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a b s t r a c t

During interpersonal communication, listeners must rapidly evaluate verbal and vocal cues to arrive at
an integrated meaning about the utterance and about the speaker, including a representation of the
speaker's ‘feeling of knowing’ (i.e., how confident they are in relation to the utterance). In this study, we
investigated the time course and neural responses underlying a listener's ability to evaluate speaker
confidence from combined verbal and vocal cues. We recorded real-time brain responses as listeners
judged statements conveying three levels of confidence with the speaker's voice (confident, close-to-
confident, unconfident), which were preceded by meaning-congruent lexical phrases (e.g. I am positive,
Most likely, Perhaps). Event-related potentials to utterances with combined lexical and vocal cues about
speaker confidence were compared to responses elicited by utterances without the verbal phrase in a
previous study (Jiang and Pell, 2015). Utterances with combined cues about speaker confidence elicited
reduced, N1, P2 and N400 responses when compared to corresponding utterances without the phrase.
When compared to confident statements, close-to-confident and unconfident expressions elicited re-
duced N1 and P2 responses and a late positivity from 900 to 1250 ms; unconfident and close-to-con-
fident expressions were differentiated later in the 1250–1600 ms time window. The effect of lexical
phrases on confidence processing differed for male and female participants, with evidence that female
listeners incorporated information from the verbal and vocal channels in a distinct manner. Individual
differences in trait empathy and trait anxiety also moderated neural responses during confidence pro-
cessing. Our findings showcase the cognitive processing mechanisms and individual factors governing
how we infer a speaker's mental (knowledge) state from the speech signal.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

As we listen to another person, what cues tell us how confident
the speaker is about what they are saying, and what neurocogni-
tive mechanisms are involved? Expressed confidence refers to the
various sources of information (verbal, vocal, facial, gestural) that
signal a speaker's awareness of their own possession of knowledge
(Brennan and Williams, 1995; Swerts and Krahmer, 2005) and the
relative strength of belief (London et al., 1971). Listeners rapidly
integrate these and other cues to adopt a theory about a speaker's
cognitive and affective states, allowing utterances to be inter-
preted in the context of speaker knowledge and communicative
goals (Brouwer et al., 2012). Following recent work that elucidates
the temporal neural dynamics associated with decoding expressed
confidence from vocal cues in speech (Jiang and Pell, 2015), this
study focused on the interplay of linguistic and vocal cues for
understanding confidence in spoken language using event-related
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brain potentials (ERPs).

1.1. One signal, two channels for understanding speaker confidence

In speech communication, expressed confidence is frequently
informed by both linguistic and vocal (i.e., prosodic) cues available
to the listener, in varying degrees and at different points in time. In
the linguistic channel, speakers tend to use explicit phrases to
encode their relative degree of (un)certainty (e.g., I am positive
that…/Perhaps…). In the vocal channel, differences in a speaker's
feeling of knowing typically manifest as global changes in the rate
and intensity of speech (both higher when speakers are more
confident) and sometimes changes in pitch (Barr, 2003; Kimble
and Seidel, 1991; but see Apple et al. (1979)). When speakers ask
information-seeking (Do I go to the right?) or confirmation-seeking
(So I go to the right?) types of questions, the shape of the intona-
tion contour also seems to mark their level of certainty; in general,
higher confidence about what is asked is associated with falling
(rather than rising) pitch accents (Kügler, 2003; Vanrell et al.,
2013). This is also true of tag questions (…don’t you?), which signal
higher confidence about the content for which confirmation is
being requested when produced with a falling pitch contour
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(Fraser, 1996). These examples illustrate ways that listeners can
evaluate a speaker’s feeling of knowing from linguistic or vocal
cues; however, the extent to which listeners incorporate evidence
from each of these channels and their impact on the neurocog-
nitive system are unclear.

Research suggests that many speaker meanings are derived
more effectively from vocal versus linguistic information when
both of these cue sources are available (e.g., friendliness: Argyle
et al. (1972); inferiority: Argyle et al. (1970); empathy: Haase and
Tepper (1972)). In the case of expressed confidence, vocal cues
alone are known to promote accurate judgments about speaker
confidence when listeners hear spontaneous answers to trivia
questions (Brennan and Williams, 1995; Smith and Clark, 1993;
Kimble and Seidel, 1991; Scherer et al., 1973) or utterances pro-
duced by actors to simulate different levels of confidence (Jiang
and Pell, 2014; Monetta et al., 2008; Pell, 2007). Moreover, in a
study in which participants were presented videos showing a
person giving directions, nonverbal cues (vocal and speech-ac-
companying gestures) were more effective than linguistic phrases
(e.g. I am not quite sure) for determining the perceived confidence
level of the speaker (Walker, 1977). Other work underscores that
speakers use vocal cues, such as pitch variation and between ut-
terance pauses, only when the speaker's confidence level is not
clearly expressed in the linguistic channel (Scherer et al., 1973).
Listeners are also sensitive to the overuse of linguistic phrases
communicating a high level of certainty (I am very/absolutely/so
certain that…) and tend to rely more on nonverbal cues to inter-
pret the speaker's true sense of confidence in these instances
(Kimble and Seidel, 1991). These examples highlight ways that
linguistic and vocal cues interact and may be differentially
weighted when processing expressed confidence in speech.

In other instances, the integration of congruent linguistic and
vocal cues about speaker confidence could enhance recognition
over situations when only a single channel is available, as has been
shown in research on emotional speech recognition, for example
(Paulmann et al., 2009; Paulmann and Pell, 2011). In a behavioral
study, Jiang and Pell (2014) demonstrated that confident state-
ments containing an initial linguistic phrase, produced with a
congruent confident voice (I am positive/he can access the building),
were rated as significantly more confident on a 5-pt scale than the
same recording presented without the preceding phrase (i.e., vocal
cues only). In contrast, ratings of an unconfident/doubtful state-
ment were lowerwhen both linguistic and vocal cues were present
than vocal cues alone (Maybe/he can access the building). This
pattern points to a possible amplification function of a preceding
linguistic phrase on holistic impressions of how confident a
speaker is when linguistic and vocal cues are combined. The idea
that linguistic and vocal cues must be successfully integrated for
listeners to render fine decisions about speaker confidence is also
emphasized by studies of brain-damaged patients who show dif-
ficulties combining the two information sources (Monetta et al.,
2008; Pell, 2007), although this work does not reveal precise de-
tails of the time course and neural processes involved in evaluat-
ing confidence simultaneously from the two channels.

1.2. On-line processing of linguistic and vocal cues about speaker
confidence

Thus, we know little about the ongoing effects of combined
linguistic and vocal cues on neurocognitive mechanisms for in-
terpreting speaker confidence as speech unfolds. However, recent
data shed light on the nature and time course of neural responses
to confidence expressions conveyed solely by a speaker's voice
(Jiang and Pell, 2015). In this study, ERPs evoked by neutral
statements were compared to identical utterances encoding three
levels of vocal confidence (confident, close-to-confident,
unconfident) in 30 adults who were asked to rate the confidence
level of the speaker. Utterances could not be interpreted on the
basis of shared knowledge that could bias impressions of speaker
confidence. Results showed that vocal expressions encoding a re-
latively high degree of confidence (confident, close-to-confident)
elicited a larger P200 than unconfident expressions, pointing to
early detection of the social significance of vocal cues encoding
confidence in speech. In studies of emotional speech, the fronto-
central P200 has been associated with initial attention allocation
and evaluation of vocal signals to ensure preferential processing of
motivationally significant stimuli (e.g., Paulmann et al., 2013)

Vocal expressions conveying a slight sense of doubt (close-to-
confident) were disentangled in the 330–740 ms window (late
positivity), where a task-relevant in-depth evaluation of speaker
meaning is hypothesized to occur (Jiang and Pell, 2015). Finally,
neutral-intending expressions elicited a more delayed, sustained
positivity effect than the three confidence expressions (980–
1270 ms); this was explained by an ongoing inferential mechanism
due to the mismatch between task goals (rate the speaker's con-
fidence) and the evolving perception that vocal cues associated
with neutral stimuli were not meant to communicate confidence
to the listener. When taken overall, these results advocate a multi-
stage process for interpreting the significance of vocal cues refer-
ring to a speaker's cognitive state, akin to models of vocal emotion
processing (Schirmer and Kotz, 2006).

Jiang and Pell's (2015) data also highlight the role of individual
factors, especially sex differences, in how vocal expressions are
decoded and the types of pragmatic inferences that are derived
(Schirmer et al., 2002, 2005, 2006). Behaviorally, female partici-
pants were significantly better than male participants at rating
subtle differences between confident, close-to-confident, and
neutral-intending expressions, and the delayed positivity effect to
neutral utterances was significantly larger in females. These pat-
terns fit broadly with previous reports of sex differences in the
processing of vocal cues; for example, female participants dis-
played a larger P200 response to emotional prosody than males in
a study of how vocal information affects verbal memory (Schirmer
et al., 2013). In other experiments that diverted participants' at-
tention from vocally expressed meanings, females showed larger
N400 responses than males to words spoken in an incongruent
emotional prosody (Schirmer and Kotz, 2003), and to utterances
spoken by an individual with incongruent social status as inferred
from their voice (Van den Brink et al., 2012), implying that females
attend to vocal information to a greater extent than males. The
apparent advantage of females to unconsciously integrate verbal
and vocal information in speech over males has been linked to
individual differences in the ability to mentalize (i.e., to infer
speaker intentions and beliefs, van den Brink et al. (2012)) or to a
genetic mechanism underlying socio-emotional processing
(Schirmer et al., 2013; Schirmer and Kotz, 2006). Whatever their
source, these findings caution researchers to pay close attention to
how individual differences influence the way that vocal cues are
processed from spoken language.

1.3. The present study

Given new details about how confidence is decoded from vocal
cues alone (Jiang and Pell, 2015), what are the effects of linguistic
information that encodes speaker confidence on the processing of
this vocal information? Do linguistic phrases commonly used by
speakers (I am certain she …/Maybe she….) build strong ex-
pectancies for judging speaker confidence, and how and when do
these cues influence cognitive operations that act on the voice?
And are these operations informed by individual differences such
as biological sex? Here, we addressed these questions by in-
vestigating how the early presence of linguistic information in



Table 1
Characteristics of the participant group (mean, standard deviation) according to
participant sex. The effect of sex type on each measure was evaluated using linear
mixed effect models.

Measure Total (n¼30) Female (n¼15) Male (n¼15) p Effect

Age 22.60 (3.74) 22.20 (3.82) 23.00 (3.74) 0.57
Years of Formal
Education

15.37 (2.25) 15.67 (2.44) 15.07 (2.09) 0.67

Handedness .70 (.35) .73 (.21) .67 (.45) 0.68
State Anxiety
(STAI)

33.3 (7.18) 34.87 (6.37) 31.74 (7.81) 0.24

Trait Anxiety
(STAI)

39.7 (9.54) 43.10 (8.40) 36.30 (9.62) 0.05 F4M

Perspective Tak-
ing (IRI)

18.83 (4.21) 18.67 (4.72) 19.00 (3.80) 0.83

Fantasy (IRI) 17.93 (5.23) 19.53 (5.22) 16.33 (4.88) 0.09
Empathic Con-
cern (IRI)

14.53 (2.87) 14.73 (3.01) 14.33 (2.82) 0.71

Personal Distress
(IRI)

10.17 (4.45) 10.67 (4.53) 9.67 (4.47) 0.55

IRI Total 61.47 (9.33) 63.60 (10.49) 59.33 (7.77) 0.22
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speech contributes to the neurocognitive processing of expressed
confidence in the vocal channel based on evidence from ERPs.
Listeners were presented statements of personal knowledge (facts,
judgments) produced in a confident, close-to-confident, or un-
confident (doubtful) tone of voice, which were either preceded by
a congruent lexical phrase (I am certain…/Most likely…/Perhaps…)
or presented without the lexical phrase (as in Jiang and Pell
(2015)). To allow comparisons with our previous work, analyses
focused on ERP effects associated with processing vocal cues in the
main utterance (i.e., time-locked to the onset of the vocal ex-
pression after the phrase); this approach allows new insights
about expressed confidence processing as well as the contextual
effects of the preceding linguistic context on how listeners register
vocal confidence meanings.

We predicted that combined linguistic and vocal cues about
speaker confidence would modulate ERP components tied to the
extraction and early attentional analysis of vocal signals (N100
and/or P200), with increased P2 response for expressions of (high)
confidence (Jiang and Pell (2015)). Moreover, unconfident and
close-to-confident expressions should trigger a late sustained po-
sitivity (as delayed as the neutral-intending statements in Jiang
and Pell (2015)) if inferring a speaker's lack of confidence remains
a demanding process in the presence of both linguistic and vocal
cues (Jiang, Li, Zhou, 2013; Van der Cruyssen et al., 2009; Van
Overwalle et al., 2009). Given previous findings showing a female
sensitivity to (particularly task-irrelevant) vocal speech cues
(Schirmer and Kotz, 2003; Schirmer and Kotz, 2006; Schirmer
et al., 2013; Van den Brink et al., 2012) including vocal confidence
(Jiang and Pell, 2015), we predicted that sex may modulate early
ERPs (N1, P2) and/or the late positivity when both vocal and verbal
cues are present. Moreover, given a strong association between sex
and empathic abilities (Davis, 1983) and between vocal processing
and empathy (Lang et al., 2011), we explored how neural re-
sponses to confidence stimuli were simultaneously informed by
these individual variables.

In terms of the predicted context effect when compared with
our previous data (Jiang and Pell, 2015), we hypothesized that
hearing a linguistic phrase prior to the vocal confidence expression
would tend to ease processes of acoustic cue extraction (N100)
through top-down processes (Pantev et al., 1996; Liu et al., 2012)
and reduce attentional focus to the motivational salience of the
vocal expressions (reduced P200 amplitude, e.g. Paulmann and
Kotz, 2008), especially when confident and unconfident expres-
sions are compared. In the case of close-to-confident expressions—
which encode some level of speaker uncertainty/ambiguity and
are differentiated at a somewhat later stage according to Jiang and
Pell (2015)—these meanings may be differentiated more efficiently
and earlier in the neural response (e.g. N1 and P2) when primed
by a linguistic phrase bearing the same meaning, and/or promote
differences in the late positivity at which time a second-pass
evaluation of the speaker’s confidence level is thought to occur
(Jiang and Pell, 2015; Kotz and Paulmann, 2011).
2. Method

2.1. Participants

Thirty university students consented to participate in the EEG
experiment (15 female/15 male, mean age¼22.6 years, range¼18–
30 yrs). All were right-handed, native Canadian English speakers
who took part in a companion study focusing on vocal confidence
perception (Jiang and Pell, 2015). None had experienced major
psychiatric or neurological illness, speech, or hearing problems.
The study was carried out in accordance with the Declaration of
Helsinki and ethically approved by the Faculty of Medicine
Institutional Review Board at McGill University (Montréal, Cana-
da). At study onset, all participants were assessed for measures of
empathy traits (Interpersonal Reactivity Index, IRI; Davis (1983))
and State-Trait Anxiety (STAI, Spielberger et al. (1983)). The IRI
measures cognitive and emotional components of empathy traits
in social interaction and is composed of four subscales. We focused
on the total score because both components have been associated
with speaker's feeling of (un)knowing (Brennan and Williams,
1995; Scherer, 1986). The alpha reliability was .77 for the IRI total
score, .79 for the state anxiety and .79 for the trait anxiety. Table 1
summarizes results of this testing, and basic demographic char-
acteristics of participants according to sex. Female and male par-
ticipants did not differ in mean age, years of education, handed-
ness, empathy trait, or level of state anxiety at time of testing,
although trait anxiety was significantly higher in female than male
participants (b¼6.87, t¼2.08, po .05).

2.2. Materials and design

Ninety-six stimulus triplets were selected from a database of
vocal confidence recordings (Jiang and Pell, 2014). Each stimulus
was composed of a lexical phrase communicating one of three
distinct levels of confidence (confident, close-to-confident, un-
confident), followed by the main utterance that was linguistically
identical across confidence conditions but produced in a tone of
voice that was congruent with the lexical phrase. Utterances in the
confident condition began with, I am certain/I am positive/For sure/
Definitely, and were meant to communicate absolute confidence
that what the speaker says is true. Utterances in the close-to-
confident condition began with, Most likely/I'm almost certain/I
think/I am pretty sure, and were produced to encode a near cer-
tainty that what is described in the sentence is true. Statements in
the unconfident condition began with Perhaps/Maybe/There is a
chance/It is possible and were intended to encode only a possibility
that what the speaker says is true. Statements fell into three
communicative types: 32 were descriptions of fact (She has access
to the building), 32 were judgments (He is too old to split the wood),
and 32 were statements of intention (We will help them with it). No
statement referred to a specified person or object, and none could
be assigned a truth value or implied level of certainty based on the
semantic content of the utterance (see Table 2). Neutral utterances
described in our previous work (Jiang and Pell, 2014; 2015) were
not used because they were not originally recorded with an ac-
companying phrase, which was the focus of this experiment.

Recordings were selected for four different actors (2 female/2



Table 2
Examples of stimuli in each confidence condition by utterance function, demonstrating how dif-
ferent lexical phrases were paired with the main utterance (which was identical in each confidence
condition). The critical onset of the main utterance for the ERP analysis is marked as “|”.

Speaker Confidence Example Statement Function of Utterance

Confident Definitely |she has access to the building. Fact
I am positive |I will be picked for the team. Intention
I am certain |he likes the author's writing. Judgment

Close-to-confident I think |she has access to the building. Fact
Most likely |I will be picked for the team. Intention
I am almost certain |he likes the author's writing. Judgment

Unconfident Maybe |she has access to the building. Fact
It is possible |I will be picked for the team. Intention
There is a chance |he likes the author's writing. Judgment
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male, age¼19–25 years, 24 triplets per speaker); these speakers
produced the most perceptually salient distinctions in the low to
high levels of expressed confidence based on ratings from 60 lis-
teners in a validation study (full details of perceptual validation are
provided in Jiang and Pell (2014, 2015)). Using these perceptual
data, triplets for the current study were selected when: (1) the
confident expression had a mean rating above 4 on a 5-point scale
of perceived speaker confidence in the validation study (1¼not at
all, 5¼very much); (2) the close-to-confident expression had a
mean rating between 2.8 and 3.9; and (3) the unconfident ex-
pression had a mean rating below 2.7. Using these criteria, a total
of 288 critical stimuli composed of a lexical phrase (LEX) followed
by a related vocal expression (VOC) were presented in the EEG
experiment (LEXþVOC condition¼96 triplets�3 confidence
types). Another 384 stimuli, composed of the same recordings but
with the initial lexical phrase removed (cut to the onset of the
main utterance), were also presented for our study on vocal con-
fidence processing (Jiang and Pell, 2015). For the purpose of that
report, 96 neutral expressions lacking lexical phrases were in-
cluded for the same items and actors.

Given the importance of contextual information provided by
the lexical phrases for testing our current hypotheses, and the fact
that items representing each confidence level were based on
confidence ratings of the LEXþVOC stimuli, we isolated the lexical
phrases from the 288 selected recordings and then entered them
into a brief perceptual rating study. Eight English speakers (4 fe-
male; Mean age¼21.3 years, range¼18–29) who did not partici-
pate in the EEG testing listened to each phrase (randomized for
presentation through Superlab 5.0) and judged how confident the
speaker was on a 5-pt rating scale, according to our earlier pro-
cedures (where 1¼not at all confident, 5¼very much confident).
Mean confidence ratings for the isolated phrases qualitatively re-
sembled those attributed to the LEXþVOC utterances that con-
tained the phrase (see Appendix A for details). Overall, confident
phrases had mean ratings ranging from 3.95 (For sure) to 4.49 (I
am positive), close-to-confident phrases ranged from 2.72 (I think)
to 3.51 (I am almost certain), and unconfident phrases ranged from
1.97 (Maybe) to 2.27 (Perhaps). These data establish that con-
fidence impressions created by lexical phrases within each con-
fidence level, while not identical, did not overlap with those eli-
cited in other confidence conditions as intended.1
1 Linear mixed effects models (LMEM) were fit to the mean confidence ratings
of the selected LEXþVOC stimuli, including Confidence as a fixed effect and Subject
and Item as two random intercepts; this analysis confirmed a significant effect of
Confidence, F(2, 2499)¼2250.33, po0001, emphasizing that stimuli in the three
confidence levels differed from each other in the predicted manner
(confident4unconfident: b¼2.58, t¼67.08, po .0001; confident4close-to-con-
fident: b¼1.20, t¼31.89, po .0001; close-to-confident4unconfident: b¼1.37,
t¼35.43, po .0001). The model including Lexical Phrase as a fixed effect revealed a
significant main effect of Lexical Phrase in the confident, F(3, 873)¼2.82, p¼ .04,
close-to-confident, F(3, 839)¼9.41, po .0001, but not in the unconfident condition,
Acoustic measures were then extracted separately from the
lexical phrases and main statements, to provide a basic description
of how each constituent varied across confidence expressions for:
mean and range of the speaker's fundamental frequency (in Hz,
normalized); speech rate (syllables/second); and mean and range
of amplitude (in dB, normalized). Briefly, for the lexical phrase, the
mean f0 was highest when a speaker was unconfident, lower in
the close-to-confident condition, and lowest in confident expres-
sions. Mean speaker amplitude was highest in confident expres-
sions and lowest in unconfident expressions. Speech rate was
notably slower when speakers were unconfident than in the other
expressions, and was slower in close-to-confident than in con-
fident expressions. The analysis of f0 and amplitude range did not
yield significant differences across conditions, although un-
confident expressions tended to display the largest f0 range. These
patterns showmany similarities to acoustic data presented in Jiang
and Pell (2015) for the main utterance; for example, unconfident
expressions exhibited the highest mean f0 and slowest speech
rate, and confident expressions tended to have greater amplitude.
These findings verify that intended confidence levels can be dif-
ferentiated by a minimal set of acoustic parameters in both the
main utterance and the initial lexical phrase that bears many of the
same prosodic information.

Data for the current experiment and those reported for VOC
only stimuli by Jiang and Pell (2015) were collected in the same
session, mixing the LEXþVOC and VOC only items in the same
experiment. To reduce effects of repetitive presentation of differ-
ent variants of the stimuli, two experimental lists were generated
so that half of the stimulus sets (n¼48) were assigned to one of
the two lists, and identical utterances with (i.e. LEXþVOC items)
and without the lexical phrase (i.e. VOC items) were always as-
signed to a different list. To reduce the expectation of a congruent
vocal signal following a certain verbal context, another 240 in-
congruent statements were included as fillers (among which 192
were designed for another study and were evenly divided into the
two lists). Incongruent stimuli were constructed by “cross-spli-
cing” the linguistic phrases with each type of vocal expression to
create various mismatch conditions. In sum, 480 trials were in-
termixed in each list, with 288 stimuli per list critical for the
current study. Thirty different sequences were generated by a
pseudo-randomization procedure that ensured no more than three
consecutive statements were incongruent and no more than five
consecutive statements conveyed the same level of confidence.
Each participant was assigned randomly to one sequence balanced
for participant sex across lists.
(footnote continued)
p4 .1. In confident phrases, ratings were significantly higher for Definitely and I am
positive than for I am certain (pso .02). In close-to-confident phrases, ratings were
highest in I am almost certain and lowest in I think (pso .02). Unconfident phrases
were rated equally low (ps4 .05).
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2.3. EEG recording procedure

Testing was conducted with participants sitting comfortably in
an electrically shielded, sound-treated booth. Each trial began with
a fixation cross, followed by a jittered delay (mean¼700 ms across
conditions, range¼500–900 ms) of the onset of the vocal stimulus.
Participants were told to look at the fixation point as they listened
to each statement and then judge the level of the speaker's con-
fidence on a 5-point rating scale, which appeared on the screen
2000 ms after the end of the auditory stimulus. Responses were
recorded via a response box (Cedrus, USA) with five buttons pro-
grammed to correspond to each of the five points shown on the
screen (from “not at all” to “very much”). Two scales, one with the
leftmost and one with the rightmost point as the most confident,
were counterbalanced across sex. The scale disappeared when a
response was made or after 5 s without a response. The next trial
started after a 1500-ms blank screen. Prior to the formal session,
20 practice statements were presented to each participant. The
whole session lasted about 2.5 h, including electrode preparation
and actual EEG recording of the 8 blocks which took approxi-
mately 1 h and 15 min. Participants were given 1–2 min breaks
every two blocks. The electroencephalograms (EEGs) were re-
corded continuously from 64 electrodes using the ActiCap System
(Brain Product, Germany). The vertical electrooculograms were
recorded from above and below the right eye and the horizontal
electrooculograms were recorded from the outer canthus of both
eyes. The recordings were online referenced to FCz and re-refer-
enced offline to the bilateral mastoids. The EEGs were digitized at
500 Hz and filtered with a band-pass from 0.016 Hz to 100 Hz.

2.4. EEG analysis

The continuous EEGs were first visually inspected and signals
with excessive movement artifact, alpha activity or amplifier sa-
turation were manually excluded from the analysis. The sub-
sequent EEGs were filtered using a 30 Hz low-pass Butterworth of
the sixth order with zero-lag and then decomposed with an ICA
algorithm to remove ocular artifacts. The resulting datasets were
segmented into an epoch starting 200 ms before and 1600 ms
after the onset of the main utterance (i.e., the first word after the
lexical phrase). This epoch duration aimed to capture the entire
length of the main utterance (Mean¼1615 ms, 1589 ms and
1791 ms for confident, close-to-confident and unconfident ex-
pressions, with the lexical phrase removed). All ERPs were time-
locked to the acoustic onset of the main utterance in the LEXþVOC
condition, which was identical to the onset of utterances in the
VOC condition. The ERPs were baseline corrected according to the
mean EEG activity in the 100-ms pre-stimulus interval. Segments
with signal peak-to-peak voltage exceeding 70 μV within a 100-
ms sliding window were automatically rejected. To verify if the
ERP effects were not due to the linguistic difference in the lexical
phrase that were associated with speaker confidence and the
presence of the phrase before the main statement, we performed
an additional analysis using the EEG activity in the 0–50 ms post-
stimulus interval as baseline (see similar approaches in Baggio
et al., 2008; Jiang, Tan, Zhou, 2009). Since essentially the same
results were shown for the two baseline correction approaches, we
report the results from the analysis using conventional pre-sti-
mulus baseline correction.

Linear mixed effects models (LMEM) were used to fit the mean
ERP amplitude calculated per subject per condition according to
the design of the analysis. The LMEM allowed us to robustly
evaluate effects of interest in the experimental manipulation as
fixed factors, while considering individual differences across sub-
jects in its intercept and its interaction with the main effect of
interest as random factors (Baayen et al., 2008). The ERP signals
within one subject were averaged before entering into the model
to ensure signal-to-noise ratio (Newman et al., 2012). We calcu-
lated mean peak amplitude in the 70–160 ms window for N1
(mean peak latency¼119 ms, SD¼25 ms), and in the 180–250 ms
window for P2 (mean peak latency¼214 ms, SD¼33 ms), per
participant and per condition. ERP time windows following 250
ms post-onset of the main statement were determined by a 50 ms
interval analysis on the mean ERPs, and larger time windows with
consecutive differences across multiple small windows between
conditions were identified for further analysis (see Strauβ et al.,
2013). Mean amplitude of these time windows was calculated per
participant per condition. A 10-Hz low-pass filter was applied for
purposes of displaying figures.

Effects of a linguistic phrase on vocal confidence processing
were examined by building an LMEM on data for the LEXþVOC
statements, with levels of confidence and topographic factors in-
cluded as fixed factors (confident vs. close-to-confident vs. un-
confident, baseline¼confident). Analyses were restricted to trials
in which a participant “correctly” identified the intended con-
fidence level of the stimulus based on the validation study (where
a rating of “5”¼confident, 3 and 4¼close-to-confident, and 1 and
2¼unconfident). This procedure yielded an average of 25 (77), 25
(76), and 27 (76) trials respectively in the confident, close-to-
confident, and unconfident conditions for statistical analysis
(p4 .1). Utterances with and without the lexical phrase were then
directly compared in an LMEM including phrase presence
(LEXþVOC vs. VOC, reference¼VOC), level of confidence, and to-
pographic factors as fixed effects.

Across models, topographic factors included hemisphere
(medial vs. left vs. right, reference¼medial) and region (anterior
vs. central vs. posterior, reference¼anterior) as fixed effects. Nine
regions of interest (ROI) were formed, each represented by 6–8
electrodes treated as repeated measures: left anterior (AF3, FP1, F7,
F5, F3, FT7, FC5, FC3), left central (T7, C5, C3, TP7, CP5, CP3), left
posterior (P7, P5, P3, PO9, PO7, PO3), medial anterior (F1, FZ, F2,
FC1, FCZ, FC2), medial central (C1, CZ, C2, CP1, CPZ, CP2), medial
posterior (P1, PZ, P2, O1, POZ, O2), right anterior (AF4, FP2, F4, F6,
F8, FC4, FC6, FT8), right central (C4, C6, T8, CP4, CP6, TP8), and
right posterior (P4, P6, P8, PO4, PO8, PO10). Participant sex was
always included as a fixed factor in light of our hypotheses. Par-
ticipants were included as random intercept as well as random
slopes in order to evaluate the individual adjustments in the
magnitude of ERP responses as a function of fixed factors (New-
man et al., 2012). The identification of the optimal mixed-effects
model was performed for each window of interest by comparing a
full model taking all fixed effects and progressive simpler models
using log-likelihood ratio tests (Baayen et al., 2008; Tremblay,
2014). The model was then refit and variance explained by each
factor in the optimal model examined by way of F tests for main
effects and interactions, and t tests for specific contrasts (reporting
only lower-bound probability values for expository purposes). All
analyses were performed in R-studio (Version 3.1.0, http://cran.r-
project.org) with lme4 and lmerConvenienceFunctions packages.
3. Results

3.1. Confidence ratings

Behavioral data show that listeners in the EEG experiment
perceived meaningful differences between the three confidence
levels for LEXþVOC statements (Table 3). The LMEM confirmed a
significant main effect of confidence level (F(2, 4045)¼207.72,
po .0001); ratings were significantly higher for confident versus
close-to-confident expressions (b¼1.32, t¼10.69, po .0001) and
for close-to-confident versus unconfident expressions (b¼1.48,

http://cran.r-project.org
http://cran.r-project.org


Table 3
Means (standard deviations) of the behavioral responses in the EEG study.

Available Cues Level of confidence Speaker confidence ratinga

Female Male Total

LEXþVOC Confident 4.70 (.28) 4.27 (.49) 4.48 (.33)
Close-to-confident 3.38 (.55) 3.34 (.47) 3.40 (.47)
Unconfident 1.89 (.57) 2.21 (.52) 2.05 (.50)

VOCb Confident 4.65 (.33) 4.28 (.60) 4.48 (.47)
Close-to-confident 4.12 (.70) 3.88 (.72) 3.99 (.73)
Unconfident 2.28 (.86) 2.56 (.87) 2.37 (.86)

a 1 – “not at all confident 5-means very confident”. In the EEG recording ses-
sion, participants were asked to listen carefully to each statement and then rate
“how confident you think the speaker is” on a 5-point scale.

b Rating data of VOC stimuli were reported by Jiang and Pell (2015).
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t¼12.04, po .0001; confident4unconfident: b¼2.80, t¼22.73,
po .0001). The model further revealed that female participants
assigned significantly higher ratings to confident expressions, and
significantly lower ratings to unconfident expressions, than male
participants (Confidence Level� Sex, F(2, 4045)¼73.08, po .0001).
No sex differences were associated with judgments of close-to-
Fig. 1. Grand average waveforms showing the ERP effects of speaker confidence on
(combined verbal and vocal cues), time-locked to the onset of the main utterance.
confident expressions.
A second LMEM examined how off-line ratings of vocally ex-

pressed confidence were affected by the presence of a lexical
phrase by comparing LEXþVOC and VOC statements (fixed ef-
fects¼Phrase presence, Confidence level, Sex). There was a sig-
nificant effect of Phrase presence on confidence ratings, as part of
a three-way interaction of Phrase presence, Confidence level, and
Sex (F(2, 8209)¼5.79, p¼ .003). When a linguistic phrase was
present, the perceived confidence of speakers was significantly
lower when listening to close-to-confident and unconfident
statements for both sexes (this effect was larger in female parti-
cipants, see Table 3). In contrast, ratings of confident expressions
did not vary according to phrase presence and/or sex.

3.2. ERPs

3.2.1. Processing speaker confidence from combined linguistic and
vocal cues

Fig. 1 shows the grand average waveforms for LEXþVOC
statements time-locked to the onset of the main utterance. All
expressions elicited a N1–P2 complex with anterior maximum,
followed by a negative-going wave distributed in the centro-
representative electrodes of all nine sites of interest in the LEXþVOC condition
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posterior regions, shifting towards positive until the end of the
epoch. Confident expressions elicited a larger N1–P2 response in
the anterior regions than the close-to-confident and unconfident
expressions; moreover, close-to-confident expressions elicited a
late positivity from 900 to 1250 ms (“delayed positivity”2), and
unconfident expressions elicited a delayed, sustained positivity
from 900 to 1600 ms, as compared to the confident expressions.
These patterns were confirmed by linear mixed effects modeling
and are displayed in Fig. 2. Although confident statements in the
300–900 ms window tended to elicit a larger negative-going wave
than statements in the close-to-confident and unconfident con-
ditions in left central and left posterior regions, 50 ms small-
window analysis did not reveal significant differences (|t|so1.64,
ps4 .10).

For the N100 analysis, the optimal LMEM yielded significant
three-way interactions of Confidence level�Hemisphere� Sex (F
(4, 5046)¼4.74, p¼ .001) and Confidence level�Region� Sex (F(4,
5046)¼4.10, p¼ .003). Further-going models built on each level of
hemisphere (or region) in each sex type revealed that the effect of
confidence on N100 amplitude was significant for female listeners
(Fig. 2A). For females, confident expressions elicited a larger N100
than close-to-confident and unconfident expressions, significant at
left hemisphere sites (close-to-confident: �1.20 mV, β¼�1.43,
t¼�2.34, p¼ .02; unconfident: � .78 mV, β¼� .1.30, t¼�2.12,
p¼ .03) and marginal at medial sites (close-to-confident:
�1.22 mV, β¼�1.17, t¼�2.24, p¼ .03; unconfident: �1.14 mV,
β¼� .86, t¼�1.65, p¼ .09). No N1 difference was found for fe-
males between close-to-confident and unconfident expressions,
ps4 .56, nor for male participants for any contrast, ps4 .13.

For the P200 analysis, the optimal LMEM produced significant
three-way interactions of Confidence level�Hemisphere� Sex (F
(4, 5061)¼3.53, p¼ .01) and Confidence level�Hemisphere�
Region (F(8, 5061)¼2.13, p¼ .03). Simpler models resolving the
three-way interactions pointed to a significant effect of confidence
in the right hemisphere only for male participants (Fig. 2B). Post-
hoc comparisons confirmed that the P2 in males was larger in
response to confident expressions than both unconfident (1.05 mV,
β¼1.75, t¼2.57, p¼ .01) and close-to-confident (1.69 mV, β¼2.13,
t¼3.13, p¼ .002) expressions, while responses to close-to-con-
fident and unconfident stimuli did not differ at this processing
stage (β¼� .16, t¼� .58, p¼ .56). No differences in P2 amplitude
were observed for female participants, ps4 .12.

For the late ERP effects, the optimal LMEM performed in the
900–1250 ms window revealed three-way interactions of Con-
fidence level�Hemisphere� Sex (F(4, 5061)¼3.41, p¼ .01) and
Confidence level�Region� Sex (F(4, 5061)¼6.09, p¼ .0001). Ela-
boration of these patterns by region and sex type revealed a sig-
nificant effect of confidence in central and posterior regions only
for female participants (Fig. 2C). When compared to confident
expressions, a larger sustained positivity was observed between
900–1250 ms in female listeners for statements that were close-
to-confident (central: 2.07 mV, β¼1.51, t¼1.66, p¼ .09; posterior:
2.11 mV, β¼1.83, t¼1.94, p¼ .05; medial: 2.69 mV, β¼1.96, t¼1.89,
p¼ .06; right: 2.19 mV, β¼1.55, t¼1.75, p¼ .08), and unconfident
(central: 2.47 mV, β¼2.71, t¼2.99, p¼ .003; posterior: 2.16 mV,
β¼1.85, t¼1.96, p¼0.05; medial: 2.81 mV, β¼2.98, t¼2.87,
p¼ .004; right: 1.93 mV, β¼1.83, t¼2.08, p¼ .04). Responses to
close-to-confident and unconfident stimuli did not differ in this
time range, ps4 .18. A subsequent model built on data in the
1250–1600 ms window yielded a three-way interaction of
2 We refer to this positivity as ‘delayed’ because it occurred in a later time
window than the late positivity we identified for the same participants in Jiang and
Pell (2015) in response to close-to-confident vocal expressions (340 ms), and was
temporally similar to the delayed positivity we described in that study for un-
confident vocal expressions (appearing at 980 ms, later than the late positivity).
Confidence level, Region, and Sex (F(4, 5061)¼6.06, p¼ .0001). A
significant effect of confidence was observed in the central region
for female participants in this time period (Fig. 2D). For female
listeners only, unconfident expressions elicited a larger sustained
positivity from 1250–1600 ms than close-to-confident (1.12 mV,
β¼1.84, t¼2.03, p¼ .05) and confident (2.16mV, β¼2.81, t¼3.38,
p¼ .001) expressions. No difference was found between confident
and close-to-confident stimuli in the late time window, p¼ .11.

3.2.2. Contextual effects of a linguistic phrase on vocal confidence
processing

ERP data reported by Jiang and Pell (2015), restricted to the
VOC only stimuli, allow comparative analysis of ERPs evoked by
speaker confidence information when an initial lexical phrase re-
ferring to a speaker's feeling of knowing is present or not. Fig. 3
shows grand average waveforms exemplifying the effect of phrase
presence on vocal confidence processing. Across the three levels of
confidence, VOC only statements elicited a larger N1–P2 response,
followed by an increased negative response from 300 to 650 ms,
relative to corresponding LEXþVOC statements when both cue
sources converged on the same confidence meaning.

The optimal model for both N1 and P2 included factors of
Phrase presence, Hemisphere, Region and Sex as well as by-par-
ticipant slopes for all fixed main effects. Analysis of N1 amplitude
revealed a significant effect of Phrase presence, as the LEXþVOC
stimuli elicited a reduced N1 than corresponding VOC statements
(.91 mV). Interactions of Phrase presence�Hemisphere�Region (F
(4, 10,614)¼2.90, p¼ .02) and Phrase presence x Sex were also
observed (F(1, 10,614)¼151.29, po .0001). Analysis of each ROI
revealed a significant effect of Phrase presence at all medial sites,
as well as central and posterior sites in both hemispheres, largest
in the medial central region (1.50 mV for LEXþVOC vs. VOC).
Models built on each sex type revealed a significant effect of
Phrase presence for female participants, suggesting that the N1
reduction following an initial lexical phrase occurred for female
listeners (1.31 mV LEXþVOC vs. VOC, left panel of Fig. 4A). Al-
though the effect was not significant for male listeners, they ex-
hibited a similar pattern with a reduced N1 following the lexical
phrase (.52 mV LEXþVOC vs. VOC, right panel of Fig., 4A)

The same model for P200 revealed a significant effect of Phrase
presence, as LEXþVOC expressions elicited a reduced P2 when
compared to VOC expressions (�2.01 mV). Significant two-way
interactions showed that the effect of Phrase presence on reduc-
tions in the P2 wave was maximal in the anterior region
(�3.71 mV, Phrase presence�Region, F(2, 10,614)¼999.12,
po .0001) and greater in the left hemisphere (�1.86 mV, Phrase
presence�Hemisphere, F(2, 10,614)¼9.60, p¼ .0001). Interest-
ingly, the P2 was reduced to a greater extent following the lin-
guistic phrase in male (�2.28 mV) than female (�1.71 mV) listeners
(Phrase presence� Sex, F(1, 10,614)¼58.89, po .0001, Fig. 4B).

For the late ERP effects, a LMEM on the 300–650 ms window
yielded an interaction of Phrase presence, Region and Sex (F(2,
10,614)¼3.08, p¼ .03). A significant effect of Phrase presence was
observed in the central and posterior region for female partici-
pants, suggesting a reduced negative (N400-like) response when
processing LEXþVOC than VOC only expressions (1.46 μV in the
central; 1.76 μV in the posterior; Fig. 4C). As well, a significant
effect of Phrase presence was observed in the anterior region for
males, suggesting an enhanced negative response (anterior nega-
tivity) to LEXþVOC versus VOC only expressions (�1.65 μV).

3.2.3. Individual differences and mediation analysis
To further contextualize our findings, individual measures of

state/trait anxiety (STAI) and empathy traits (measured with IRI)
for the current participants were subjected to correlation analyses
(Table 4) and then examined in relation to neural responses



Fig. 2. Topographic maps, grand average waveforms, and bar graphs of the amplitude of each condition for the significant ERP effects of speaker confidence expressions in
each sex type. ERPs were averaged based on 15 participants per sex group. For the topographic maps, difference waves are calculated for each ERP effect in reference to a
specific baseline. For the bar graphs, both mean and standard deviation of absolute peak or mean amplitudes are shown. Significant time windows are highlighted on the
waveforms. Fig. A demonstrates the topographic distribution of larger N100 peak amplitude for the confident than the other two levels of confidence in the 70–160 ms
window. The close-to-confident and the unconfident level are each served as the baseline for the confident level in the topographic map. The waveform and the bar graph
are drawn based on the mean amplitude on FC3. Fig. B demonstrates the topographic distribution of larger P200 peak amplitude for the confident than for the other
confidence levels in the 180–250 ms window on C2. The close-to-confident and the unconfident levels are each served as the baseline. Fig. C demonstrates the distribution of
larger delayed, sustained positivity effect for the close-to-confident and the unconfident levels than for the confident level in the 900–1250 ms window on CPz. The
confident level is served as baseline in the topographic map. Fig. D demonstrates the distribution of larger delayed, sustained positivity effect for the unconfident level than
for the confident and the close-to-confident levels in the 1250–1600 ms window on C2. The confident and the close-to-confident level are served as baselines in the
topographic map.
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Fig. 3. Grand average waveforms showing the ERP effects of the presence of a lexical phrase on vocal confidence processing on representative electrodes of all nine sites of
interest, time-locked to the onset of the main utterance.
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towards the perceived confidence of speakers highlighted by our
initial analyses. To clarify how individual differences in mentaliz-
ing (e.g., perspective taking, empathic concern) influenced our
data, LMEMs were built on each significant ERP effect treating the
IRI total score as a fixed factor (recall that male and female par-
ticipants did not differ significantly on the IRI total or subscale
scores, Table 1). The model built on LEXþVOC statements revealed
a significant positive association between IRI scores and the
magnitude of the delayed positivity, showing that individuals with
greater empathic abilities demonstrated a stronger (more positive-
going) response to utterances in which the speaker conveyed some
lack of confidence; this was significant for close-to-confident ex-
pressions in the 900–1250 ms time window (in right hemisphere:
b¼ .09, t¼2.09, p¼ .05) and for unconfident expressions in both
the 900–1250 ms (in medial and left sites: b¼ .11, t¼2.42, p¼ .02;
b¼ .09, t¼2.20, p¼ .03) and 1250–1600 ms (scalp-wide: b¼ .19,
t¼3.19, p¼ .002) time windows. The model comparing LEXþVOC
and VOC statements also revealed a significant positive association
between IRI total score and the N400 amplitude when a linguistic
phrase was present (in left and medial sites); participants with
higher empathy trait scores displayed a reduced N400 to vocal
expressions after hearing a lexical phrase.
To evaluate whether sex-related ERP differences in confidence
processing in N1, P2, and the delayed positivity effect were
mediated by trait anxiety levels, given that female participants
displayed significantly higher trait anxiety overall than males
(Table 1), we calculated the mean difference of ERP responses to
speaker confidence in each time window (by region) that yielded
significant differences in our main analyses. We averaged each ERP
effect per participant and tested for mediation by deriving 95%
bias-corrected confidence intervals (CIs) from 5000 bootstrap es-
timates (Preacher and Hayes, 2004, 2008). As illustrated in Fig. 5,
male predicted lower trait anxiety, which in turn predicted lower
magnitude of P200 response in the anterior region. Multiple linear
regression analyses were conducted to assess each component of
the proposed mediation model. Sex type (with female dummy
coded as baseline) was positively related to P200 effect between
confident and unconfident expressions (b¼1.18, t(26)¼2.01,
p¼ .05). The sex type was negatively associated with trait anxiety
(b¼�7.29, t(26)¼�2.14, p¼ .04). The results also indicated that
the mediator, trait anxiety, negatively predicted P200 response
(b¼� .08, t(26)¼�2.05, p¼ .05). Results of the mediation analysis
confirmed the mediating role of trait anxiety in the relation be-
tween sex type and P200 effect between confident and



Fig. 4. Topographic maps, grand average waveforms, and bar graphs of the amplitude of the LEXþVOC and VOC conditions (with different speaker confidence expressions
collapsed) for the significant ERP effects in each sex type. ERPs were averaged based on 15 participants per sex group. For the topographic maps, difference waves are
calculated by subtracting the no-cue condition from the with-cue condition. For the bar graphs, both mean and standard deviation of absolute peak or mean amplitudes are
shown. Significant time windows are highlighted on the waveforms. Fig. A demonstrates the topographic distribution of reduced N100 peak amplitude for the with-cue than
for the no-cue expressions in the 70–160 ms window. The waveform and the bar graph are drawn based on the mean amplitude on Cz. Fig. B demonstrates the topographic
distribution of reduced P200 peak amplitude for the with-cue than for the no-cue expressions in the 180–250 ms window on Fz. Fig. C demonstrates the distribution of
reduced N400 effect for the with-cue than for the no-cue expression in the 300–650 ms window on Pz.
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Table 4
Correlation coefficients between individual measures in the subscales of IRI, the trait and the state anxiety scale. Notes: *po .05 (two-tailed), **po .01 (two-tailed).

State anxiety Trait anxiety Perspective taking Fantasy Empathic concern Personal distress IRI total

State Anxiety / .77** .16 .18 .02 .29 .31
Trait Anxiety .77** / � .02 .14 � .16 .46* .25
Perspective Taking .16 -.02 / .22 -.03 .27 .69**
Fantasy .18 .14 .22 / � .22 .31 .74**
Empathic Concern .02 -.16 � .03 � .22 / � .51** � .07
Personal Distress .29 .46* .27 .31 -.51** / .61**
IRI Total .31 .25 .69** .74** -.07 .61** /

Fig. 5. Mediation model showing trait anxiety mediating the relationship between
sex type and P200 effect between confidence expressions. Notes: *po .05. The P2
effect was calculated as the mean of the difference in the P2 response in the
anterior regions between confident and close-to-confident expression. Solid lines
are significant. Dashed line represents the non-significant direct path when the
mediator is entered in the model.
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unconfident expressions (b¼ .40, CI¼ .01–1.35). In addition, results
indicated that the direct effect of sex type on P200 response be-
came non-significant (b¼ .77, t(26)¼1.11, p¼ .28) when controlling
for trait anxiety. These findings suggest that the higher P200 effect
for the confident vs. unconfident expression in male listeners but
not females was fully mediated by the lower trait anxiety of male
as compared with female listeners (Fig. 5). No significant media-
tion effects were found in N1 and in delayed positivity effect time
windows.
4. Discussion

This study demonstrates that verbal cues influence how lis-
teners interpret a speaker's “feeling of knowing”, a routine aspect
of speech processing and person perception. When processing
vocal expressions preceded by a contextually congruent lexical
phrase (I am positive, I am almost certain, Maybe), close-to-con-
fident and unconfident statements elicited a reduced N1, P2, and a
larger late positivity in the 900–1250 ms time range when com-
pared to corresponding confident expressions. Unconfident state-
ments also elicited a larger positivity than close-to-confident and
confident statements at a later processing stage (1250–1600 ms).
These findings show that listeners register subtle differences be-
tween vocal confidence expressions (e.g. confident vs. close-to-
confident) very rapidly when contextually “primed” by linguistic
information, beginning around 100 ms post-onset of the vocal
stimulus.

4.1. Decoding speaker confidence from linguistic and vocal cues:
early integration

The impact of confidence information on early ERP responses to
speech was first described by Jiang and Pell (2015), who argued
that vocal cues about speaker confidence are first differentiated in
P2 amplitude (confident4unconfident). In that study, there was
no modulation of N1 by perceived vocal confidence, nor did re-
sponses to confident and close-to-confident expressions differ in
the P2 wave. Taking this a step further, the current results show
that when verbal context builds an expectancy about the speaker's
confidence level before they state a fact or make a judgment, vocal
meanings are differentiated at an earlier stage in the neural re-
sponse than when only vocal cues are available, at least for female
listeners, with dissociation of acoustically similar expressions at
this early stage (e.g., confident vs. close-to- confident). Given that
stimuli in the VOC and LEXþVOC conditions were identical apart
from the initial phrase (the VOC utterance was cut from the
LEXþVOC recordings in which the lexical phrase was removed),
these early responses (N1 and P2) can be linked to the contextual
information, i.e., linguistic phrases that start to reveal the con-
fidence level of the speaker. It is unlikely that the N1–P2 mod-
ulation we observed is due solely to confidence-related acoustic
differences in the lexical phrase; this was verified by an additional
analysis performed from the onset of the lexical phrase, instead of
the onset of the vocal expression of LEXþVOC utterances, which
revealed that confidence differences in the phrase were first re-
gistered in the P2 amplitude, similar to what we reported for vocal
confidence expressions without a verbal context (Jiang and Pell,
2015). Thus, it is the preceding context that modulated early
processing of speaker confidence (N1–P2) as vocal cues in the
main utterance were registered here. These patterns support data
showing that channel redundancy facilitates on-line recognition of
a speaker’s cognitive or affective state in a very short time course
(Paulmann et al., 2009; Stekelenburg and Vroomen, 2007).

The N1 elicited by auditory stimuli with its maximum in
frontal-central regions, has been associated with initial attention
and sensory encoding of underlying acoustic properties, with in-
creased negativity when this processing is somehow more enga-
ging or complex (Rigoulot et al., 2015). At the same time, there is
growing evidence that N1 responses to auditory and visual social
stimuli are modulated by immediate context and/or individual
differences, such as expertize in the domain of stimulus processing
(Perry et al., 2013; Rigoulot et al., 2015). In this vein, our findings
argue that linguistic phrases encoding the level of speaker con-
fidence, uttered prior to the main statement, reduced the N1 re-
sponse broadly-distributed to vocal confidence expressions by
decreasing demands on acoustic (bottom–up) processing in the
early time window (70–160 ms). These changes may have allowed
acoustically meaningful distinctions to be registered at an earlier
stage than when this contextual information was absent, for ex-
ample, by allowing perceptual differences between confident and
close-to-confident expressions to be registered in this time
interval.

Changes in the fronto-central P2 component have been at-
tributed to early shifts in attention that facilitate preferential
processing of motivationally salient stimulus features, such as
specific emotional properties (Kotz and Paulmann, 2011), but also
vocal confidence information (Jiang and Pell, 2015). In our earlier
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study, the P2 amplitude was largest for confident vocal expres-
sions and smallest for unconfident voices, a difference that was
right-lateralized; this implies that the initial evaluation of acoustic
signals that reveal a speaker's confidence level prioritize signs of
confidence (i.e., strong evidence that the uttered statement is
true), and not acoustic features that signal a speaker's feeling of
not knowing (Jiang and Pell, 2015). An early attentional preference
to register vocal cues signifying (high) confidence would be mo-
tivationally significant for various cognitive-evaluative processes
related to person perception and decision making (London et al.,
1971), and has been linked to right-hemisphere function (Pell,
2007). The fact that linguistic phrases diminished the P2 (as well
as N1) response to vocal expressions, when compared to condi-
tions when the phrase was absent, implies that listeners deployed
less attention to confidence-relevant vocal features after decoding
confidence information from the linguistic phrase (see Spreck-
elmeyer et al. (2009) for a related finding). This again suggests that
attention to acoustic features is altered when earlier lexical-pro-
sodic information biases stimulus meaning, and that changes in
the N1–P2 complex observed here are likely to reflect contextual
integration of confidence cues in the linguistic and vocal channels
(Jessen and Kotz, 2011; Paulmann et al., 2009).

4.2. Late ERP effects

Late ERP effects can inform cognitive processes that act on
emerging representations about the speaker's feeling of knowing,
related to meaning activation, access to memory representations,
and pragmatic inferences (Brouwer et al., 2012; Schirmer and Kotz,
2006). In the 300–650 ms time window, a reduced N400 response
(in females) was observed when processing vocal cues following a
linguistic phrase than vocal cues alone. This pattern, as well as its
centro-posterior distribution, is similar to studies showing re-
duced N400 responses to words preceded by a highly predictable
versus unpredictable sentential context (Kutas and Federmeier,
2000) or facial expressions primed by an emotionally- related
versus unrelated voice (Paulmann and Pell, 2010).

Modulation of the N400 by phrase presence argues that female
listeners form a strong expectancy about the speaker's confidence
level from the initial phrase. Given that linguistic phrases (I am
positive) and the following statement (e.g. he is a good leader) were
not semantically related, N400 differences are likely governed by
emerging representations about the speaker's mental state (i.e.
confidence level) encoded by the phrase in relation to subsequent
vocal cues. Interestingly, further analysis revealed that N400 re-
ductions were generally larger in individuals with high empathic
abilities, and that empathy trait scores influenced demands of
integrating lexical and vocal cues (N400 effect). When put to-
gether, these patterns argue that listeners who are better able to
adopt a speaker's mental state, particularly females, form stronger
expectancies about speaker confidence, and possibly other mental
attributes that can affect utterance interpretation (Van den Brink
et al., 2012).

The verbal context preceding the vocal expression led to an
increased anterior negativity in male listeners in the same time
window as the reduced N400 in female listeners. Elsewhere, a left
anterior negativity (400–900 ms) has been observed for medium-
expected words (with 75–90% cloze probability) as compared to
most-expected words (above 90% cloze probability) following a
constraining linguistic context (Wlotko and Federmeier, 2012).
Anterior negativities in the 500–900 ms time window were also
elicited by a non-literal word ending following a joke-constraining
context versus a literal ending following a literal context (Coulson
and Kutas, 2001), suggesting a process of reinterpreting a possible
mental representation with an alternative, concurrently available,
and highly accessible representation derived from the context (e.g.
‘frame-shifting’). Here, as verbal context provided a strong in-
dication of speaker confidence in the LEXþVOC utterances, it is
possible that male listeners adjusted their emerging representa-
tion of the speaker’s confidence from their voice according to the
highly accessible contextual representation when faced with in-
consistencies in the vocal and verbal channel, leading to a larger
anterior negativity for this subgroup.

In contrast to Jiang and Pell (2015) who reported a positivity
effect in the 330–740 ms window, where “close-to-confident”
voices were differentiated from other confidence expressions,
there was no such response when listeners first heard a linguistic
phrase. Rather, a more delayed positivity was detected in female
listeners from 900 to 1250 ms for close-to-confident statements,
and from 900 to 1600 ms for unconfident statements, when
compared to confident utterances containing both linguistic and
vocal cues. A delayed sustained positivity may function as an at-
tempt to infer another person's goals/intentions and is often found
when utterances are spoken or acted in an unexpected way (Jiang,
Li, Zhou, 2013; Regel, Gunter and Friederici, 2011; Spotorno et al.,
2013; Van der Cruyssen et al., 2009; Van Overwalle et al., 2009).
Here, the late positivity in female listeners (maximal in posterior
regions) was temporally and topographically similar to one elicited
in the same group of female listeners by neutral statements in our
previous study, an effect that was attributed to a task-dependent
inferential process serving to re-evaluate speaker confidence in
the context of task goals (Jiang and Pell, 2015).

An interesting comparison can be drawn between this study
and previous work involving utterances that were intoned as a
question. For example, Paulmann et al. (2012) demonstrated that
when utterances with different prosodic features violated a pre-
ceding neutral context, there was always a larger positivity in the
mismatch conditions; however, responses to emotional prosody
diverged earlier (�470 ms) for declarative type utterances than
question-type prosody (�620 ms). This pattern suggests delayed
processing of prosody that signals a question (see also Astésano
et al. (2003)). As speakers who lack confidence sometimes use
vocal cues that resemble questions (Kügler, 2003; Vanrell et al.,
2013), it is curious that we observed a larger positivity for low-
confidence statements (unconfident or close-to- confident) versus
confident ones in the context of Paulmann et al.'s (2012) findings.
Moreover, this positive response to low vs. high confidence ex-
pressions was delayed in the LEXþVOC statements (�900 ms)
than in the VOC statements (�330 ms, Jiang and Pell, 2015) for the
same participants. The extent to which neural responses to ex-
pressed confidence demonstrate similarities to those elicited by
certain types of questions remains a topic for future study.

Seeing that the late positivity here tended to be largest for
unconfident followed by close-to-confident statements, the degree
of uncertainty encoded by utterances seemed to impose further
inferential demands over confident statements for our female
participants; one can speculate that females were more vigilant in
monitoring the speaker's vocal confidence level in an ongoing
manner as the verbal context became more remote (Van den Brink
et al., 2012), increasing late inferential demands in these condi-
tions. However, the late positivity (4900 ms) evoked by utter-
ances lacking confidence was also positively related to individual
empathy trait (IRI) scores (Van den Brink et al., 2012). Empathy
traits including perspective-taking abilities are considered essen-
tial to derive pragmatic meanings in language comprehension
(Li, Jiang, Yu, Zhou, 2014; Nieuwland et al., 2010), and when im-
paired, can produce abnormal neural responses when participants
are asked to integrate voice-based identity information with
speech (Tesink, Buitelaar, Petersson, van der Gaag, Kan, Tendolkar,
Hagoort, 2009). Here, it is possible that females and high-em-
pathizing listeners were more apt to generate inferences about the
speaker meaning in relation to the communicative context (task)



Table A1
Effect of different lexical phrases on speaker confidence ratings. The Table shows
the mean group rating (standard deviation) for each intended confidence level
when utterances contained vocal statements preceded by a lexical phrase
(LEXþVOC) and when recordings of only the lexical phrase were presented to
listeners.

Confidence level Lexical phrase Confidence rating
LEXþVOC (1–5)a

Confidence rating
LEX only (1–5)b

Confident Definitely 4.51 (.15) 4.49 (.48)
For sure 4.43 (.16) 3.95 (.52)
I am certain 4.33 (.31) 4.06 (.46)
I am positive 4.49 (.15) 4.27 (.44)

Close-to-
confident

I think 3.00 (.26) 2.72 (.68)
I am almost certain 3.41 (.16) 3.51 (.46)
I am pretty sure 3.20 (.24) 3.06 (.37)
Most likely 3.33 (.20) 3.18 (.38)

Unconfident It is possible 1.85 (.30) 2.18 (.62)
Maybe 1.82 (.28) 1.97 (.50)
Perhaps 1.97 (.37) 2.27 (.44)
There is a chance 1.81 (.20) 2.20 (.48)

a Participants (n¼60) rated “how confident you think the speaker is” on a
5-point scale (1¼not at all, 5¼very much).

b The same instruction was given to the participants who attended the rating
(n¼8) of LEX recordings as who attended the rating of LEXþVOC recordings.
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in an ongoing manner, although further work is clearly needed to
test these claims.

4.3. Sex effects and individual differences

Our data underline the importance of sex differences in both
behavioral judgements of speaker confidence and online neural
responses to utterances that encode a speaker's feeling of knowing
through combined verbal and vocal cues. Relative to males, females
exhibited a more pronounced N1 response to confident expressions
and a uniquely, delayed sustained positivity to close-to-confident
and unconfident expressions; in contrast, males displayed a larger
P2 than females in response to confident expressions. In the latter
case, previous studies have found that females demonstrate larger
P2 differences between words intoned with sadness vs. neutral
prosody (Schirmer et al., 2013), in contrast with our results on ex-
pressed confidence. However, a mediation analysis revealed that
the relationship between sex and the P2 effect was mediated by
individual's trait anxiety, which when controlled, eliminated sex
differences in the P2 response (recall that male participants re-
ported significantly lower trait anxiety levels than females overall).
Thus, in addition to empathy traits and mentalizing abilities, our
data highlight ways that trait anxiety affects early attentional shifts
that mark the significance of vocal confidence expressions as in-
dexed by the P2 (see also Pell, Rothermich, Liu, Paulmann, Sethi,
Rigoulot, 2015). Individuals with lower trait anxiety report higher
level of confidence as a speaker in public than those with higher
trait anxiety (Hook et al., 2008) and are more likely to make over-
confident decisions under stressful tasks (Goette et al., 2015), which
forms a possible explanation why the confident expression was
marked as more significant (and elicited a larger P2) than the un-
confident expression one in those displaying lower trait anxiety
levels.

In addition to sex differences in sensitivity to certain types of
confidence expressions, it can be concluded that females were
influenced to a greater extent than males by contextual informa-
tion, i.e., the linguistic phrase, when processing vocal expressions
(e.g., showing a larger reduction of typical N400 components
when processing statements with versus without verbal context).
Note, however, that these findings are based on a relatively small
participant set (n¼15 per sex type) and should be treated with
caution. In particular, contextual effects that promoted a reduced
N100 to vocal expressions after a verbal phrase, which were pre-
sent in all participants but seemingly more pronounced in females,
were likely hidden by an increased P200 in male listeners (Fig. 4A
vs. B). This finding argues that females integrate the two speech
channels differently than males at early stages of forming a re-
presentation about the speaker's mental (i.e., knowledge) state, as
suggested by other studies reporting sex differences in the N400
time window during related speech processing tasks (Schirmer
and Kotz, 2003; Schirmer et al., 2002; 2005, 2013; Toivonen and
Räma, 2009). Recently, Schirmer and colleagues (2013) reported
that the strength of neural responses to vocal emotion expressions
predicted the subsequent rating of the valence of these words in
female participants, and was positively associated with the es-
trogen level of individual participants. These findings, coupled
with accumulating data uncovering sex differences in expressed
confidence processing (Jiang and Pell, 2015), corroborate argu-
ments that male and female listeners exhibit distinct tendencies in
the use of verbal and vocal information when processing socio-
emotional cues in speech in a variety of conditions (Schirmer and
Kotz, 2003).

5. Conclusions

Our new findings complement and extend our previous report
(Jiang and Pell, 2015) by establishing the time course and asso-
ciated neural dynamics for decoding and inferring how confident a
speaker is from combined linguistic and vocal cues in speech; this
information is vital to determine whether a speaker is credible or
should be believed during routine social interactions. As such, our
data have implications for researchers in diverse fields of inquiry
where understanding another's “feeling of knowing” is relevant,
from social psychology to automatic speech recognition to neu-
roeconomics and management. During interpersonal commu-
nication, misjudging another's feeling of knowing (e.g. over-im-
putation of one's knowledge to another) is known to cause com-
municative difficulties that lead to inference failure (Nickerson,
1999). For example, a jury's decision about the credibility of an
expert witness of a crime is affected by their demonstrated con-
fidence (Cramer et al., 2009). In economic decision-making, a
consumer's level of feeling of knowing has been associated with
one's susceptibility of being influenced in their purchase behavior
(Bell, 1967), among other outcomes. In professional organizations,
an individual's perceived confidence in public speaking predicts
their professional attainment (Betz et al., 2006) as well as attri-
butions of how competent and knowledgeable the person is
(Scherer et al., 1973). How our results inform research in these
various domains is still forthcoming. By showing that the process
for understanding a speaker's mental state is partly dependent on
listener sex, and characteristics such as trait anxiety and trait
empathy, our results also implore future researchers to look more
closely at the role of individual features in how socio-emotional
evaluations of spoken language are made.
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