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Abstract
Effective communication requires good speech perception abilities. Speech perception can be assessed with behavioral and

electrophysiological methods. Relating these two types of measures to each other can provide a basis for new clinical

tests. In audiological practice, speech detection and discrimination are routinely assessed, whereas comprehension-related

aspects are ignored. The current study compared behavioral and electrophysiological measures of speech detection, discri-

mination, and comprehension. Thirty young normal-hearing native Danish speakers participated. All measurements were car-

ried out with digits and stationary speech-shaped noise as the stimuli. The behavioral measures included speech detection

thresholds (SDTs), speech recognition thresholds (SRTs), and speech comprehension scores (i.e., response times). For the

electrophysiological measures, multichannel electroencephalography (EEG) recordings were performed. N100 and P300

responses were evoked using an active auditory oddball paradigm. N400 and Late Positive Complex (LPC) responses

were evoked using a paradigm based on congruent and incongruent digit triplets, with the digits presented either all acous-

tically or first visually (digits 1–2) and then acoustically (digit 3). While no correlations between the SDTs and SRTs and the

N100 and P300 responses were found, the response times were correlated with the EEG responses to the congruent and

incongruent triplets. Furthermore, significant differences between the response times (but not EEG responses) obtained

with auditory and visual-then-auditory stimulus presentation were observed. This pattern of results could reflect a faster

recall mechanism when the first two digits are presented visually rather than acoustically. The visual-then-auditory condition

may facilitate the assessment of comprehension-related processes in hard-of-hearing individuals.
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Introduction
Spoken language comprehension and daily-life communica-
tion require intact speech perception. Hearing loss affects
approximately 466 million people worldwide, and this
number is projected to rise to 900 million by 2050
(Lawrence et al., 2021). Hearing loss negatively affects
speech perception (e.g., Blamey et al., 2001). For optimal
hearing rehabilitation, it is thus essential to assess speech per-
ception abilities reliably and to understand the underlying
processes better.

According to Kiessling et al. (2003), speech perception
encompasses hearing, listening, comprehension, and com-
munication. Hearing is a passive function that provides
access to audition via the perception of sound. It is concerned
with sensing the presence of sound. That is, it reflects

detection. Listening, which is the next step, is the process
of hearing with intention and attention. This step is purpose-
ful and requires effort, as it involves the discrimination of
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auditory stimuli. Comprehension is the final step before com-
munication can take place. It is the reception of information,
meaning, and intent.

Impaired hearing may affect speech perception at all levels.
Speech perception abilities can be assessed using behavioral
and electrophysiological measures. Behavioral measures
include speech detection thresholds (SDTs) and speech recog-
nition thresholds (SRTs), both of which are widely used in
hearing clinics (Carhart, 1952). Electrophysiological measures
such as event-related potentials (ERPs) measure electrical
brain activity in response to a given stimulus. Commonly
used ERPs for studying speech perception are the N100,
P300, N400, and late positive complex (LPC) components
(Sur & Sinha, 2009). The N100 is a negative deflection with
a fronto-central topography that peaks around 100 ms follow-
ing stimulus onset, reflecting stimulus detection (Sur & Sinha,
2009). It is an obligatory response that – unlike the mismatch
negativity (Sussman, 2007) – is not influenced by attention.
The P300 is a positive deflection occurring around 300–400
ms post-stimulus onset with a centro-parietal topography
reflecting attention to the presented stimuli (Sur & Sinha,
2009). It can be elicited using an oddball paradigm based on
a standard and a deviant stimulus (Duarte et al., 2009). The
N400 is a negative deflection that occurs around 300–400
ms following stimulus onset. It is thought to occur when the
brain encounters an incongruency in terms of the meaningful-
ness of the presented stimulus (Niedeggen & Rösler, 1999).
For example, a sentence like “The dog was flying” or an arith-
metic expression like “3+ 4= 9” will elicit an N400 response
(Kutas & Federmeier, 2011). The N400 is usually followed by
an ongoing positivity which is referred to as the LPC. The LPC
is believed to occur when the brain tries to repair the previ-
ously detected incongruency and then concludes about the cor-
rectness or meaningfulness of the presented stimulus (Yang
et al., 2019). The N400 and LPC are reflected in the difference
wave derived from the ERPs for the congruent and incongru-
ent stimuli (Niedeggen & Rösler, 1999).

In audiological practice, SDT and SRT measurements
are typically performed using monosyllabic words or
digits as speech signals. Under quiet conditions, normal-
hearing listeners obtain SDTs and SRTs that lie approxi-
mately 10–15 dB above their pure-tone audiometric
thresholds averaged across 500, 1000, and 2000 Hz. At
10 dB above the SRT, listeners can generally recognize
speech effortlessly (Jerger et al., 1968). On the electro-
physiological side, the N100 and P300 are well-established
responses (e.g., Stapells, 2002). Usually, the N100 can be
reliably evoked at a presentation level that is a few decibels
above the corresponding audiometric threshold (e.g.,
Lütkenhöner & Klein, 2007). The P300, which is typically
evoked at higher levels, has been employed for studying dis-
crimination abilities in clinical populations (e.g., Cone-Wesson
& Wunderlich, 2003). In contrast, comprehension-related
aspects (e.g., semantic or syntactic processing) are neglected
in the clinic so far.

While behavioral and electrophysiological measurements
can provide much information about speech perception on
their own, more knowledge about the neural correlates of
speech detection, discrimination, and comprehension could
inspire new clinical test procedures. Several studies have
looked for such correlates, with most of them focusing on rel-
atively early cortical processes. For example, Billings et al.
(2013) found strong positive correlations between N100
amplitude and latency values and speech recognition at
various signal-to-noise ratios (SNRs). Another study found
that both N100 and P300 latencies and behavioral reaction
times to speech stimuli increased when the SNR decreased
(Kaplan-Neeman et al., 2006). Overall, these findings
support the idea that electrophysiological measures can be
used to predict speech-in-noise difficulties Regarding later
cortical speech processes, there is a scarcity of audiologically
motivated research studies. In the field of linguistics,
researchers have relied on the N400 component to study
aspects related to language, cognition, vocabulary, and
emotion. For instance, Henderson et al. (2011) tried to corre-
late the N400 response with behavioral measures of expres-
sive or receptive vocabulary knowledge in children. Other
researchers used the LPC component to investigate foreign
language competencies (Jiao et al. (2022) or the effects of
aging on semantic processing (Xu et al., 2017), for example.

While detection is a prerequisite for intact speech percep-
tion, discrimination and comprehension are needed for effec-
tive communication to occur. As mentioned above, detection
and discrimination are routinely assessed in audiological
practice using speech audiometry, whereas comprehension-
related aspects are ignored. Clinical experience shows that
although many hearing-impaired individuals perform rather
well in terms of speech audiometry, they report significant
hearing problems in daily life. A possible explanation for
this could be that they struggle with speech understanding.
In this case, it could be beneficial to have effective tests for
assessing detection-, discrimination-, and comprehension-
related speech processing abilities.

The purpose of the current study was to address this issue.
For the assessment of speech detection and discrimination, we
relied on established audiological measures (i.e., SDTs, SRTs,
N100 responses, and P300 responses). For the assessment of
comprehension-related abilities, we devised a simple test par-
adigm based on congruent and incongruent digit triplets. This
made it possible for us to evoke N400 and LPC responses and
to measure behavioral response times to the digit triplets.
Furthermore, we performed these measurements in two condi-
tions: auditory and visual-then-auditory stimulus presentation.
In the first condition, all digits were presented acoustically. In
the second condition, the first two digits were presented visu-
ally and only the third one acoustically. Our motivation for
including the visual-then-auditory condition was to facilitate
the assessment of comprehension abilities in follow-up
studies with hard-of-hearing individuals. If a hearing loss
interferes with speech detection and/or discrimination
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comprehension will also be affected. In the case of intact
visual processing, the information needed for comprehension
to occur can be provided via that channel. In that manner,
issues related to inadequate stimulus audibility or supra-
threshold auditory deficits can be circumvented. All the beha-
vioral and electrophysiological measurements were performed
in the presence of speech-shaped noise because speech percep-
tion is adversely affected by background noise, especially in
individuals with a hearing loss (Anderson & Kraus, 2010).

Overall, the main aims of our study were as follows:

• To relate clinically applicable behavioral and electrophys-
iological measures of speech detection, discrimination,
and comprehension to each other;

• To compare auditory and visual-then-auditory versions of
the measures of speech comprehension with each other.

These aims gave rise to the following research questions:

1. Are the behavioral and electrophysiological measures
correlated when studying speech detection, discrimina-
tion, and comprehension?

2. Do the auditory and visual-then-auditory versions of the
measures of speech comprehension provide similar results?

In view of the general lack of audiologically motivated
research into brain-behavior correlations based on more
complex tasks than speech detection, the current study was
rather exploratory in nature.

Materials and Methods
Ethical approval for the current study was obtained from the
Regional Committee on Health Research Ethics for Southern
Denmark (case no. S-20190117).

Participants
Thirty participants were recruited from the University of
Southern Denmark student population. The participants
were native Danish speakers aged 18–30 years with no
reported history of any neurological disorders and with
normal or corrected-to-normal vision. They all had pure-tone
hearing thresholds of maximally 25 dB HL at the standard
audiometric test frequencies from 250 to 8000 Hz in both
ears. The participants provided written informed consent
and received financial compensation for their efforts.

Test Setup
The tests were performed in an electrically shielded sound
booth. The participants were seated in a comfortable chair
during the measurements. Inside the sound booth, a pair
of headphones for audiometry measurements (RadioEar
DD45), a pair of insert phones for electrophysiological

testing (Etymotic ER3A), a monitor, an amplifier (NeurOne
Tesla, Bittium), a battery for powering the amplifier for the
electrophysiological measurements, and a response pad
(Cedrus, USA) were located. Outside the sound booth, the
EEG main unit (NeurOne, Bittium) was placed and con-
nected to both the stimulus presentation computer and the
main computer for recording the electrophysiological data.

Behavioral Setup. The behavioral tests were performed using
standard clinical equipment (Interacoustics Affinity 2.0,
RadioEar DD45 headphones) and procedures (ISO, 2010).

Electrophysiological Setup. The NeurOne main unit was con-
nected to the main computer via an ethernet cable and the
presentation computer via an 8-bit trigger cable. The stimulus
computer was used to present the auditory stimuli via an
RME Fireface UC soundcard to the insert phones and the
visual stimuli on the monitor inside the sound booth. The
response pad was used for logging the participants’ behavioral
responses to the congruent and incongruent digit triplets. The
behavioral responses were delivered to the presentation com-
puter, where event codes were routed to the EEG computer
and saved along with the EEG measurements.

The stimuli were presented using Presentation software
version 21.0 (Neurobehavioral Systems, USA). The auditory
stimuli were presented diotically through the insert phones.
The visual stimuli were presented on the monitor inside the
sound booth, which was placed 2 m in front of the participant
(at 0° azimuth).

Continuous EEG signals were recorded using a custom
39-channel electrode cap. The electrode montage followed
the extended 10–20 layout and included one ocular
channel under the left eye to record horizontal and vertical
eye movements and a vertex reference channel (Cz).
Electrode impedances were kept below 5000 Ohm. The
EEG signals were band-pass filtered from 0.1 to 100 Hz
with 12 dB/octave roll-off and digitized at a sampling
rate of 1000 Hz.

Stimulus Materials
The Dantale-I corpus (Elberling et al., 1989) was used for the
speech stimuli for both the behavioral and electrophysiolog-
ical measurements. More specifically, the digit materials
from lists 9, 10, and 11 were used. The digits from these
lists are organized in sets of triplets. The original .wav files
from the Dantale-I lists were edited to prepare the stimulus
material for the EEG measurements. The files were first
cropped to obtain all monosyllabic digits available from the
Dantale-I test lists, that is, 0, 1, 2, 3, 5, 6, 7, and 12 (see
the appendix for phonetic transcriptions). The resultant files
were all 400 ms in length.

The digit materials were then manipulated for the N400
and LPC measurements to yield different triplets. The triplets
constituted either ascending (e.g., 1-2-3) or descending
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(e.g., 3-2-1) congruent sequences or ascending or descending
incongruent sequences. The incongruent sequences were
divided into ‘error-by-1’ and ‘error-by-4’ conditions. For
the error-by-1 triplets, the first two digits were in sequence,
whereas the last digit deviated by± 1 from the expected
digit (e.g., 1-2-4 or 1-2-2 instead of 1-2-3). Similarly, the
error-by-4 condition included incongruent triplets whose
first two digits were in sequence, whereas the last digit devi-
ated by± 4 from the expected digit (e.g., 3-4-9 or 3-4-1
instead of 3-4-5). In this manner, a total of 30 distinct digit
triplets were constructed. During the measurements, a total
of 240 triplets were presented, that is, 120 congruent and
120 incongruent ones. Among the 120 incongruent triplets,
60 corresponded to the error-by-1 condition, while the
other 60 corresponded to the error-by-4 condition.

All behavioral and electrophysiological measurements
were performed in continuous speech-shaped noise with a
fixed level of 50 dB HL or 67 dB(C) SPL.

Behavioral Measurements
Pure-tone audiometry was carried out using the modified
Hughson-Westlake procedure (Carhart & Jerger, 1959).
Left and right ears were tested individually for all the
octave frequencies from 250 to 8000 Hz.

The SDT and SRT measurements were performed dioti-
cally and at least twice. A third measurement was made if
the absolute difference between the first and second measure-
ments was ≥5 dB. The final threshold values were calculated
using the median of all measurements per participant. For the
SDT measurements, the participants were instructed to press
a button every time they detected a speech sound. They had
to press the button for every digit they heard. The measure-
ment started with a speech level of 50 dB HL. For every
correct response, the presentation level of the stimulus was
decreased by 5 dB until an incorrect response was registered.
A correct response corresponded to the detection of all three
digits of a given triplet, while an incorrect response corre-
sponded to the detection of <3 digits. At the presentation
level corresponding to the first incorrect response, the partic-
ipant was presented with 10 triplets, and the percentage of
correctly responded digits was calculated. Next, the stimulus
intensity was reduced by 5 dB. Another set of 10 triplets was
presented, and the percentage of correctly identified digits
was calculated. The two percentage points obtained in this
manner were then connected by a line. If that line passed
through the 50%-correct point on the Affinity user interface,
the corresponding level was taken as the SDT. If the line did
not pass through the 50%-correct point, a third measurement
was made using a presentation level that was 5 dB lower. The
three percentages were then connected to determine the level
corresponding to 50%-correct detection performance.

The participants were asked to repeat the digits they heard
for the SRT measurements. The same steps as used for the
SDT measurements were then followed to determine the

presentation level at which the participant could recognize
50% of the presented digits.

Speech Comprehension Scores (Response Times). The time the
participants took to log a response (via a button press) to the
congruent or incongruent digit triplets from the correspond-
ing EEG paradigm was taken as an indirect estimate of
speech comprehension. Only responses to digit triplets that
were correctly classified as congruent or incongruent were
included in these calculations. The scores were calculated
by averaging the response times to the individual digit triplets
per condition and participant.

Speech-Evoked Cortical Potentials
For all EEG measurements, the speech presentation level was
set to 10 dB above a given individual’s SRT to ensure good
detectability and discriminability. The order of the different
electrophysiological measurements was randomized across
participants.

N100 and P300 Responses. The N100 and P300 responses
were evoked using an auditory oddball paradigm. The digit
‘3’ was used as the standard and the digit ‘5’ as the deviant
stimulus. These two digits were chosen for their clear onset
characteristics. The deviants were presented with a probabil-
ity of 15% (60 times) and the standards with a probability of
85% (340 times). The inter-stimulus interval was randomized
in the range of 1000–1500 ms. During the measurements, the
participants were instructed to attend to the deviants and to
count them silently in their heads. At the end of a given mea-
surement, they were asked to report how many deviants they
had heard. The participants’ data for the P300 were only
included in the analyses if they could detect the deviants
with at least 80% accuracy (i.e., 48/60). The responses to
the standards were used for the N100 analysis and the
responses to the deviants for the P300 analysis.

N400 and LPC Responses. As mentioned above, the N400 and
LPC responses were evoked using auditory and visual-then-
auditory stimulus presentation (see Introduction). In the audi-
tory condition, all digits were presented acoustically via
insert phones (see Figure 1A). In the visual-then-auditory
condition, the first two digits were presented visually and
the third digit acoustically (see Figure 1B). Otherwise, the
two conditions were identical in terms of their designs. The
last digit had an onset jitter of± 100 ms. The participants
were asked to indicate the ‘correctness’ of the third digit
via a button press as soon as they had reached a conclusion.

The two paradigms elicited condition-specific responses
for the congruent, error-by-1, and error-by-4 stimulus condi-
tions. To obtain the N400 and LPC waveforms, the responses
to the two incongruent stimulus conditions were subtracted
from the corresponding responses to the congruent stimuli.
A given participant’s data were only included in the analyses
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if, for both conditions (congruent and incongruent), more
than 40 out of 60 responses (>68%) were correct.

EEG Data Preprocessing
The preprocessing was performed offline after the acquisition
of the EEG data. EEGLAB (Delorme & Makeig, 2004) was
used for this purpose. The raw data were imported into
EEGLAB, and the channel locations were added. The data
were then downsampled to 250 Hz. Next, the data were
highpass-filtered at 1 Hz, partitioned into 1-s epochs, and
subjected to typical artifact rejection by probability and kur-
tosis matching. An Independent Component Analysis (ICA)
was then carried out. After the ICA was completed, the ICA
weights were back-projected onto the raw dataset. The ICA
components representing common artifacts were identified
and rejected. Subsequently, the data were band-pass filtered
from 1 to 10 Hz for the N100 analysis and from 0.3 to 8
Hz for the P300, N400, and LPC analysis. Different filter set-
tings were carefully chosen based on pilot testing to isolate
the corresponding EEG components as much as possible
from the background noise, as recommended in the literature
(e.g., Duncan et al., 2009). The filtered data were epoched to

the events of interest and baseline-corrected to −100 to 0 ms.
Residual artifacts not identified by the ICA were rejected
using probability-matching artifact rejection. The responses
of interest were then visualized for further inspection and
illustration of the data. The recording electrodes were either
Cz for the N100 or Pz for the P300, N400 and LPC.

Amplitude and Latency Extraction. Based on the research liter-
ature (Bassok et al., 2009; Dickson et al., 2018; Niedeggen &
Rösler, 1999; Pawlowski et al., 2018; Sur & Sinha, 2009), the
following time windows were chosen for the ERP amplitude
and latency extraction: 60–160 ms for the N100 component,
250–450 ms for the P300 component, 250–450 ms for the
N400 component, and 450–800 ms for the LPC component.
For the condition-specific responses, 300–800 ms was used.
For a given EEG component, the amplitude value was calcu-
lated by taking the average of all sample values within a time
window of± 32 ms surrounding the maximum peak ampli-
tude. The± 32 ms time window was chosen based on an
intermediate analysis. To that end, the ERP responses for
the four EEG components were divided into odd and even
trials. Based on the two resultant data subsets, the component
amplitudes were calculated by taking the average of all

Figure 1. Illustration of the stimulus design for the N400 and LPC measurements. A: Auditory stimulus presentation. B: Visual-then-

auditory stimulus presentation.
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sample values in± 0 ms,± 16 ms,± 32 ms, and± 64 ms wide
time windows. Following this, a correlation analysis was
carried out based on the amplitudes calculated for the odd
and even trials. The± 32-ms time window resulted in the
strongest correlation between these two datasets (r= 0.68,
p < 0.05). The± 64-ms window gave a slightly weaker corre-
lation. Also, the risk of including other EEG components in
the averaging increased with a greater window length. Hence,
± 32 ms was chosen for the analyses reported below.

Statistical Analyses
The statistical analyses were carried out using IBM SPSS
version 26. The variables of interest were inspected for
normality using Kolmogorov-Smirnoff’s test and quantile-
quantile plots. Variables that did not fulfill the normality
criterion were adjusted by removing extreme values or by
log-transforming the raw data. In the case of the SRTs, normal
distributions were not achievable, which is why non-parametric
statistical tests were used for the analysis of these data.

To address the first research aim (see Introduction), a cor-
relation analysis was carried out on the corresponding beha-
vioral and electrophysiological measurements, that is, the
SDT vs. N100 data (amplitude and latency), the SRT vs.
P300 data (amplitude and latency), and the response times
vs. the condition-specific ERPs from the digit-triplet para-
digm (amplitude and latency). The latter was done separately
for the data collected with auditory and visual-then-auditory
stimulus presentation.

To address the second research aim (see Introduction), the
results from the two stimulus presentation modes (auditory,
visual-then-auditory) were compared. For the condition-
specific waveforms, the amplitude and latency values were
analyzed using a 2-way repeated-measures analysis of vari-
ance (ANOVA) with presentation mode (auditory, visual-
then-auditory) and congruency (congruent, error-by-1,
error-by-4) as factors. For the N400 and LPC responses (or dif-
ference waveforms), the amplitude and latency values were
analyzed using a 2-way repeated-measures ANOVA with pre-
sentation mode (auditory, visual-then-auditory) and congru-
ency (error-by-1, error-by-4) as factors. To analyze the
response times, a 2-way repeated-measures ANOVAwith pre-
sentation mode (auditory, visual-then-auditory) and congru-
ency (congruent, error-by-1, error-by-4) as factors was
performed.

To summarize, the EEG components reflecting compre-
hension abilities were analyzed at two levels: the condition-
specific responses and the difference waveforms. For the
first research aim, the condition-specific responses were com-
pared to the response times. This was because the N400 and
LPC components were derived from the difference waveforms
and thus could not be directly correlated with the response
times. For the second research aim, the condition-specific
waveforms were analyzed in addition to the N400 and LPC
components. This was because the condition-specific

waveforms allowed for a sanity check to be made, that is, if
the responses to incongruent stimuli would be delayed relative
to those to congruent stimuli.

Results

Behavioral Measurements
SDT and SRT Data. Figure 2 shows the SNRs corresponding
to the SDTs and SRTs (measured in 50-dB-HL speech-
shaped noise) for each of the 30 participants. In general,
the threshold values lie within −24 to −12 dB SNR and
can therefore be considered representative of normal-hearing
listeners. There was a positive correlation between the SDT
and SRT values (r= 0.52, p < 0.01).

Speech Comprehension Scores (Response Times). Table 1
shows the means and standard deviations of the response
times of the participants to congruent and incongruent digit
triplets. The response times obtained with auditory presenta-
tion were longer than those obtained with visual-then-
auditory presentation. For both presentation modes, the
response times to congruent stimuli were shorter than those
to incongruent stimuli.

EEG Measurements
N100 Responses. Figure 3 shows the grand average response
from the N100 analysis. As can be seen, a negative deflection
with a peak latency of 111 ms, an amplitude of 1.3 μV, and a
fronto-central topography resembling literature N100 data
(e.g., Sur & Sinha, 2009) was observed.

P300 Responses. Figure 4 shows the grand average response
from the P300 analysis. As can be seen, a positive deflection
with a peak latency of 341ms, an amplitude of 10.4 μV, and a
fronto-central topography resembling literature P300 data
(e.g., Sur & Sinha, 2009) was observed.

N400 and LPC Responses. Figures 5 and 6 show the
condition-specific grand average responses and difference
waveforms (N400, LPC) obtained with auditory and
visual-then-auditory presentation together with the corre-
sponding scalp topographies. As can be seen, the responses
to congruent stimuli have shorter latencies than those to
incongruent stimuli. The responses for the two presentation
modes look similar and will be described further below.

Table 2 summarizes the extracted amplitude and latency
values for the different EEG components.

Statistical Analyses
Aim 1. Regarding research aim 1 (see Introduction), no cor-
relations were found between the SDTs and the N100 ampli-
tude or latency values (both p > 0.05). Neither were there any
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correlations between the SRTs and the P300 amplitude or
latency values (both p > 0.05). The response times,
however, were correlated with some of the condition-specific
amplitude values obtained with auditory and visual-
then-auditory stimulus presentation (see Table 3). For illus-
trative purposes, Figure 7 shows the two clearest correlations
for the error-by-1 condition and auditory presentation in the
form of scatter plots.

Aim 2. Regarding research aim 2, the ANOVA performed on
the N400 and LPC amplitude values revealed no effects of sti-
mulus presentation mode or congruency (both p>0.05).
However, a significant interaction between stimulus presenta-
tion and congruency was found [F(2,60)= 5.9, p<0.005)].
Post-hoc testing with Bonferroni correction showed a signifi-
cant difference between the congruent and error-by-4 condi-
tions (p<0.005) for auditory presentation, with larger
amplitudes for the error-by-4 condition-specific responses.

For the N400 and LPC latency values, no effect of stimu-
lus presentation mode was found (p > 0.05), but the effect of
congruency was significant [F(2,60)= 30.3, p< 0.005)].

Post-hoc testing with Bonferroni correction revealed a signif-
icant difference between the congruent and error-by-1
condition-specific responses and between the congruent
and error-by-4 condition-specific responses (both p<
0.005). Longer latencies were observed for the error-by-1
and error-by-4 condition-specific responses. No interaction
between condition and congruency was found (p > 0.05).

The two ANOVAs performed on the N400 amplitude and
latency values revealed no effects of stimulus presentation
mode or congruency (both p>0.05). The same was true for
the LPC amplitude and latency values. There was, however,
a significant interaction between stimulus presentation mode
and congruency [F(1,29)= 9.0, p<0.005)]. Post-hoc testing
with Bonferroni correction revealed significant differences
between the error-by-1 and error-by-4 condition-specific
responses for auditory presentation (p<0.005), with larger
amplitudes for the error-by-1 condition-specific responses.

The analysis of the response times revealed effects of sti-
mulus presentationmode [F(1,30)= 47.5, p<0.005)] and con-
gruency [F(2,60)= 65.4, p< 0.005)]. Post-hoc testing revealed
significant differences between the congruent and error-by-1
condition-specific responses and between the congruent and
error-by-4 condition-specific responses (both p<0.005). The
interaction between stimulus presentation mode and congru-
ency was also significant [F(2,60)= 23.8, p< 0.005].
Post-hoc testing revealed significant differences between the
congruent and error-by-1 condition-specific responses and
between the congruent and error-by-4 condition-specific
responses (both p<0.005) but not between the error-by-1
and error-by-4 condition-specific responses (p>0.05). The
interaction occurred due to the error-by-1 condition leading
to shorter response times than the error-by-4 condition with
the visual-then-auditory presentation, while the opposite was
true for auditory presentation.

Figure 2. SDTs (red circles) and SRTs (blue circles) for each of the 30 participants. All measurements were performed in 50-dB-HL

stationary speech-shaped noise.

Table 1. Response Times for the Three Congruency Conditions

and the two Stimulus Presentation Modes. Std. dev.= Standard

Deviation. ms=Milliseconds.

Auditory presentation

Visual-then-auditory

presentation

Congruency

Mean

(ms)

Std. dev.

(ms)

Mean

(ms)

Std. dev.

(ms)

Congruent 717 188 521 123

Error-by-1 769 171 649 151

Error-by-4 830 178 616 127
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Discussion
In the current study, digit-based behavioral and electrophys-
iological measures of speech detection, discrimination, and
comprehension were compared. Data were collected from
30 young normal-hearing adults and analyzed in terms of cor-
relations between the behavioral and electrophysiological
outcomes. Furthermore, differences between the results
obtained with auditory and visual-then-auditory stimulus pre-
sentation were investigated. The analyses did not reveal any
correlations between the SDTs and N100 (detection) or the
SRTs and P300 (discrimination) responses. Neither were
there any differences between the EEG responses obtained
with auditory and visual-then-auditory presentation. However,
the response times were significantly longer with auditory pre-
sentation than with visual-then-auditory presentation. In terms

of correlations, the response times were correlated with the
amplitude values of the condition-specific waveforms for both
presentation modes in most cases.

Measures of Speech Detection, Discrimination, and
Comprehension
Digits are frequently used for audiological assessments of
speech perception. In the current study, the SDT and SRT
measurements ranged from −24 to −12 dB SNR
(Figure 2). Overall, these thresholds cover a narrow range,
which was a consequence of young normal-hearing listeners
being tested. In terms of the electrophysiological responses,
the N100 and P300 responses were very similar to literature
data (Bidelman et al., 2013; Jasinski & Coch, 2012). The

Figure 3. N100 results showing the grand average response (thick black line) with± 1 standard deviation (thin lines) at channel Cz and the

corresponding topography for the 60–160 ms time window. The black dots indicate the electrode positions. The color legend shows the

amplitude in microvolts. The vertical dashed lines in the figure indicate the time window used for the analysis.

Figure 4. P300 results showing the grand average response (thick black line) with± 1 standard deviation (thin lines) at channel Pz and the

corresponding topography for the 250–450 ms time window. The black dots indicate the electrode positions. The color legend shows the

amplitude in microvolts. The vertical dashed lines in the figure indicate the time window used for the analysis.
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Figure 5. Condition-specific grand average responses and corresponding N400 and LPC components obtained with auditory stimulus

presentation. The central panel at the top shows all grand average responses in one figure. In the five panels below, the individual grand

average responses are shown together with± 1 standard deviation. On the top-lefthand side, the topographies for the N400 component for

the error-by-1 (A) and error-by-4 (B) conditions are shown. On the top-righthand side, the topographies for the LPC component for the

error-by-1 (C) and error-by-4 (D) conditions are shown. The vertical dashed lines in the figures indicate the time windows used for the

analyses. The black dots in the topography plots indicate the electrode positions, while the color legend shows the amplitude in microvolts.

Figure 6. Condition-specific grand average responses and corresponding N400 and LPC components obtained with visual-then-auditory

stimulus presentation. The central panel at the top shows all grand average responses in one figure. In the panels below, the individual grand

average responses are shown together with± 1 standard deviation. On the top-lefthand side, the topographies for the N400 component for

the error-by-1 (A) and error-by-4 (B) conditions are shown. On the top-righthand side, the topographies for the LPC component for the

error-by-1 (C) and error-by-4 (D) conditions are shown. The vertical dotted lines in the figures indicate the time windows used for the

analyses. The black dots in the topography plots indicate the electrode positions, while the color legend shows the amplitude in microvolts.
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N400, however, occurred 100 ms earlier than a typical ‘lin-
guistic’ N400. This is in accordance with other studies,
which traced earlier responses to mathematical tasks back
to a different cortical pathway being responsible for their pro-
cessing (Bassok et al., 2009). Niedeggen and Rösler (1999)
pointed out that simple arithmetic tasks are stored as facts
rather than rule-based semantic entities. Hence, it is likely
that the digit triplet task used here can be carried out faster
than tasks involving linguistic processes. The N400 response
was followed by the LPC, which peaked around 600 ms after
stimulus onset. In general, the LPC is believed to reflect the
repair of an erroneous stimulus (Niedeggen & Rösler, 1999).
With regards to the current study, it appears indicative of the
process that occurs when an incongruent digit sequence is
presented and the brain decides about its degree of
congruency.

The effects of congruency can be studied by examining the
condition-specific waveforms and the response times. The con-
gruent condition-specific waveform had a peak amplitude
around 300- 400 ms, whereas the incongruent condition-
specific waveform had a larger amplitude around 600 ms.
For the congruent condition-specific waveform, we observed
a positive-going deflection resembling a P300 response,
similar to what Dickson et al. (2018) described in their study.
For the incongruent conditions, the positive-going deflection
was delayed by approximately 200–300 ms compared to a
typical P300. This could be indicative of increased processing
demands incurred by the incongruent stimuli used here.

The behavioral response times were generally longer than
the mean latencies of the positive-going deflections observed

in the EEG responses for the three congruency conditions.
In fact, there was a rather constant delay of around 200–400
ms for auditory presentation and around 70–100 ms for
visual-then-auditory presentation between the EEG latencies
and the point in time when the button presses occurred (see
Table 1 for mean response times and Table 2 for peak laten-
cies). Among the condition-specific responses, mean response
times were significantly shorter for the congruent conditions
than for the incongruent conditions, although no difference
between the error-by-1 and error-by-4 conditions was found.
Overall, this indicates that the processing of incongruent
stimuli needs more cognitive resources, probably because
the underlying neural processes for identifying congruent
and incongruent sequences are slightly different (Dickson
et al., 2018).

Aim 1: Behavioral vs. EEG-Based Measures
In the current study, no correlations between the behavioral and
EEG-based measures of speech detection and discrimination
were observed. This could perhaps be attributed to the SDT
involving active participation,whereas theN100 is an obligatory
neural response that does not require attention to the stimulus,
even though its amplitude can be affected by it (Gutschalk
et al., 2008). Regarding the SRT and P300 measurements, a
clear difference between them was the stimuli that were used.
The P300 response involves paying attention to a given
deviant, that is, a single digit. The SRT, on the other hand,
requires more complex processing in the sense that multiple
digits need to be discriminated by the participant. Another con-
sideration is the presentation level. As the N100 and P300
responses were evoked using the same paradigm, the presenta-
tion levels used for them were identical (i.e., 10 dB above the
individual SRT). Given that detection is generally possible at
lower presentation levels (see Introduction), the N100 and
P300 responses, as evoked here,may not be themost appropriate
measures to correlatewith SDTsor SRTs. In future studies, a dif-
ferentEEGparadigmshould ideallybedeveloped toensuremore
similaritywith the stimuli used for the behavioralmeasurements.

The negative correlations observed between the response
times and EEG amplitudes for the condition-specific responses

Table 3. Results from the Correlation Analysis Performed on the

Response Times and Condition-Specific Amplitude Values Obtained

with Auditory and Visual-Then-Auditory Stimulus Presentation.

Congruency Auditory presentation

Visual-then-auditory

presentation

Congruent ρ=−0.63, p < 0.005 ρ=−0.42, p < 0.05

Error-by-1 ρ=−0.43, p < 0.005 Not significant

Error-by-4 ρ=−0.42, p < 0.05 ρ=−0.39, p < 0.05

Table 2. Mean Amplitude and Latency Values with Standard Deviations for the Condition-Specific Responses as Well as the N400 and LPC

Components Obtained with Auditory and Visual-Then-Auditory Stimulus Presentation.

Component

Auditory presentation Visual-then-auditory presentation

Mean amplitude (μV) (SD) Mean latency (ms) (SD) Mean amplitude (μV) (SD) Mean latency (ms) (SD)

Congruent 10.3 (4.4) 450 (173) 11.5 (4.2) 421 (143)

Error-by-1 11.7 (4.9) 584 (78) 10.2 (4.0) 605 (222)

Error-by-4 10.3 (4.7) 569 (133) 10.5 (4.4) 547 (99)

N400, error-by-1 −5.9 (3.9) 321 (42) −5.5 (3.3) 333 (65)

N400, error-by-4 −6.2 (3.8) 325 (48) −6.2 (3.4) 349 (55)

LPC, error-by-1 5.0 (2.5) 652 (93) 4.2 (3.4) 637 (87)

LPC, error-by-4 3.9 (2.4) 659 (106) 4.6 (3.1) 632 (93)
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imply that longer behavioral response times are associated
with reduced cortical responses. Smaller cortical potentials
have been interpreted as a sign of less cognitive effort (e.g.,
Ghani et al., 2020). According to this view, the negative cor-
relation observed here would suggest that longer response
times are indicative of less effort, which is at odds with the
findings of many other studies (e.g., Gatehouse & Gordon,
1990; Neher et al., 2014). Further research is therefore
needed to resolve this issue.

Aim 2: Auditory vs. Visual-Then-Auditory Presentation
Regarding the comparison of auditory and visual-then-auditory
presentation for the comprehension-related measures, the data
analysis revealed a difference in the response times but not
the EEG responses. It is well known that the visual and auditory
pathways are different and that visual detection can be up to 100
ms faster (Pawlowski et al., 2018). Consistent with this, the
mean response times obtained with visual-then-auditory presen-
tation were significantly shorter than with auditory presentation
(Table 1). For the triplet sequences to be processed correctly, all
three digits need to be understood. In terms of timing, the audi-
tory and visual-then-auditory stimulus sequences were very
comparable. In both cases, the task required the recall of the
first two digits to be able to assess congruency based on the
third digit. When the first two digits were presented visually,
a different pathway was activated than when they were pre-
sented acoustically. Because the visual pathway is generally
faster (as discussed above), this could have speeded up the
recall process. This may be why the response times were signif-
icantly shorter with visual-then-auditory presentation.

Broadly speaking, this finding can be compared to the
benefit of visual aids for communication purposes. Some

researchers have proposed that the use of the visual
pathway for processing speech cues is more efficient (Noda
et al., 2014). It is also well known that individuals with a
hearing loss rely on compensatory mechanisms to improve
speech perception (e.g., Başkent et al., 2016). For the N400
and LPC responses, however, no influence of presentation
mode was found. This would seem to suggest that auditory
and visual-then-auditory presentation can be used inter-
changeably for investigating the cortical processes captured
by these two responses. In the future, it will be interesting
to apply these conditions to the study of the effects of
hearing impairment and deafness. Visual processing often
remains intact or is sometimes even improved in
hard-of-hearing individuals (Mitchell & Maslin, 2007).
With visual-then-auditory stimulus presentation, it will be
possible to minimize any issues related to auditory depriva-
tion on speech detection and discrimination. In this
manner, it should be possible to assess comprehension-
related abilities more clearly.

Influence of Individualized Test SNRs
In the current study, test SNRs were chosen based on individ-
ual speech audiometry results (see Methods and Materials).
Early cortical potentials such as the N100 can be evoked at
an intensity close to the perceptual hearing threshold
(Lütkenhöner & Klein, 2007). In contrast, later cortical
potentials can only be successfully evoked if a given stimulus
is detected, discriminated, and adequately comprehended.
Hence, by presenting the digits 10 dB above the individual
SRT we ensured good speech detectability in the current
study. It is well known, however, that the test SNR influences
ERP measurements (e.g., Billings et al., 2009). Nevertheless,

Figure 7. Scatter plots illustrating correlations between the response times and EEG amplitude values. Filled circles denote data included in

the analysis, while open circles denote outliers. The solid red lines correspond to least-squares regression lines and the red dotted lines to

95% confidence intervals after outlier removal. Spearman’s ρ values and corresponding p-values are also shown.
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the focus of the current study was on later cortical processes,
particularly those reflecting comprehension abilities. It is
meant to serve as the basis for follow-up studies with
hearing aid and cochlear implant users, for whom large inter-
individual differences in terms of speech perception are very
common. In such cases, individualizing the test SNR based
on speech audiometry is expected to be even more important.

Limitations
For the N400 and LPC paradigms, the third digit was jittered
by± 100ms (seeMaterials andMethods) to avoid habituation
effects. For the behavioral measurements, the Interacoustics
Affinity system was used, so the digits were not jittered.
However, there is some inherent variability in the length of
the digit triplets used for the speech audiometry. The order
of magnitude of these differences is, in fact, comparable to
the jitter introduced during the N400 and LPCmeasurements.
While a signal detection analysis would have been optimal to
analyze the speech audiometry data, it was unfortunately not
possible to separate the participants’ responses into hits,
misses, and false alarms. We do not think that different
response strategies played a role in our results, although we
acknowledge this as a potential limitation.
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Appendix
The table below shows phonetic transcriptions of the digits
used for the behavioral and EEG measurements.

Digit Spelling Pronunciation (IPA)

0 nul [ˈnɔl]
1 en [ˈeːˀn]
2 to [ˈtˢoːˀ]
3 tre [ˈtˢʁ̥æːˀ]
5 fem [ˈfɛmˀ]
6 seks [ˈsɛɡ˚s]
7 syv [ˈsyʊ̯ˀ]
12 tolv [ˈtˢʌlˀ]
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