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Abstract 12 

Primary auditory cortex is a critical stage in the human auditory pathway, a gateway between 13 
subcortical and higher-level cortical areas. Receiving the output of all subcortical processing, it sends 14 
its output on to higher-level cortex. Non-invasive physiological recordings of primary auditory cortex 15 
using electroencephalography (EEG) and magnetoencephalography (MEG), however, may not have 16 
sufficient specificity to separate responses generated in primary auditory cortex from those generated 17 
in underlying subcortical areas or neighboring cortical areas. This limitation is important for 18 
investigations of effects of top-down processing (e.g., selective-attention-based) on primary auditory 19 
cortex: higher-level areas are known to be strongly influenced by top-down processes, but subcortical 20 
areas are often assumed to perform strictly bottom-up processing. Fortunately, recent advances have 21 
made it easier to isolate the neural activity of primary auditory cortex from other areas. In this 22 
perspective, we focus on time-locked responses to stimulus features in the high gamma band (70-150 23 
Hz) and with early cortical latency (~40 ms), intermediate between subcortical and higher-level 24 
areas. We review recent findings from physiological studies employing either repeated simple sounds 25 
or continuous speech, obtaining either a frequency following response (FFR) or temporal response 26 
function (TRF). The potential roles of top-down processing are underscored, and comparisons with 27 
invasive electrocorticography (ECoG) and animal model recordings are made. We argue that MEG 28 
studies employing continuous speech stimuli may offer particular benefits, in that only a few minutes 29 
of speech generates robust high gamma responses from bilateral primary auditory cortex, and without 30 
measurable interference from subcortical or higher-level areas. 31 

Contribution to the Field 32 

In this perspective, we investigate non-invasive physiological auditory responses from human 33 
primary auditory cortex, obtained using electroencephalography (EEG) and magnetoencephalography 34 
(MEG) in the high gamma band (70-150 Hz). These responses also have a short cortical latency (~40 35 
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ms), later than subcortical areas but earlier than higher-level cortical areas. Recent findings from 36 
EEG and MEG studies are reviewed, that employ either repeated simple sounds or continuous 37 
speech, and analyzed using frequency following responses (FFRs) or temporal response functions 38 
(TRFs), respectively. Different approaches give different insight as to the role of human primary 39 
auditory cortex, and especially how it is affected by top-down cortical processing. In particular, MEG 40 
studies employing continuous speech stimuli offer a “sweet spot”, whereby using only a few minutes 41 
of speech stimulus can generate robust high gamma responses from primary auditory cortex, without 42 
measurable interference from either subcortical, or other higher-level cortical areas. 43 

1 Introduction 44 

Primary auditory cortex plays a key role in the human brain’s processing of sounds, being a major 45 
gateway between auditory subcortical areas, including the inferior colliculus (midbrain) and 46 
thalamus, and higher order auditory cortical areas, including secondary auditory areas, associative 47 
auditory areas, and language areas. While the neurophysiology of primary auditory cortex has been 48 
studied for decades in animal models, there are still many unanswered questions. One of the 49 
hallmarks of primary auditory cortex in animal models is its sluggishness compared to subcortical 50 
areas, since its typical neurons time-lock1 to acoustic modulations only up to a few tens of Hz (Lu et 51 
al., 2001; Joris et al., 2004), though at the same time it does respond very reliably (temporally) to 52 
brief acoustic features, with a precision of milliseconds (Elhilali et al., 2004). 53 

Less is known about temporal processing in human primary auditory cortex, where 54 
neurophysiological recording techniques for healthy subjects are restricted to non-invasive methods, 55 
primarily electroencephalography (EEG) and magnetoencephalography (MEG). Neither EEG nor 56 
MEG has very fine spatial resolution (typically a few centimeters) and so may not be able to 57 
distinguish different neural sources based purely on their anatomical origin. Both, however, have 58 
sufficient temporal resolution to distinguish typical response latencies of primary auditory cortex 59 
(~40 ms) from subcortical (shorter latency) and non-primary (longer latency) auditory areas.  60 

Beyond these commonalities, EEG and MEG have distinctive strengths and weaknesses. EEG is 61 
sensitive to neural sources throughout the brain at both low frequencies (tens of Hz) and high 62 
frequencies (hundreds of Hz) (Kraus et al., 2017; White-Schwoch et al., 2019). It is therefore 63 
relatively straightforward to record time-locked activity from any auditory area of the brain, but it 64 
may be difficult to distinguish contributions from multiple areas, at least without additional 65 
information (e.g., response latency, which can be used to distinguish between the sources giving rise 66 
to the auditory P1 and N1 components). In contrast, MEG is insensitive to subcortical neural sources 67 
(Hämäläinen et al., 1993), though not entirely unresponsive, as seen below. Perhaps 68 
counterintuitively, this insensitivity gives MEG an advantage over EEG, by allowing recordings from 69 
auditory cortical sources without substantial subcortical interference (Ross et al., 2020). 70 
Nevertheless, MEG responses from different auditory cortical areas can still interfere with each other. 71 

Another consideration is that EEG’s sensitivity to most auditory sources holds for both low and high 72 
frequencies, but because of MEG’s cortical bias and because cortical responses are usually sluggish, 73 
MEG typically only captures cortical sources at low frequencies. An important counterexample, 74 
however, is the case of fast (~100 Hz) auditory time-locked cortical responses (Hertrich et al., 2012; 75 

 
1 We employ the term “time-locked” neural responses rather than “phase-locked” since phase is only defined when the 
coupled stimulus/response is analyzed in a narrow frequency band. The term “time-locking”, sometimes called “neural 
tracking” when applied to low frequency responses to speech, applies equally well to narrowband and broadband cases. 
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Coffey et al., 2016). At these frequencies there are few, if any, cortical sources aside from primary 76 
auditory cortex. In this sense, MEG recordings of fast time-locked auditory cortical responses act as 77 
an exquisite window into primary auditory cortex, without interference from subcortical or other 78 
cortical areas. Therefore, it may be especially suited for questions regarding how primary auditory 79 
cortical responses are affected by cognitive processes, whether modulated by top-down neural 80 
activity (e.g., selective attention or task-specific processing) or supplemented by super-auditory 81 
aspects of the stimulus (e.g., processing of speech sounds using language-based information).  82 

One newly established method to analyze neural responses to continuous speech (Hamilton & Huth, 83 
2018) is temporal response function (TRF) analysis (Lalor et al., 2009; Ding & Simon, 2012). TRFs 84 
are an effective tool to disambiguate neural sources based on their characteristic latencies, as will be 85 
discussed below. 86 

2 Results 87 

Fast (~100 Hz) cortical time-locked auditory responses are typically investigated using one of two 88 
different stimulus paradigms. The more time-honored paradigm is the frequency following response 89 
(FFR)(Kraus et al., 2017), for which a typical stimulus is either acoustically simple, such as click 90 
trains or amplitude modulated tones (e.g., Gorina-Careta et al., 2021), or consists of many repetitions 91 
of a short but more complex stimulus, such as a single syllable (e.g., Coffey et al., 2016).  92 

The well-established FFR paradigm (or really, family of paradigms, including the envelope following 93 
response; EFR) has been used to great effect with EEG to investigate midbrain responses to acoustic 94 
stimuli. Near 100 Hz, midbrain sources dominate the EEG FFR over cortical sources, and well above 95 
100 Hz there is little to no cortical EEG FFR contribution at all (Coffey et al., 2019). Until the MEG 96 
FFR investigations of Coffey et al. (2016), however, it was not widely appreciated how substantial 97 
the cortical FFR contributions might be near 100 Hz. In this seminal paper, the investigators 98 
presented the 120-ms syllable /da/, synthesized with a 98 Hz fundamental frequency in the vowel 99 
portion, for 14,000 repetitions (sufficient to also obtain responses from subcortical sources despite 100 
the cortical bias of MEG). The cortical responses, whose sources were consistent with primary 101 
auditory cortex, were prominent and showed a significant lateralization to the right-hemisphere, with 102 
a longer latency profile compared to subcortical components. This work firmly established the 103 
measurability of distinct cortical contributions to the FFR near 100 Hz. In comparison, Gorina-Careta 104 
et al. (2021) demonstrated that the MEG FFR at the much higher frequency of 333 Hz (15,200 tone-105 
burst repetitions) originated solely from subcortical sources (Figure 1). Note that both these studies 106 
demonstrate that, while MEG is not incapable of measuring high frequency FFR from subcortical 107 
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sources, the number of repetitions required is considerable, with an associated experimental design 108 
cost (e.g., limited to a small number of stimulus types). 109 

One of the limitations of the FFR paradigm is that accessing the different latencies of distinct sources 110 
may not be straightforward, since the FFR is ultimately just the evoked response to a sustained 111 
stimulus: a linear sum of overlapping responses from multiple sources with different latencies 112 
(Teichert et al., 2022). A more recently developed paradigm uses neural responses to continuous 113 
speech, such as individual sentences (e.g., Hertrich et al., 2012) or longer narrated story passages  114 
(e.g., Kulasingham et al., 2020). The use of the continuous speech stimulus paradigm, combined with 115 
TRF analysis, sidesteps this temporal overlap issue by deconvolving the sustained response from the 116 
stimulus, which often allows direct comparison of neural source peak latencies. Though typical uses 117 
of TRF analysis employ the slow (< 10 Hz) acoustic envelope as the stimulus feature with which to 118 
deconvolve (Di Liberto et al., 2015; Cervantes Constantino & Simon, 2018), the TRF methodology 119 
generalizes well to other stimulus features (Brodbeck & Simon, 2020). This includes responses from 120 
high frequency stimulus features processed in subcortical areas (Maddox & Lee, 2018; Polonenko & 121 
Maddox, 2021). 122 

 

Figure 1. Grand-averaged FFR time course and spectral representations (insets) of single-channel EEG and MEG 
elicited in the high gamma frequency range (89 Hz; blue) and the very high gamma range (333 Hz; red). It can be 
shown that the very high gamma frequency (333 Hz; red) FFR is almost entirely subcortical for both EEG and 
MEG. In contrast, the high gamma frequency (89 Hz; blue) FFR is almost entirely cortical for MEG and a mix of 
cortical and subcortical for EEG. [From Gorina-Careta et al. (2021), Fig. 1.] 

N. Gorina-Careta, J.L.O. Kurkela, J. Hämäläinen et al. NeuroImage 231 (2021) 117866 

Fig. 1. Grand-averaged time and frequency domain representations of the EEG and MEG FFRs to low and high frequency conditions . Grand-averaged time 
course and spectral representations of the EEG and MEG recorded FFRs elicited to low (89 Hz; blue) and high (333 Hz; red) frequencies. Both EEG and MEG FFRs 
represented are a single-channel grand-average across participants ( n = 19). EEG data displayed was extracted from Cz electrode and MEG data was extracted from a 
single channel that was most correlated with the EEG channel per subject. Both EEG and MEG data were preprocessed as detailed in the methods subSection 2.4 . and 
grand-averaged across subjects to display the time-domain representation. To obtain the power spectral domain of the different time series, Fast Fourier Transform 
was applied to zero-padded (1-Hz resolution) averages, windowed with a 5-ms raised cosine ramp. FFRs are observable in the time domain and a clear peak is 
observed on the fundamental frequency of the stimulus frequency using both recording techniques for the two tested frequencies. f0 = Fundamental Frequency; 
H2 = Second Harmonic. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
MEG showed clear peaks at the f0 of the stimulus for both frequency 
conditions; smaller harmonic peaks (integer multiples of the f0) were 
observable for the low frequency condition only, and with very much 
attenuated amplitude in the MEG recordings. For the entire analysis 
and the results presented here, FFRs elicited to the two stimulus po- 
larities were subtracted. Although this method might be controversial 
when analyzing neural responses to amplitude modulated and speech 
stimuli (Easwar et al., 2014), adding the FFRs to the two polarities 
when using pure tones will result in doubling the stimulus frequency 
due to the half-wave rectification of the signal at the cochlea, whilst the 
subtraction artificially reconstitutes the stimulus components present in 
the response and maintains the frequency of the stimulus ( Aiken and 
Picton, 2008 ; Skoe and Kraus, 2010 ; Krizman and Kraus, 2019 ). For 
the present study, single polarity and averaged polarities grand-average 
waveforms of FFRs recorded with EEG and MEG and elicited to both 
frequency conditions are presented for illustration of these phenomena 
in supplementary Figures 1 and 2 respectively. 

3.1. Region of interest analysis from distributed source modeling 
To disentangle the contributions of subcortical and cortical FFR 

sources in both stimulus frequencies, we estimated the neural origin of 
the FFR using a depth-weighted minimum-norm estimate (wMNE) mod- 
eling and extracted the data from bilateral pairs of regions of interest 
(ROIs) distributed throughout the auditory hierarchy, as well as from 
two control regions located in the frontal and occipital poles, at maxi- 
mal distance from the areas of interest. We then compared the signal- 
to-baseline ratio in each of the auditory ROIs to the signal-to-baseline 
ratio in the control areas for each frequency presented ( Fig. 2 ). 

When analyzing the overall auditory-to-control effects, the FFRs 
showed a significant effect for Frequency (F(1,18) = 50.742, p < 0.001, 
!2 partial = 0.738; Fig. 3 ). The overall auditory-to-control ratio was larger 
in the low frequency condition (mean = 4.404 dB, SE = 0.472 dB) com- 
pared to the high frequency condition (mean = 0.843 dB, SE = 0.407 dB), 
thus indicating that stimulus frequency had a significant effect on the 

5 
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High frequency (70 Hz – 200 Hz) MEG TRFs were first investigated by Kulasingham et al. (2020) 123 
using only six minutes of continuous speech as the stimulus. Responses source-localized to bilateral 124 
primary auditory cortex, with a small but significant lateralization to the right hemisphere (Figure 125 
2A). The peak latency of the cortical response, 40 ms, is consistent with a primary auditory cortical 126 
origin. Analysis additionally revealed that frequencies contributing to time-locking fell off 127 
substantially above 100 Hz. This demonstration that such a short recording can reveal responses 128 
localized to primary auditory cortex serves several purposes. It allows future experiments to include 129 
multiple stimulus conditions (e.g., presenting stimuli under different task conditions or at different 130 
SNRs), and at the same time ensures that the responses do not contain measurable subcortical 131 
interference. 132 

High frequency (70 Hz – 200 Hz) EEG TRFs with cortical contributions have also been recently 133 
investigated by Kegler et al. (2022). These TRFs show a pair of peaks with distinguishable latencies 134 
allowing inference of separate sources, each with a separate anatomical origin and auditory 135 
processing role (analogous to traditional P1 and N1 peaks arising from separate cortical sources). In 136 
this case, the earlier peak at 18 ms is consistent with a subcortical origin, and the later peak at 45 ms 137 
is consistent with a dominantly cortical origin (Figure 2B). 138 

It should not be surprising that earlier invasive ECoG recordings had already demonstrated similar 139 
high gamma time-locked cortical responses almost a decade earlier (Brugge et al., 2009; 140 
Steinschneider et al., 2013), using click trains and isolated speech sounds. What is surprising is that 141 
such responses could be seen even non-invasively. The most robust time-locked high gamma ECoG 142 
responses are seen in primary auditory cortex, specifically posteromedial Heschl’s gyrus (Nourski, 143 
2017), but smaller time-locked high gamma responses are also seen in other auditory cortical areas. 144 
As such, ECoG remains a premiere electrophysiological method for obtaining responses known to 145 
originate in primary auditory cortex, but only for a fraction of subjects relative to those eligible for 146 
MEG or EEG recordings.   147 

 

Figure 2. High Gamma TRFs. A. MEG high frequency (70 Hz – 200 Hz) TRF from six minutes of continuous 
speech. The figure shows the grand-averaged amplitude of TRF source-localized current-dipole vectors, averaged 
across voxels in the cortical ROI (± standard error across subjects; red indicates amplitude significantly greater 
than noise). The TRF has a peak latency of ~40 ms and oscillates with a frequency of ~80 Hz (note that since only 
the TRF amplitude is shown, and not signed current values, signal troughs and peaks both appear as peaks). Inset: 
the distribution of TRF current-dipole vectors in the brain at each voxel at the moment of the maximum response; 
color represents response strength and arrows represent TRF current-dipole orientations. [Modified from 
Kulasingham et al. (2020), Fig. 3.] B. EEG high frequency (70 Hz – 200 Hz) TRF from 40 minutes of continuous 
speech. The figure shows the grand-averaged Hilbert envelope of the TRF averaged across channels; bright red 
indicates magnitude significantly greater than the null model. The TRF magnitude significantly exceeds that of 
the null model in two latency ranges: between 2 and 33 ms with a peak at 18 ms (dominantly subcortical), and 
between 44 ms to 46 ms with a peak at 45 ms (dominantly cortical). [Modified from Kegler et al. (2022), Fig. 3.] 

 

Kegler et al. 10.3389/fnins.2022.915744

FIGURE 3

Early neural response at the fundamental frequency of continuous speech. (A–C), Response to the fundamental waveform. (A), The magnitude

of the complex coe!cients of the forward model (red), averaged across EEG channels and subjects exhibited a peak at an early latency of 11 ms

(gray dashed line). The comparison of the complex TRF magnitudes to a null model (black solid line) showed that significant responses emerge

only at latencies around the peak latency, between 9 and 12 ms (thicker red line, p < 0.05, corrected for multiple comparisons). (B), At the peak

latency of 11 ms, the largest contribution to the TRF came from central-frontal and occipital areas, as well as from the mastoid electrodes. (C),

The phase of the model coe!cients indicated a phase shift of approximately π between the frontal area on the one hand and the occipital and

mastoid electrodes on the other hand. (D–F), Neural response to the high-frequency envelope modulation. (D), The average magnitude of the

complex TRF coe!cients was substantially larger than that of the response to the fundamental waveform. In particular, the coe!cients of the

model significantly exceeded the chance level between 2 and 33 ms and 44 ms to 46 ms, with the peak magnitude at 18 ms. (E,F), At the peak

latency of 18 ms the TRFs exhibited similar topographic patterns to those obtained for the response to the fundamental waveform.

for frontal and occipital regions, with a phase difference of

approximately π between them.

3.3. Reconstruction of the stimulus
features from EEG

We then assessed the reconstruction of the stimulus features

from the EEG recordings using backward models (Figure 4).

In particular, we investigated whether the reconstruction

performance varied with the duration of the speech segment on

which the models were tested.

The Friedman test was applied to the reconstruction

scores to assess whether either of the segment duration yields

significantly better reconstructions than the other. For neither

of the features, the test yielded significant results (p > 0.101,

corrected for multiple comparisons), indicating that none of the

considered segment durations, for neither of the two features,

yielded different reconstruction scores from the rest.

However, the reconstruction scores obtained for the

envelope modulation feature were overall higher than those

obtained for the fundamental waveform. In particular, the

differences were significant for some segment durations

(Wilcoxon signed-rank test, 0.1 s - p = 0.055; 0.26 s - p = 0.037;

0.31 s - p = 0.037; 1.0 s - p = 0.037; 10.0 s - p = 0.052;

30.0 s - p = 0.049; words - p = 0.037, all corrected for multiple

comparisons). Overall, the slightly higher reconstruction score

for the envelope modulation feature is in agreement with the

forward model, whereby the envelope modulation features also

yielded higher neural response (reflected by the forward model

coefficients).

3.4. Modulation of the early neural
response at the fundamental frequency
through acoustic and linguistic features

We used stepwise hierarchical regression to investigate the

acoustic and linguistic modulation of the early neural response

at the fundamental frequency of continuous speech. Through

this method, we predicted the word-level reconstruction scores

of the backward model, reflecting the strength of the neural

response, from the seven word-level features (Figure 2A).

Frontiers inNeuroscience 10 frontiersin.org
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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. 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. 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. 
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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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3 Discussion 148 

As indicated above, a physiological window into human primary auditory cortex allows the 149 
investigation of the extent to which primary auditory cortex is influenced by higher order cortical 150 
areas. How, and under which circumstances, are primary auditory cortical responses modulated by 151 
top-down neural activity, or affected by language-specific non-auditory features of the stimulus? A 152 
related question is to what extent subcortical auditory areas might be influenced by cortical 153 
processing. Neither can be answered without first identifying the specific sources of neural activity 154 
(e.g., midbrain vs. thalamus vs. primary auditory cortex) being modulated by distant cortical activity. 155 

Using MEG, Hartmann & Weisz (2019) demonstrated that the FFR near 100 Hz from right 156 
hemisphere primary auditory cortex is modulated by intermodal (auditory vs. visual) attention. Most 157 
FFR investigations use EEG, which is well-suited to separate responses from primary auditory cortex 158 
from those originating in other cortical areas, but, as indicated above, has difficulty in separating 159 
auditory subcortical and primary auditory cortical contributions. Intriguing results include: 160 
modulation of the EEG FFR by selective attention for frequencies near 100 Hz but not above 200 Hz 161 
(Holmes et al., 2018); modulation by overall level of attention near 150 Hz (Price & Bidelman, 162 
2021); and, at 100 Hz, modulation by whether a continuous-speech masker is in a known vs. 163 
unknown (but acoustically similar) language (Presacco et al., 2016; Zan et al., 2019). There has also 164 
been a report of selective attentional modulation of subcortical auditory responses to continuous 165 
speech (Forte et al., 2017); the result has not yet been replicated, however, and due to the specialty of 166 
the analysis method it is as yet difficult to rule out entirely whether the result might be due to cortical 167 
response leakage. 168 

More recently, using EEG with a continuous speech stimulus, Kegler et al. (2022) demonstrated that 169 
the high gamma EEG TRF arising from a combination of subcortical and primary auditory cortical 170 
sources (illustrated in Figure 2B) is modulated by word-boundary effects. This is strong evidence that 171 
a linguistic (super-acoustic) feature can modulate either primary auditory cortical or auditory 172 
subcortical processing (or both). Commuri et al. (in preparation) have also recently demonstrated that 173 
the high gamma MEG TRF, originating solely from bilateral primary auditory cortex, is indeed 174 
modulated by selective attention, using re-analysis of previously published data (Kulasingham et al., 175 
2021). 176 

There is additional evidence that human primary auditory cortical responses exhibit modulation 177 
arising from other cortical areas, but the effects are subtle. Using ECoG and employing selective 178 
attention to one of two competing talkers, O'Sullivan et al. (2019) did not observe modulation of 179 
cortical responses in Heschl’s gyrus (the anatomical location of primary auditory cortex), while, in 180 
contrast, they did find modulation in non-primary areas, as expected. Using a similar paradigm to 181 
investigate the role of selective attention on MEG low frequency cortical TRFs, Brodbeck et al. 182 
(2018), did see evidence of significant TRF modulation at short latencies consistent with a primary 183 
auditory cortex origin (in addition to the expected strong modulation at longer latencies), but only 184 
under limited conditions.  185 

In animal studies, top-down (task-dependent) modulation of neural activity in primary auditory 186 
cortex has been seen as far back as two decades ago (Fritz et al., 2003). Despite the robustness and 187 
reproducibility of these results, however, the effect size is nevertheless small, and it has not been 188 
clear until recently whether such modulations would ever be observable non-invasively. 189 
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What is the physiological origin of the high gamma time-locked responses from primary auditory 190 
cortex? Two theories have been put forward. The first concerns the physics underlying the generators 191 
of EEG and MEG signals, which are dominantly driven by dendritic currents produced by synaptic 192 
inputs (Hämäläinen et al., 1993; Buzsaki et al., 2012), i.e., the same mechanisms that also give rise to 193 
the local field potential (LFP). For primary auditory cortex, the most significant neural input is the 194 
spiking output of the medial geniculate body (MGB) of the thalamus, whose spiking rates can reach 195 
up to 100 Hz (Miller et al., 2002). A second theory, strongly tied to the first, is that the spikes of 196 
primary auditory cortex, which can only fire at rates well below 100 Hz, can nevertheless fire with 197 
temporal precision of the order of milliseconds (Elhilali et al., 2004). It has been recently shown by 198 
Downer et al. (2021) that these precise but infrequent spikes are actually highly synchronous across 199 
the local population, even to the point of acting as a time-locked population model for fast acoustic 200 
features (almost up to 200 Hz). Indeed, Gnanateja et al. (2021) recently demonstrated a connection 201 
between both these explanations, using intracortical FFR (90-140 Hz) recordings from multiple 202 
species, to show both an LFP FFR and a multi-unit (spiking) FFR, in the thalamorecipient layers of 203 
primary auditory cortex. 204 

In conclusion, recent advances in auditory neuroscience have opened up new non-invasive windows 205 
into the neurophysiology of primary auditory cortex. Using EEG FFR techniques, responses are 206 
dominantly subcortical but also contain strong contributions from primary auditory cortex at 207 
frequencies near 100 Hz. Using MEG FFR techniques, responses are dominantly from primary 208 
auditory cortex for frequencies near 100 Hz (though at higher frequencies subcortical responses can 209 
also be detected given sufficient recording time). EEG TRF studies have the potential to show both 210 
auditory subcortical and primary auditory cortical contributions to the time-locked high gamma 211 
responses to continuous speech, but, unlike FFR, segregated in time/latency. Finally, MEG time-212 
locked high gamma TRF studies may hold great promise in isolating primary auditory cortical 213 
responses from other areas, due to its insensitivity to subcortical sources and its ability to 214 
differentiate competing cortical sources in both time and anatomical location. 215 
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Figure Captions 336 

Figure 1. Example FFRs. Grand-averaged FFR time course and spectral representations (insets) of 337 
single-channel EEG and MEG elicited in the high gamma frequency range (89 Hz; blue) and the very 338 
high gamma range (333 Hz; red). It can be shown that the very high gamma frequency (333 Hz; red) 339 
FFR is almost entirely subcortical for both EEG and MEG. In contrast, the high gamma frequency 340 
(89 Hz; blue) FFR is almost entirely cortical for MEG and a mix of cortical and subcortical for EEG. 341 
[From Gorina-Careta et al. (2021), Fig. 1.] 342 

Figure 2. Example High Gamma TRFs. A. High frequency (70 Hz – 200 Hz) MEG TRF from six 343 
minutes of continuous speech. The grand-averaged amplitude of TRF source localized current-dipole 344 
vectors, averaged across voxels in the cortical ROI, is shown (± standard error across subjects; red 345 
indicates amplitude significantly greater than noise). The TRF has a peak latency of ~40 ms and 346 
oscillates with a frequency of ~80 Hz (note that since only the TRF amplitude is shown, and not 347 
signed current values, signal troughs and peaks both appear as peaks). Inset: the distribution of TRF 348 
current-dipole vectors in the brain at each voxel at the moment of the maximum response; color 349 
represents response strength and arrows represent TRF current-dipole orientations. [Modified from 350 
Kulasingham et al. (2020), Fig. 3.] B. High frequency (70 Hz – 200 Hz) EEG TRF from 40 minutes 351 
of continuous speech. The grand-averaged magnitude of the Hilbert transform of the TRF averaged 352 
across channels, is shown; bright red indicates magnitude significantly greater than the null model). 353 
The TRF magnitude significantly exceeds that of the null model in two latency ranges: between 2 and 354 
33 ms with a peak at 18 ms (dominantly subcortical), and between 44 ms to 46 ms with a peak at 45 355 
ms (dominantly cortical). [Modified from Kegler et al. (2022), Fig. 3.]  356 


