) bilingualism
as a means for studying cognition, which is followed by a
discussion of (4) limitations and future directions.

5.1. Cortical hubs representing action event
knowledge
A dichotomy for cortical representation of “living” versus
“non-living things” has a long history derived from neuropsychological studies that have reported partially segregated neuronal systems in the brain, especially for
word-form knowledge (Damasio et al., 1996; Glushko
et al., 2008; Grossman et al., 2002; Hillis & Caramazza,
1991; Lakoﬀ, 1987; Martin et al., 1996; Moore & Price,
1999; Silveri et al., 1997; Warrington & Shallice, 1984).
In the present study, knowledge of human-produced
action events (living things), in contrast to knowledge
of natural environmental events (non-living things),
revealed a left hemisphere lateralisation bias in processing (Figure 2B and C, yellow coloured cortices)
whether presented as real-world natural sounds or
short spoken phrases depicting those speciﬁc events in
either of two comprehended languages. The left TPO-J
preferential activation, which extended into the posterior superior temporal gyrus (pSTG) and sulcus (pSTS)
region (labelled in Figure 2B), was consistent with
earlier fMRI studies by our group using these or similar
sound stimuli (Engel et al., 2009; Lewis, Frum, et al.,
2011; Lewis, Talkington, et al., 2011). Additionally, this
ﬁnding was consistent with an earlier report that
phrases and sentences relative to single words involve
core structures such as the left pSTS (Jobard et al.,
2007), which is a region further shown to have preference for language depicting complex motion, animacy,

or action sequences (Kellenbach et al., 2003; Martin,
2007). Incidentally, a recent meta-analysis of multisensory processing using the same taxonomic model for
auditory perception (i.e. Figure 1) also revealed a
double-dissociation for representing living versus nonliving action events when conveyed as audio-visual
interaction eﬀects (Csonka et al. in press). Similar to
the present study, a portion of the left pSTG/pSTS
complex was found to be preferentially involved in processing audio-visual interaction eﬀects in response to
events produced by living (non-vocal) things, further
supporting the proposed supramodal functions of the
pSTG/pSTS complexes.
In addition to the left TPO-J/pSTS complex, the contiguous extension of activation into the left IPL region
for human action knowledge were together reminiscent
in pattern to left lateralised regions comprising mirror
neuron systems (MNS) reported in vision-related literature and echo-motor mirror neuron system (ENS)
reported in audition-related literature (Lewis et al.,
2018; Molenberghs et al., 2012; Rizzolatti & Craighero,
2004, 2007). These MNS and ENS networks for sensorymotor encoding provide a potential neuronal mechanism for mediating a sense of meaning or intention
behind sound-producing action events by living
things, and are systems that tend to be left-lateralised
for tasks involving recognition (Buccino et al., 2001;
Engel et al., 2009; Galati et al., 2008; Gazzola et al.,
2006; Lahav et al., 2007; Lewis, Talkington, et al., 2011).
These studies are consistent with the notion that
viewed and/or heard action events produced by living
things (notably human conspeciﬁcs) are generally
more “embodiable” (relatable to one’s self) in the
sense that they often lead to recruitment of the observer’s sensory-motor related system representations
during perceptual tasks. By extension, neuronal representations of comprehended short verbal phrases
that depict sound-producing actions by living agents
similarly appear to utilise left-lateralised ENS-like
networks.
Linguistic-perceptual knowledge representations for
environmental (non-living) action events, in contrast to
those for knowledge of human action events, was
associated with the right hemisphere middle insula
region. Relative to the human actions, the sound-producing environmental action events had previously been
deemed overall as being less concrete, less tangible,
and often emanating on a signiﬁcantly greater spatial
scale (Lewis, Talkington, et al., 2011). As such, the
actions of ocean waves, wind, and rain storms are typically less available for motor-related representations
associated with sound-producing actions created by
one’s self, or to repertoires of sound-producing motor
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actions by other living agents, either of which would
ostensibly be encoded through “embodiment” mechanisms. The earlier mentioned meta-analysis study of
audio-visual interaction sites that tested the same taxonomic model of sensory event categories (Figures 1 and
2A) also revealed a double-dissociation for representing
non-living (vs living) action events when conveyed
through multisensory perception eﬀects (Csonka et al.
in press). That study similarly revealed a right insula
focus (though located slightly more anterior to that of
the present study) that was preferential for non-living
audio-visual interaction events. More generally, the
anterior insulae have reported roles in cognitive functions, meta-cognitive functions, and interoceptive
awareness of bodily states, which are thought to help
mediate the perception of self versus non-self or
“other-related” states (Craig, 2009, 2010; Lamm &
Singer, 2010; Lutz et al., 2008; Menon & Uddin, 2010;
Singer et al., 2004). Notwithstanding, the present study
outcomes suggest that this dichotomy of left-lateralised
MNS/ENS systems for representing knowledge of living
things versus right middle-to-anterior insular networks
for non-living things reﬂects an architecture that also
applies to aspects of spoken phrase comprehension at
a semantic category level. Such ﬁndings should be of
interest for neurocomputational modelling of language
system development, as addressed next.

5.2. Neurocomputational models of language
systems
The existence of linguistic-perceptual links, as cortical
hubs, at the level of spoken phrase representations is
consistent with a nativist model of language acquisition
(Chomsky, 2002), propounding that language is an
instinctual phenomenon that develops in relation to perceptual “hot-spots” and therefore closely associates
within the cortex. Some have proposed that the evolution of language systems were grounded in increasingly more complex semantic systems, which gradually
evolved to have greater capacity along multiple
systems (Anderson et al., 2017; Barsalou et al., 2008;
Binder et al., 2009; Jackendoﬀ, 2003; Kersten Alan,
2006; Paivio, 1986). Alternatively, or additionally, some
argue that systems for representing syntax evolved independent of cognition, and that conceptual knowledge
may be represented as a central core (Fodor, 2001; Pylyshyn, 1984), which may or may not be related to such
hubs at some level. Another interpretation is that the
preferential recruitment of cortical hubs in the present
study may have reﬂected some form of common
“down-stream” imagery (Kosslyn et al., 2005) or amodal
representations (Baumgaertner et al., 2007; Desai et al.,
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2010; Fairhall & Caramazza, 2013; Lambon Ralph et al.,
2010; Lambon Ralph & Patterson, 2008). For all these
neurocognitive model extremes there has been increasing interest in addressing how, and the extent to which,
language systems might interrelate with perceptual
systems in neuronal networks, which has led to the
development of more mechanistic modelling.
Several mechanistic models provide relatively more
speciﬁc accounts for interpreting putative linguistic-perceptual links. One includes the Dual model of Language
and Cognition, wherein language systems and perception-based cognitive systems are viewed as largely parallel hierarchies (Perlovsky, 2011). Germane to the
present study ﬁndings was that middle stages of that
model are proposed to relate spoken phrases with perceptual situations or events, which is a proposal generally supported by the present neuroimaging results.
Another framework is the Language and Situated Simulation (LASS) theory, wherein representations of linguistic knowledge are thought to be deeply rooted in
perceptual-level neuronal systems located outside of
classical Broca’s and Wernicke-Geschwind language networks (Barsalou, 2008; Barsalou et al., 2008). Consistent
with this notion, for instance, is that reading or listening
to phrases relating to hand, mouth, or foot actions, or
seeing visual depictions of those actions, leads to preferential activation of the corresponding body-part speciﬁc
cortical networks (Aziz-Zadeh, Koski, et al., 2006; Buccino
et al., 2001, 2005; Desai et al., 2010; Galati et al., 2008;
Pulvermuller et al., 2006; Tettamanti et al., 2005) and/
or to speciﬁc sensory modalities (Jobard et al., 2007;
Kiefer et al., 2008).
More recent neurocomputational approaches toward
understanding language systems involves algorithmiclevel models that can formally address and test potential
cortical processing mechanisms. One such neurocomputational theory posits that the brain forms action perception circuits (APCs) that are reused for various cognitive
tasks and representations, including semantic representations for spoken language (Pulvermuller, 2018b,
2018c). APCs are proposed to be formed during
sensory and multisensory perception and language
learning, associating sensory and motor information
with symbolic representations that result in speciﬁc distributions across cortical areas. For associations between
perception and cognition to develop there is additionally a proposed need for “multiple demand networks”
of association cortices (Duncan, 2010) and multimodal
“connector hubs” that are incorporated with APCs (Pulvermuller, 2018b). Discrete combinatorial network
assemblies (CNAs) in the brain are then further proposed
to provide neuromechanistic bases for grammatical
binding by interlinking words and sentence constituents
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with each other, establishing syntactic-semantic
relationships (Pulvermuller, 2002, 2013, 2018a). This
APC reuse framework provides a neuronal mechanism
for mediating linguistic-based functions such as perceptually-tuned babbling in infants, repetition, and categorical speech perception (Gallese & Lakoﬀ, 2005). The
present ﬁndings, identifying a double-dissociation of
cortical hubs that may be linking linguistic knowledge
with perceptual knowledge (e.g. Figure 2, yellow
versus blue ROIs) appear to generally support aspects
of this APC-CNA architectural framework underlying
phrase-level spoken language reception. Further development of algorithmic-level neurocomputational
models such as this APC-theory are expected to help
explain not only how but also why semantic elements
of language systems develop the way they do. To this
end, the present ﬁndings are supportive of bootstrapping mechanisms where acoustic-semantic universals
of natural sounds, and possibly audio-visual action
event perception (Csonka et al. in press), may initially
lead to a cortical organisation reﬂecting categorical perception (including living versus non-living things), which
presumably begins to establish in early infancy for
audio-visual systems and perhaps even in utero for the
auditory system. These gross level cortical organisations
for sensory perception in turn may subsequently help
guide linguistic-sematic representations (in toddlers
with typical hearing and/or vision), leading to linguistic-perceptual links that help to convey a sense of
meaning behind spoken phrases at a semantic category
level, and independent of the language(s) being learned.

5.3. Bilingualism and cognitive architectures
The above interpretation regarding language-general
versus language-speciﬁc architectures in cortex hinge
on ideas regarding the organisation of the multilingual
versus monolingual brain. While the use of two or
more languages is thought to have been the norm in
most human societies over many millennia as language
systems evolved (McWhorter, 2004), bilingualism has,
until recently, largely been considered to be a complicating factor for studying cognition in the brain (Kroll et al.,
2014). Bilingualism is thought to aﬀect native language
representations as well as second language representations at a gross level, such that these systems may
eﬀectively become part of the same global language
system (Costa & Sebastian-Galles, 2014; Kroll et al.,
2015). Thus the study of bilingualism has been advocated by some as a more ideal means for revealing fundamental architectures and mechanisms of language
processing that might otherwise be hidden or masked
in studies solely examining monolingual speakers. This

line of argument provided the rationale for recruitment
of bilinguals for the present study.
Notwithstanding, earlier neuroimaging studies of
language comprehension in bilinguals have highlighted
a number of similarities (invariances) but also diﬀerences
(plasticity) in the cortical networks utilised by one’s
primary (L1) and secondary (L2) language (Chee,
Caplan, et al., 1999; Chee et al., 2001; Dehaene et al.,
1997; Dufour & Kroll, 1995; Klein et al., 2006; Kovelman
et al., 2008; Perani et al., 1996, 1998; Price et al., 1999;
Wartenburger et al., 2003). Our observation of overlap
between perceptual-semantic systems (PS) and bilingual
(L1 and L2) cortical systems at the level of short spoken
phrase comprehension generally complemented earlier
bilingual studies (Chee, Tan, et al., 1999; Dick et al.,
2007; Dussias & Cramer Scaltz, 2008). For instance,
reading Mandarin words or English words are reported
to activate highly overlapping areas, suggestive of a
“one store” or central core model of linguistic representation of multiple languages (Chee et al., 2000) and category typical representations (Liu et al., 2013).
Additionally, the neural substrates for semantic processing of single words in L1 and L2 were found to be the
same, even in individuals with very low L2 proﬁciency
levels (Xue et al., 2004).
Conversely, other bilingual studies emphasised signiﬁcant diﬀerences in networks for processing L2
based on studies of aphasia (Aglioti & Fabbro, 1993;
Fabbro, 2001) and neuroimaging studies examining
eﬀects of proﬁciency levels (Sakai et al., 2009), age of
acquisition (AoA) (Fiebach et al., 2003; Wartenburger
et al., 2003), and language exposure (Perani et al.,
2003). Thus, while the determinants of language organisation in the bilingual brain still largely remain unclear
(Li, 2009), the present results suggest that one
language-general neuronal mechanism, at an experiential category level, is the exaptation of perceptualsemantic systems by linguistic-semantic systems, including the left TPO-J for representing living things and the
right mid-Insula for non-living things.

5.4. Limitations and future directions
One potential limitation of the present study was the
approach and accuracy of translation of the spoken
phrases. We recruited two bilingual children to help
with generating phrase-level descriptions of the sound
events in an eﬀort to balance overall semantic correspondence. Nonetheless, this approach led to a
number of discrepancies in determiner variations (e.g.
“opening door”) and use of single word nouns, which
may sound linguistically odd to an adult L1 English communicator depending on context. Additionally, most of
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the Chinese phrase stimuli used verb-noun (object)
structures without an agent. With regard to phonology,
English uses voiced stops (bilabial, alveolar, velar), which
are rare or non-existent in Mandarin Chinese and thus
phonetics may reﬂect a possible confound of some activated brain regions in terms of lower level acoustic
signal processing. Additionally, the use of “-ing”
suﬃxes in English are underspeciﬁed in their written
form, and thus may be relatively more ambiguous than
some of the Mandarin counterparts. Another consideration is that in English the intransitive verbs used to
describe human action events, in which the subject
initiates and controls the given action, tend to be unergative verbs (e.g. run), whereas verbs for environmental
actions, in which the subject has no control, tend to be
unaccusative verbs (Perlmutter, 1978). This basic pattern
may also be true of Mandarin Chinese and perhaps of all
spoken languages (Shetreet et al., 2010; Shetreet &
Friedmann, 2012), though this topic of psycholinguistics
went beyond the “semantic” scope of the present study.
Nonetheless, these trends may help inspire future neurolinguistic studies in using diﬀerent micro-classes of verbs
among other psycholinguistic variables (McWhorter,
2004; Pinker, 2007). While assessing the eﬀects of the
tradeoﬀs in how syntax and phonology might best be
balanced across diﬀerent languages, future studies
might beneﬁt from examining similar phrase-level processing but using a wider range of varied language
systems in monolingual listeners.
A second limitation was that most of our participants
were biased in having greater proﬁciency in Mandarin
Chinese as L1. Separate analyses of the L1-Chinese and
L1-English participants revealed qualitatively similar
results (data not shown) revealing two main regions of
interest: left TPO-J for human action knowledge and
right mid-insula for environmental action knowledge.
Nonetheless, the L2 proﬁciency levels (mostly manifested as less proﬁcient English) and relatively late
ages of acquisition (AoAs) by our participants may
have inﬂuenced the strategy they used to recognise
phrases in their less proﬁcient language. This may have
aﬀected which speciﬁc brain regions were showing
“language-general” eﬀects – reﬂecting either downstream imagery, working memory, emulation aﬀordances, or other neuronal decoding strategies. To this
end, there was insuﬃcient power to adequately characterise diﬀerences in the potential architectures of
language-speciﬁc links. However, characterisations of
linguistic-semantic links in future studies of both monolingual and bilingual speakers would likely serve as a
fruitful area for further developing and testing algorithmic-level neurocomputational models of language
function.
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Another future direction would be to examine
other categories of sensory events (e.g. Figure 1),
and perhaps emotionally relevant stimuli such as
threatening versus non-threatening stimulus types.
Understanding relationships between perceptualsemantic and linguistic-semantic representations
may be important for understanding phrase-level
language delays in children. This includes individuals
with Autism Spectrum Disorder, some of whom are
reported to have diﬃculty with category and prototype formation (Gastgeb et al., 2006; Gastgeb et al.,
2012), and those with Speciﬁc Language Impairments,
some of whom exhibit delays in perspective taking
and theory of mind development (Farrant et al.,
2006). Both of the above populations rely to some
extent on “self” versus “others” representations, and
thus also to “living” versus “non-living” representations, which may need to be grounded in perceptual-semantic systems that have yet to fully or
adequately develop. In this regard the present line
of research may help lead to targeted cognitive
therapies.

6. Conclusion
In sum, this study provided novel evidence suggestive
of language-general linguistic-perceptual links in the
bilingual brain associating linguistic-semantic knowledge (comprehended language) with perceptualsemantic knowledge (recognition of natural sound
events). This included two distinct cortical hubs: The
left TPO-J for knowledge of living things, and the
right mid-Insula for knowledge of non-living environmental events. These semantic knowledge representations
were
organised
around
categorical
perception architectures derived from sensory
system models that ultimately derive from experiences with acoustic-semantic universals inherent to
real-world natural sounds. In this regard, these
ﬁndings support bootstrapping models in which the
instinct to develop language may in part be
founded on cortical architectures or proto-networks
that subserve category-level sensory (and multisensory) perceptual-semantic systems in typically developed individuals. Future studies identifying other
potential phrase-level linguistic-perceptual links in
the brain would further serve to reveal fundamental
organisational principles and advance algorithmiclevel neurocomputational models, which may help
explain both the evolution and the early neurodevelopment of cortical pathways for establishing
language systems.
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