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Auditory detection can improve with training. Though the majority of theorists posit that such improvements 
relate to dynamics of selective attention, longer-term sensory plasticity may also play a role (e.g., increased cortical 
processing for trained sounds). Here, listeners were trained in a single session to detect either an 861-Hz or 1058-Hz 
tone (counterbalanced across participants) presented in a frozen white noise masker. On the following day, EEG was 
collected while listeners: 1) attempted to detect 861-Hz and 1058-Hz tones at an SNR of -21 dB, and 2) passively 
heard the same tones presented in quiet. Listeners were significantly better at detecting tones at their trained 
frequency. In addition, P3 amplitudes were larger for trained than for untrained tones during the active detection task. 
During passive exposure to the same tones, P2 amplitudes were similarly larger for trained than for untrained tones. 
The difference in P3 amplitudes suggests that training leads to more efficient post-sensory processing related to 
decision-making. Differences in P2 amplitudes may reflect training-induced sensory cortical plasticity. Further, since 
the P2 effect was obtained during passive exposure, training induced improvements in detection may not be solely 
related to attention. 
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Introduction 

Experience can alter performances in a number of different listening tasks (for review, see 
Wright & Zhang1). For instance, practice can improve detection thresholds,2,3 increase sensitivities 
to differences between simple4 and complex sounds5, and alter spatial acuities (for review, see 
Wright & Zhang6). Given the variety of tasks that show this perceptual learning, it is perhaps 
unsurprising that the processes behind experience-related changes in perception have been hotly 
debated (for review, see Wisniewski, Radell, Church, & Mercado7). Explanations vary between 
selective attention views (i.e., learners determine the correct features to attend),8 and views that 
posit relatively long-term changes to sensory representations and their read-out connections.9-11 

Explanations of experience-related changes in auditory detection have been weighted 
heavily towards the selective attention position. For instance, Zwislocki, Marie, Feldman, and 
Rubin2 ascribed reduced attention as a “fairly straightforward” (p. 256) reason for decrements in 
detection threshold, and motivation as key to improving it. Tanner and Norman12 had listeners 
detect a 1000-Hz tone in noise in a 4I-4AFC task for hundreds of trials in which listeners were 
approximately 65% correct. When the frequency of the tone was changed to 1300 Hz, performance 
was brought down to chance (~25% correct). Performance promptly rose after subjects were 
informed of the frequency change, presumably because they recalibrated their attention. In another 
classic study, Greenberg and Larkin13 setup expectation of a tone at 1100-Hz by presenting initial 
trials using tones at 1100 Hz. In the following experimental blocks, probe stimuli at different 
frequencies were presented on 23% of trials. The detection probability of tones in noise at 1100-
Hz was relatively high compared to the detection of tones higher (>1200-Hz) or lower (<1000-
Hz). Human event-related potential (ERP) work provides concurring evidence with paradigms 
showing that the locus of attention is associated with enhancements of a negative going component 
approximately 100-ms post stimulus onset (i.e., the auditory N1).14 Training also can increase P3 
amplitudes to trained stimuli.15 The P3 is produced when subjects are engaged in active listening, 
and is believed to reflect context updating16 and/or components of the decision-making process 
itself.17 P3 is indicative of post-sensory processing, triggered by stimuli that require higher-order 
cognitive operations going beyond sensorial filtering. 

In contrast to attention-related explanations, other studies have provided evidence for 
modification of sensory representations themselves. Cortical tuning to specific frequencies has 
been demonstrated in humans,18,19 and animals.20,21 Animal models show that frequency 
discrimination training can increase the volume of auditory cortical representations (i.e., the 
number of neurons responding to a particular stimulus).20,22 In humans, the N1-P2 complex, made 
up of the N1 and a later positive component (~200-ms) in the ERP, shows larger peak-to-peak 
amplitudes with increasing levels of auditory discrimination accuracy.23 Several studies have 
shown the P2 to increase in amplitude as a result of discrimination training.15,24 This is the case 
even when listeners are asked to ignore the sounds that are being presented to them during 
“passive” blocks (e.g., Orduña et al.24).  

Though the ERP can be used to discern the stages of processing at which learning-effects 
arise (e.g., early sensory or later decision-related stages; for review, see Luck25), and the effects of 
‘active’ versus ‘passive’ processing, studies have not looked at how ERP changes are associated 
with auditory detection learning. Similar to the above-mentioned detection work, 12,13 participants 
in this study were given training in a tone-in-noise task where the frequency of the presented tone 
was fixed. After training, participants were tested with both a trained frequency and a previously 
unheard novel frequency while the electroencephalogram (EEG) was recorded. Interleaved with 
these active blocks were passive blocks in which the same tones were presented, but participants 
were asked to ignore sounds. We expected post-training detection of the trained frequency to be 
better than the untrained frequency. If selective attention is the sole driver of such an effect, then 
ERP differences between trained and untrained frequencies should only show up in the active 
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blocks. Based on previous work, these differences may manifest in the amplitudes of either N1 or 
P3. However, if learning is at least partially driven by other mechanisms, possibly related to 
representational plasticity, then there should be differences in passive blocks. This may manifest 
as a larger P2 at an individual’s trained frequency. 

 
Methods 

Participants 
 Fourteen young adults (ages 18-33) with normal hearing and audiometric thresholds (<20 
dB HL, 0.25 – 8-kHz) participated in this study for compensation. All participants gave signed 
informed consent. The study was approved by the U.S. Air Force Institutional Review Board. 
 
Apparatus 
 Participants were seated in a sound-attenuating booth. Sounds were presented diotically 
through earphones (ER-2; Etymotic Research, Elk Grove Village, IL, USA) at a level not 
exceeding 80 dB SPL. Experimental procedures were executed in MATLAB (Mathworks, Natick, 
MA). Timing of stimuli was controlled using a TDT System 3 real-time processor (RP2.1; Tucker-
Davis Technologies, Alachua, FL). 
 
Training 

A 2-interval, 2-alternative forced-choice paradigm was used (see Figure 2). On each trial, 
consecutive 2400-ms cosine-ramped (500-ms onsets and offsets) white noise sources were 
presented with a 100-ms gap between. These white noise sources were frozen across trials and 
participants to minimize acoustic trial-by-trial differences. An 80-ms pure tone was presented in 
one of the two noises, at either 861-Hz or 1058-Hz. Participants were tasked with indicating which 
interval contained the tone using the number pad on a computer keyboard. During testing, 
participants were also asked to rate their confidence on a 1-6 Likert scale. Data analyses associated 
with this metacognitive portion of the task will not be presented here, but will be reported in a 
separate paper. 

 

 
Figure 1. Depiction of the active task used in training and testing. For training, the metacognitive portion of the task 
was absent. Data associated with the metacognitive task will be reported in a separate paper. 

 
For half the participants, training involved detecting the 861-Hz tone. For the other half, 

training involved detection of the 1058-Hz tone. Participants underwent 8 blocks of 20 trials with 
feedback. From block 1 to block 8 the SNRs were: -10, -12, -14, -16, -18, -20, -22, and -24 dB. 
This fading from easy to hard SNRs was employed so that: 1) the demands of the task were made 
obvious to participants; and 2) perceptual learning would be effectively produced (for review, see 
Orduña et al.; 24 Wisniewski et al.7). All of the training took place in a single session. 

 
Testing 
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 Testing procedures were carried out in a separate session on the day immediately following 
training. Testing involved two different protocols. The first, which we refer to as “Passive,” was 
characterized by 861-Hz and 1058-Hz tones presented in silence. Frequencies were presented with 
equal a priori probabilities. Stimulus-onset asynchronies varied randomly between 350-ms and 
850-ms. There were 5 blocks of 100 tone presentations (i.e. 250 per frequency; 500 total). 
Participants were asked to ignore the sounds. 

The second protocol, which we refer to as “Active,” employed procedures similar to 
training. SNR was fixed at -21 dB, and trials contained the 861-Hz and 1058-Hz tones with equal 
a priori probabilities. In each block, participants completed 50 trials. Unlike training, no feedback 
was provided. There were 5 total active blocks (i.e. 125 trials per frequency; 250 trials total). 
“Passive” and “Active” blocks were interleaved throughout the testing session. 

 
EEG methods 

EEG data (135 channels) were gathered at a 2048-Hz sample rate, 24-bit A/D resolution, 
and were referenced to the common-mode-sense driven-right-leg electrodes (CMS/DRL) of the 
BioSemi Active II system (BioSemi, Amsterdam, the Netherlands). Caps were used with 128 
electrode positions arranged according to a BioSemi equiradial format. The additional 7 electrodes 
were placed on the nose tip, on lateral sides of the eyes, underneath eyes, and on the mastoids. 

All data processing and analyses were performed using EEGLAB26 and custom MATLAB 
scripts/functions. Data were re-sampled at 256-Hz, re-referenced to the left mastoid, and were 
digitally bandpass filtered (.5 – 100-Hz). Channels and portions of markedly noisy data were 
manually removed based on visual inspection. Independent components analysis (ICA) was run 
on the remaining continuous data. Independent component (IC) processes identified as eye- or 
muscle- movement artifacts (based on scalp projections, spectra, and time courses) were removed 
from the data (i.e., the data were corrected for artifacts; cf. Wisniewski et al.27). Epochs were 
extracted from -0.5 to 1.0 seconds surrounding onsets of tones. Baselines were removed (-500 – 
0-ms). Epoch voltage time-courses were averaged to make ERPs.  

 
Statistics 

Amplitudes of N1, P2, and P3 components of the ERP were extracted using mean voltages 
within time-windows selected based on ERPs averaged across trained and untrained frequencies. 
For the N1 and P2 in passive ERPs these windows were 90 – 120-ms, and 160 – 220-ms 
respectively. For the active ERPs, these windows were 160 – 200-ms (N1), 300 – 400-ms (P2), 
and 600 – 1200-ms (P3). The differences in latencies between passive and active ERPs has to do 
with the effects of masking and task on component latency.  For instance, Billings et al. (2010) 
found that manipulations to masking and task were associated with shifts in N1 latency from ~100-
ms in a passive quiet condition to ~180-ms in an active masking condition.  

N1 and P2 amplitudes were submitted to statistical analyses for a central cluster of 
electrodes (see Figure 2). P3 amplitudes were submitted to statistical analyses for a parietal cluster 
of electrodes. A nonparametric permutation-based procedure was used to assess amplitude 
differences between conditions. For 1000 iterations, condition labels were shuffled and the mean 
component amplitudes for conditions were recomputed. This process created a distribution of 
mean differences expected under the null hypothesis. A p-value was considered the proportion of 
iterations having a more extreme difference between means than the actual data (α = .05).  
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Figure 2. Channel locations sans mastoids used as reference. Red dots represent locations in the central cluster. Blue 
dots represent locations in the parietal cluster. 

Results 
 To examine effects of experience on detection accuracy and ERPs, we compared trained 
and untrained frequencies. For individuals trained with the 851-Hz tone, behavioral and ERP 
responses associated with 851-Hz tones were considered trained and those responses associated 
with 1058-Hz were considered untrained. The opposite was true for the other half of participants. 
Including counterbalance condition as a factor in any of the analyses added no significant main 
effects or interactions, p > .05. 
 
Behavioral Data 

The mean proportion correct for the trained frequency (M = 0.87, SD = 0.10) was greater 
than the untrained frequency (M = 0.74, SD = 0.14). This difference was statistically significant, 
t(13) = 3.41, p = .005, Cohen’s d = 0.90. Training therefore had the expected effect by yielding 
better performance for the trained compared to the untrained frequency.  This behavioral data is 
consistent with previous findings that tone detection thresholds can be improved by training. 1,3 
Further, this improvement was frequency-specific as demonstrated by a difference between 
frequencies in performance.13  

 
ERP Data – Passive 
 Figure 3a shows ERPs time-locked to trained (dark solid line) and untrained (light dashed 
line) tone onsets at the central and parietal cluster of electrodes. The N1/P2 complex is clearly 
visible at central electrodes. Further, Figure 3b and 3c depict scalp maps for these components that 
are similar to previous work.28 That is, voltage deflections are largest at fronto-central locations.  

The mean N1 amplitudes at the central cluster of electrodes for the trained and untrained 
frequencies were M = -0.75 μV (SD = 1.25) and M = -0.74 μV (SD = 0.88) respectively. Statistical 
analysis of component amplitudes at the central cluster of electrodes yielded no significant 
difference between conditions for N1, p > .20. In contrast, there appeared to be an effect of training 
on the P2 amplitude, with trained frequencies evoking larger P2 amplitude than untrained 
frequencies. The mean amplitudes for P2 for trained and untrained frequencies were M = 0.77 μV 
(SD = 0.77) and M = 0.53 μV (SD = 0.62) respectively. The difference in P2 amplitudes did reach 
significance, p = .03. 

 

N. J. Ball et al. Learning-related improvements in auditory detection sensitivities correlate with neural changes

Proceedings of Meetings on Acoustics, Vol. 30, 050012 (2017) Page 5



  

 
Figure 3. Passive ERP Results. (a) ERPs at the central and parietal electrode clusters during the passive portion of the 
experiment. N1 and P2 components are labeled. The dotted vertical line depicts tone onset (b) Scalp maps showing 
mean voltage within the designated N1 time window. (c) Scalp maps showing mean voltage within the designated P2 
time window.  
 
ERP Data – Active  

Figure 4a depicts ERPs in the active portion of the experiment. Components N1, P2, and 
P3 are labeled. Mean N1 amplitudes for the trained and untrained frequencies were M = -0.92 μV 
(SD = 1.12) and M = -0.83 μV (SD = 1.45) respectively. As in the passive portion of the experiment, 
the N1 showed no significant difference in amplitude between the trained and untrained 
frequencies, p > .20. The P2 was larger for the trained (M = 1.58 μV, SD = 1.49) than the untrained 
(M = 0.48 μV, SD = 1.15) frequency. This difference was significant, p = .01. In addition, the P3 
was larger for the trained (M = 3.22 μV, SD = 2.23) compared to the untrained (M = 2.02 μV, SD 
= 2.13) frequency. This difference also reached significance, p < .001. 
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Figure 4. Active ERP Results. (a) ERPs from the active part of the experiment at central and parietal electrode clusters 
for both the trained (solid lines) and untrained (dashed lines) frequencies. The dotted vertical line depicts tone onset. 
Scalp maps of N1 (b), P2 (c), and P3 (d) components are also shown.   

 
Discussion 

In the present study, we compared ERPs for trained and untrained tone frequencies under 
active and passive listening protocols. During active listening, participants were tasked with 
detecting tones in noise at a previously trained or untrained frequency. These same tones were 
presented in silence under a passive protocol with no associated task other than to ignore sounds. 
Debate over why humans show frequency-specific learning effects for detection, spurred the use 
of these separate protocols. Selective attention explanations predict differences between trained 
and untrained tones during active listening, but not during passive exposure to the same sounds 
(i.e., when top-down selective attention is not being utilized). In contrast, explanations that are 
based in relatively long-term changes in stimulus processing, predict differences between trained 
and untrained frequencies under both active and passive listening protocols. Essentially, by 
comparing ERPs to trained and untrained tone frequencies in these two tasks, we were able to look 
at processing-related differences during attentive and non-attentive listening states.  

** * 
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Participants showed the expected detection advantage for the tone frequency they were 

trained with. There were paralleling effects in ERPs obtained during both active and passive 
portions of the experiment. For passive ERPs, the trained frequency elicited a larger P2 amplitude 
than the untrained frequency. For active ERPs, larger amplitude P2 and P3 components were 
observed for the trained frequency. The ERPs indicate effects of learning at multiple processing 
stages. Specifically, an exogenous (sensorial) component of the auditory ERP (the P2) and a later 
endogenous (cognitively generated) P3, are both enhanced for a trained relative to an untrained 
frequency.  The effect observed for P2 further suggests that learning may not be exclusively related 
to selective attention, because effects of learning are observable even under a passive protocol.  

Studies of discrimination learning have similarly shown increased P2 amplitudes for 
trained stimuli under passive protocols.15,24 These learning effects found in P2 have been taken to 
indicate that P2 amplitude changes reflect changes in sensorial processing or the neural processes 
associated with acquisition.29 Tong and colleagues15 also suggest that P2 may regulate access to 
representations that would elicit P3 working memory processes during active tasks.  For example, 
repeated exposure to target stimuli during training may increase their salience in working memory, 
increasing awareness to them in subsequent active tasks. While P2 may reflect perceptual 
discrimination accuracy, it has also been suggested to be an indicator of familiarity.30 Familiarity 
is essentially induced by learning, so this does not contradict our present findings. Though much 
of the P2 literature has been derived from discrimination work, to our knowledge we are the first 
to show parallel P2 effects with detection learning. 

As in the active detection portion of our study, increases in P3 have paralleled learning in 
discrimination studies.15,24 The P3 seems to be prominent in actively attending auditory tasks, 
going beyond initial sensory processing. With the detection of a change in stimuli (not restricted 
to audition), P3 may reflect context updating involving comparison of new stimuli with those 
previously experienced and stored in working memory.31 The P3 may represent the efficiency of 
post-perceptual processing related to decision-making,32 categorization,33,34 and certainty 
regarding the decision.35 Regardless, it reflects some higher than sensory cognitive process. 
Increases in P3 amplitude for trained tones demonstrate changes associated with learning outside 
the auditory system itself.  That is to say, the trained tones elicit further processing, and while the 
specific kind of processing cannot be determined from this experiment, it is notable that the trained 
stimulus surpasses sensory processing alone. 

One important caveat to this work has to do with our assumption that selective attention 
was not being utilized in the passive protocol. Though participants were instructed to “ignore the 
sounds”, we cannot definitively say that participants avoided paying attention to the trained 
frequency. It is noteworthy that we observed no differences between trained and untrained 
frequencies for the N1.  This is a component often associated with auditory selective attention.36,37 
Even so, it may be more convincing if the same result holds when attention is diverted from the 
sounds.  This could be accomplished by giving participants a distracting task of sufficient difficulty 
in future work (e.g., an attention-demanding visual search task).   

 
Conclusion 

This study suggests that there are ERP correlates of learning in auditory detection at several 
stages of processing. Effects on the P2 component suggests that learning produces stimulus 
processing changes that are not related to active selective attention.  Learning correlates also exist 
in post-sensory processing (as indexed by the P3). Detection learning may not be solely attributed 
to selective attention, as some have suggested.  Instead, learning likely relies on both long-term 
sensory processing changes and attentional biases.  Future work should examine both mechanisms 
in order to understand the improvements in auditory detection. 
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