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Abstract

The role of somatosensory feedback in speech and the perception of loudness was assessed in adults without speech or
hearing disorders. Participants completed two tasks: loudness magnitude estimation of a short vowel and oral reading of a
standard passage. Both tasks were carried out in each of three conditions: no-masking, auditory masking alone, and mixed
auditory masking plus vibration of the perilaryngeal area. A Lombard effect was elicited in both masking conditions: speakers
unconsciously increased vocal intensity. Perilaryngeal vibration further increased vocal intensity above what was observed for
auditory masking alone. Both masking conditions affected fundamental frequency and the first formant frequency as well, but
only vibration was associated with a significant change in the second formant frequency. An additional analysis of pure-tone
thresholds found no difference in auditory thresholds between masking conditions. Taken together, these findings indicate
that perilaryngeal vibration effectively masked somatosensory feedback, resulting in an enhanced Lombard effect (increased
vocal intensity) that did not alter speakers’ self-perception of loudness. This implies that the Lombard effect results from a
general sensorimotor process, rather than from a specific audio-vocal mechanism, and that the conscious self-monitoring of
speech intensity is not directly based on either auditory or somatosensory feedback.
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Introduction

The Lombard effect is defined as an increase in vocal
intensity due to a concomitant increase in environmental
noise (Lombard 1911). Other acoustic properties of speech
affected by external noise include fundamental frequency,
duration, spectral contour, formant frequencies and band-
widths, and rate of speech (Lee et al. 2007; Junqua 1993;

4 Frangois-Xavier Brajot
brajot@ohio.edu

Department of Communication Sciences and Disorders,
Ohio University, Grover Center W221, Athens, OH 45701,
USA

Centre for Research on Brain, Language and Music,
McGill University, 3640 de la Montagne, Montréal,
Québec H3G 2A8, Canada

School of Communication Sciences and Disorders,
McGill University, 1266 Pine Avenue West, Montréal,
Québec H3G 1A8, Canada

4 Haskins Laboratories, 300 George St., Suite 900,
New Haven, CT 06511, USA

Published online: 05 April 2018

Letowski et al. 1993; Schulman 1989). Perceptual charac-
teristics are likewise modified, including perception of pitch,
vocal effort and intelligibility (Junqua 1996; Van Summers
et al. 1988; Pickett 1956). The extent of change across these
various parameters has been shown to depend on the type
of noise presented (stochastic vs. multi-taker babble; Junqua
1993) and the communicative intent of the speaker (Lane
and Tranel 1971). The effect is present not only in humans,
but across bird and mammal species (Tressler et al. 2011;
Scheifele et al. 2005; Cynx et al. 1998). It is a robust neuro-
physiological response that can be evoked through stimula-
tion of specific brainstem regions (Nonaka et al. 1997) and
is difficult to consciously inhibit (Pick et al. 1989; Thier-
ren et al. 2012). It is, in other words, a phylogenetically old
mechanism that alters the control and perception of self-
produced vocalizations, typically improving intelligibility,
with acoustic changes that are similar, but not identical, to
loud speech (Letowski et al. 1993; Junqua 1996).

An early explanation and important theoretical paradigm
for later models of speech sensorimotor control characterizes
the Lombard effect as the product of a regulating servo-
mechanism that compensates for disturbances in feedback
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(Fairbanks 1954; Kerrison 1918). Very generally, sensory
feedback is compared against a desired level and correc-
tions are made for upcoming productions. In the case of
the Lombard effect, the desired level is the volume above
some reference intensity. Increasing noise reduces that dif-
ference, which is then corrected for by speaking more loudly.
Within this framework, the Lombard effect is one of a class
of responses to auditory feedback manipulations that include
compensations for pitch and formant shifting. To contend
with the findings that corrections for such feedback perturba-
tions are only incomplete, that is, a fraction of the size of the
perturbation, certain authors speculate that the overall effect
is the combined effect of both auditory and somatosensory
feedback (Katseff et al. 2011; Larson et al. 2008). A com-
pensatory response is preceded by multisensory integration,
limiting the impact of perturbation to a single modality. This
has been extended to explain differential effects when soma-
tosensory feedback is degraded, either empirically or due
to disease (Mu et al. 2013; Liu et al. 2012; Hammer and
Barlow 2010; Larson et al. 2008). By reducing the amount
or quality of somatosensory feedback, a speaker becomes
more dependent on auditory feedback, and, therefore, com-
pensates to a greater degree for perturbations in auditory
feedback (Lametti et al. 2012).

A competing hypothesis, raised by Lane and Tranel
(1971), denies this parallel between the two forms of sen-
sory feedback, proposing instead that the Lombard effect is
the result of a tracking mechanism whose goal is to maintain
communicative effectiveness. It is a listener-directed, not
speaker-directed, phenomenon. According to these authors,
a low-level audio-vocal hypothesis is not consistent with the
finding that the magnitude of the Lombard effect is stronger
in conversational speech (when a listener is present) than
during oral reading or other speech tasks that do not involve
some communicative interaction (Garnier et al. 2010). They
also point out that sidetone compensation, and specifically a
decrease in vocal intensity when a speaker’s auditory feed-
back intensity is increased, does not follow from the premise
that vocal intensity changes to “better hear onself”. The fun-
damental component of this argument, however, is based on
findings from psychophysical studies that show that altering
auditory feedback does not affect a speaker’s sense of loud-
ness (Lane et al. 1961).

Loudness is the psychological percept of intensity. It is
often measured along some subjective scale relative to phys-
ical intensity of a signal. When speakers are asked to rate the
loudness of their own speech, as opposed to a recording of
the same speech, the relationship of perceived loudness to
signal intensity increases along a steeper scale, that is, there
is a shift in the slope of the loudness curve when comparing
passive-listening (sone scale) to self-generated (autophonic
scale) speech (Fig. 1, panel 1). This indicates that the act of
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Fig.1 Examples of typical changes to loudness functions (adapted
from Lane et al. 1961, Fig. 6). The slope of the loudness function
increases when comparing passive-listening to self-produced speech
(left panel). The intercept of the loudness function shifts to the right
when a Lombard effect is elicited (right panel). Arrows indicate the
direction of change

vocalizing, and the involvement of somatosensory feedback,
alters the relative sense of loudness.

Now, with respect to self-generated sounds, speakers
compensate for changes in auditory feedback by increasing
or decreasing vocal intensity. This corresponds to a shift
along the x axis in Fig. 1. The relation of loudness estimates
relative to intensity does not change, however. The slope
remains invariant. With the Lombard effect, for example,
speaking in noise may make someone speak 6 dB louder,
but their perceptual rating stays the same (Fig. 1, panel 2).
The Lombard effect is, therefore, both an increase in vocal
intensity and a lack of awareness of the change in voice.

In short, there is a perceptual shift in loudness when
speech is self-generated as opposed to passively listened to.
When the speech is self-generated, however, an externally
induced change in vocal intensity (Lombard effect) does not
affect perceived loudness. The change in vocal intensity does
seem to vary as a function of communicative context, how-
ever. This suggests that the references, or the information
relevant in somatosensory and auditory feedback, are dif-
ferent. Somatosensory feedback functions to monitor one’s
speech (interoceptive), whereas auditory feedback is refer-
enced to communicative goals (exteroceptive).

Both theoretical approaches involve some form of correc-
tion based on feedback. The principal distinction is in the
presumed roles for auditory and somatosensory feedback.
While many feedback models posit a correction based on the
(often additive) combination of both types of feedback, Lane
and Tranel (1971) argue that each type provides qualitatively
different information with distinct functions in the control
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of speech. Self-monitoring is still recognized in this latter
approach, but is limited to somatosensory feedback.

The current study tests these two approaches by assessing
the effect of combined auditory-somatosensory masking on
speech. Specifically, we assessed the effect of adding exter-
nal vibration to the neck on the Lombard effect and percep-
tual ratings of loudness. A change in the slope of the loud-
ness curve would support the hypothesis that somatosensory
feedback is relevant for perceived changes in intensity.
Invariance of the slope of the curve with a shift in intercept
would support the hypothesis that somatosensory feedback
plays a complementary role in eliciting the Lombard effect,
requiring an alternative explanation for loudness perception.
A shift in intercept should furthermore be associated with an
overall shift of the intensity contour in running speech. Fur-
ther analyses were carried out on additional acoustic vari-
ables (fundamental frequency and formant frequencies), as
well as auditory thresholds, to confirm that the effects of
vibration were indeed impacting somatosensory feedback.

Methods
Ethics statement

This study was conducted in accordance with the 1964
Helsinki declaration and its later amendments. Informed
consent, approved by the McGill School of Medicine Insti-
tutional Review Board, was reviewed and signed by all par-
ticipants included in this study.

Subjects

25 adults were recruited for this study. Two subjects were
not able to complete the experiment due to equipment mal-
function. One subject’s data were thrown out due to medical
history. The remaining 22 subjects consisted of 13 females
and 9 males; 18-59 years of age (mean 28.3, SD 10.1). They
reported no history of neurological, psychiatric, speech or
hearing disorders. All subjects passed a hearing screening
with a minimum threshold of 20 dB HL tested at 125, 250,
500, 1000, 2000, 4000, and 8000 Hz.

Instrumentation

Speech was recorded with a headset microphone (AKG
C420), positioned 4-5 cm from the subject’s mouth, onto
a digital audio recorder (M-Audio MicroTrack 24/96) set
at 16-bit resolution and 44.1 kHz sampling rate. All audi-
tory signals were presented using Etymotic ER-2 insert ear-
phones via an Aphex headpod amplifier. Earphones were
inserted deeply, following manufacturer recommendations,
to reach the second bend of the ear canal and minimize

occlusion effects (Dean and Martin 2000). Signal intensity
in dB SPL was pre-calibrated using a digital sound level
meter (Radio Shack 33-2055; A-weighting) and 2 cc cou-
pler. The vibratory signal was presented using a Briiel and
Kjaer minishaker (Model 4810), driven by a Briiel and Kjaer
amplifier (Model 2716C). The minishaker is a lightweight,
electrodynamic exciter well suited for speech research as it
allows precise delivery of low force vibration to small object
(Andreatta and Barlow 2009). An Endevco 2311-500 minia-
ture force transducer attached to the minishaker acted as the
point of contact to the subject’s skin, placed at the level of
the left thyroid lamina. Transducer contact was 12.7 mm in
diameter, applied with double-sided adhesive washers com-
monly used for surface electrode placement.

Stimuli

The auditory masking signal was a pink noise with a 20 dB/
decade roll-off between 1000 and 4500 Hz and cut-off
frequencies at 200 and 4500 Hz. This not only effectively
masked frequencies important to human speech, but also
reduced listener discomfort at higher intensities. The vibro-
tactile masking signal input to the minishaker was a low-
pass filtered version (cut-off at 500 Hz and a 50 dB/decade
roll-off) of the speech-weighted noise used in the auditory
masking condition. These lower frequencies were selected
to mask the typical range of vocal fundamental frequencies
while reducing the damping effect of higher frequencies on
the minishaker displacement amplitudes. All stimuli were
generated and output from custom programs written in
Matlab.

Procedures
Loudness magnitude estimation

Participants were prompted to say the sound /a/ at varying
volumes, following an instruction to say the sound either
“normally” or “more loudly” or “more softly” than the
immediately preceding production. After each utterance,
participants were asked to rate the loudness of their pro-
duction using any arbitrary scale of their choice. This is
an “absolute magnitude estimation” method (Zwislocki and
Goodman 1980) that does not impose a pre-assigned modu-
lus (a number corresponding to the center of the speaker’s
range assigned by the experimenter) to be able to identify
differences in loudness function intercepts. To familiarize
themselves with the task, all subjects first completed a prac-
tice run that had them move up and down their selected
intensity scales. The experimental phase consisted of three
conditions, each composed of 40 repetitions. There were
10 “normal”, 15 “louder” and 15 “softer” instructions, pre-
sented in random order in each condition. This design was
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implemented to avoid over-sampling “normal” productions
and increase the likelihood that subjects produce volumes
beyond any initially anticipated range limits. The three con-
ditions were always presented in the same order: repetition
of /a/ under (1) normal feedback, (2) auditory masking, and
(3) mixed auditory plus vibrotactile masking. The auditory
speech-weighted masking signal was presented at 90 dB
bilaterally in both auditory and mixed masking conditions.

Lombard effect

Participants read the first few sentences of the Rainbow Pas-
sage (Fairbanks 1960) aloud. Three readings were completed
under three separate masking conditions: (1) a baseline (ref-
erence) condition with no extraneous auditory input, (2) an
auditory masking condition with speech-weighted noise pre-
sented binaurally through insert earphones at 90dB SPL, and
(3) a mixed (auditory plus laryngeal vibrotactile) masking
condition with combined speech-weighted noise presented at
the ear as well as a low-pass filtered version presented at the
neck with the minishaker. To verify that a Lombard effect
was elicited within speakers, masking was applied 400 ms
after the prompt to vocalize and continued for 1 s. Mask-
ing onset typically occurred on the fourth or fifth syllable
of each production, depending on when the subject began
vocalizing.

Some of the energy from vibration at the neck is con-
ducted to the ear, resulting in an increase in auditory thresh-
old and a concomitant Lombard effect when auditory feed-
back is not masked (see post hoc analysis). In such a case,
it is impossible to separate somatosensory from auditory
effects. Because of this, a vibration-only condition was con-
sidered not to be a proper control and was not included in the
experimental procedure.

Data analysis
Loudness magnitude estimation

Speech signals were extracted from recordings using a semi-
automatic segmentation routine that marked 15% of the
peak amplitude on each side. Root mean square amplitude
(RMS) was calculated for each production then converted
to dB SPL. RMS was calculated by applying a Hamming
window to each consecutive 20 ms of the signal, followed
by zero-phase filtering (Matlab filtfilt) and taking the square
root of the absolute value of the filtered output. Correlation
coefficients were calculated on the raw data, after removing
missing values (tokens where subjects failed to vocalize or
were otherwise clipped). Slope and intercept of linear fits to
the data in each condition were calculated using the Matlab
polyfit function. Fitted lines were normalized to a 0—10 mag-
nitude estimation scale. All conditions were then referenced
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to the normal feedback condition so that altered feedback
condition intercepts represent baseline dB difference rela-
tive to normal feedback. Note that since intensity values are
reported in decibels, the difference between masked and
baseline productions is equal to describing signal gain (the
log of masked signal power to baseline signal power).

Lombard effect

Recorded signals were down-sampled to 8820 Hz and RMS
envelopes were calculated for the entire 10 s of the record-
ing. Peaks in the RMS envelopes consistent across produc-
tions were identified using a custom program, resulting in
the following 35 syllabic groups for which the RMS peak
values were retained:

When the sun | light | strikes | rain | drops | in the | air,
| they | act | like a | prism | and | form a | rain | bow.
The rain | bow is | al di | vi | sion of | white | light | into
| many | beauti | ful | colors.

These | take | the | shape | of a | long | round (...)

Selected RMS values were then converted to dB SPL.
Signal fundamental frequency (f;), and first and second for-
mant values (F1 and F2) were also calculated for the syl-
lables marked in the intensity analysis.

Intensity and frequency values for marked syllables were
averaged within subjects, then separated into one of three
masking segments: before, during or after masking. A mul-
tivariate analysis of variance was completed to compare
dependent variables as a function of masking—similar to
the analysis of magnitude estimates. Intensity and frequency
measures were averaged across syllables within a masking
segment. A principal component analysis was subsequently
carried out to control for multicollinearity among acoustic
variables. Analyses of variance were then carried out on
the principal components. To simplify the analysis, pre-
and post-masking segments were not included as they did
not provide new information in the latter context. Statisti-
cal analyses were carried out with the Statistica software
package.

As perilaryngeal vibration is a fairly novel method for
masking somatosensory feedback of the voice (cf. Loucks
and DeNil 2012), two methods were employed to establish
validity. The first was to extend the acoustic analysis to other
acoustic variables affected by a Lombard effect: fundamental
frequency (f;), first (F1) and second (£2) formant frequen-
cies (Junqua 1993). This allowed us to more fully character-
ize the effects of vibration and identify differences between
auditory and mixed masking conditions. The second was
to measure pure-tone thresholds in each of the experimen-
tal conditions. A lack of difference between auditory and
mixed masking conditions, in this case, would support the
claim that vibration did impact somatosensory feedback
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and was not the result of an auditory effect due to bone-
conduction and occlusion effect. Thresholds in a worst-case
scenario (no-masking and over-the-ear headphones) were
also included for comparison.

Age and sex differences have been shown for all speech
acoustic variables included in this study (Baken and Orlikoff
2000). With respect to the Lombard effect, Junqua (1993)
found a larger increase in pitch for males and a larger
increase in F1 for females. F2 showed a similar, although
non-significant, trend in female speakers. Age and sex were,
therefore, included as between subject variables to determine
possible influence on experimental outcomes.

Results
Loudness magnitude estimation

All subjects reported greater difficulty attributing loudness
magnitude estimates in masking conditions, and mixed
masking was generally felt to be more difficult than audi-
tory masking alone. Nevertheless, correlation coefficients
between speech intensity and loudness magnitude estimates
remained high across conditions: r=0.88 (p <0.01, 95%
confidence interval 0.74—0.95) for normal feedback, r=0.89
(p<0.01, 95% confidence interval 0.76-0.95) for auditory
masking, and r=0.87 (»p <0.01, 95% confidence interval
0.73-0.94) for mixed masking. A Friedman’s ANOVA
(Friedman 1937) comparing correlation coefficients failed
to reach significance, ;(2(2) =1.09, p=0.6. The presence or
type of masking, therefore, did not appear to affect response
accuracy (Fig. 2).

A repeated-measures ANOVA on slope failed to show
a significant difference across conditions [F(2,42)=1.92,
p=0.16]. The relative autophonic loudness scale, there-
fore, remains invariant across conditions, despite masking
of auditory and vibrotactile feedback.

A repeated-measures ANOVA on intercept was sig-
nificant, [F(2,42)=11.6, p<0.001]. Bonferroni—-Holm-
corrected multiple comparisons (Holm 1979) showed dif-
ferences across all conditions, with a greater shift for the
mixed masking than the auditory masking condition: normal
feedback vs. auditory masking #(42)=3.1, p=0.01, auditory
vs. mixed masking #(42)=2.2, p=0.03, normal feedback vs.
mixed masking #(42)=4.0, p <0.001. The mean intensity
shift under auditory masking was approximately 2.5 dB SPL.
The mean intensity shift under mixed masking increased to
6 dB SPL.
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Fig.2 Mean loudness magnitude estimation functions across condi-
tions. Main panel: group mean loudness curves for baseline (dotted
black square), auditory (dashed blue circle) and mixed masking (solid
red triangle) conditions. Lower panel: Mean and standard deviation
of normalized x-intercepts. Right panel: Mean and standard deviation
of slopes in each condition. Individual subject data points are plotted
alongside each corresponding error bar

Lombard effect

A multivariate analysis was completed using the general lin-
ear model subroutine in Statistica. Condition (none, audi-
tory, mixed) and section (before, during, and after masking)
were specified as within-subjects factors, sex as a categorical
predictor and age as continuous predictor. Using Wilks’ sta-
tistic, no section x condition interactions were found: section
X condition X sex A=0.29, F(16,4)=0.61, p=0.79, sec-
tion X condition X age A=0.18, F(16,4)=1.12, p=0.51,
section X condition A=0.07, F(16,4)=3.51, p=0.12. Age
was not a significant predictor: condition X age A=0.789,
F(8, 12)=0.4, p=0.90, section X age A=0.395, F(8,
12)=2.3, p=0.10, age A=0.949, F(4, 16)=0.21, p=0.93.
Sex was a significant predictor: condition X sex A =0.164,
F(8, 12)=7.67, p=0.001, section X sex A=0.197, F(8,
12)=6.11, p=0.003, sex A=0.122, F(4, 16)=28.92,
p <0.001. Main effects of condition, A =0.260, F(8,
12)=4.3, p=0.012, and section, A =0.047, F(8, 12)=30.61,
p<0.001, were also identified.

These results may be considered with respect to Fig. 3,
which plots section-by-condition means with 95% confi-
dence intervals for each of the four measured dependent
variables, separated by sex. Values for all variables are simi-
lar before masking onset, shift away from baseline during
masking, then return to baseline levels after masking (effect
of masking section). Adding vibration to the neck increases
effects observed under auditory masking only (effect of con-
dition). Compared to male subjects, female subjects show
expected higher fundamental frequencies and slightly lower
intensities (interaction with sex). F1 displacement due to
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masking in the auditory condition is greater for female than
male subjects, consistent with previous work (Junqua 1993),
resulting in greater overlap between masking conditions. F2
is more clearly affected by the addition of vibrotactile mask-
ing than auditory masking only.

Since no condition-by-section interaction was found, and
because we are primarily interested in effects of masking,
we focused subsequent analyses on the “during masking”
section alone. Age was not included as a predictor either,
as it was found to be non-significant in the omnibus test. A
multivariate analysis with condition as within-subjects factor
and sex as categorical predictor revealed a significant condi-
tion X sex interaction, A=0.339, F(8,13)=3.17, p=0.03,
and main effects of condition, A=0.037, F(8,13)=42.75,
p<0.001, and sex, A=0.097, F(4,17)=39.68, p<0.001.
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A follow-up discriminant analysis on this data subset was
not appropriate due to multicollinearity across acoustic vari-
ables (continuous predictors in the discriminant analysis);
correlations between variables were as high as 0.7 in certain
cases. This is to be expected, given the known interrelation-
ships among speech acoustic parameters, such as covari-
ation between f;, and dB (Titze 1992). To control for this,
we conducted a principal component analysis on the four
variables, with oblique rotation. This reduced the variables
to three components representing the factors of sex, auditory
masking and vibration.

Factor loadings for the resulting principal components
are provided in Table 1. The first principal component
accounted for 36% of the total variance, and is associated
with important acoustic indices of speech intensity: dB
and F1. The second component accounted for 30% of the
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Table 1 PCA standardized loadings (pattern matrix) after oblique
translation

1. Auditory 2. Sex 3. Vibratory Com- Uniqueness (1)

munality

)
fo 0.00 099 -0.03 0.96 0.039
dB 0.88 -0.24 -0.20 0.92 0.084
F1 0.80 038 0.14 0.90 0.096
F2 -0.02 -005 1.01 0.99 0.011

Bold text denotes loadings greater than 0.3

total variance and is more clearly linked with sex-related
acoustics—namely f;,, but also with contributions from
F1 and dB. The third component accounted for 28% of
the total variance and is largely dependent on F2 changes
associated with adding vibrotactile masking; smaller con-
tributions from dB and F1 are also present.

Data are plotted as a function of the two components
that relate to experimental conditions in Fig. 4. The histo-
grams along each axis help to represent the differences in
distributions along a single dimension. The first, “Lom-
bard” component distinguishes among conditions, with
greater overlap between masking conditions. The third,
“Vibration” component clearly separates the mixed mask-
ing from the other conditions. Components relevant to
sex effects are plotted in Fig. 5. A clear distinction can be
seen along the “Sex” component associated with f;, varia-
tion. The “Vibration” component also shows a degree of
sex-specific variation, however, both in size and center
of distribution. Note that differences in histogram ampli-
tudes are due to unequal sample sizes as a function of sex.
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Factor scores from the principal component analysis
were subsequently submitted to a multivariate analysis,
with condition as within-subjects factor and sex as a cat-
egorical predictor. No condition X sex interaction was found,
F(6,15)=2.21, p=0.1, but there were main effects of condi-
tion, F(6,15)=59.47, p<0.001, and sex, F(3,18)=50.25,
p<0.001. Follow-up univariate ANOVAs were conducted
on each of the components, with sex as categorical predictor.
Results are displayed in Table 2. No interactions effects were
found, but main effects of condition were present across
components. Not surprisingly, significant main effects of sex
were also identified for components 2 and 3, in line with
sex-related differences in f and F2.

Bonferroni—-Holm-corrected post hoc comparisons of
conditions for the “Lombard” component confirmed sig-
nificant difference across conditions: baseline vs. auditory
1(42) = —6.63, p<0.001, auditory vs. mixed #(42) = —3.66,
p=0.006, baseline vs. mixed #42) = —10.63, p<0.001.
Bonferroni-Holm-corrected post hoc comparisons of condi-
tions for the “Vibration” component revealed no significant
difference among male subjects for baseline vs. auditory,
1(42)=1.32, p=0.82, marginal significance for auditory vs.
mixed, #(42)=2.93, p=0.058, and a significant difference
for baseline vs. mixed, #(42)=3.98, p=0.01. Among female
subjects, baseline vs. auditory was also non-significant,
1(42)=1.16, p=0.45, but the other comparisons reached
significance: auditory vs. mixed, #(42)=4.07, p=0.005,
and baseline vs. mixed, #(42)=5.21, p<0.001. Post hoc
comparison of the “Sex” component revealed a significant
difference for female subjects comparing baseline and mixed
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Table 2 Results of univariate

At Effects DOF Lombard (dB+F1) Sex (fo+F1) Vibration (F2)
analyses on individual
components F )4 F )4 F P
Sex 1,20 0.10 0.81 154.6 < 0.001* 14.44 0.001*
Condition 2,40 114.3 < 0.001* 61.4 < 0.001* 66.14 < 0.001*
Condition X sex 2,40 0 0.96 3.10 0.06 1.86 0.17
Bold font and asterisks denote p <0.05
0 - vibration visibly increases auditory thresholds for frequen-
I cies below 2000 Hz. Non-osseous sound conduction and
20 b I . occlusion effects are, therefore, clearly relevant confounds
) for conditions with perilaryngeal vibration. We then tested
o 40f I i subjects with the experimental set-up (with insert earphones)
4 . across masking conditions, including vibration-only. Thresh-
2 eof P i olds for no-masking and vibration-only fell below the mini-
iz . 2 2 mum calibration level of 50 dB SPL. Results for the auditory
E 8o | S~ ] only (blue circles) and mixed (red triangles) masking con-
________ T OTE No masking (bos ditions are plotted in Fig. 6 for comparison against “worst-
—F—— OTE Vibration only (worst) case” over-the-ear vibration condition. The results show that
100 — =8 = ITE Auditory masking T . . . .
——5—— ITE Mixed masking perilaryngeal vibration did not affect thresholds beyond lev-
120 els in the auditory masking condition alone, supporting the

1000 2000 4000 8000

Frequency (Hz)

500

Fig.6 Pure-tone hearing thresholds comparing effects of vibration
and auditory masking

masking conditions only, #(42) = —3.71, p=0.01. All other
comparisons were non-significant.

Post hoc perceptual analysis

To further ascertain that the observed effects were indeed
due to perilaryngeal vibration and not additional auditory
stimulation from non-osseous sound conduction and an
occlusion effect (Adelman et al. 2012), together or in isola-
tion, we conducted an additional pure-tone hearing thresh-
old assessment in each of the experimental conditions. 18
adults were recruited for this analysis (mean age of 28 years,
7.7.2 SD; 6 male, 12 female). Informed consent, approved by
the McGill School of Medicine Institutional Review Board,
was reviewed and signed by all participants included in this
study. Pure tones were presented at 250, 500, 1000, 2000,
4000 and 8000 Hz.

We first tested subjects with a standard audiometer using
over-the-ear headphones to assess the impact of vibration
on baseline hearing thresholds in a “worst-case” scenario,
that is, with known occlusion effect (ear canal occluded at
the outer ear). The dashed and solid black lines in Fig. 6
represent group thresholds for the over-the-ear no-masking
and vibration-only conditions, respectively. Perilaryngeal
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conclusion that effects of vibration in the mixed condition
cannot be simply attributed to an additional auditory effect.

Discussion

The role of somatosensory feedback in the control of speech
intensity was evaluated by masking perilaryngeal vibro-
tactile feedback during speech tasks. Perilaryngeal vibra-
tion effectively increased vocal intensity beyond what was
observed for auditory masking alone, indicating that both
auditory and somatosensory feedback contribute to eliciting
the Lombard effect. Similarly, the shift in loudness estimates
attributed to the Lombard effect was greater when auditory
masking was paired with vibratory masking. The slope of
the loudness function did not change, however, indicating
that speakers were unaware of the added effect of vibration
on their speech. Overall, these findings suggest that soma-
tosensory feedback is part of a general sensorimotor mecha-
nism that adjusts speech intensity without directly impacting
the self-perception of loudness.

A generalization of the definition of the Lombard effect
as a response to noise in either auditory or somatosensory
feedback is in line with interpretations of other compen-
satory responses. Unaltered somatosensory feedback has
been implicated in partial adaptation to a variety of audi-
tory feedback perturbations (Katseff et al. 2011). Reduced
somatosensory feedback has also been associated with
larger compensations to shifts in vocal pitch (Larson et al.
2008). Results of the current experiment are simply an
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extension of this pattern to adjustments in vocal intensity
as noise is introduced to both auditory and somatosensory
systems.

Generalizing the effect across sensory systems does not
require positing a single or uniform mechanism, however.
Recent models that have elaborated on the servomechanism
analogy distinguish contributions from separate feedback
systems that nevertheless work toward the same overall
goal. Expanding on the work by Houde and colleagues
(Houde and Nagarajan 2011), for example, Hickok (2012)
proposes a hierarchical feedback model that pairs auditory
and somatosensory feedback with lexical and phonetic pro-
cesses, respectively. Each type of feedback is associated
with internal predictions framed by different organizational
principles, but that necessarily interact along the forward
path (output) of the hierarchy. This allows for variability in
the presentation of a response, such as increased duration
for vowels (Junqua 1993) or the drop in F2 under perilaryn-
geal vibration observed in the current study. Auditory feed-
back is more directly influenced by higher-level linguistic
requirements within the hierarchy, moreover, which may
help explain a Lombard effect susceptive to communicative
context (Amazi and Garber 1982; Lane and Tranel 1971).
Mutual interaction between sensory modalities allows the
system to be less sensitive to unisensory perturbation (i.e.,
partial compensation). The lexical-phonetic hierarchy fur-
thermore relates easily to the exteroceptive—interoceptive
distinction proposed by Lane and Tranel (1971).

The question of the conscious perception of self-produced
speech is not frequently addressed in sensorimotor models
of speech production. This may be because the automatic
nature of the compensatory responses that are so often the
basis of their design presupposes that volitional control lies
outside the presumed mechanisms. The findings from the
current study certainly support this premise. As was noted
in the introduction, Lane and Tranel (1971) argued that
invariance in the slope of the loudness function across lis-
tening conditions suggests that auditory feedback does not
play a primary role in loudness perception nor in “direct
feedback control during speech” (p. 694). Similar slopes
between auditory and mixed masking conditions in the cur-
rent study extend this argument to somatosensory feedback.
This implies that the self-perception of loudness is not based
on sensory feedback and must be referenced elsewhere.

The implication for models of sensorimotor control is
that a separate loop or set of components must be included
to account for volitional responses and perception. This of
course complicates the model, but is not a new notion nor
inconsistent with current neurobiology. Over six decades
ago, Lee (1950) had already posited that higher-level word
and thought loops in speech production involved conscious
processes that were updated by lower sensorimotor correc-
tive loops only if the production was correct (cf. Hickok

2012; Fautrelle and Bonnetblanc 2012). Guenther et al.
(2006) returned to this notion in specifying that predicted
sensory consequences from their model’s speech sound map
are “based on prior successful attempts” (p. 286). Self-per-
ception is thus internally referenced and dependent on cor-
rect productions over multiple iterations, and by extension
over a broader time scale than that usually referenced for
compensatory responses.

With the emphasis on forward models in recent years
(Houde and Nagarajan 2011; Hickok 2012; Tian and Poeppel
2012), feedforward representations have become an obvious
candidate for the perception of self-generated sounds and
provide potential explanations for perceptual deficits spe-
cific to self-generated speech (Brajot et al. 2016). Work on
mental imagery provides some support for this hypothesis
(Tian et al. 2016). Of particular relevance to the question of
loudness perception, Tian et al. (2018) found that imagining
speaking at different intensities induced neural activity simi-
lar to actual perceptual responses and could, moreover, mod-
ulate early auditory cortex responses. In order for perceptual
estimates to maintain a degree of consistency despite altered
feedback, as we see with loudness curves, such internal (or
forward) model must nevertheless lie outside of corrective
loops, because updated motor plans would alter perception
with each correction (cf. Tian and Poeppel 2012).

In sum, the Lombard effect stems from a process that
operates independently of conscious control and percep-
tion of speech intensity. It is the output of a closed-loop
process that adapts the outgoing speech signal based on
noise in sensory systems overall. From the standpoint
of sensorimotor control, the self-perception of loudness
appears as an open-loop process associated with an inter-
nal scale that (within the time frames assessed in this
study) remains consistent despite significant changes in
sensory feedback, as in Lombard speech.

Limitations

A potential confound not controlled for in this study is the
possibility of a laryngeal biomechanical response to mod-
erately intense cutaneous vibration of the thyroid lamina.
Given the interdependence of biomechanical and neuromus-
cular systems, a biomechanical or reflexive component to
the overall effect is very likely (cf. “tonic vibration reflex”;
Bosco et al. 1999). The elicited acoustic patterns do not sup-
port a purely biomechanical basis, however. Vibration was
associated with a drop in F2, suggesting that the pharyngeal
cavity of the vocal tract was narrowed and/or that the larynx
was raised in this condition. From a biomechanical stand-
point, if the presumed cause were a general stiffening of
laryngeal musculature, it is unclear why a similar effect did
not extend to changes in fundamental frequency (especially
given covariation of fundamental frequency and intensity;
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Titze 1992). If we consider, furthermore, that the response
is sustained over the 10 s of masking, it becomes difficult
to attribute the effect entirely to reflex. Ultimately, more
explicit testing of biomechanical factors in this experimen-
tal paradigm will be needed to properly address this issue.

Another aspect the present study did not control for is
subject-specific susceptibility or preference to either audi-
tory or somatosensory masking. A vibration-only condition
was not analyzed, because vibration through skin and car-
tilage affected auditory thresholds when auditory feedback
was not masked, confounding auditory and somatosensory
effects. Following the methodology adopted by Lametti et al.
(2012); however, it could have been possible to evaluate the
effect of adding perilaryngeal vibration after auditory mask-
ing had been applied. Using this approach, these authors
were able to provide a more complete picture of the comple-
mentary relationship between auditory and somatosensory
feedback in individuals differentially sensitive to one or the
other modality. We defer this for future studies employing
perilaryngeal vibration.

In conclusion, the masking of laryngeal somatosensory
feedback by applying low-pass filtered stochastic vibration
to the neck enhanced the Lombard response to high-inten-
sity auditory masking. The qualitative similarities between
masking conditions suggest that the Lombard effect is not
the result of a specific audio-vocal mechanism, but of a
general sensorimotor process that alters speech intensity
without affecting the perception or sequencing of planned
productions.
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