
– Aim: characterizing how information from 
phonemes is integrated for word perception 
in continuous speech comprehension

– Phonemes represent the continuous acoustic 
speech signal with discrete linguistic 
categories. However, brain responses to 
phoneme identity (/a/, /ɛ/, /θ/, ...) are hard to 
dissociate from acoustic responses because 
each phoneme is associated with a 
characteristic acoustic pattern

– Phonemes incrementally provide information 
about spoken words (e.g. Norris and 
McQueen, 2008); information theoretic 
measures like phoneme surprisal and lexical 
cohort entropy influence behavioral and MEG 
responses to isolated word stimuli (e.g. 
Gaston and Marantz, 2017)

– Here we analyze MEG responses to phoneme 
information properties in continuous, 
uninterrupted speech to determine how 
phonemes are processed as linguistically 
relevant stimuli

Predictor variables

– Acoustic spectrogram: acoustic power in 8 
logarithmically spaced bands

– Acoustic "onset": rising slope of acoustic 
power in the same bands

– Cohort size: number of word forms 
compatible with the current prefix

– Cohort reduction: number of words that the 
current phoneme excludes

– Phoneme surprisal: inverse of the 
conditional probability of the phoneme

– Cohort entropy: degree of uncertainty about 
the current word

– To account for the possibility that the first 
phoneme of each word is processed 
differently (Marslen-Wilson, 1987), word onset 
was modeled separately from the subsequent 
phonemes for each variable

Stimuli

– Solo: one minute long audiobook segments
– Two-speaker mix: two audiobook segments 

mixed at equal loudness, task to attend to 
one while ignoring the other

MEG data
–26 participants listened to one-minute long 
segments from A Child's History of England by 
Charles Dickens. In each of 4 blocks, subjects 
heard 4 repetitions of a mix of two segments, one 
spoken by a female and one by a male speaker. 
They were instructed to focus on one speaker while 
ignoring the other (counter-balanced across 
subjects). Then, each of the two segments was 
presented in isolation. After each presentation, 
subjects answered a comprehension question.

–An average brain model ("fsaverage", FreeSurfer) 
was scaled and coregistered to each subject's 
head shape. MEG data were projected to source 
space with a distributed minimum norm inverse 
solution. Source dipoles were constrained to be 

orthogonal to the cortical surface. Only source 
estimates in the temporal lobes were retained for 
analysis (~315 source dipoles per hemisphere).

Predictor variables
–Acoustic spectrogram predictors were based on an 
auditory brainstem model (Yang et al., 1992). 
Acoustic power representation: the spectrogram 
was averaged across frequency in 8 bands. 
Acoustic onset representation: positive slope of the 
acoustic power, 0 where the slope is negative. 

–Phonemes were labeled using the Gentle forced 
aligner (https://lowerquality.com/gentle/) and hand 
corrected

–Phoneme predictor variables were constructed 
using pronunciations from the Carnegie Mellon 
University Pronunciation Dictionary (http://

www.speech.cs.cmu.edu/cgi-bin/cmudict) and 
word frequencies from the SUBTLEX database 
(Brysbaert and New, 2009).

Response functions
–Response functions were estimated separately for 
each virtual current source dipole using the 
boosting algorithm (David et al., 2007), using a 
response shape prior of Hamming windows of 50 
ms width. Each predictor was tested by comparing 
prediction accuracy (correlation between predicted 
and measured response) of the full model to a 
model in which the predictor was temporally 
permuted. Model improvements and response 
functions were assessed using permutation tests 
based on threshold-free cluster enhancement 
(Smith and Nichols, 2009). 

– Responses to phonemes can 
be disentangled from 
responses to underlying 
acoustic features

– Responses to phoneme sur‐
prisal and entropy suggest in‐
formation from phonemes is 
used to constrain the lexical 
cohort within ~110-120 ms of 
phoneme onset

– Response to word onset sug‐
gests fast real-time lexical 
segmentation of continuous 
speech

– In two-speaker stimuli, only 
attended speech is processed 
lexically (cf. Broderick et al., 
2017)

– Source localization suggests 
that lexical processing of 
phonetic information takes 
place in the lateral temporal 
lobe in or near auditory cortex
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Responses to single speaker stimuli were 
modeled by iteratively excluding the least 
significant predictor until all remaining 
predictors were significant:
– Bilateral acoustic responses
– Responses to phoneme information more 

dominant in the left hemisphere

Responses to two speakers modeled using 
variables significant in single speaker model:
– Responses reflect acoustic information from 

attended and unattended speech

– Significant respones to phoneme information 
in attended but not unattended speech

– Attended response peaks similar to single 
speaker case
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– Extended responses to acoustic features
– Monophasic early responses to phonemes

Analysis method

Linear kernel estimation predicts source 
localized continuous MEG responses from 
multiple concurrent predictor variables; 
predictors compete to explain variance 
(Brodbeck et al., 2018).
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