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Abstract 26 

Aging is associated with an exaggerated representation of the speech envelope in auditory cortex. 27 
The relationship between this age-related exaggerated response and a listener’s ability to 28 
understand speech in noise remains an open question. Here, information-theory-based analysis 29 
methods are applied to magnetoencephalography (MEG) recordings of human listeners, 30 
investigating their cortical responses to continuous speech, using the novel non-linear measure of 31 
phase-locked mutual information between the speech stimuli and cortical responses. The cortex 32 
of older listeners shows an exaggerated level of mutual information, compared to younger 33 
listeners, for both attended and unattended speakers. The mutual information peaks for several 34 
distinct latencies: early (~50 ms), middle (~100 ms) and late (~200 ms). For the late component, 35 
the neural enhancement of attended over unattended speech is affected by stimulus SNR, but the 36 
direction of this dependency is reversed by aging. Critically, in older listeners and for the same 37 
late component, greater cortical exaggeration is correlated with decreased behavioral inhibitory 38 
control. This negative correlation also carries over to speech intelligibility in noise, where greater 39 
cortical exaggeration in older listeners is correlated with worse speech intelligibility scores. 40 
Finally, an age-related lateralization difference is also seen for the ~100 ms latency peaks, where 41 
older listeners show a bilateral response compared to younger listeners’ right-lateralization. 42 
Thus, this information-theory-based analysis provides new, and less coarse-grained, results 43 
regarding age-related change in auditory cortical speech processing, and its correlation with 44 
cognitive measures, compared to related linear measures. 45 
 46 
Keywords: temporal mutual information function, TMIF, speech intelligibility, behavioral 47 
inhibitory control. 48 

New & Noteworthy  49 

Cortical representations of natural speech are investigated using a novel non-linear approach 50 
based on mutual information. Cortical responses, phase-locked to the speech envelope, show an 51 
exaggerated level of mutual information associated with aging, appearing at several distinct 52 
latencies (~50, ~100 and ~200 ms). Critically, for older listeners only, the ~200 ms latency 53 
response components are correlated with specific behavioral measures, including behavioral 54 
inhibition and speech comprehension. 55 

Introduction 56 

Young normal hearing listeners are capable of separating attended speech from background 57 
distractions, but this capability degrades with aging. Behavioral studies have shown age-related 58 
temporal processing deficits in a variety of auditory tasks, including pitch discrimination 59 
(Fitzgibbons and Gordon-Salantt 1996), gap-in-noise detection (Fitzgibbons and Gordon-Salant 60 
2001) and recognition of speech in noise (Frisina and Frisina 1997; Gordon-Salant et al. 2006; 61 
He et al. 2008). Neurophysiological studies show that although the young auditory brain robustly 62 
segregates speech from either a competing speaker (Ding and Simon 2012a) or spectrally 63 
matched noise (Ding and Simon 2013), temporal aspects of neural processing demonstrate age-64 
related changes in response latency and strength, in both midbrain (Anderson et al. 2012; 65 
Burkard and Sims 2002; Clinard and Tremblay 2013) and cortical evoked responses (Herrmann 66 
et al. 2019; Lister et al. 2011; Presacco et al. 2016a, 2016b). In animal studies, age-related 67 
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increases in both spontaneous and stimulus-driven firing rates have been reported in the auditory 68 
cortex (Engle and Recanzone 2013; Hughes et al. 2010; Juarez-Salinas et al. 2010; Ng and 69 
Recanzone 2018; Overton and Recanzone 2016). In aging rats, altered inhibition and functional 70 
impairments in the cortex can arise from regulated plasticity change, and may be reversible (de 71 
Villers-Sidani et al. 2010). However, it remains an open question how much such plasticity 72 
change occurs in the aging human brain, and the extent of its effects on speech processing.  73 
 74 
The MEG studies of Presacco et al. (2016a, 2016b), using a stimulus reconstruction paradigm, 75 
found an exaggerated response to speech in noise for older listeners by demonstrating a higher 76 
speech envelope reconstruction accuracy in older listeners than younger. A later re-analysis of 77 
the same data (for speech without noise) found that a major source of the exaggerated response is 78 
from response components with ~50 ms latency; contributions from later latencies could not be 79 
ruled out but were not significant (Brodbeck et al. 2018). Response components with ~100 ms 80 
latency are natural candidates since they are strongly attention-dependent (Ding and Simon 81 
2012a, 2013), and older listeners might exert more attention than younger listeners. Also, since 82 
multi-modal association (binding) of auditory and visual responses occurs at latencies beyond the 83 
100 ms (Griffiths and Warren 2004), we might also expect further contributions from later 84 
responses, for older listeners. Based on these previous findings, we hypothesize that older 85 
listeners will exhibit a higher level of mutual information than younger listeners for response 86 
components of 50 ms, 100 ms and even later latencies. Additionally, Presacco et al. (2016b) 87 
demonstrated a negative correlation between speech envelope reconstruction accuracy and a 88 
behavioral inhibition score (a visual flanker task) in older listeners, but it remains unknown 89 
which response latencies underlie this association.  90 
 91 
In terms of hemispheric lateralization of cortical representations of speech, the results of Cabeza 92 
(2002) support a general reduction of lateralization in older adults for cognitive processing, 93 
including memory, attention and inhibitory control, denoted HAROLD (hemispheric asymmetry 94 
reduction in older adults). Here we investigate whether there might exist an analogous age-95 
related lateralization change in speech processing, again using mutual information. 96 
 97 
Investigations of cortical coding of continuous speech often rely on linear methods (Ding and 98 
Simon 2012a; Presacco et al. 2016a, 2016b). Auditory cortex, however, is well known to employ 99 
non-linear processing (Sahani and Linden 2003), and therefore a non-linear analysis framework 100 
may provide more insight. Nonlinear approaches based on Shannon’s information theory 101 
(Shannon 1948) have been successfully applied in the auditory system to spiking neurons 102 
(Nelken and Chechik 2007) and EEG subcortical recordings (Zan et al. 2019). Information 103 
theoretic approaches have also been applied to MEG recordings from auditory cortex (Cogan and 104 
Poeppel 2011), to decode phase information in low-frequency responses to speech. Additionally, 105 
by analyzing the mutual information between auditory midbrain and cortical responses, it can be 106 
seen that older listeners display redundant information during a task involving categorical 107 
perception of speech syllables (Bidelman et al. 2014).  108 
 109 
Here, to investigate the information encoded in cortical responses phase-locked to continuous 110 
speech, we develop the temporal mutual information function (TMIF) measure. It provides a 111 
novel non-linear measure of a general phase-locked response to speech, analogous to the linear 112 
temporal response function (TRF), or (linearly averaged) evoked responses to a brief sound. Like 113 
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both, it also has response components with peaks at specific latencies, analogous to the TRF’s 114 
M50TRF and M100 TRF components, or the M50 and M100 response components of an evoked 115 
response. The main mutual information peaks of the TMIF are, by analogy, named the MI50, 116 
MI100 and MI200, and occur for early cortical latency (~50 ms), middle cortical latency (~100 117 
ms), and late cortical latency (~200 ms).  118 

Materials and methods  119 

Subjects 120 
The dataset analyzed here was previously obtained and analyzed in earlier studies (Brodbeck et 121 
al. 2018; Presacco et al. 2016a, 2016b). 32 subjects participated in the experiment: 17 younger 122 
adults ages 18 to 27 (3 male) and 15 older adults ages 61 to 73 (5 male). All participants were 123 
recruited from the greater Washington D.C. area (Maryland, Virginia and Washington D.C.), 124 
with clinically normal hearing. Specifically, participants had normal hearing thresholds (≤125 25 dB hearing level) from 125 Hz to 4000 Hz, no history of neurological or middle ear disorders 126 
or surgery, and normal intelligent quotient scores [≥ 85 on the Wechsler Abbreviated Scale of 127 
Intelligence (Zhu and Garcia 1999)]. Written informed consent was obtained from each subject, 128 
and they were compensated for their time. The experimental protocol and all procedures were 129 
reviewed and approved by the Institutional Review Board of the University of Maryland. 130 

Behavioral tests 131 
Flanker test 132 
The ability to attend to a selected or goal-appropriate stimulus and to ignore other distracting 133 
stimuli is associated with inhibitory control (Neill et al. 1995), and this ability declines with 134 
aging (Diamond 2013). This ability may affect auditory suppression of a competing speaker 135 
while attending to another. To investigate broad aging effects on behavioral inhibition, including 136 
its relationship with complex auditory processing, a visual Flanker test (Ward et al. 2016) was 137 
given to all subjects. The Flanker test measured behavioral inhibition and attention control by 138 
displaying five arrows in a row and asking only for the direction of the middle arrow, i.e., the 139 
flanking arrows serve only as distractors. Both reaction time and accuracy are taken into account 140 
for scoring (Weintraub et al. 2013), and a higher Flanker score indicates better performance, i.e., 141 
more control of behavioral inhibition. 142 
QuickSIN test 143 
The Quick Speech-in-Noise test (QuickSIN) measures listeners’ ability to understand speech in 144 
noise (four-speaker babble), with subjects asked to recall words presented at six signal-to-noise 145 
ratio (SNR) levels (ranging from 0 dB to 25 dB SNR), with performance rated by the number of 146 
key words they correctly recalled (Killion et al. 2004). An SNR loss is calculated from the total 147 
number of key words correctly repeated. A lower QuickSIN SNR loss indicates better 148 
performance, i.e., superior ability to understand speech in noise. SNR loss scores were averaged 149 
over three lists to obtain the final SNR loss score. 150 
 151 
Flanker and QuickSIN scores may be correlated across subjects; this was measured with a linear 152 
model for each age group, using R (R Core Team 2017).  153 
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Stimuli and MEG recording 154 
The task and stimuli were the same as the ones described in the previous study (Presacco et al. 155 
2016a, 2016b). For each subject, the MEG response was recorded with a 157 axial gradiometer 156 
whole head MEG system (KIT, Kanazawa, Japan) inside a magnetically shielded room 157 
(Vacuumschmelze GmbH & Co. KG, Hanau, Germany) at the University of Maryland, College 158 
Park, sampled at 1000 Hz with online low-pass filter of cut-off frequency at 200 Hz. The 159 
stimulus was continuous speech (a narrated audio book), either from a solo speaker or a mixture 160 
of two concurrent speakers. The solo-speaker speech stimuli were one-minute segments from an 161 
audiobook, The Legend of Sleepy Hallow by Washington Irving, narrated by a male speaker 162 
(http://www.audiobooktreasury.com/legend-of-sleepy-hollow/). The mixture was composed of 163 
foreground speech to which the subject was instructed to attend and a background, which served 164 
as a distractor. The foreground speech was from the same source as the clean speech condition. 165 
The background stimuli were one-minute segments from an audiobook, A Christmas Carol by 166 
Charles Dickens, narrated by a female speaker (http://www.audiobooktreasury.com/a-christmas-167 
carol-by-charles-dickens-free-audio-book/). The foreground and background speech segments 168 
were mixed together at four different power ratios, of 3 dB, 0 dB, -3 dB and -6 dB. The 169 
foreground speech stimulus used in the -6 dB condition and the clean speech were identical, and 170 
the clean speech stimulus was only presented after all mixed speech stimuli had been presented. 171 
Stimuli were delivered through E-A-RLINK earphones inserted into the ear canal, at a 172 
comfortably loud listening level of approximately 70 dB SPL. 173 
 174 
For each subject, under each condition, the raw MEG recording was first denoised by time-175 
shifted principle component analysis (TSPCA; de Cheveigné and Simon 2008), in which three 176 
separate reference channels recording the environmental noise serve as a reference with which to 177 
eliminate environmental noise from the 157 neural data channels. Based on the output signal 178 
from TSPCA, a blind source separation approach, denoising source separation (DSS; de 179 
Cheveigné and Simon 2008; Särelä and Valpola 2005) was then used to estimate dominant 180 
auditory components. Based on the 2-8 Hz band-passed response (Ding and Simon 2013), DSS-181 
based spatial filters were extracted and applied to the original signals, thus creating the DSS 182 
components which were additionally band-pass filtered between 1-8 Hz (Ding and Simon 2012a). 183 
Finally, the first DSS component was analyzed further as described below.    184 

Data analysis 185 
Temporal mutual information function (TMIF) 186 
To decode cortical phase-locked response to speech, a method based on mutual information was 187 
developed, based on the temporal mutual information function (TMIF). It is a non-linear analog 188 
of temporal response function (TRF) (Ding and Simon, 2012). A typical TRF has prominent 189 
peaks at latencies of approximately 50 ms and 100 ms (with opposite polarities), meaning that 190 
any speech envelope feature evokes a pair of opposite cortical responses 50 ms and 100 ms later. 191 
Since this implies enhanced cortical processing of speech information at those latencies, we may 192 
expect an enhanced level of mutual information at similar latencies (though both peaks would be 193 
positive since mutual information is nonnegative). Only the TMIF of the first DSS component is 194 
computed here.  195 
 196 
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While mutual information can naturally be applied to continuous random variables, when used in 197 
practical data analysis the continuous values are typically binned, meaning that the stimulus and 198 
response are quantized into discrete random variables. The mutual information between a 199 
stimulus X and a response Y is defined using their probability distributions. To estimate the 200 
TMIF, we first quantize both the speech envelope and the response level into 8 bins based on the 201 
equipartition principle, where the number of samples assigned to each bin is approximately the 202 
same (limited necessarily by the divisibility of the number of samples into the number of bins). 203 
Here, we denote 𝑥(𝑡) and 𝑦(𝑡) as the quantized speech envelope and response level at time 𝑡, 204 
respectively. The TMIF level at time-step 𝑡 is defined to be mutual information between stimulus 205 
and response shifted forward by 𝑡, 206 
 207 
 𝐼௧(𝑋; 𝑌) =  ෍ 𝑝൫𝑥(𝜏), 𝑦(𝜏 + 𝑡)൯ log 𝑝൫𝑥(𝜏), 𝑦(𝜏 + 𝑡)൯𝑝൫𝑥(𝜏)൯𝑝൫𝑦(𝜏 + 𝑡)൯௫,௬ . (1) 

 208 
Let 𝑆 =  {1, 2, … , 8} be a set of bins from which the sample values are drawn. The joint 209 
probability distribution of 𝑥(𝜏) ∈ 𝑆 and 𝑦(𝜏 + 𝑡) ∈  𝑆, i.e., 𝑝൫𝑥(𝜏), 𝑦(𝜏 + 𝑡)൯, is drawn from 210 
different values of 𝜏, which ranges from 0 to 𝐿 − 1, where 𝐿 is the length of the stimulus (or 211 
response) window in ms. Since the computation is at a sampling rate of 1 kHz (1 ms sampling 212 
period), 𝐿 is also the sample size. In practice, the mutual information at each time point is 213 
estimated from its relation to entropy and conditional entropy, 𝐼(𝑋;  𝑌) = 𝐻(𝑌) −  𝐻(𝑌|𝑋). With 214 
this, the equation for mutual information at a given latency 𝑡 can be rewritten as 215 
 216 
 𝐼௧(𝑋; 𝑌) =  ෍ 𝑝(𝑥(𝜏) = 𝑖, 𝑦(𝜏 + 𝑡) = 𝑗) log 𝑝(𝑥(𝜏) = 𝑖, 𝑦(𝜏 + 𝑡) = 𝑗)𝑝(𝑥(𝜏) = 𝑖)𝑝(𝑦(𝜏 + 𝑡) = 𝑗)௜∈ௌ,௝∈ௌ . (2) 

 217 
Here, i and j are values drawn from set S; 𝑡 and 𝜏 are even integer numbers of ms, since we use a 218 
time window of 500 ms for t and estimate mutual information per 2-ms step, i.e., 𝑡 ∈219  {0, 2, … , 498 (𝑚𝑠)}.  We then denote the TMIF function by 𝑇𝑀𝐼𝐹(𝑡)  = 𝐼௧(𝑋; 𝑌). In summary, 220 𝑇𝑀𝐼𝐹(𝑡) estimates the mutual information between the stimulus, and the response shifted 221 
forward by time 𝑡. If we denote 𝑌௧ as the response shifted forward by 𝑡, 𝑇𝑀𝐼𝐹(𝑡) = 𝐼(𝑋; 𝑌௧); in 222 
this sense 𝑇𝑀𝐼𝐹(𝑡), the mutual information for any specified latency t, still relies on the entire 223 
stimulus. and entire response, as illustrated in Figure 1.  224 
 225 

(Figure 1 about here) 226 
 227 
To prove that 𝑇𝑀𝐼𝐹(𝑡) does not contain redundant information introduced by repeatedly shifting 228 𝑌, we show that 𝐼൫𝑋; 𝑌௧, 𝑌௧ାଵ,  … , 𝑌௧ାே൯ − 𝐼൫𝑋; 𝑌௧ାଵ,  … , 𝑌௧ାே൯ = 𝐼(𝑋; 𝑌௧), where 𝑁 =229 498 (𝑚𝑠). Based on the chain rule for mutual information (Cover and Thomas 1991), we have,  230 
 𝐼(𝑋; 𝑌ଵ, 𝑌ଶ,  … , 𝑌௡) = ෍ 𝐼(𝑋; 𝑌௜|𝑌௜ିଵ, 𝑌௜ିଶ, … , 𝑌ଵ)௡

௜ୀଵ . (3) 

Therefore,  231 
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 𝐼(𝑋; 𝑌௧, 𝑌௧ାଵ, … , 𝑌௧ାே) − 𝐼(𝑋; 𝑌௧ାଵ, … , 𝑌௧ାே)= ෍ 𝐼(𝑋; 𝑌௜|𝑌௜ିଵ, 𝑌௜ିଶ,  … , 𝑌ଵ)௧ାே
௜ୀ௧− ෍ 𝐼(𝑋; 𝑌௜|𝑌௜ିଵ, 𝑌௜ିଶ, … , 𝑌ଵ)௧ାே

௜ୀ௧ାଵ  = 𝐼(𝑋; 𝑌௧).

(4) 

 232 
Thus 𝑇𝑀𝐼𝐹(𝑡) is not affected by repeatedly computing the mutual information from the shifted 233 
response 𝑌. 234 
 235 
After estimating the TMIF for each condition and subject, the distinctive peaks with approximate 236 
latencies at 50, 100, and 200 ms are identified as the MI50, MI100 and MI200 peaks. Peaks are 237 
found by searching for the maximum value over a specific time range. Since the response 238 
latencies differ when in quiet condition and noise conditions, different ranges are applied for 239 
different conditions, with range boundaries determined by the trough latencies in the relevant 240 
TMIF when averaged over subjects. Specifically, for the quiet condition, the MI50 corresponds 241 
to the time point with the largest amplitude in the range 2-86 ms, while the MI100 and MI200 242 
each correspond to the maximum of ranges of 80-160 ms and 150-300 ms respectively. The 243 
group difference is tested for each peak by performing 2-sample one-tailed t-tests over 244 
amplitudes. For each of the noise conditions, the TMIF is analyzed analogously. TMIFs are 245 
computed for both foreground and background speech. The specific temporal ranges used for 246 
foreground TMIFs were 2-70 ms for the MI50, 50-200 ms for the MI100 and 200-300 ms for the 247 
MI200. The specific temporal ranges used for background TMIFs were 2-120 ms for the MI50, 248 
120-230 ms for the MI100 and 200-350 ms for the MI200. The group difference is tested for 249 
each peak by performing the same t-tests over the averaged amplitude across SNRs.   250 
Lateralization analysis  251 
To investigate cortical lateralization, the MEG recordings were divided into two sets based on 252 
the x-coordinates (medial-lateral dimension) of the corresponding sensors in a 2-D topography 253 
(Figure 9C). DSS components were separately computed for left 79 sensors and right 78 sensors. 254 
The first DSS components for left and right sensors are representations of auditory responses for 255 
left and right hemispheres, respectively. TMIFs were estimated separately for left and right 256 
hemispheres. The HAROLD model suggests reduced lateralization for older listeners in domains 257 
of episodic memory, working memory, attention and inhibitory control (Cabeza 2002).  258 
Statistics  259 
To systematically examine relationships among neural responses properties of the TMIF 260 
(specifically the MI50, MI100 and MI200 peaks) and behavioral scores, linear mixed effect 261 
models (LME) were used. For each neural response peak, a base model was constructed as a 262 
function of fixed effects from 𝑎𝑔𝑒 ×  𝑎𝑡𝑡𝑒𝑛𝑡𝑖𝑜𝑛 ×  𝑏𝑒ℎ𝑎𝑣𝑖𝑜𝑟 + 𝑆𝑁𝑅 and random effects of 263 
subject-specific bias. Here, 𝑎𝑡𝑡𝑒𝑛𝑡𝑖𝑜𝑛 is either foreground or background, and 𝑏𝑒ℎ𝑎𝑣𝑖𝑜𝑟 is 264 
either the Flanker or QuickSIN score. The 4-way interaction was not included due to the limited 265 
degrees of freedom. To investigate the significance of a specific factor (or an interaction) in the 266 
prediction of a neural response, a second model was constructed without that factor (or 267 
interaction) and was compared with the base model by ANOVA. Then non-significant factors or 268 
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interactions were excluded from model, and the significant interaction was examined by 269 
dissecting it into all possible combinations of its categorical values and further analyzed by linear 270 
models. All linear model analysis was done in R. Outlier data samples, which would have 271 
otherwise violated parametric assumptions for linear model testing (skewness, kurtosis and 272 
homoscedasticity), were detected and excluded using gvlma in R (Peña and Slate 2006). LME 273 
analysis was done by the toolbox lme4 (Bates et al. 2015), and the linear model without random 274 
effects was analyzed using the lm function in R (Chambers 1992; Wilkinson and Rogers 1973). 275 
A stepwise regression test was performed in SPSS to test for linear contributions of Flanker 276 
score and MI200 level to speech intelligibility. Where appropriate, t tests for significance were 277 
supplemented with effect size (Cohen’s d) and its 95% confidence interval (CI). When the CI 278 
excludes zero, this is alternate evidence that the result is statistically significant (i.e., the effect 279 
size is significantly greater than zero at an 𝛼 level of 0.05).  280 

Results 281 

By implementing the approaches established above, for each subject under each condition, 282 
TMIFs were computed for the first DSS component. Here, we report results under the conditions 283 
of clean speech and mixed speech with SNRs of +3, 0, -3 and -6 dB, and lateralization analysis. 284 

Behavioral correlation  285 

A linear model of 𝑄𝑢𝑖𝑐𝑘𝑆𝐼𝑁 ~ 𝐹𝑙𝑎𝑛𝑘𝑒𝑟 was examined, separately for younger and older 286 
listeners, to test the relationship between Flanker score and QuickSIN score. The assumptions for 287 
linear models of skewness, kurtosis and homoscedasticity were all satisfied (using gvlma in R). 288 
Results show a significantly negative regression slope for older listeners (𝑡ଵଷ = −2.21, 𝑝 =289 0.046), but not for younger listeners (𝑡ଵହ = 0.16, 𝑝 = 0.873). Linear model assumption testing 290 
for the older listeners showed a low kurtosis value, 0.09 (𝑝 = 0.767), avoiding the need to treat 291 
any data points as possible outliers.  292 
 293 

(Figure 2 about here) 294 
 295 

Neural Responses to Clean speech 296 
To investigate age differences in the quiet condition, peaks analogous to TRF peaks were 297 
identified, i.e., the MI50, MI100 and MI200 (analogous to the M50, M100 and M200 MEG TRF 298 
peaks and similarly named evoked response peaks). As with their counterparts, peaks of different 299 
latencies may be associated with different stages of the processing chain. A one-tailed t-test was 300 
performed for each peak amplitude for younger against older. Results show that all the peaks 301 
from the older listeners are significantly larger than those of the younger (𝑡ଷ଴ = −1.85, 𝑝 =302 0.037 for MI50, 𝑡ଷ଴ = −2.52, 𝑝 = 0.009 for MI100 and 𝑡ଷ଴ = −2.24, 𝑝 = 0.031 for MI200). 303 
The results suggest that all the processing stages in the aging cortex have an exaggerated 304 
response to the clean speech envelope.  305 
 306 

(Figure 3 about here) 307 
 308 
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Neural Response to Mixed Speech 309 
In mixed speech conditions, separate TMIFs for both foreground and background speech were 310 
computed, as shown in Figure 4 and Figure 5, respectively. Response peaks were extracted, and 311 
effects from factors of age, attentional focus and behavioral score were examined systematically 312 
by linear mixed effect models, 𝑀𝐼 𝑙𝑒𝑣𝑒𝑙 ~ 𝑎𝑔𝑒 ×  𝑎𝑡𝑡𝑒𝑛𝑡𝑖𝑜𝑛 ×  𝑏𝑒ℎ𝑎𝑣𝑖𝑜𝑟 + 𝑆𝑁𝑅 +313 (1|𝑠𝑢𝑏𝑗𝑒𝑐𝑡). In the model, the random effects term, (1|𝑠𝑢𝑏𝑗𝑒𝑐𝑡), allows for subject-specific 314 
intercepts or bias, and 𝑏𝑒ℎ𝑎𝑣𝑖𝑜𝑟 is either Flanker or QuickSIN. When 𝑏𝑒ℎ𝑎𝑣𝑖𝑜𝑟 is Flanker,  the 315 
3-way interaction is significant for models predicting the amplitude of the MI50 (𝜒ଶସ =316 16.45, 𝑝 = 0.002), MI100 (𝜒ଶସ = 98.08, 𝑝 < 0.001) and MI200 (𝜒ଶସ = 91.38, 𝑝 < 0.001) 317 
compared with a null model with no interactions, i.e., 𝑀𝐼~𝑎𝑔𝑒 +  𝑎𝑡𝑡𝑒𝑛𝑡𝑖𝑜𝑛 +  𝑏𝑒ℎ𝑎𝑣𝑖𝑜𝑟 +318 𝑆𝑁𝑅 + (1|𝑠𝑢𝑏𝑗𝑒𝑐𝑡). To examine the significance of interactions, variables 𝑎𝑔𝑒, 𝑎𝑡𝑡𝑒𝑛𝑡𝑖𝑜𝑛 and 319 𝑏𝑒ℎ𝑎𝑣𝑖𝑜𝑟 were then separately released from the 3-way interaction. Those results show that the 320 𝑎𝑔𝑒 ×  𝑎𝑡𝑡𝑒𝑛𝑡𝑖𝑜𝑛 interaction is significant in predicting the amplitude of the MI50 (𝜒ଶଷ =321 7.61, 𝑝 = 0.055 by releasing 𝑏𝑒ℎ𝑎𝑣𝑖𝑜𝑟 (Flanker); 𝜒ଶଷ = 14.17, 𝑝 = 0.003 by releasing 𝑎𝑔𝑒; 322 𝜒ଶଷ = 14.52, 𝑝 = 0.002 by releasing 𝑎𝑡𝑡𝑒𝑛𝑡𝑖𝑜𝑛), and the 3-way interaction is significant in 323 
predicting the amplitude of the MI100 (𝜒ଶଷ = 66.89, 𝑝 < 0.001 by releasing 𝑏𝑒ℎ𝑎𝑣𝑖𝑜𝑟 324 
(Flanker); 𝜒ଶଷ = 70.89, 𝑝 < 0.001 by releasing 𝑎𝑔𝑒; 𝜒ଶଷ = 83.92, 𝑝 < 0.001 by releasing 325 𝑎𝑡𝑡𝑒𝑛𝑡𝑖𝑜𝑛) and MI200 (𝜒ଶଷ = 88.98, 𝑝 < 0.001 by releasing 𝑏𝑒ℎ𝑎𝑣𝑖𝑜𝑟 (Flanker); 𝜒ଶଷ =326 78.67, 𝑝 < 0.001 by releasing 𝑎𝑔𝑒; 𝜒ଶଷ = 72.39, 𝑝 < 0.001 by releasing 𝑎𝑡𝑡𝑒𝑛𝑡𝑖𝑜𝑛). 327 
Therefore, variables of age and 𝑎𝑡𝑡𝑒𝑛𝑡𝑖𝑜𝑛 interact with 𝑏𝑒ℎ𝑎𝑣𝑖𝑜𝑟 in predicting the level of 328 
mutual information, and the prediction power changes for different combinations of 𝑎𝑔𝑒 ×329  𝑎𝑡𝑡𝑒𝑛𝑡𝑖𝑜𝑛, such as younger and foreground vs. older and foreground. To examine the prediction 330 
differences, the model of 𝑀𝐼~𝑏𝑒ℎ𝑎𝑣𝑖𝑜𝑟 + 𝑆𝑁𝑅 was constructed separately for different 331 
combinations of 𝑎𝑔𝑒 and 𝑎𝑡𝑡𝑒𝑛𝑡𝑖𝑜𝑛. The overall model significances are shown in Table 1, and 332 
the effects of 𝑏𝑒ℎ𝑎𝑣𝑖𝑜𝑟 are shown in Table 2.  333 
 334 
Behavior Attention Age MI50 MI100 MI200 

F p F p F p 
 

Flanker 
FG Y 5.52 0.006 3.84 0.026 1.33 0.271 

O 6.37 0.003 16.76 <0.001 32.44 <0.001 
BG Y 1.74 0.183 6.44 0.003 4.35 0.017 

O 0.34 0.715 2.41 0.099 0.41 0.668 
 

Q-SIN 
FG Y 4.85 0.011 0.56 0.579 0.14 0.869 

O 2.64 0.080 2.28 0.112 4.52 0.015 
BG Y 1.29 0.288 8.05 <0.001 5.86 0.005 

O -0.42 0.677 1.98 0.147 0.42 0.656 
Table 1. Model 𝑀𝐼~𝑏𝑒ℎ𝑎𝑣𝑖𝑜𝑟 + 𝑆𝑁𝑅 significance. FG: foreground; BG: background; Y: 335 
younger; O: older. Significant findings are in boldface. 336 
 337 
 338 
 339 
 340 
 341 
 342 
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Behavior Attention Age MI50 MI100 MI200 
t P t p t P 

 
Flanker 

FG Y 2.90 0.005 2.56 0.013 1.56 0.124 
O -3.56 <0.001 -5.79 <0.001 -7.96 <0.001 

BG Y 1.30 0.199 -0.05 0.961 1.50 0.139 
O 0.14 0.893 -0.91 0.366 0.35 0.731 

 
Q-SIN 

FG Y -2.67 0.010 -0.27 0.792 -0.23 0.819 
O 2.29 0.026 2.13 0.038 2.87 0.006 

BG Y -0.87 0.385 -1.64 0.106 -2.24 0.029 
O -0.42 0.677 -0.19 0.853 -0.39 0.696 

Table 2. Effects of behavioral scores (Flanker and Quick-SIN) in prediction of mutual 343 
information. Significant findings are in boldface. 344 
 345 
To investigate whether the age-related exaggerated response occurs for both foreground and 346 
background, and which peaks might contribute, mutual information levels of all three peaks, for 347 
each stimulus, under each SNR condition were found for each subject and compared between 348 
groups. Older listeners show significantly larger mutual information levels in all three peaks for 349 
both foreground (𝑡ଷ଴ = −2.07, 𝑝 = 0.024 for MI50, 𝑡ଷ଴ = −3.80, 𝑝 < 0.001 for MI100 and 350 𝑡ଷ଴ = −2.37, 𝑝 = 0.012 for MI200) and background (𝑡ଷ଴ = −2.44, 𝑝 = 0.010 for MI50, 351 𝑡ଷ଴ = −2.57, 𝑝 = 0.0076 for MI100 and 𝑡ଷ଴ = −2.90, 𝑝 = 0.0035 for MI200). Therefore, both 352 
foreground and background representations are exaggerated for older listeners, with the MI100 353 
showing the largest effect.   354 
 355 

(Figure 4 about here) 356 
 357 
 358 

(Figure 5 about here) 359 
 360 

MI200 relationships with behavioral performance 361 
As can be seen in Figures 4 and 5, the dependence of the MI200 peak level on SNR condition 362 
exhibits different trends for older and younger listeners. Notably, for younger listeners, the 363 
MI200 response remains steady as SNR decreases for foreground speech while it decreases for 364 
background speech. However, for older listeners, the response to foreground decreases as SNR 365 
decreases, while the response to background increases as SNR decreases. MI200 saliency is then 366 
defined as the difference between foreground and background information (Figure 6A, third 367 
row), and any trends as a function of SNR can be analyzed via the slope of difference-by-SNR 368 
linear regression line (Figure 6B, third row). A right-tailed 2-sample t-test is performed on the 369 
slopes of younger listeners against the older, resulting in a significantly larger slope for younger 370 
than older listeners (𝑡ଷ଴ = 2.31, 𝑝 = 0.014). To test the positivity of the ratio as SNR decreases 371 
in younger participants, a right-tailed 1-sample t-test is conducted on the slopes of younger 372 
listeners, and the results show a significant positive trend as SNR decreases (𝑡ଵ଺ = 1.83, 𝑝 =373 0.043; 𝑑 = 0.43, 95% 𝐶𝐼 = [0.20 × 10ିହ, +∞]). Similarly, a left-tailed 1-sample t-test against 374 
zero on slopes of older listeners show a negative trend but not significant (𝑡ଵସ = −1.47, 𝑝 =375 0.083; 𝑑 =  −0.34, 95% 𝐶𝐼 = [−∞, 0.86 × 10ିସ]) (Figure 6B). In short, age does affect the 376 
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response pattern (with increasingly challenging mixed speech conditions) of this late cortical 377 
representation. 378 
 379 

(Figure 6 about here) 380 
 381 
The different MI200 saliency trend by age suggests functional differences in neural suppression 382 
of the background and/or enhancement of foreground representation for older listeners as SNR 383 
level decreases. These abilities may be related to inhibitory and attentional control. A linear 384 
model of 𝑀𝐼200 ~ 𝐹𝑙𝑎𝑛𝑘𝑒𝑟 + 𝑆𝑁𝑅 was tested separately for younger and older listeners. For 385 
younger listeners, the model is significant (𝐹ଶ,ହଽ = 3.28, 𝑝 = 0.044), giving a significantly 386 
positive MI200-Flanker slope (𝑡ହଽ = 2.26, 𝑝 = 0.028), but with no effect of SNR (𝑡ହଽ =387 1.05, 𝑝 = 0.300). For older listeners, the model shows an even stronger effect size (𝐹ଶ,ହସ =388 40.29, 𝑝 < 0.001) and a significantly negative MI200-Flanker slope (𝑡ହସ = −8.97, 𝑝 < 0.001); 389 
however, no significant effect of SNR is observed (𝑡ହସ = 0.79, 𝑝 = 0.431). Additionally, a 390 
separate linear model of 𝑀𝐼200 ~ 𝐹𝑙𝑎𝑛𝑘𝑒𝑟 under each SNR level was tested. Linear model 391 
assumptions were satisfied in each test. For younger listeners, the  MI200-Flanker models are not 392 
significant (𝑡ଵହ = −0.11, 𝑝 = 0.917 for +3 dB, 𝑡ଵହ = 0.31, 𝑝 = 0.764 for 0 dB, 𝑡ଵହ = 0.79, 𝑝 =393 0.443 for -3 dB, 𝑡ଵହ = 1.70, 𝑝 = 0.109 for -6 dB). However, for older listeners, MI200-Flanker 394 
slope is significantly negative in all SNRs (𝑡ଵଷ = −2.28, 𝑝 = 0.040 for +3 dB, 𝑡ଵଷ = −4.42, 𝑝 <395 0.001 for 0 dB, 𝑡ଵଷ = −5.19, 𝑝 < 0.001 for -3 dB, 𝑡ଵଷ = −6.91, 𝑝 < 0.001 for -6 dB). Example 396 
scatter plots are shown in Figure 7.  397 
 398 

(Figure 7 about here) 399 
  400 
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M
od

el
 S

um
m

ar
y 

Model R R2 Adj. R2 Std. Error 
of Estimate

Change Statistics ∆R2 ∆F  Df1 Df2 P 

1 Flanker + 
MI200  0.599 0.359 0.252 1.08463 0.359 3.361 2 12 0.069

2 MI200  0.599 0.359 0.309 1.04239 0 0.007 1 12 0.934

A
N

O
V

A
 

Model Sum of 
Squares df Mean 

Square F p      

1 
Regression 7.908 2 3.954 3.361 0.069   
Residual 14.117 12 1.176       

Total 22.025 14         

2 

Regression 7.9 1 7.9 7.27 0.018   
Residual 14.125 13 1.087       

Total 22.025 14         

Co
ef

fic
ie

nt
s 

Model 

Unstandardized 
Coefficients 

Standardized 
Coefficients t P     

B Std. 
Error Beta     

1 
(Constant) -1.314 11.032   -0.119 0.907 

MI200 38.964 30.6 0.636 1.273 0.227 
Flanker 0.008 0.098 0.042 0.085 0.934 

2 
(Constant) -0.381 0.514   -0.74 0.472 

MI200 36.667 13.599 0.599 2.696 0.018 

Ex
cl

ud
ed

 
V

ar
ia

bl
es

 

Model Beta In t P Partial 
Correlation

Collinearity  
Tolerance 

2 Flanker 0.042 0.085 0.934 0.024 0.214 
Table 3. Stepwise regression of 𝑄𝑢𝑖𝑐𝑘𝑆𝐼𝑁 ~ 𝐹𝑙𝑎𝑛𝑘𝑒𝑟 + 𝑀𝐼200 for older listeners (backward 401 
method). The model summary introduces the full (model 1) and reduced (model 2) models: 1) 402 
QuickSIN modeled as dependent on both Flanker score and MI200 level; 2) the same model but 403 
with Flanker score selected as an excluded independent variable. ANOVA results show that only 404 
the second model is significant. The overall results suggest that only MI200 level, but not 405 
Flanker score, predicts QuickSIN score.  406 
 407 
Since the speech-in-noise behavioral score is negatively associated with the Flanker inhibition 408 
score in older listeners (Figure 2), the foreground MI200 level might also be associated with the 409 
QuickSIN score. A stepwise regression (backward method) testing for linear contributions of 410 
Flanker score and MI200 level to QuickSIN score shows that only MI200 level, but not Flanker 411 
score, contributes to QuickSIN level (𝐹ଵ,ଵଷ = 7.27, 𝑝 = 0.018; third sub-table in Table 3). Full 412 
model results are shown in Table 3. These results demonstrate that higher MI200 level is 413 
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associated with worse speech-in-noise performance for older listeners. Scatter plots are shown in 414 
Figure 8.  415 
 416 

(Figure 8 about here) 417 
 418 

Lateralization  419 
TMIFs are estimated for both left and right hemispheres, and the difference between hemispheres 420 
were examined for all three peak levels (Figure 9). A linear model of 𝑀𝐼 𝑙𝑒𝑣𝑒𝑙 (𝑟𝑖𝑔ℎ𝑡 −421 𝑙𝑒𝑓𝑡) ~ 𝑎𝑔𝑒 ×  𝑆𝑁𝑅 was tested with lm in R, separately for each peak. For the MI50, results 422 
indicate that the model is not significant (𝐹ଷ,ଵଶସ = 0.22, 𝑝 = 0.885). A one-tailed t-test on the 423 
right-left difference of MI50, averaged across SNRs, against zero, shows that MI50 level 424 
difference is not significantly larger than zero for both younger listeners (𝑡ଵ଺ = 1.26, 𝑝 =425 0.112; 𝑑 = 0.31, 95% 𝐶𝐼 = [−0.28 × 10ିଷ, +∞]) and older listeners (𝑡ଵସ = 1.51, 𝑝 =426 0.077; 𝑑 = 0.39, 95% 𝐶𝐼 = [−0.27 × 10ିଷ, +∞]). For the MI100, results also indicate that the 427 
model is not significant (𝐹ଷ,ଵଶସ = 0.44, 𝑝 = 0.725). In this case, a one-tailed t-test shows that the 428 
MI level difference for younger listeners is significantly larger than zero, (𝑡ଵ଺ = 1.89, 𝑝 =429 0.038; 𝑑 = 0.46, 95% 𝐶𝐼 = [0.98 × 10ିସ, +∞]), but not for older listeners (𝑡ଵସ = 0.77, 𝑝 =430 0.229; 𝑑 = 0.2, 95% 𝐶𝐼 = [−0.0014, +∞]), suggesting a right-lateralized response for younger 431 
and a bilateral response for older. For the MI200, however, the linear model is statistically 432 
significant (𝐹ଷ,ଵଶସ = 2.83, 𝑝 = 0.041) and significantly affected by age (𝑡ଵଶସ = 2.04, 𝑝 = 0.044) 433 
with an average group difference of 0.0035 bits. This suggests that the MI200 response is more 434 
right-lateralized for younger listeners than older. However, one-tailed t-tests for both younger 435 
and older listeners show no lateralization for either younger listeners (𝑡ଵ଺ = 0.66, 𝑝 =436 0.259; 𝑑 = 0.16, 95% 𝐶𝐼 = [−0.0016, +∞]) or older (𝑡ଵ଺ = −0.286, 𝑝 = 0.610; 𝑑 =437 0. −0.07, 95% 𝐶𝐼 = [−0.002 + ∞]), indicating a bilateral MI200 response for both groups 438 
(though with a greater right-hemisphere bias for younger listeners).  439 
 440 

(Figure 9 about here) 441 
   442 

Discussion 443 

Mutual information vs. linear methods 444 
By developing a novel approach based on information theory, phase-locked cortical responses to 445 
the speech envelope can be measured without resorting to linear-only statistics. The TMIF 446 
unveils different processing stages in the cortical response to speech, via the mutual information 447 
peaks MI50, MI100 and MI200. Previous analysis restricted to linear methods has been done on 448 
this same dataset using both TRF analysis and stimulus reconstruction analysis. TRF analysis 449 
was able to find a group difference only for the earlier response peak, the M50 (Brodbeck et al. 450 
2018), while the present mutual information analysis shows that all three of these peaks are 451 
significantly larger for older adults than younger adults. The group difference seen here for the 452 
MI100 and MI200 demonstrates a statistical advantage for mutual information over TRF 453 
analysis. Additionally, the late response, MI200, differs in its profile from the earlier 454 
components, in that the difference between foreground and background levels has a different 455 
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pattern of dependencies on SNR for the two age groups: while the ratio in younger listeners 456 
increases with worsening SNR, it decreases in older listeners. Earlier analysis using stimulus 457 
reconstruction was able to show that foreground stimulus reconstruction accuracy is negatively 458 
correlated with Flanker score (Presacco et al. 2016b), but, critically, only when integrated over 459 
all latencies and averaged across SNR levels. The results here are far more specific: mutual 460 
information analysis shows: a) it is specifically the late response, the MI200, that negatively 461 
correlates with Flanker inhibition scores, and regardless of SNR level (Figure 7); and b) that 462 
MI200 level is also correlated with QuickSIN even after accounting for associations between 463 
QuickSIN and Flanker scores (Table 3 and Figure 8). Therefore, compared with linear methods, 464 
the analysis based on mutual information has greater statistical power in detection of group 465 
differences, and relationships between neural representation and behavioral scores. 466 
 467 
Why this non-linear, information-theoretic analysis technique would outperform the more 468 
standard linear analysis techniques is an open question. It may be that using linear-only methods 469 
ignores critical non-linearities in the neural responses, and that those non-linearities are 470 
particularly well captured by this measure. Another possibility is that some areas of auditory 471 
cortex are actually tuned, computationally, to maximize the mutual information between the 472 
stimulus and their responses. 473 

Correlation between auditory and visual behaviors for older listeners 474 
Our results show a correlation between the QuickSIN score and the Flanker visual inhibitory 475 
score for older listeners but not for younger listeners (Figure 2). Previous studies report a decline 476 
in cognitive functions including attention, visual information processing, working memory and 477 
episodic memory for older adults (Craik and Salthouse 2000; Ebaid and Crewther 2019). 478 
According to the “inhibitory deficit hypothesis”, the decline in cognitive functions are associated 479 
with an across-modality inability to reduce interference from task-irrelevant information (Hasher 480 
2015; Hasher and Zacks 1988), and such inability presents in both auditory processing (Stothart 481 
and Kazanina 2016) and visual processing (Gazzaley et al. 2008). Our results suggest that the 482 
inability to reduce interference in both auditory and visual systems may share a common neural 483 
origin.  484 
 485 

Exaggerated response in the aging cortex: potential mechanisms  486 
An exaggerated speech cortical representation for older listeners is seen at every latency 487 
considered (MI50, MI100 and MI200) and in both clean speech and adverse conditions. The age-488 
related exaggeration in MI50 and MI100 is consistent with previous findings in auditory cortical 489 
evoked responses. The early cortical evoked P1 response (~50 ms) has been seen to show an 490 
exaggerated response in older listeners (Woods and Clayworth 1986; Roque et al. 2019). Studies 491 
on auditory gap detection also show a larger P1 for older listeners than younger (Lister et al. 492 
2011; Ross et al. 2010), suggesting altered neural inhibition may be responsible for this increase 493 
in amplitude. Larger N1 (~100 ms) responses in older listeners have also been seen (Chao and 494 
Knight 1997), with Anderer et al. (1996) showing the N1 amplitude increasing linearly with age. 495 
Rufener et al. (2014) also found a larger N1 amplitude for older listeners in response to both 496 
speech and non-speech stimuli in selective attention tasks. This exaggerated response might be 497 
associated with task-related cognitive effort based on a tone classification task (Rao et al. 2010), 498 
where N1and P1 are enhanced during more difficult noise classification. However, P2 (~200 ms) 499 
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responses to tones and gaps in noise, interestingly, do not show increased amplitude for older 500 
listeners (Alain and Snyder 2008; Lister et al. 2011). This might indicate speech processing 501 
shares less with tone processing at those longer latencies. All these age-related increases in 502 
auditory ERP amplitude may be related to impaired inhibitory functions along the afferent and 503 
efferent auditory pathways (Alain and Woods 1999; Chao and Knight 1997); the aging auditory 504 
cortex shows more difficulty filtering out task-irrelevant stimuli and may require more cortical 505 
resources to process the same information (Alain et al. 2004; Pichora-Fuller et al. 2017). 506 
 507 
Several possible mechanisms might underlie these findings. One possible contribution to 508 
exaggerated cortical representations may be a loss of neural inhibition (Caspary et al. 2008; 509 
Takesian et al. 2012). Animal studies show decreased release of inhibitory neurotransmitters, 510 
such as gamma-aminobutyric acid (GABA), in auditory cortex (Juarez-Salinas et al. 2010; de 511 
Villers-Sidani et al. 2010). Such a reduction in neural inhibition might occur as part of a 512 
compensatory gain mechanism (Caspary et al. 2008; Takesian et al. 2012), and may have broad 513 
consequences (Recanzone 2018). The aging midbrain shows deficits in temporal processing 514 
acuity in normal-hearing CBA mice (Walton et al. 1998), and the cortex is able to restore 515 
auditory processing even with a cochlear denervation and virtually eliminated brainstem 516 
response (Chambers et al. 2016). Similar exaggerated responses are also seen in cases of tinnitus 517 
and hyperacusis, at multiple levels along the auditory pathway (Auerbach et al. 2014). Since the 518 
loss of neural inhibition occurs in subcortical and cortical structures of auditory system, it may 519 
lead to an exaggeration in neural activity regardless of response latency.  520 
 521 
Another potential contributor to exaggerated response in the aging cortex might be the utilization 522 
of more neural resources in cognitive processing, such as redundant local processing (Peelle et 523 
al. 2010) or enhanced attention (Presacco et al. 2016a). Older listeners allocate more neural 524 
resources outside the core sentence-processing network and demonstrate reduced coherence 525 
between activated regions (Peelle et al. 2010), which might, in turn, cause neighboring cortical 526 
sources to process same stimulus information independently, and thus leading to an over-527 
representation (Presacco et al. 2016b). This effect might contribute to an exaggerated 528 
representation in any of the three peaks. Enhanced  attention, in contrast, would most likely be 529 
reflected in the response with latency ~100 ms (Ding and Simon 2012a, 2012b), which then 530 
could contribute to a larger MI100 for older listeners.  531 
 532 
Additionally, cortical representations enhanced by additional contextual information in older 533 
listeners might also contribute to an exaggerated level of mutual information. Older listeners’ 534 
speech understanding  benefits from different levels of supportive context, at sentential, lexical, 535 
phonological and sub-phonemic levels (Pichora-Fuller 2008). Embedded within the frequency 536 
range of 1-8 Hz (Cogan and Poeppel 2011), such contextual information enhancement for older 537 
listeners may be reflected by an exaggerated MI level at late latency, MI200, which is late 538 
enough to benefit from such high level information.  539 

Long latency processing, distractor suppression and speech-in-noise 540 
intelligibility  541 
For these reasons, the MI200, the latest of the three components, is a viable candidate for 542 
reflecting an extra stage of speech processing that makes additional use of redundant speech 543 
information. The negative correlation between the MI200 and the Flanker score suggests that this 544 
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later neural activity might serve as a bio-marker for degraded behavioral inhibitory control for 545 
older listeners. The finding is also consistent with a recent study where worse cognitive scores 546 
were found to be associated with enhanced envelope tracking (Decruy et al. 2019). The current 547 
results also show that a worsened exaggerated MI200 at the most challenging noise condition is 548 
associated with worse speech understanding. This relationship suggests that the exaggerated 549 
response, though perhaps compensatory, may not be not beneficial (or not beneficial enough) for 550 
older listeners. This might arise from an imbalance between neural excitatory and inhibitory 551 
mechanisms (Caspary et al. 2008). Alternatively, the exaggerated neural representation might be 552 
associated with a compensatory mechanism, where additional cortical regions are engaged to 553 
accomplish a difficult listening task (Presacco et al. 2016a, 2016b; Takesian et al. 2012; Wong et 554 
al. 2010). Notice that for older listeners, the MI200 peak level decreases with worsening SNR, 555 
possibly because the response to background grows stronger as SNR decreases. This suggests 556 
that even with compensatory processing, older listeners may still fail to suppress the 557 
representation of the background speech as it reaches higher sound levels. Older listeners show a 558 
trend, as SNR decreases, for MI200 saliency (foreground over background) that is consistent 559 
with this hypothesis. The MI200 saliency for younger listeners, however, for whom these SNRs 560 
cause only modest difficulty, show a slope in the direction opposite to this hypothesis. Finally, 561 
note that Decruy et al. (2019) find that enhanced envelope tracking is positively correlated with 562 
speech understanding, not negatively, but using a measure that incorporates all latencies, not just 563 
the MI200. 564 

Lateralization of auditory processing  565 
In cocktail party scenarios, the MI100 shows a bilateral response for older listeners, in contrast to 566 
a right-lateralized response for younger listeners. The asymmetric neural representations for 567 
younger listeners support the ‘asymmetric sampling in time’ hypothesis for auditory processing 568 
(Poeppel 2003), where right hemisphere extracts speech information from long integration 569 
windows (~150-250 ms). The tendency towards neural activity symmetry with aging is 570 
consistent with  the HAROLD model, where memory, attention and inhibitory control tend to be 571 
less lateralized in older adults than younger by functional neuroimaging study of cognitive 572 
performance (Cabeza 2002; Dolcos et al. 2002). The larger MI100 level in right-hemisphere for 573 
younger and comparable MI100 level for both hemisphere in older listeners also support the right 574 
hemi-aging model, which suggests that the right hemisphere shows greater age-related decline 575 
than the left hemisphere (Brown and Jaffe 1975). Age-related asymmetry reductions, i.e., 576 
increases in left-hemisphere processing, may reflect functional compensation. Dolcos et al. 577 
(2002) investigated aging effects on a letter-matching task with varying difficulty levels, and it 578 
suggested that older adults might benefit from bilateral processing at different task complexity 579 
levels. However, for younger adults, unilateral processing was sufficient enough in most cases. 580 
The present study extends the asymmetric reduction hypothesis to cortical processing of 581 
continuous speech for older listeners and suggests a bilateral compensation mechanism for older 582 
listeners in cocktail party listening conditions.  583 
 584 
CONCLUSION 585 
 586 
Mutual information analysis provides a robust non-linear approach towards investigations of 587 
cortical representations of continuous speech. The mutual information representation has higher 588 
predictive power for behavioral measures compared to linear representations. Using this novel 589 
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approach, the current results show that with aging, the cortical response to speech is not only 590 
larger in amplitude but also redundant in information. Finally, the late response component 591 
(~200 ms latency) may be an important biomarker for older listeners, associated with both 592 
behavioral inhibition and speech comprehension.  593 
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FIGURE CAPTIONS 766 
 767 
Figure 1. Cartoon illustration of how the TMIF is calculated for its different latencies. For 768 𝑇𝑀𝐼𝐹(0), the value of the TMIF at the initial time sample (zero latency), the time-matched 769 
distributions of the entire stimulus (s, in gray) and the entire response (r, in blue) are used. For 770 𝑇𝑀𝐼𝐹(1), the value of the TMIF at the next time sample, the distribution of the entire stimulus 771 
(s, in gray) is still used, but the delayed-by-1-sample response (r, in orange) is used instead of the 772 
non-delayed response. Thus, each latency value of the TMIF is computed using the entire 773 
distribution of the stimulus and the entire distribution of the appropriately delayed response. 774 
 775 
Figure 2. Behavioral tests. Flanker score (higher is better) is negatively correlated with Quick-776 
SIN score (lower is better) in older listeners but not younger listeners. 777 
 778 
Figure 3. TMIF to clean speech. Shaded areas above and below the solid lines indicate the 779 
standard error of mean. The temporal ranges over which MI50, MI100 and MI200 for each 780 
subject are constrained are marked by the three black lines above x-axis. Asterisks show the 781 
significance of amplitude differences between the two groups from a one-tailed t-test (*p<0.05, 782 
**p<0.01). 783 
 784 
Figure 4. TMIFs of the foreground speech are exaggerated in older listeners. A. The four plots 785 
illustrate different SNR conditions of 3, 0, -3, and -6 dB SNR, with younger listeners in blue and 786 
older listeners in red. The three black horizontal lines in each figure indicates the ranges from 787 
which three peaks are extracted. Shaded areas: ± 1 SEM. B. MI peak level in older (red violin 788 
plots) and younger listeners (blue violin plots). 2-sample one-tailed t-tests on the averaged peak 789 
amplitudes over SNR conditions show that the older listeners have significantly larger 790 
amplitudes (*p<0.05, **p<0.01, ***p<0.001). In each violin plot, the black bar indicates mean 791 
value, and the red bar indicates the median.  792 
 793 
Figure 5. TMIFs of background speech are exaggerated in older listeners. Plots in A illustrate 794 
different SNR conditions of 3, 0, -3 and -6 dB, with younger listeners in light blue and older 795 
listeners in light red. The three black horizontal lines in each figure indicates the ranges from 796 
which three peaks are extracted. Shaded areas: ± 1 SEM. Figure B compares peak amplitudes in 797 
older listeners (red violin plots) with younger listeners (blue violin plots). Similar to the 798 
responses to foreground speech, the older listeners’ responses have significantly larger peaks 799 
than younger listeners with 2-sample one-tailed t-tests on the averaged peak level over SNR 800 
conditions (*p<0.05, **p<0.01, ***p<0.001). Additionally, the MI50 level is notably larger 801 
than the other two peaks, for both groups. This is consistent with a representation-suppression 802 
mechanism for background processing. In each violin plot, the black bar indicates mean value, 803 
and the red bar indicates the median. 804 
 805 
Figure 6. MI peak level difference between foreground and background as a function of SNR in 806 
younger and older listeners for the MI50 (upper), MI100 (middle), and MI200 (lower) peak 807 
levels (A) and their slopes (B). A. Younger listeners (blue) demonstrate an increasing trend with 808 
decreasing SNR for all three MI peaks, while the older (red) demonstrate a decreasing trend for 809 
the MI200 peak. B. MI ratio slopes as a function of SNR for individuals in the two age groups. 810 
Younger listeners have a significantly positive slope for all three MI peaks (linearly fitted 811 
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regression to the data shown in panel A), while older listeners show a weakly negative slope (not 812 
statistically significant) for MI200 and weakly positive slopes for MI50 and MI100 (not 813 
statistically significant). The slope difference between groups is significant for MI100 and 814 
MI200. (*p<0.05, **p<0.01, ***p<0.001) 815 
 816 
Figure 7. Relationship between foreground MI200 level and Flanker test score by age for a 817 
difficult SNR. Scatterplots of foreground MI200 level and Flanker test scores under the most 818 
challenging condition, -6 dB SNR, for younger listeners in A (blue) and older listeners in B 819 
(red). Linear regression lines in gray were determined by the corresponding linear models.   820 
 821 
Figure 8. Scatter plots of foreground MI200 level and speech-in-noise performance. A. No 822 
significant association is seen for younger listeners. B. The association is significant in older 823 
listeners (red). Stepwise regression analysis shows only MI200 level but not Flanker contributes 824 
to predicting QuickSIN performance. Linear regression lines in gray for both plots were 825 
determined by the corresponding linear models.  826 
  827 
Figure 9. Lateralization analysis. A. TMIFs by hemisphere for younger (first row) and older 828 
(second row) listeners under clean speech and -6 dB conditions, with left hemisphere in purple 829 
and right hemisphere in light blue. B. MI50, MI100 and MI200 trends by conditions. The x-axis 830 
labels condition by SNR, or where ‘Q’ (quiet) is the clean speech condition. C. Topographies of 831 
the first DSS component for left and right hemispheres for an example subject. D. The difference 832 
between right and left hemispheres in MI levels averaged across SNRs. The difference for 833 
younger listeners is significantly larger than zero for the MI100, however, no difference is seen 834 
for older listeners.   835 
 836 
TABLE CAPTIONS 837 
 838 
Table 1. Model 𝑀𝐼~𝑏𝑒ℎ𝑎𝑣𝑖𝑜𝑟 + 𝑆𝑁𝑅 significance. FG: foreground; BG: background; Y: 839 
younger; O: older. Significant findings are in boldface. 840 
 841 
Table 2. Effects of behavioral scores (Flanker and Quick-SIN) in prediction of mutual 842 
information. Significant findings are in boldface. 843 
 844 
Table 3. Stepwise regression of 𝑄𝑢𝑖𝑐𝑘𝑆𝐼𝑁 ~ 𝐹𝑙𝑎𝑛𝑘𝑒𝑟 + 𝑀𝐼200 for older listeners (backward 845 
method). The model summary introduces the full (model 1) and reduced (model 2) models: 1) 846 
QuickSIN modeled as dependent on both Flanker score and MI200 level; 2) the same model but 847 
with Flanker score selected as an excluded independent variable. ANOVA results show that only 848 
the second model is significant. The overall results suggest that only MI200 level, but not 849 
Flanker score, predicts QuickSIN score.  850 



s(t)
r(t) 

r(t+1) 
r(t+2) 

r(t+N)

  t1 t2 t3 … … tL-1 tL tL+1 tL+2 …
            
  t1 t2 t3 … … tL-1 tL tL+1 tL+2 …
 t1 t2 t3 t4 … … tL tL+1 tL+2 tL+3 …
t1 t2 t3 t4 t5 … … tL+1 tL+2 tL+3 tL+4 …

↓ ↓

tN-2 tN-1 tN tN+1 tN+2 … … tL+N-2 tL+N-1
            
  0 1 2 … N-1      TMIF



QuickSIN vs. Flanker for OlderBehavioral Tests (Older Listeners)



TMIFs (Clean Speech)

0 0.1 0.2 0.3 0.4 0.5
Time (s)

0.01

0.02

0.03

0.04

0.05

0.06

I (
bi

ts
)

*
***

*
***

Younger
Older

MI200

TMIFs (Clean Speech)

0 0.1 0.2 0.3 0.4 0.5
Time (s)

0.01

0.02

0.03

0.04

0.05

0.06
I (

bi
ts

)

*
***

*
***

Younger
Older

MI100MI50



A

0  0.1 0.2 0.3 0.4 0.5

0.02

0.04

0.06

I (
bi

ts
)

3 dB
Younger
Older

0  0.1 0.2 0.3 0.4 0.5

0 dB

0  0.1 0.2 0.3 0.4 0.5
Time (s)

0.02

0.04

0.06

I (
bi

ts
)

-3 dB

0  0.1 0.2 0.3 0.4 0.5
Time (s)

-6 dB

Over-representation of Foreground in the Aging Cortex
Peak Amplitude

*
MI50

***
MI100

*
MI250

3 0 -3 -6 3 0 -3 -6 3 0 -3 -6
SNR (dB)

-0.05

0

0.05

0.1

0.15

0.2

0.25

I (
bi

ts
)

Younger
Older

MI100

MI50

TMIFs (Foreground)
0 dB+3 dB

-3 dB -6 dB

SNR (dB)

MI200

I (
bi

ts
)

I (
bi

ts
)

B
MI Peak Level



0  0.1 0.2 0.3 0.4 0.5
0.01

0.02

0.03

0.04

0.05

I (
bi

ts
)

3 dB
Younger
Older

0  0.1 0.2 0.3 0.4 0.5

0 dB

0  0.1 0.2 0.3 0.4 0.5
Time (s)

0.01

0.02

0.03

0.04

0.05

I (
bi

ts
)

-3 dB

0  0.1 0.2 0.3 0.4 0.5
Time (s)

-6 dB

Over-representation of Background in the Aging Cortex
Peak Amplitude

*
MI50

**
MI100

**
MI250

3 0 -3 -6 3 0 -3 -6 3 0 -3 -6
SNR (dB)

-0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

I (
bi

ts
)

Younger
Older

A
I (

bi
ts

)
I (

bi
ts

)

-3 dB -6 dB

+3 dB 0 dB B
MI50

MI100 MI200

MI Peak Level

TMIFs (Background)



Response Saliency

A B

3 0 -3 -6

-0.02

0

0.02

M
I5

0 
(b

its
)

Foreground - Background
Younger
Older **

Younger Older
-5

0

5

10

Sl
op

e 
(b

its
/d

B)

10-3

Mean
Median

3 0 -3 -6

0

0.02

0.04

M
I1

00
 (b

its
)

*** *

Younger Older

-0.01

0

0.01

0.02

Sl
op

e 
(b

its
/d

B)

3 0 -3 -6
SNR (dB)

0

10

20

M
I2

00
 (b

its
)

10-3

Response Saliency by Age and SNR

* *

Younger Older

-0.01

0

0.01

0.02

Sl
op

e 
(b

its
/d

B)



Flanker vs. MI200 Level (Foreground, -6 dB SNR)

YoungerA B

(bits)

Fl
an

ke
r

(bits)

Older



QuickSIN vs. MI200 Level (Foreground, -6 dB SNR)
Q

ui
ck

SI
N

 (d
B)

Q
ui

ck
SI

N
 (d

B)
MI200 (bits) MI200 (bits)

Younger Older

0 0.01 0.02 0.03 0.04 0.05 0.06
-3

-2

-1

0

1

2

0 0.02 0.04 0.06 0.08
-2

-1

0

1

2

3

A B



0 0.5
Time (s)

0.01

0.015

0.02

0.025

0.03
I (

bi
ts

)
Left
Right

0 0.5
Time (s)

0.01

0.02

0.03

0.04

0.05

I (
bi

ts
)

Left
Right

0 0.5
Time (s)

0.01

0.015

0.02

0.025

0.03

I (
bi

ts
)

Left
Right

0 0.5
Time (s)

0.01

0.02

0.03

0.04

0.05
I (

bi
ts

)
Left
Right

Q 3 0 -3 -6 Q 3 0 -3 -6 Q 3 0 -3 -6
SNR (dB)

0.02

0.025

0.03

0.035

0.04

I (
bi

ts
)

Left
Right

Q 3 0 -3 -6 Q 3 0 -3 -6 Q 3 0 -3 -6
SNR (dB)

0.02

0.04

0.06

0.08

I (
bi

ts
)

Left
Right

Yo
un

ge
r

O
ld
er

A

C DFirst DSS Component by Hemisphere

Clean Speech -6 dB MI Level by SNR

TMIFs by Hemisphere

MI200

MI100 MI200
Left Right Y O Y O Y O

-0.04

-0.02

0

0.02

0.04

0.06

rig
ht

 - 
le

ft 
(b

its
)

N.S.

N.S.

*
N.S.

N.S.
N.S.

MI50

B

MI100
MI50

MI200

MI100

MI50



Mutual Information and the Aging Cortex Tables 

 

  
 
Behavior Attention Age MI50 MI100 MI200 

F p F p F p 
 

Flanker 
FG Y 5.52 0.006 3.84 0.026 1.33 0.271 

O 6.37 0.003 16.76 <0.001 32.44 <0.001 
BG Y 1.74 0.183 6.44 0.003 4.35 0.017 

O 0.34 0.715 2.41 0.099 0.41 0.668 
 

Q-SIN 
FG Y 4.85 0.011 0.56 0.579 0.14 0.869 

O 2.64 0.080 2.28 0.112 4.52 0.015 
BG Y 1.29 0.288 8.05 <0.001 5.86 0.005 

O -0.42 0.677 1.98 0.147 0.42 0.656 
 
 
Table 1. Model 𝑀𝐼~𝑏𝑒ℎ𝑎𝑣𝑖𝑜𝑟 + 𝑆𝑁𝑅  significance. FG: foreground; BG: background; Y: 
younger; O: older. Significant findings are in boldface.  
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Behavior 

Attention Age MI50 MI100 MI200 
t P t p t P 

 
Flanker 

FG Y 2.90 0.005 2.56 0.013 1.56 0.124 
O -3.56 <0.001 -5.79 <0.001 -7.96 <0.001 

BG Y 1.30 0.199 -0.05 0.961 1.50 0.139 
O 0.14 0.893 -0.91 0.366 0.35 0.731 

 
Q-SIN 

FG Y -2.67 0.010 -0.27 0.792 -0.23 0.819 
O 2.29 0.026 2.13 0.038 2.87 0.006 

BG Y -0.87 0.385 -1.64 0.106 -2.24 0.029 
O -0.42 0.677 -0.19 0.853 -0.39 0.696 

 
 
Table 2. Effects of behavioral scores (Flanker and Quick-SIN) in prediction of mutual 
information. Significant findings are in boldface.  
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M
od

el
 S

um
m

ar
y 

Model R R2 Adj. R2 Std. Error 
of Estimate

Change Statistics ∆R2 ∆F  Df1 Df2 P 

1 Flanker + 
MI200  0.599 0.359 0.252 1.08463 0.359 3.361 2 12 0.069

2 MI200  0.599 0.359 0.309 1.04239 0 0.007 1 12 0.934

A
N

O
V

A
 

Model Sum of 
Squares df Mean 

Square F p      

1 
Regression 7.908 2 3.954 3.361 0.069     

Residual 14.117 12 1.176         

Total 22.025 14           

2 

Regression 7.9 1 7.9 7.27 0.018     

Residual 14.125 13 1.087         

Total 22.025 14            

Co
ef

fic
ie

nt
s 

Model 

Unstandardized 
Coefficients 

Standardized 
Coefficients t P 

    

B Std. 
Error Beta     

1 
(Constant) -1.314 11.032   -0.119 0.907     

MI200 38.964 30.6 0.636 1.273 0.227     

Flanker 0.008 0.098 0.042 0.085 0.934     

2 
(Constant) -0.381 0.514   -0.74 0.472     

MI200 36.667 13.599 0.599 2.696 0.018     

Ex
cl

ud
ed

 
V

ar
ia

bl
es

 

Model Beta In t P Partial 
Correlation

Collinearity  
Tolerance 

    

 

2 Flanker 0.042 0.085 0.934 0.024 0.214     

 
 
 
Table 3. Stepwise regression of 𝑄𝑢𝑖𝑐𝑘𝑆𝐼𝑁 ~ 𝐹𝑙𝑎𝑛𝑘𝑒𝑟 + 𝑀𝐼200 for older listeners (backward 
method). The model summary introduces the full (model 1) and reduced (model 2) models: 1) 
QuickSIN modeled as dependent on both Flanker score and MI200 level; 2) the same model but 
with Flanker score selected as an excluded independent variable. ANOVA results show that only 
the second model is significant. The overall results suggest that only MI200 level, but not Flanker 
score, predicts QuickSIN score.  
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