Neural encoding of lexical stress in human speech cortex
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Abstract

Lexical stress — what distinguishes the noun
“PRE-sent” from the verb “pre-SENT” — critically
facilitates word recognition and comprehension
in speech perception. To understand the neural
mechanisms that enable the perception of lexical
stress, we collected high-density intracranial
electrocorticography recordings (ECoG) while
ten English speaking participants performed two
experiments: 1) passively listening to sentences
with natural stress patterns and 2) actively
identifying the stressed syllables in isolated
spoken words. In Experiment 1, we identified
neural populations that significantly encoded
whether a syllable was stressed in natural
speech. In Experiment 2, we found that
stress-encoding neural populations were both
sensitive to prior syllable contexts and
categorical. Our findings characterize the
distinct neural populations that process lexical
stress, providing insight into the complex neural
mechanisms that underlie this fundamental
linguistic skill.
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Introduction

Lexical stress—the perceived emphasis on certain
syllables—plays a pivotal role in how we recognize

words and respond to incoming speech (Cutler &
Norris, 1988). In English, stressed syllables often
contain longer vowels, have higher pitch, and have
greater speech intensity relative to all other syllables
in the word (Cutler, 2008; Fry, 1955; Mousikou et al.,
2024). Therefore, accurately identifying which
syllable in a word is stressed requires listeners to
extract, normalize, and integrate multiple acoustic
cues into a unified, categorical percept.

Neuroimaging studies have implicated the
human temporal lobe, particularly the superior
temporal gyrus (STG), in lexical stress identification
tasks (Aleman et al., 2005; Domahs et al., 2013;
Schwab et al., 2023). However, beyond identifying
the cortical regions involved, it remains unclear
which specific neural mechanisms within the STG
enable listeners to extract and represent lexical
stress as a multi-cue, relative, and categorical
linguistic feature. Recent high-density ECoG studies
have shown that neural populations in the STG
separately encode the acoustic cues associated with
lexical stress, including speech intensity (Oganian &
Chang, 2019), vowel features (Oganian et al., 2023),
and pitch (Tang et al., 2017). To our knowledge, no
studies have vyet leveraged ECoG to directly
investigate how neural populations in the human
temporal cortex transform representations of distinct
acoustic cues into an integrated linguistic feature,
lexical stress.
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Results

To address this question, we conducted high-density
ECoG recordings with ten participants undergoing
clinical monitoring for epilepsy while they performed
two lexical stress perception tasks. The millimeter
and millisecond resolution of direct cortical surface
ECoG enabled us to ask highly specific questions
about how transient speech features relevant for
lexical stress detection are encoded and
transformed by the human temporal cortex.

Experiment 1. In Experiment 1, we tested whether
neural activity recorded from single electrodes on
the human temporal lobe encoded lexical stress
information while participants passively listened to
naturally-produced spoken sentences (Garofolo et
al., 1993). Using temporal receptive field modelling
(TRF) (Holdgraf et al., 2017), we identified
electrodes primarily located in the human STG that
significantly encoded the stress category of syllables
(primary vs. unstressed), beyond the specific
acoustic cues to stress such as speech intensity,
pitch, and vowel duration or quality (example
electrode shown in Fig. 1A). These STG electrodes
did not exclusively encode lexical stress, but in some
cases, also encoded the acoustic cues associated
with stressed syllables more generally (Fig. 1B-D).
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Fig. 1: A. Example electrode neural activity (z-scored
High Frequency Activity [HFA]) shows highly
differential response to unstressed and primary

stressed syllables in natural speech. B. Comparing
the contribution of stress features in a neural
encoding model (TRF) to acoustic features such as
intensity, C. vowel formants and duration, and D.
pitch. Each axis in Fig. 1B-D corresponds to the
unique variance, or the difference in model
performance (R?) between a model with all features
and a model with the labeled feature (intensity,
vowel, pitch) removed.

Experiment 2. Experiment 1 did not control for the
multiple, co-varying acoustic cues to stress, so we
were unable to determine whether the neural
encoding of lexical stress on the STG was
dependent on the relationships between syllables
(relative) for particular acoustic cues, like intensity.
Therefore, in Experiment 2, we asked participants to
actively indicate which syllable they perceived as
stressed in synthesized two-syllable pseudowords
(e.g., “hu-ka”, “ma-lu”). We systematically varied the
intensity of the first syllable and fixed the intensity of
the second syllable to experimentally test whether
neural responses to the second syllable depended
on the intensity of the first (Fig. 2A).
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Fig. 2: A. Experiment 2 example stimuli, where the
first syllable has variable intensity and the second
syllable is fixed. The task condition refers to whether
the second syllable (S2) is greater or less than the
first (S1). B. Example electrode shows a differential
neural response (indicated by thick black lines)
aligned to S2 for the S1<S2 condition even though
the acoustic content of S2 across conditions is
identical.

We found electrodes in the STG that
responded stronger to the second syllable when it
was greater in intensity than the first, demonstrating
a relative sensitivity to intensity difference between
consecutive syllables. Furthermore, electrodes with
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relative sensitivity to the intensity difference between
syllables showed non-linear, categorical responses,
serving as possible neural foundations for the
categorical perception of lexical stress. Our results
suggest that electrodes identified in Experiment 1
and Experiment 2 perform highly non-linear
transformations of acoustic information critical for
detecting stressed syllables in words.

Conclusions

Our findings confirm the fundamental role of the
STG in lexical stress perception and further
characterize distinct neural populations that encode
lexical stress content and related acoustic cues.
Specifically, we demonstrate that these neural
populations categorically encode relative intensity
differences across syllables. This study provides
insight into the complex and nonlinear neural
computations that transform acoustic speech signals
into linguistic representations.
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