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Cortical Representations of Continuous Speech
Continuous speech 
• naturalistic

• redundant

• employs auditory cognition

• acoustically rich

• drives most auditory areas

• …

• but also complicated He was an old man who fished alone in a skiff in the Gulf Stream and he 

had gone eighty-four days now without taking a fish. In the first forty days 
a boy had been with him. But after forty days without a fish …


The Old Man and the Sea –– Ernest Hemingway

In the bosom of one of those spacious coves which indent the 
eastern shore of the Hudson, at that broad expansion of the river 
denominated by the ancient Dutch navigators …


The Legend of Sleepy Hollow — Washington Irving

Alfred the Great was a young man, three-and-twenty years of age, 

when he became king. Twice in his childhood, he had been taken to 

Rome, where the Saxon nobles were in the habit of going on journeys 

which they supposed to be religious; …


A Child’s History of England — Charles Dickens

If you happened to find yourself on the banks of the Ohio River 
on a particular afternoon in the spring of 1806—somewhere 
just to the north of Wheeling, West Virginia, say …


The Botany of Desire — Michael Pollan

-



Temporal neural patterns ⇆ temporal patterns in speech 

• Generalization of “Speech Tracking”


• Need high temporal precision, for fast temporal speech features


- EEG  (electroencephalography): whole brain

- MEG (magnetoencephalography): whole brain but with strong cortical bias 

- ECoG (electrocorticography): placed cortical surface electrodes

- single- and multi-unit recording methods: placed depth electrodes

-
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Cortical Representations of Continuous Speech
Neural Representations of Speech 
• oscillations at pitch frequencies (primarily subcortical)


• acoustic onset tracking


• speech envelope rhythmic following


• phoneme-based responses


• phoneme-context-based responses


• word-context-based responses


• semantic structure rhythm following


• plus connections to intelligibility/perception/behavior -

Brodbeck & Simon (2020) Continuous Speech Processing, Curr Op Physiol

Teoh et al. (2022) J Neurosci

Lalor & Foxe (2010) Eur J Neurosci

Daube et al. (2019) Curr Biol

Brodbeck et al. (2018) Curr Biol

Ding et al. (2016) Nat Neuro

Brodbeck et al. (2022) eLife

Maddox & Lee (2018) eNeuro



Cortical Representations of Speech

For instance, even though older adults frequently com-
plain of speech comprehension difficulty, cortical enve-
lope tracking actually increases with advancing age
[16,17!,18]. An early observation was that speech tracking
strength may correspond more to the perceived speech
than simply reflecting the bottom up acoustic input. In
responses to two talkers, the attended talker is often
tracked more reliably than the ignored talker [19], and
this modulation is robust enough to allow for detecting
changes in the focus of attention in relatively short seg-
ments of data [20,21]. Here, envelope tracking thus
measures how well the to-be attended speech is repre-
sented despite the fact that it is different from the actual acoustic
input signal. Similarly, tracking even of clean speech is
increased during periods in which attentional focus is high
[22]. Such trial-by-trial variation in clean speech tracking
has also been shown to reflect task performance, with
better memory for words that occurred in sentences with
higher speech tracking [23].

This raises the possibility that envelope tracking may
reflect a sort of cleaned-up and attended-to representa-
tion of the acoustic input, which might form the basis for
comprehension. For speech presented with different
kinds of background noise, increased tracking of the
attended envelope is associated with better speech
understanding even after controlling for the objective
background noise level [17!]. Consistent with a strong
top-down influence, tracking of the attended speech can
actually be higher for speech in noise than for clean

speech [24] and, for a well-known stimulus, tracking
can even persist during short gaps in which the stimulus
is replaced with pure noise [25]. In addition to this
attentional enhancement, tracking of attended speech
in noise differs qualitatively depending on whether the
language is known to the listener [10,26], suggesting that
speech tracking includes a language-specific component
in addition to acoustic processing.

Envelope tracking thus likely reflects an interaction of
the bottom-up input to the auditory cortex with resource-
dependent, higher order processes. This is demonstrated
by varying the amount of cognitive resources devoted to
the speech [27]: At high signal to noise ratios (SNRs),
speech tracking is similar, whether participants attend to
the speech, or whether they ignore it and watch a silent
movie instead. At lower SNRs, however, when more
attentional resources would be required to recover the
speech signal, speech tracking decreases much more in
the movie condition. When subjects were playing a video
game, speech tracking was even lower, decreasing even
for clean speech. This suggests that speech tracking even
of clean speech has a resource-dependent component,
with increasing demands for speech in noise.

Components of speech tracking
The results summarized above suggest that, while the
speech envelope is by definition an acoustic property of
speech, considering speech tracking as a measure of basic

26 Physiology of hearing

Figure 1

his schoolhouse wa sa low buildin g of one large room rudely constructed of logs

Speec h envelope

"Decoder" "Tempora l respons e functions"
(TRFs)

(a) (b)

Current Opinion in Physiology 

Models for analyzing speech tracking. (a) Stimulus reconstruction (backward model): a decoder is trained to reconstruct the stimulus envelope
from the neural response, and speech tracking is quantified by how well the reconstructed envelope matches the actual envelope. A typical
decoder uses a linear combination of the neural responses in a window following the envelope by 0–500 ms. (b) Temporal response functions
(TRFs) (forward model): a TRF is trained to predict the neural response from the speech envelope, and speech tracking is quantified by how well
the predicted response matches the actual response. A typical TRF uses various delayed versions of the envelope from 0–500 ms. Responses
originating from different brain areas are each characterized by their own TRF.

Current Opinion in Physiology 2020, 18:25–31 www.sciencedirect.com

• Measure time-locked responses to temporal pattern of speech features (in humans)


• Any speech feature of interest: acoustic envelope, lexical, pitch, semantic, etc.


• Infer spatio-temporal neural origins of neural responses



Cortical Representations: Encoding
• Predicting future neural responses from 

present stimulus features,

- wide variety of stimulus features

- via Temporal Response Function 

(TRF)


• Why look at encoding? It often tells us 
more about the brain

- TRF analogous to evoked response

- peak amplitude ≈ processing intensity

- peak latency ≈ source location

- multiple TRFs simultaneously Example: MEG Prediction of Voxel Responses
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Predicted response (Stimulus ∗ kernel)
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TRF Model Estimation & Fit
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Ding & Simon (2012) Neural Coding of Continuous Speech in Auditory Cortex … , J Neurophys
Lalor & Foxe (2010) Neural Responses to Uninterrupted Natural Speech …  Eur J Neurosci 



• TRFs predict neural 
response to speech


‣ Analogous to evoked 
response


‣ Peak amplitude ≈ 
processing intensity


‣ Peak Latency ≈ source 
location 


• Multiple TRFs estimated 
simultaneously 


‣ compete to explain 
variance (advantage 
over evoked response)
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Brodbeck et al. (2021) Eelbrain: A Python Toolkit for Time-Continuous Analysis … , bioRxiv
Crosse et al. (2016) The Multivariate Temporal Response Function (mTRF) Toolbox … , Front Hum Neurosci



Cortical Representations Across Cortex
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expected due to the temporal relationship between the two vari-
ables: the time of maximum rising slope precedes the time of
maximum amplitude, and is thus earlier compared with specific
time points in the neural response. The presence of analogous
peaks in the TRFs to both acoustic representations might indi-
cate that they jointly arise from a single, more complex underly-
ing neural response type, reflecting both onset and continuous
acoustic properties [48]. On the other hand, spatially, the two
response peaks to acoustic onsets were localized posterior
to the corresponding acoustic envelope peaks (d = 8 mm,
p = 0.002; d = 10 mm, p < 0.001), which might instead indicate
that the two responses stem from partially distinct neural
populations [49].

Responses to Two Concurrent Speakers Reflect
Acoustic, but Not Lexical, Information in Unattended
Speech
The variables that significantly predicted responses to a single
speaker were used to model acoustic and lexical processing in
a version of the cocktail-party paradigm [18, 19]. Participants

listened to a single-channel acoustic mixture of a male and a
female speaker, attending to one and ignoring the other. This
made it possible to test whether the lexical processing observed
for a single speaker is restricted to the attended speech stream
or whether it occurs also for the unattended stream. Figure 3
shows the predictive power of groups of predictors modeling
relevant processing stages and TRFs for the full model fitted to
the two-speaker data.
Responses were significantly modulated by acoustic features

of both the attended and the unattended speaker (tmax = 11.83
and 16.67, both p < 0.001; lateralization tmax = 4.17, p = 0.041
and tmax = 5.28, p = 0.001). The relative amplitudes of the TRF
peaks to acoustic onsets were consistent with previous results
[33, 47, 50], with an earlier (!70 ms) peak predominantly reflect-
ing the raw acoustic mixture, and a later (!150 ms) peak pre-
dominantly reflecting acoustic energy in the attended speech.
Responses to the acoustic envelope almost exclusively reflected
processing of the acoustic mixture, suggesting that auditory
stream segregation may be predominantly reflected in onset
processing.
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Figure 3. Brain Responses to Two Concurrent Speakers
Details analogous to Figure 2. The three columns display results for the model components for: the attended speech stream (left), the actual acoustic stimulus

mixture (middle), and the unattended speech stream (right). The upper part of the figure displays results for acoustic features, the lower part for lexical processing.
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ables: the time of maximum rising slope precedes the time of
maximum amplitude, and is thus earlier compared with specific
time points in the neural response. The presence of analogous
peaks in the TRFs to both acoustic representations might indi-
cate that they jointly arise from a single, more complex underly-
ing neural response type, reflecting both onset and continuous
acoustic properties [48]. On the other hand, spatially, the two
response peaks to acoustic onsets were localized posterior
to the corresponding acoustic envelope peaks (d = 8 mm,
p = 0.002; d = 10 mm, p < 0.001), which might instead indicate
that the two responses stem from partially distinct neural
populations [49].

Responses to Two Concurrent Speakers Reflect
Acoustic, but Not Lexical, Information in Unattended
Speech
The variables that significantly predicted responses to a single
speaker were used to model acoustic and lexical processing in
a version of the cocktail-party paradigm [18, 19]. Participants

listened to a single-channel acoustic mixture of a male and a
female speaker, attending to one and ignoring the other. This
made it possible to test whether the lexical processing observed
for a single speaker is restricted to the attended speech stream
or whether it occurs also for the unattended stream. Figure 3
shows the predictive power of groups of predictors modeling
relevant processing stages and TRFs for the full model fitted to
the two-speaker data.
Responses were significantly modulated by acoustic features

of both the attended and the unattended speaker (tmax = 11.83
and 16.67, both p < 0.001; lateralization tmax = 4.17, p = 0.041
and tmax = 5.28, p = 0.001). The relative amplitudes of the TRF
peaks to acoustic onsets were consistent with previous results
[33, 47, 50], with an earlier (!70 ms) peak predominantly reflect-
ing the raw acoustic mixture, and a later (!150 ms) peak pre-
dominantly reflecting acoustic energy in the attended speech.
Responses to the acoustic envelope almost exclusively reflected
processing of the acoustic mixture, suggesting that auditory
stream segregation may be predominantly reflected in onset
processing.
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expected due to the temporal relationship between the two vari-
ables: the time of maximum rising slope precedes the time of
maximum amplitude, and is thus earlier compared with specific
time points in the neural response. The presence of analogous
peaks in the TRFs to both acoustic representations might indi-
cate that they jointly arise from a single, more complex underly-
ing neural response type, reflecting both onset and continuous
acoustic properties [48]. On the other hand, spatially, the two
response peaks to acoustic onsets were localized posterior
to the corresponding acoustic envelope peaks (d = 8 mm,
p = 0.002; d = 10 mm, p < 0.001), which might instead indicate
that the two responses stem from partially distinct neural
populations [49].

Responses to Two Concurrent Speakers Reflect
Acoustic, but Not Lexical, Information in Unattended
Speech
The variables that significantly predicted responses to a single
speaker were used to model acoustic and lexical processing in
a version of the cocktail-party paradigm [18, 19]. Participants

listened to a single-channel acoustic mixture of a male and a
female speaker, attending to one and ignoring the other. This
made it possible to test whether the lexical processing observed
for a single speaker is restricted to the attended speech stream
or whether it occurs also for the unattended stream. Figure 3
shows the predictive power of groups of predictors modeling
relevant processing stages and TRFs for the full model fitted to
the two-speaker data.
Responses were significantly modulated by acoustic features

of both the attended and the unattended speaker (tmax = 11.83
and 16.67, both p < 0.001; lateralization tmax = 4.17, p = 0.041
and tmax = 5.28, p = 0.001). The relative amplitudes of the TRF
peaks to acoustic onsets were consistent with previous results
[33, 47, 50], with an earlier (!70 ms) peak predominantly reflect-
ing the raw acoustic mixture, and a later (!150 ms) peak pre-
dominantly reflecting acoustic energy in the attended speech.
Responses to the acoustic envelope almost exclusively reflected
processing of the acoustic mixture, suggesting that auditory
stream segregation may be predominantly reflected in onset
processing.
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ables: the time of maximum rising slope precedes the time of
maximum amplitude, and is thus earlier compared with specific
time points in the neural response. The presence of analogous
peaks in the TRFs to both acoustic representations might indi-
cate that they jointly arise from a single, more complex underly-
ing neural response type, reflecting both onset and continuous
acoustic properties [48]. On the other hand, spatially, the two
response peaks to acoustic onsets were localized posterior
to the corresponding acoustic envelope peaks (d = 8 mm,
p = 0.002; d = 10 mm, p < 0.001), which might instead indicate
that the two responses stem from partially distinct neural
populations [49].
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Acoustic, but Not Lexical, Information in Unattended
Speech
The variables that significantly predicted responses to a single
speaker were used to model acoustic and lexical processing in
a version of the cocktail-party paradigm [18, 19]. Participants

listened to a single-channel acoustic mixture of a male and a
female speaker, attending to one and ignoring the other. This
made it possible to test whether the lexical processing observed
for a single speaker is restricted to the attended speech stream
or whether it occurs also for the unattended stream. Figure 3
shows the predictive power of groups of predictors modeling
relevant processing stages and TRFs for the full model fitted to
the two-speaker data.
Responses were significantly modulated by acoustic features

of both the attended and the unattended speaker (tmax = 11.83
and 16.67, both p < 0.001; lateralization tmax = 4.17, p = 0.041
and tmax = 5.28, p = 0.001). The relative amplitudes of the TRF
peaks to acoustic onsets were consistent with previous results
[33, 47, 50], with an earlier (!70 ms) peak predominantly reflect-
ing the raw acoustic mixture, and a later (!150 ms) peak pre-
dominantly reflecting acoustic energy in the attended speech.
Responses to the acoustic envelope almost exclusively reflected
processing of the acoustic mixture, suggesting that auditory
stream segregation may be predominantly reflected in onset
processing.
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expected due to the temporal relationship between the two vari-
ables: the time of maximum rising slope precedes the time of
maximum amplitude, and is thus earlier compared with specific
time points in the neural response. The presence of analogous
peaks in the TRFs to both acoustic representations might indi-
cate that they jointly arise from a single, more complex underly-
ing neural response type, reflecting both onset and continuous
acoustic properties [48]. On the other hand, spatially, the two
response peaks to acoustic onsets were localized posterior
to the corresponding acoustic envelope peaks (d = 8 mm,
p = 0.002; d = 10 mm, p < 0.001), which might instead indicate
that the two responses stem from partially distinct neural
populations [49].

Responses to Two Concurrent Speakers Reflect
Acoustic, but Not Lexical, Information in Unattended
Speech
The variables that significantly predicted responses to a single
speaker were used to model acoustic and lexical processing in
a version of the cocktail-party paradigm [18, 19]. Participants

listened to a single-channel acoustic mixture of a male and a
female speaker, attending to one and ignoring the other. This
made it possible to test whether the lexical processing observed
for a single speaker is restricted to the attended speech stream
or whether it occurs also for the unattended stream. Figure 3
shows the predictive power of groups of predictors modeling
relevant processing stages and TRFs for the full model fitted to
the two-speaker data.
Responses were significantly modulated by acoustic features

of both the attended and the unattended speaker (tmax = 11.83
and 16.67, both p < 0.001; lateralization tmax = 4.17, p = 0.041
and tmax = 5.28, p = 0.001). The relative amplitudes of the TRF
peaks to acoustic onsets were consistent with previous results
[33, 47, 50], with an earlier (!70 ms) peak predominantly reflect-
ing the raw acoustic mixture, and a later (!150 ms) peak pre-
dominantly reflecting acoustic energy in the attended speech.
Responses to the acoustic envelope almost exclusively reflected
processing of the acoustic mixture, suggesting that auditory
stream segregation may be predominantly reflected in onset
processing.
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expected due to the temporal relationship between the two vari-
ables: the time of maximum rising slope precedes the time of
maximum amplitude, and is thus earlier compared with specific
time points in the neural response. The presence of analogous
peaks in the TRFs to both acoustic representations might indi-
cate that they jointly arise from a single, more complex underly-
ing neural response type, reflecting both onset and continuous
acoustic properties [48]. On the other hand, spatially, the two
response peaks to acoustic onsets were localized posterior
to the corresponding acoustic envelope peaks (d = 8 mm,
p = 0.002; d = 10 mm, p < 0.001), which might instead indicate
that the two responses stem from partially distinct neural
populations [49].

Responses to Two Concurrent Speakers Reflect
Acoustic, but Not Lexical, Information in Unattended
Speech
The variables that significantly predicted responses to a single
speaker were used to model acoustic and lexical processing in
a version of the cocktail-party paradigm [18, 19]. Participants

listened to a single-channel acoustic mixture of a male and a
female speaker, attending to one and ignoring the other. This
made it possible to test whether the lexical processing observed
for a single speaker is restricted to the attended speech stream
or whether it occurs also for the unattended stream. Figure 3
shows the predictive power of groups of predictors modeling
relevant processing stages and TRFs for the full model fitted to
the two-speaker data.
Responses were significantly modulated by acoustic features

of both the attended and the unattended speaker (tmax = 11.83
and 16.67, both p < 0.001; lateralization tmax = 4.17, p = 0.041
and tmax = 5.28, p = 0.001). The relative amplitudes of the TRF
peaks to acoustic onsets were consistent with previous results
[33, 47, 50], with an earlier (!70 ms) peak predominantly reflect-
ing the raw acoustic mixture, and a later (!150 ms) peak pre-
dominantly reflecting acoustic energy in the attended speech.
Responses to the acoustic envelope almost exclusively reflected
processing of the acoustic mixture, suggesting that auditory
stream segregation may be predominantly reflected in onset
processing.
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expected due to the temporal relationship between the two vari-
ables: the time of maximum rising slope precedes the time of
maximum amplitude, and is thus earlier compared with specific
time points in the neural response. The presence of analogous
peaks in the TRFs to both acoustic representations might indi-
cate that they jointly arise from a single, more complex underly-
ing neural response type, reflecting both onset and continuous
acoustic properties [48]. On the other hand, spatially, the two
response peaks to acoustic onsets were localized posterior
to the corresponding acoustic envelope peaks (d = 8 mm,
p = 0.002; d = 10 mm, p < 0.001), which might instead indicate
that the two responses stem from partially distinct neural
populations [49].

Responses to Two Concurrent Speakers Reflect
Acoustic, but Not Lexical, Information in Unattended
Speech
The variables that significantly predicted responses to a single
speaker were used to model acoustic and lexical processing in
a version of the cocktail-party paradigm [18, 19]. Participants

listened to a single-channel acoustic mixture of a male and a
female speaker, attending to one and ignoring the other. This
made it possible to test whether the lexical processing observed
for a single speaker is restricted to the attended speech stream
or whether it occurs also for the unattended stream. Figure 3
shows the predictive power of groups of predictors modeling
relevant processing stages and TRFs for the full model fitted to
the two-speaker data.
Responses were significantly modulated by acoustic features

of both the attended and the unattended speaker (tmax = 11.83
and 16.67, both p < 0.001; lateralization tmax = 4.17, p = 0.041
and tmax = 5.28, p = 0.001). The relative amplitudes of the TRF
peaks to acoustic onsets were consistent with previous results
[33, 47, 50], with an earlier (!70 ms) peak predominantly reflect-
ing the raw acoustic mixture, and a later (!150 ms) peak pre-
dominantly reflecting acoustic energy in the attended speech.
Responses to the acoustic envelope almost exclusively reflected
processing of the acoustic mixture, suggesting that auditory
stream segregation may be predominantly reflected in onset
processing.
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expected due to the temporal relationship between the two vari-
ables: the time of maximum rising slope precedes the time of
maximum amplitude, and is thus earlier compared with specific
time points in the neural response. The presence of analogous
peaks in the TRFs to both acoustic representations might indi-
cate that they jointly arise from a single, more complex underly-
ing neural response type, reflecting both onset and continuous
acoustic properties [48]. On the other hand, spatially, the two
response peaks to acoustic onsets were localized posterior
to the corresponding acoustic envelope peaks (d = 8 mm,
p = 0.002; d = 10 mm, p < 0.001), which might instead indicate
that the two responses stem from partially distinct neural
populations [49].

Responses to Two Concurrent Speakers Reflect
Acoustic, but Not Lexical, Information in Unattended
Speech
The variables that significantly predicted responses to a single
speaker were used to model acoustic and lexical processing in
a version of the cocktail-party paradigm [18, 19]. Participants

listened to a single-channel acoustic mixture of a male and a
female speaker, attending to one and ignoring the other. This
made it possible to test whether the lexical processing observed
for a single speaker is restricted to the attended speech stream
or whether it occurs also for the unattended stream. Figure 3
shows the predictive power of groups of predictors modeling
relevant processing stages and TRFs for the full model fitted to
the two-speaker data.
Responses were significantly modulated by acoustic features

of both the attended and the unattended speaker (tmax = 11.83
and 16.67, both p < 0.001; lateralization tmax = 4.17, p = 0.041
and tmax = 5.28, p = 0.001). The relative amplitudes of the TRF
peaks to acoustic onsets were consistent with previous results
[33, 47, 50], with an earlier (!70 ms) peak predominantly reflect-
ing the raw acoustic mixture, and a later (!150 ms) peak pre-
dominantly reflecting acoustic energy in the attended speech.
Responses to the acoustic envelope almost exclusively reflected
processing of the acoustic mixture, suggesting that auditory
stream segregation may be predominantly reflected in onset
processing.
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Fast & Early Cortical Representations
J.P.  Kulasingham,  C.  Brodbeck  and  A.  Presacco  et  al.  NeuroImage  222  (2020)  117291  

Fig.  3.  Volume  Source  Localized  Envelope  Modulation  TRFs.  The  amplitude  of  the  TRF  vectors  for  the  envelope  modulation  predictor  averaged  across  voxels  in  the  
ROI,  and,  the  mean  ±  (standard  error)  across  subjects  is  plotted  in  the  cortical  (A)  and  subcortical  (B)  ROIs.  Red  curves  are  time  points  when  the  TRF  showed  a  
significant  increase  in  amplitude  over  noise.  The  TRF  was  resampled  to  2000  Hz  for  visualization  purposes.  The  TRF  shows  a  clear  response  with  a  peak  latency  of  
~40  ms.  The  distribution  of  TRF  vectors  in  the  brain  at  each  voxel  at  the  time  with  the  maximum  response  are  plotted  as  an  inset  for  each  TRF,  with  color  representing  
response  strength  and  the  arrows  representing  the  TRF  directions.  The  color  bar  represents  the  response  strength  for  all  4  brain  insets.  The  response  oscillates  around  
a  frequency  of  ~80  Hz  and  is  much  stronger  in  the  cortical  ROI  compared  to  the  subcortical  ROI.  Note  that  since  only  the  TRF  amplitude  is  shown,  and  not  signed  
current  values,  signal  troughs  and  peaks  both  appear  as  peaks.  In  the  original,  signed  TRFs,  the  current  direction  alternates  between  successive  amplitude  peaks.  
The  latency  and  amplitude  of  the  response  suggests  a  predominantly  cortical  origin.  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  
is  referred  to  the  web  version  of  this  article.)  

ternating  direction  between  successive  amplitude  peaks.  However,  in  all  

subsequent  TRF  plots,  the  TRF  amplitude  is  shown,  and  not  signed  cur-  

rent  values,  and  hence  signal  troughs  and  peaks  both  appear  as  peaks.  

The  subcortical  ROI  was  also  analyzed  in  a  similar  manner  and  the  TRF  

showed  significance  in  a  much  smaller  time  range  of  31–35  ms  only  for  

older  subjects  (younger  t  max  =  2.96,  p  >  0.13;  older  t  max  =  3.69,  p  <  0.01)  

(see  Fig  3  B).  There  was  no  significant  difference  in  amplitudes  between  

younger  and  older  subjects  (cortical  ROI  t  max  =  3.7,  t  min  =  –3.38,  p  >  

0.18;  subcortical  ROI  t  max  =  3.05,  t  min  =  –3.39,  p  >  0.45).  The  TRF  re-  

sponses  oscillate  at  a  frequency  of  ~80  Hz  (see  below  for  a  more  detailed  

spectral  analysis).  The  amplitude  of  these  TRFs  was  significantly  larger  

in  voxels  in  Heschl’s  gyrus  than  in  the  subcortical  ROI  (two-tailed  test  

with  paired  sample  t-values  on  the  !  2  norm  of  the  TRFs  across  subjects:  

younger  t  =  3.51,  p  =  0.003;  older  t  =  4.52,  p  <  0.001).  Since  the  sub-  

cortical  TRFs  also  have  a  similar  latency  and  shape  to  the  cortical  TRFs,  

and  because  a  latency  of  23  to  63  ms  is  late  for  a  subcortical  response,  

these  subcortical  TRFs  are  consistent  with  artifactual  leakage  from  the  

cortical  TRFs  due  to  the  spatial  spread  of  MNE  source  localization.  Sim-  

ulated  volume  source  estimates  for  current  dipoles  originating  only  in  

Heschl’s  gyrus  generated  a  spatial  distribution  of  TRF  directions  consis-  

tent  with  the  experimental  data  (see  Appendix),  i.e.  the  spatial  spread  of  

MNE  localized  cortical  responses  resulted  in  apparent  TRF  vectors  even  

in  the  subcortical  ROI.  These  results  indicate  that  the  response  originates  

predominantly  from  cortical  regions.  

3.2.  Responses  to  the  envelope  modulation  and  the  carrier  

Next,  the  neural  response  to  the  carrier  was  compared  with  that  to  

the  envelope  modulation.  The  carrier  TRF  was  also  tested  for  signifi-  

cance  using  a  corresponding  noise  model  (as  employed  above).  The  car-  

rier  TRF  showed  weak  responses  that  were  only  significant  in  the  corti-  

cal  ROI  between  33  and  51  ms  (younger  t  max  =  3.70,  p  =  0.042;  older  

t  max  =  4.7,  p  <  0.001)  (see  Fig.  4  A,  B).  Although  the  carrier  and  enve-  

lope  modulation  predictors  are  correlated  (  r  =  –0.42),  the  TRF  analysis  

is  able  to  separate  the  contributions  of  these  two  predictors  remarkably  

well.  Two-tailed  paired  sample  t  -values  and  TFCE  were  used  to  test  for  

a  significant  increase  of  the  !  2  norm  of  the  envelope  modulation  TRF  

when  compared  to  the  carrier  TRF  in  a  time  window  of  20–70  ms  in  

the  cortical  ROI  (see  Fig.  5  A).  This  test  was  significant  for  both  younger  

(  t  max  =  4.38,  p  =  0.002)  and  older  (  t  max  =  3.63,  p  =  0.017)  subjects.  

However,  this  test  did  not  find  a  significant  increase  in  the  envelope  

modulation  TRF  over  the  carrier  TRF  in  the  subcortical  ROI  for  either  

younger  (  t  max  =  0.045,  p  >  0.32)  or  older  subjects  (  t  max  =  0.89,  p  >  0.36).  

Since  the  TRF  analysis  allows  both  stimulus  predictors  to  directly  com-  

pete  for  explaining  response  variance,  the  results  strongly  indicate  that  

the  response  is  primarily  due  to  the  envelope  modulation  over  the  car-  

rier.  

3.3.  Age-related  differences  

Statistical  tests  were  performed  for  age-related  differences  between  

older  and  younger  subjects  on  both  the  prediction  accuracy  and  the  

TRFs.  Two-tailed  tests  of  prediction  accuracy  with  independent  sam-  

ple  t  -values  and  TFCE  indicated  no  significant  difference  (cortical  ROI  

t  max  =  1.17,  t  min  =  –2.72,  p  >  0.44;  subcortical  ROI  t  max  =  –0.78,  t  min  =  

–1.37,  p  >  0.38).  Similarly,  no  voxels  or  time  points  were  significantly  

different  in  either  the  envelope  modulation  TRF  (cortical  ROI  t  max  =  3.7,  

t  min  =  –3.38,  p  >  0.18;  subcortical  ROI  t  max  =  3.05,  t  min  =  –3.39,  p  >  0.45)  

or  the  carrier  TRF  (cortical  ROI  t  max  =  3.34,  t  min  =  –3.89,  p  >  0.25;  sub-  

cortical  ROI  t  max  =  2.69,  t  min  =  –3.10,  p  >  0.18).  In  addition,  the  cortical  

ROI  TRFs  showed  no  significant  differences  across  age  groups  in  peak  

latency  (envelope  modulation  TRF  t  max  =  1.82,  t  min  =  –2.62,  p  >  0.5;  car-  

rier  TRF  t  max  =  2.79,  t  min  =  –2.32,  p  >  0.53).  An  additional  analysis  was  

performed  using  surface  source  space  TRFs  as  described  in  detail  in  the  

-
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Fig. 4. Volume Source Localized Carrier TRFs. The amplitude of the TRF vectors for the carrier predictor averaged across sources. Mean ± (standard error) across 
subjects is shown, analogous to Fig. 3 . For comparison, the axis and color scale are identical to that in Fig. 3 . The TRF shows a weaker response compared to the 
case of envelope modulation, with a peak latency of ~40 ms, that is significant in the cortical ROI for both groups, and over a longer time interval for older subjects. 
Comparison with Fig. 3 suggests that the high gamma response is dominated by the envelope modulation over the carrier. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
Appendix. Both high (70–200 Hz) and low (1–10 Hz) frequency TRFs 
were computed in surface source space, and model prediction accuracy 
was assessed with an ANOVA with factors TRF frequency and age. The 
ANOVA showed a significant frequency × age interaction ( F 1, 38 = 6.46, 
p = 0.015), suggesting that age related differences are indeed not con- 
sistent across high and low frequency responses (detailed results in Ap- 
pendix), i.e. present at low but not at high frequencies. 

3.4. Pitch analysis 
To further understand the contributions of these predictors to the 

TRF oscillations, the frequency spectrum of the TRFs and the predictors 
were compared (see Fig. 5 B). The frequency spectrum of the average 
TRFs showed a broad peak centered near 80 Hz for both predictors and 
both age groups (envelope TRF spectral peak mean = 81 Hz, std = 5 Hz; 
carrier TRF spectral peak mean = 82 Hz, std = 8 Hz). In contrast, the 
spectral peak of the predictor variables was near 110–120 Hz for the 
carrier, and near 70–75 Hz for the envelope modulation. Since the TRF 
peak frequency did not match the peak power in either of the predic- 
tors, a further analysis was performed after separating the stimulus into 
high- and low-pitch time segments (see Methods). This resulted in a 
model with 4 predictors and their corresponding TRFs: high/low-pitch 
envelope modulation and high/low-pitch carrier. The low-pitch enve- 
lope modulation TRFs and low-pitch carrier TRFs are broadly similar to 
those of the earlier analysis (see Fig. 6 ). These TRFs show more signif- 
icant regions than the previous analysis, although the two models (one 
with 2 predictors, the other with 4 predictors) cannot be directly com- 
pared since an increased number of predictors has more degrees of free- 
dom and allows for the model to predict more of the signal. The TRF am- 
plitudes were significantly larger in the low pitch TRFs when compared 
to the high pitch TRFs (see Fig. 5 C; envelope modulation t max = 7.6, p < 
0.001; carrier t max = 3.78, p = 0.013). In addition, the spectra of the low 
pitch TRFs peak near 80 Hz similar to the low pitch predictors (envelope 
TRF spectral peak mean = 81 Hz, std = 6 Hz; carrier TRF spectral peak 
mean = 82 Hz, std = 4 Hz), while the high pitch TRFs do not have a 
clear peak (see Fig. 5 D). This suggests that the TRF oscillation is driven 
mainly by the segments of the stimulus with pitch below 100 Hz, and 
that responses to stimulus pitches above 100 Hz are not easily detected 
by this analysis. 

4. Discussion 
In this study, we investigated high gamma time-locked responses to 

continuous speech measured using MEG. Such responses were found, 
and their volume source localized TRFs provided evidence that these 
responses originated from cortical areas with a peak response latency 
of approximately 40 ms. The responses showed a significant right hemi- 
spheric asymmetry. These responses oscillate with a frequency of ap- 
proximately 80 Hz and track the low pitch segments of the speech stim- 
ulus. We also showed that the response is significantly stronger to the 
envelope modulation than the carrier. Surprisingly, there were no signif- 
icant age-related differences in response amplitude, latency, localization 
or predictive power. This is in contrast to age-related differences seen 
in both the subcortical EEG FFR (younger > older) and the cortical low 
frequency TRF (older > younger). 
4.1. MEG sensitivity to high gamma responses 

MEG signals are known to have poor SNR at high frequencies 
( ≳100 Hz) ( Hansen et al., 2010 ). The MEG signal is an average over 
a large population of neurons, and hence detection of population level 
high gamma responses requires precise (within a few ms) phase syn- 
chrony across these populations ( Hämäläinen et al., 1993 ). However, the 
cortical sources which MEG would otherwise be sensitive to rarely phase 
synchronize across a large population at these high gamma ranges, lead- 
ing to poor neural SNR for these high gamma ranges (reflected in our 
results by the small correlation values between actual responses and 
model predictions). The implications of this for our study are twofold. 
Firstly, conclusions regarding the intrinsic properties of high gamma re- 
sponses to speech are limited by these methodological constraints on 
the MEG signal. Our results only show that there are significant corti- 
cal responses at ~80 Hz, but do not rule out higher frequency cortical 
responses, or subcortical responses, that may be buried in poor SNR. 
Conversely, however, it is somewhat surprising that using such a simple 
experimental paradigm, with short duration continuous natural speech, 
it is possible to reliably detect such MEG responses using a TRF model. 
4.2. MEG sensitivity to deep sources 

Gradiometer-based MEG is physically constrained to be less sensi- 
tive to deep structures, typically resulting in such subcortical MEG re- 
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expected due to the temporal relationship between the two vari-
ables: the time of maximum rising slope precedes the time of
maximum amplitude, and is thus earlier compared with specific
time points in the neural response. The presence of analogous
peaks in the TRFs to both acoustic representations might indi-
cate that they jointly arise from a single, more complex underly-
ing neural response type, reflecting both onset and continuous
acoustic properties [48]. On the other hand, spatially, the two
response peaks to acoustic onsets were localized posterior
to the corresponding acoustic envelope peaks (d = 8 mm,
p = 0.002; d = 10 mm, p < 0.001), which might instead indicate
that the two responses stem from partially distinct neural
populations [49].

Responses to Two Concurrent Speakers Reflect
Acoustic, but Not Lexical, Information in Unattended
Speech
The variables that significantly predicted responses to a single
speaker were used to model acoustic and lexical processing in
a version of the cocktail-party paradigm [18, 19]. Participants

listened to a single-channel acoustic mixture of a male and a
female speaker, attending to one and ignoring the other. This
made it possible to test whether the lexical processing observed
for a single speaker is restricted to the attended speech stream
or whether it occurs also for the unattended stream. Figure 3
shows the predictive power of groups of predictors modeling
relevant processing stages and TRFs for the full model fitted to
the two-speaker data.
Responses were significantly modulated by acoustic features

of both the attended and the unattended speaker (tmax = 11.83
and 16.67, both p < 0.001; lateralization tmax = 4.17, p = 0.041
and tmax = 5.28, p = 0.001). The relative amplitudes of the TRF
peaks to acoustic onsets were consistent with previous results
[33, 47, 50], with an earlier (!70 ms) peak predominantly reflect-
ing the raw acoustic mixture, and a later (!150 ms) peak pre-
dominantly reflecting acoustic energy in the attended speech.
Responses to the acoustic envelope almost exclusively reflected
processing of the acoustic mixture, suggesting that auditory
stream segregation may be predominantly reflected in onset
processing.
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Figure 3. Brain Responses to Two Concurrent Speakers
Details analogous to Figure 2. The three columns display results for the model components for: the attended speech stream (left), the actual acoustic stimulus

mixture (middle), and the unattended speech stream (right). The upper part of the figure displays results for acoustic features, the lower part for lexical processing.
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maximum amplitude, and is thus earlier compared with specific
time points in the neural response. The presence of analogous
peaks in the TRFs to both acoustic representations might indi-
cate that they jointly arise from a single, more complex underly-
ing neural response type, reflecting both onset and continuous
acoustic properties [48]. On the other hand, spatially, the two
response peaks to acoustic onsets were localized posterior
to the corresponding acoustic envelope peaks (d = 8 mm,
p = 0.002; d = 10 mm, p < 0.001), which might instead indicate
that the two responses stem from partially distinct neural
populations [49].
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speaker were used to model acoustic and lexical processing in
a version of the cocktail-party paradigm [18, 19]. Participants

listened to a single-channel acoustic mixture of a male and a
female speaker, attending to one and ignoring the other. This
made it possible to test whether the lexical processing observed
for a single speaker is restricted to the attended speech stream
or whether it occurs also for the unattended stream. Figure 3
shows the predictive power of groups of predictors modeling
relevant processing stages and TRFs for the full model fitted to
the two-speaker data.
Responses were significantly modulated by acoustic features

of both the attended and the unattended speaker (tmax = 11.83
and 16.67, both p < 0.001; lateralization tmax = 4.17, p = 0.041
and tmax = 5.28, p = 0.001). The relative amplitudes of the TRF
peaks to acoustic onsets were consistent with previous results
[33, 47, 50], with an earlier (!70 ms) peak predominantly reflect-
ing the raw acoustic mixture, and a later (!150 ms) peak pre-
dominantly reflecting acoustic energy in the attended speech.
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processing of the acoustic mixture, suggesting that auditory
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p = 0.002; d = 10 mm, p < 0.001), which might instead indicate
that the two responses stem from partially distinct neural
populations [49].
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or whether it occurs also for the unattended stream. Figure 3
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Responses were significantly modulated by acoustic features
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ing the raw acoustic mixture, and a later (!150 ms) peak pre-
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• Behavioral correlates of speech understanding

- implies language comprehension

- structural comprehension


o sentence structure

o other structures, e.g. poetic, logical


• Neural correlates of speech understanding

- rhythms of structural comprehension/meaning, 

even if fully absent in the acoustics

o sentence structures

o poetic structures

o mathematical structures

Speech Understanding/Meaning
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expected due to the temporal relationship between the two vari-
ables: the time of maximum rising slope precedes the time of
maximum amplitude, and is thus earlier compared with specific
time points in the neural response. The presence of analogous
peaks in the TRFs to both acoustic representations might indi-
cate that they jointly arise from a single, more complex underly-
ing neural response type, reflecting both onset and continuous
acoustic properties [48]. On the other hand, spatially, the two
response peaks to acoustic onsets were localized posterior
to the corresponding acoustic envelope peaks (d = 8 mm,
p = 0.002; d = 10 mm, p < 0.001), which might instead indicate
that the two responses stem from partially distinct neural
populations [49].

Responses to Two Concurrent Speakers Reflect
Acoustic, but Not Lexical, Information in Unattended
Speech
The variables that significantly predicted responses to a single
speaker were used to model acoustic and lexical processing in
a version of the cocktail-party paradigm [18, 19]. Participants

listened to a single-channel acoustic mixture of a male and a
female speaker, attending to one and ignoring the other. This
made it possible to test whether the lexical processing observed
for a single speaker is restricted to the attended speech stream
or whether it occurs also for the unattended stream. Figure 3
shows the predictive power of groups of predictors modeling
relevant processing stages and TRFs for the full model fitted to
the two-speaker data.
Responses were significantly modulated by acoustic features

of both the attended and the unattended speaker (tmax = 11.83
and 16.67, both p < 0.001; lateralization tmax = 4.17, p = 0.041
and tmax = 5.28, p = 0.001). The relative amplitudes of the TRF
peaks to acoustic onsets were consistent with previous results
[33, 47, 50], with an earlier (!70 ms) peak predominantly reflect-
ing the raw acoustic mixture, and a later (!150 ms) peak pre-
dominantly reflecting acoustic energy in the attended speech.
Responses to the acoustic envelope almost exclusively reflected
processing of the acoustic mixture, suggesting that auditory
stream segregation may be predominantly reflected in onset
processing.
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The variables that significantly predicted responses to a single
speaker were used to model acoustic and lexical processing in
a version of the cocktail-party paradigm [18, 19]. Participants

listened to a single-channel acoustic mixture of a male and a
female speaker, attending to one and ignoring the other. This
made it possible to test whether the lexical processing observed
for a single speaker is restricted to the attended speech stream
or whether it occurs also for the unattended stream. Figure 3
shows the predictive power of groups of predictors modeling
relevant processing stages and TRFs for the full model fitted to
the two-speaker data.
Responses were significantly modulated by acoustic features

of both the attended and the unattended speaker (tmax = 11.83
and 16.67, both p < 0.001; lateralization tmax = 4.17, p = 0.041
and tmax = 5.28, p = 0.001). The relative amplitudes of the TRF
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[33, 47, 50], with an earlier (!70 ms) peak predominantly reflect-
ing the raw acoustic mixture, and a later (!150 ms) peak pre-
dominantly reflecting acoustic energy in the attended speech.
Responses to the acoustic envelope almost exclusively reflected
processing of the acoustic mixture, suggesting that auditory
stream segregation may be predominantly reflected in onset
processing.

0 100 200 300 400 500 0 100 200 300 400 500

Time [ms]

0

2.7 × 10 02

0

2.2 × 10 03

-0.5

0

0.5
Acoustic
envelope

Acoustic
onset

Phoneme
onset

Word onset

Phoneme
surprisal

Cohort
entropy

Attended acoustic model

Attended lexical model

Acoustic stimulus model Unattended acoustic model

Unattended lexical model

130 ms

110 ms

1

0

1

Current
estimate
[normalized]

Right hemisphere
Left hemisphere

p ≤
.05

no
t s

ig.

*

***

∆z

Figure 3. Brain Responses to Two Concurrent Speakers
Details analogous to Figure 2. The three columns display results for the model components for: the attended speech stream (left), the actual acoustic stimulus

mixture (middle), and the unattended speech stream (right). The upper part of the figure displays results for acoustic features, the lower part for lexical processing.

3980 Current Biology 28, 3976–3983, December 17, 2018

150 ms

attend

ignore

lexical cohort 
entropy

expected due to the temporal relationship between the two vari-
ables: the time of maximum rising slope precedes the time of
maximum amplitude, and is thus earlier compared with specific
time points in the neural response. The presence of analogous
peaks in the TRFs to both acoustic representations might indi-
cate that they jointly arise from a single, more complex underly-
ing neural response type, reflecting both onset and continuous
acoustic properties [48]. On the other hand, spatially, the two
response peaks to acoustic onsets were localized posterior
to the corresponding acoustic envelope peaks (d = 8 mm,
p = 0.002; d = 10 mm, p < 0.001), which might instead indicate
that the two responses stem from partially distinct neural
populations [49].

Responses to Two Concurrent Speakers Reflect
Acoustic, but Not Lexical, Information in Unattended
Speech
The variables that significantly predicted responses to a single
speaker were used to model acoustic and lexical processing in
a version of the cocktail-party paradigm [18, 19]. Participants

listened to a single-channel acoustic mixture of a male and a
female speaker, attending to one and ignoring the other. This
made it possible to test whether the lexical processing observed
for a single speaker is restricted to the attended speech stream
or whether it occurs also for the unattended stream. Figure 3
shows the predictive power of groups of predictors modeling
relevant processing stages and TRFs for the full model fitted to
the two-speaker data.
Responses were significantly modulated by acoustic features

of both the attended and the unattended speaker (tmax = 11.83
and 16.67, both p < 0.001; lateralization tmax = 4.17, p = 0.041
and tmax = 5.28, p = 0.001). The relative amplitudes of the TRF
peaks to acoustic onsets were consistent with previous results
[33, 47, 50], with an earlier (!70 ms) peak predominantly reflect-
ing the raw acoustic mixture, and a later (!150 ms) peak pre-
dominantly reflecting acoustic energy in the attended speech.
Responses to the acoustic envelope almost exclusively reflected
processing of the acoustic mixture, suggesting that auditory
stream segregation may be predominantly reflected in onset
processing.

0 100 200 300 400 500 0 100 200 300 400 500

Time [ms]

0

2.7 × 10 02

0

2.2 × 10 03

-0.5

0

0.5
Acoustic
envelope

Acoustic
onset

Phoneme
onset

Word onset

Phoneme
surprisal

Cohort
entropy

Attended acoustic model

Attended lexical model

Acoustic stimulus model Unattended acoustic model

Unattended lexical model

130 ms

110 ms

1

0

1

Current
estimate
[normalized]

Right hemisphere
Left hemisphere

p ≤
.05

no
t s

ig.

*

***

∆z

Figure 3. Brain Responses to Two Concurrent Speakers
Details analogous to Figure 2. The three columns display results for the model components for: the attended speech stream (left), the actual acoustic stimulus

mixture (middle), and the unattended speech stream (right). The upper part of the figure displays results for acoustic features, the lower part for lexical processing.

3980 Current Biology 28, 3976–3983, December 17, 2018

expected due to the temporal relationship between the two vari-
ables: the time of maximum rising slope precedes the time of
maximum amplitude, and is thus earlier compared with specific
time points in the neural response. The presence of analogous
peaks in the TRFs to both acoustic representations might indi-
cate that they jointly arise from a single, more complex underly-
ing neural response type, reflecting both onset and continuous
acoustic properties [48]. On the other hand, spatially, the two
response peaks to acoustic onsets were localized posterior
to the corresponding acoustic envelope peaks (d = 8 mm,
p = 0.002; d = 10 mm, p < 0.001), which might instead indicate
that the two responses stem from partially distinct neural
populations [49].

Responses to Two Concurrent Speakers Reflect
Acoustic, but Not Lexical, Information in Unattended
Speech
The variables that significantly predicted responses to a single
speaker were used to model acoustic and lexical processing in
a version of the cocktail-party paradigm [18, 19]. Participants

listened to a single-channel acoustic mixture of a male and a
female speaker, attending to one and ignoring the other. This
made it possible to test whether the lexical processing observed
for a single speaker is restricted to the attended speech stream
or whether it occurs also for the unattended stream. Figure 3
shows the predictive power of groups of predictors modeling
relevant processing stages and TRFs for the full model fitted to
the two-speaker data.
Responses were significantly modulated by acoustic features

of both the attended and the unattended speaker (tmax = 11.83
and 16.67, both p < 0.001; lateralization tmax = 4.17, p = 0.041
and tmax = 5.28, p = 0.001). The relative amplitudes of the TRF
peaks to acoustic onsets were consistent with previous results
[33, 47, 50], with an earlier (!70 ms) peak predominantly reflect-
ing the raw acoustic mixture, and a later (!150 ms) peak pre-
dominantly reflecting acoustic energy in the attended speech.
Responses to the acoustic envelope almost exclusively reflected
processing of the acoustic mixture, suggesting that auditory
stream segregation may be predominantly reflected in onset
processing.

0 100 200 300 400 500 0 100 200 300 400 500

Time [ms]

0

2.7 × 10 02

0

2.2 × 10 03

-0.5

0

0.5
Acoustic
envelope

Acoustic
onset

Phoneme
onset

Word onset

Phoneme
surprisal

Cohort
entropy

Attended acoustic model

Attended lexical model

Acoustic stimulus model Unattended acoustic model

Unattended lexical model

130 ms

110 ms

1

0

1

Current
estimate
[normalized]

Right hemisphere
Left hemisphere

p ≤
.05

no
t s

ig.

*

***

∆z

Figure 3. Brain Responses to Two Concurrent Speakers
Details analogous to Figure 2. The three columns display results for the model components for: the attended speech stream (left), the actual acoustic stimulus

mixture (middle), and the unattended speech stream (right). The upper part of the figure displays results for acoustic features, the lower part for lexical processing.

3980 Current Biology 28, 3976–3983, December 17, 2018

attend

ignore

150 ms

0 100 200 300 400

0 100 200 300 400

attend

ignore

0 100 200 300 400

0 100 200 300 400

50 ms

fast 
envelope

carrier



Progression of Speech Representations
• Previous fMRI research on which brain regions 

process which speech and language features


• Progression of feature-based (bottom-up) levels

- complex auditory stimulus, to

- speech sounds, to

- linguistic information via speech sounds


• Not all processing is straight bottom up

- selective attention

- secondary processing upon “error” detection


• MEG & EEG excel at showing temporal  
(i.e., latency) progression of processing
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 Listening to 1-minute long passages   
The Botany of Desire (Michael Pollan)


 4 passage types

- Speech modulated noise

- Non-words

- Scrambled words

- Narrative

 Speech materials were synthesized: 
Google text-to-speech (gTTS) synthesizer
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Task

Experimental Design

-
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• TRFs predict neural 
response to speech


‣ Analogous to evoked 
response


‣ Peak amplitude ≈ 
processing intensity


‣ Peak Latency ≈ source 
location 


• Multiple TRFs estimated 
simultaneously 


‣ compete to explain 
variance (advantage 
over evoked response)
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Emergence of neural features as the incremental processing occur

• Acoustic features are encoded for both non-
speech and speech stimuli


• (Sub)-lexical features are encoded only when 
(sub)-lexical boundaries are intelligible

• Context based word surprisal emerges for 
narrative passage


• When context supports, context based surprisal is 
better tracked compared to naive surprisal  
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Note: lateralization results can be task dependent

Hemispheric Lateralization Results
Speech feature
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Phonemic TRF Results

• Early phone processing ~85 ms 
(scrambled > narrative) 


• Late phone processing ~350 ms) 
(words > non-words)
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Word-based TRF Results

• N400 like response


• Reduction in surprisal when context


• Left hemi > Right hemi


• Right hemisphere: Scrambled ≈ Narrative
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• When context helps, context-based 
surprisal is better tracked than raw surprisal  


• N400 like response in both predictors
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• Cortical response time-locks to emergent features 
from acoustics to context as incremental steps in 
the processing of speech input occur

• Higher level processing / top-down mechanisms 
may affect lower level speech processing 


• Linguistic features are processed when the linguistic 
boundaries are intelligible

• Lower-level acoustic feature responses are bilateral 
but right lateralized whereas, context based 
responses are strongly left lateralized

Neural Speech Processing Progression
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Karunathilake et al.  in preparation



• Introduction—Cortical representations of continuous speech

• Early & fast cortical representation of continuous speech

• Cortical representations of speech meaning

• Progression of representations of continuous speech 

through cortex (bottom-up and top-down)

• Objective measures of speech intelligibility

• Directional functional connectivity during difficult speech 

listening

Outline
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Intelligibility Experimental Design
• Manipulate intelligibility but 

keep acoustics unchanged

- Speech acoustics:  

three-band noise-
vocoded speech


- Intelligibility manipulated 
via priming


• Hypothesized intelligibility 
measure(s)

- word boundaries
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Intelligibility Behavioral Results

Speech Clarity increases 
from PRE condition  
to POST condition
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Intelligibility Neural Results
• Word onset TRF shows both early (+) 

and late (-) processing stages
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- Only in left hemisphere
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• Response to Word Onset:  
Objective measure of intelligibility

- Acoustic responses: no change

- Response to Word Surprisal: 

Additional intelligibility measure

• Response increases Pre→Post

- Only in left hemisphere
- Late processing stage shows  

larger change than early
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• Introduction—Cortical representations of continuous speech

• Early & fast cortical representation of continuous speech

• Cortical representations of speech meaning

• Progression of representations of continuous speech 

through cortex (bottom-up and top-down)

• Objective measures of speech intelligibility

• Directional functional connectivity during difficult speech 

listening

Outline
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Assessing Directional Connectivity via Network Localized 
Granger Causality Extracted from MEG Data 
Behrad Soleimani*1,2, I.M. Dushyanthi Karunathilake1,2, Proloy Das3, Stefanie E. Kuchinsky4, Jonathan Z. Simon1,2,5, Behtash Babadi1,2                                                                                                              

Introduction

Model

Reference 

•Observation model:

MEG observation,                lead field matrix
source activity,            measurement noise

•Source dynamic model (auto-regressive):

•Distributional assumptions:
coefficient matrix,            noise process

zero-mean Gaussian (known covariance)
zero-mean Gaussian, independent sources
(unknown diagonal covariance    )

Supported by NSF (OISE2020624, SMA1734892 and CCF1552946) and NIH (R01-DC019394, R01- 970 DC014085, P01-AG055365, and R21-AG068802).

•Consider link         with following models:

•Granger Causality (GC) measure:

• : GC link exists.

•Challenge: source activities are unknown
•Solution: Expectation Maximization (EM)
•At the       iteration:

• -norm regularization is utilized at the M-
step to mitigate the ill-posedness resulting 
from the low-dimensional measurements

Paper:
B. Soleimani, P. Das, I.M. D. Karunathilake, S. E. Kuchinsky, J. Z. Simon, and B. Babadi, NLGC: Network 
Localized Granger Causality with Application to MEG Directional Functional Connectivity 
Analysis. NeuroImage, Vol. 260, 119496, 2022. DOI: https://doi.org/10.1016/j.neuroimage.2022.119496

Python Package:
Soleimani B, Das P. Network Localized Granger Causality. (2022) GitHub Repository 
at https://github.com/BabadiLab/NLGC

Granger Causality

Results: Simulation

: there is no GC influence
: there is a GC influence

Results: Tone Processing vs. Resting State

Results: Synthetic Data

• Identifying causal relationships between
different cortical areas for understanding
mechanisms behind sensory processing
•Connectivity characterized by the temporal
predictability of activity across brain regions
via Granger causality (GC)
•Challenges with Magnetoencephalography
(MEG): the data are low-dimensional, noisy,
iandiilinearlyimixediiversionsiofiunderlying
sourceiactivities
•Conventional methods (two-stage procedure):

•Drawbacks: bias propagation, spatial
leakage

•Goal: directly localize GC influences 
without an intermediate source 
localization step
•Method: Network Localized Granger 
Causality (NLGC)

MEG Data Source 
Localization GC Inference

Fig. 1. Schematic 
depictioniiofiithe
proposediiNLGC
inference. Without 
aniiintermediate
source localization, 
theiicortical
connectivityiiis
obtainediidirectly
fromiiMEG
observations.
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Fig. 2. GC link            implies
temporal predictability of 
source    by   .

*behrad@umd.edu

Test Strength
Characterization

Statistical Inference

Network
Parameter Estimation

Forward Model

MEG Observations

Underlying Network Activity

Detected GC Links

De-biasing

Sparse VAR 
Model Fitting

FDR Control

...

Inverse Solution

NLGC
(Novel Contribution)

Parameter Estimation Statistical Inference 

•False discovery rate (FDR) control:
- Reject null hypothesis at a confidence level
- Control FDR via BY procedure

†For details and more explanations, please check the paper. 

† †

•Two hypotheses for link         :  

•Asymptotic distributions:

†
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Simulation results suggest that 
NLGC is more reliable 
compared to the two-stage 
procedures.

Fig. 5. Comparison of NLGC with two-
stage procedures using a realistic 
simulation setting. A. Example of the 
ground truth GC network, and 
estimates obtained by NLGC and two-
stage approaches based on MNE, dSPM, 
and Champagne overlaid on dorsal and 
lateral brain plots. NLGC captures nearly 
all the existing GC links with no spurious 
detection. B. ROC curves (hit rate vs. 
false alarm) corresponding to NLGC, and 
two-stage approaches for exact/relaxed 
link localization and in the 
presence/absence of model mismatch. 
NLGC provides equal or better hit rate, 
while consistently maintaining low false 
alarm rate.  C. Evaluating the effect of 
SNR in presence/absence of model 
mismatch. NLGC consistently maintains 
low false alarm rates across a wide 
range of SNR settings.

†

NLGC identifies network-level 
age- and condition-related 
changes in the auditory cortex.

Fig. 6. NLGC analysis of experimentally 
recorded MEG data in two frequency 
bands. A. Extracted GC links between 
frontal and temporal areas overlaid on 
dorsal brain plots for younger (top row) 
and older (bottom row) participants in 
0.1-8 Hz. There is a notable increase of 
top-down links from frontal to temporal 
areas during tone processing as 
compared to the resting state. B.
Percentage of causal links, averaged 
over subjects within each age group, 
between frontal, temporal, and parietal 
areas for tone processing vs. resting 
state conditions and younger vs. older 
participants in 0.1-8 Hz. The dashed 
ovals indicate the normalized average 
number of links shown in panel A. 
There are notable changes across task 
conditions, including dominantly top-
down frontal to temporal/parietal 
connections during tone processing, in 
contrast to dominantly bottom-up 
temporal/parietal to frontal 
connections during resting state. C. 
Extracted GC links between frontal and 
parietal areas overlaid on dorsal brain 
plots for younger (top row) and older 
(bottom row) participants in 13-25 Hz. 
There is a notable increase of frontal to 
parietal links under tone processing for 
older adults. D. Percentage of causal 
links, averaged over subjects within 
each age group, between frontal, 
temporal, and parietal areas for tone 
processing vs. resting state conditions 
and younger vs. older participants. The 
dashed ovals indicate the normalized 
average number of links shown in panel 
C. There are notable changes across 
both task conditions and age groups, 
including the higher involvement of 
parietal areas during resting state, 
increase of frontal to frontal 
connections for younger participants 
and top-down links from frontal to 
parietal areas for older participants, 
during tone processing.

1Department of Electrical and Computer Engineering, University of Maryland, College Park, MD, 2Institute for Systems Research, University of Maryland, College Park, MD, 3Department of Anesthesia, Critical Care and Pain Medicine,  Massachusetts General Hospital, 
Boston, MA, USA, 4Audiology and Speech Pathology Center, Walter Reed National Military Medical Center, Bethesda, MD, USA, 5Department of Biology, University of Maryland College Park, MD, USA 

• 13 younger and 9 older adults
• 100 repetitions of tone pips presented at 
the end of resting state recordings

•Two 40-second trials per subject/condition
•Connectivity in auditory cortex is investigated

†
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NLGC outperforms the two-stage procedure both in terms of hit rate and false alarm rate.

Fig. 3. A. The underlying true GC network between the active sources indexed by 1, 2, ... , 8 (explaining 90% of the power of the 84 sources). The 
remaining 76 sources are silent and are modeled as independent white noise accounting for the remaining 10% of the source power. B. The ground truth 
and estimated GC maps using NLGC and MNE (with and without accounting for sparsity). Only a subset of sources indexed by 1, 2, ... , 15 are shown for 
visual convenience. NLGC fully captures the true links with only a few false detections; on the other hand, the two-stage approaches using MNE, capture 
around half of the true links, but also detect numerous spurious links. While enforcing sparsity mildly mitigates the false alarm performance of the two-
stage approach, it is unable to resolve it. C. Estimated activity time-courses of the patches with index 1, 3, 6, and 10 based on full models and the reduced 
models corresponding to the GC link (1 ↦ 3) and non-GC links (1 ↦ 6) and (1 ↦ 10) as examples. As expected, since the GC link (1 ↦ 3) exists, removing 
the 1st patch contribution from the VAR model of the 3rd patch dramatically changes the predicted activity of patch 3 (second line). However, this is not 
the case for the other two examples, since the links (1 ↦ 6) and (1 ↦ 10) do not exist (third and fourth lines). 
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Empirical distribution of the deviance closely 
matches the theoretical results.

Fig. 4. Theoretical and empirical distributions of the 
de-biased deviance differences corresponding to the 
GC link (7 ↦ 1) and non-GC link (7 ↦ 4) from the 
setting of Fig. 3., for 200 different realizations of the 
noise processes.

Directional Functional Connectivity
• Novel method, based on Granger Causality  

(if source A can predict source B)

- Directional (bi-directional allowed)

- Localizes neural sources & GC link  

strengths simultaneously

- source currents: latent sparse vector 

autoregressive (VAR) processes


• Network Localized Granger Causality (NLGC)

- source spread & other biases minimized

- robust against source model mismatch

- parametrized by false discovery rate

- intrinsically statistically robust

Soleimani et al. (2022) NLGC: Network Localized Granger Causality with Application to …, NeuroImage
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• Speech in quiet connectivity: 

dominantly Temporal→Frontal and 
Parietal→Temporal


• Cocktail Party listening (moderate 
SNR): Temporal-Frontal switches 
direction; Parietal-Temporal now bi-
directional


• Cocktail Party listening (poor SNR): 
Temporal←Frontal remains; 
Parietal→Temporal dominant

TT
F P

L R

TT

040
O

ld
er

Yo
un

ge
r

Model Predicted Link Counts

C
on

ne
ct

iv
ity

 T
yp

e
13

20

Yo
un

ge
r

Quiet

O
ld

er

0 dB

A.
B.

F

P

TF

P

TF
F

P
P

3
F

F
F

P
F

T
P

F
P

P
P

T
T

F
T

P
T

T

Pe
rc

en
ta

ge
 o

f C
au

sa
l L

in
ks

-6 dB

TF

P
TF

P
P

Quiet 0 dB -6 dB

20 040 20 040 20

1

3

5
1

3

5
1

3

5

1

3

5
1

3

5
1

3

5

1

3

5
1

3

5
1

3

5

1

3

5
1

3

5
1

3

5

1

3

5
1

3

5
1

3

5

1

3

5
1

3

5
1

3

5

Av
er

ag
e 

Po
w

er

Th
et

a 
Ba

nd
 C

on
ne

ct
iv

ity
 (4

-8
 H

z)

8
5

***

***

***

***

***

***
***

***

F
T

***

***
***

Soleimani et al. (2023) … Cortical Directional Connectivity during Difficult Listening… bioRxiv

Cocktail Party Speech Results
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Cocktail Party Speech Results
Older Listeners exhibit strongly 
different connectivity

• Older speech in quiet 

connectivity: similar to 
Younger cocktail party 
listening connectivity
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Cocktail Party Speech Results
Nature of the Links in Theta Band (4-8 Hz)
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“Excitatory/Inhibitory” 
balance changes with task 
difficulty for Older Listeners 
only

• VAR (IIR filter) coefficients 

reveal neural signal trans-
formation between sources


• coefficients > 0: 
“Excitatory”/facilitative 


• coefficients < 0: 
“Inhibitory”/suppressive


• mixed coefficients: 
sharpening filter 

Soleimani et al. (2023) … Cortical Directional Connectivity during Difficult Listening… bioRxiv Link Counts



Final Summary
temporal patterns in speech acoustics 
temporal patterns in speech perception 
temporal patterns in language perception 
temporal patterns in understanding

temporal neural patterns ⇆

• Cortical responses  
time-lock to emergent features


• Higher level processing / top-down 
mechanisms may affect lower level 

• Linguistic features processed only 
when linguistic boundaries intelligible 

• Acoustic responses: bilateral but 
right lateralized; context-based 
responses strongly left lateralized

Structured meaning
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thank you

http://www.isr.umd.edu/Labs/CSSL/simonlab

These slides
available at:
ter.ps/simonpubs

Mastodon: @jzsimon@fediscience.org

http://www.isr.umd.edu/Labs/CSSL/simonlab

