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An important property of negative feedback systems is the tendency to oscillate when feedback is
delayed. This paper evaluated this phenomenon in a sustained phonation task, where subjects prolonged a vowel with 0–600 ms delays in auditory feedback. This resulted in a delay-dependent
vocal wow: from 0.4 to 1 Hz fluctuations in fundamental frequency and intensity that increased in
period and amplitude as the delay increased. A similar modulation in low-frequency oscillations
was not observed in the first two formant frequencies, although some subjects did display increased
variability. Results suggest that delayed auditory feedback enhances an existing periodic fluctuation
in the voice, with a more complex, possibly indirect, influence on supraglottal articulation. These
findings have important implications for understanding how speech may be affected by artificially
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I. INTRODUCTION

The tendency for negative feedback systems to exhibit
oscillations when a delay is introduced into the feedback
loop has been evaluated in a wide array of biological
phenomena, from cell signaling to population dynamics
(Cheong and Levchencko, 2010; Soto-Ortiz, 2015).
Artificially applied feedback delay has also proven to be a
powerful tool for understanding physiological control mechanisms (Glass and Mackey, 1988). Delaying visual feedback,
for instance, results in oscillations of eye movement during
visual pursuit and of finger movement during tracking
(Goldreich et al., 1992; Beuter et al., 1989). Characteristics
of the oscillations, including delay-dependent changes in
frequency and amplitude, provide insight into likely mechanisms and relate to naturally occurring rhythms that impact
movement accuracy, flexibility, and learning (Lodha and
Christou, 2017).
In contrast to research on limb and eye movement, and
despite a long history investigating effects of delayed auditory feedback (Lee, 1950; Howell et al., 1983), there are very
few studies on delay-induced oscillations in speech. An early
study by Deutsch and Clarkson (1959) reports 250–650 ms
(1.5–4 Hz) oscillations in fundamental frequency (fo) with
auditory feedback delays from 0 to 548 ms. In a follow-up
study, Rostron (1976) failed to replicate these findings for
delays up to 120 ms. Besides these two studies, unpublished
findings from a study on delayed auditory feedback in singers
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(Shipp et al., 1984; Shipp et al., 1988), cited by Sundberg
(1987, p. 169), included 0.5–0.6 Hz oscillations of fo with
delays of 400 ms. No other studies, to our knowledge, have
evaluated delay-induced oscillations in speech.
With respect to naturally occurring fluctuations in vocal
fo, a substantial body of work exists addressing possible
mechanisms of tremor and the control of vibrato in singers.
An important point of contention has been whether these
modulations may be attributed to auditory feedback loops.
This was the interpretation proposed by Deutsch and
Clarkson (1959) and has been supported in subsequent studies (Leydon et al., 2003). The primary counter-argument has
been that auditory feedback processes are too slow to
account for the 4–6 Hz oscillations of vibrato (or tremor),
which are instead attributed to somatosensory feedback or
reflex gains (Rostron, 1978; Sundberg 1987; Titze et al.,
1994; Titze et al., 2002). To draw out this distinction, oscillations in the voice low enough to be associated with
auditory feedback processing have been qualified using the
recording industry term “wow” (Ternstr€om and Friberg, 1989).
Vocal wow is another largely unstudied phenomenon,
with the notable exception of reports of pathological wow in
the voice of persons with multiple sclerosis (Hartelius et al.,
1997), amyotrophic lateral sclerosis (Buder et al., 2003),
ataxic dysarthria (Boutsen et al., 2011), and sensorineural
hearing loss (Lee and Lin, 2009). Terminology actually
varies across studies with, for example, 3-Hz oscillations
often qualified as slow tremor (Duffy, 2013). The overall
finding, however, is that slow oscillations are often perceptually prominent and may fall below 1 Hz. In light of speculations over auditory versus somatosensory origins of wow
and tremor (Ternstr€om and Friberg, 1989), it is worth noting
that the set of disorders identified to date that present with
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vocal wow involve slowed conduction times or impaired
integration of sensory feedback. Delayed feedback, in other
words, may mimic mechanisms in those disorders, as has
been posited for other physiological disorders like CheyneStokes respiration (Mackey and Glass, 1977; cf. AverbuchHeller et al., 1995).
If delayed auditory feedback can induce oscillations of
the voice, it may similarly impact articulation. Speaker compensations for perturbations to formant frequencies, in particular, suggest that auditory feedback is relevant to the
control of vocal tract configurations and that corrections may
be based on a negative feedback mechanism (Purcell and
Munhall, 2006). If delay-induced oscillations are typically
slow-varying, these may be masked by more rapid modulations of syllabic and segmental production. Periodic fluctuations in formant frequency contours may therefore be missed
in studies of speech with delayed auditory feedback that
commonly employ running speech tasks. The identification
of such oscillations is important, however, as they may perturb articulation and induce speech errors that otherwise
appear to result from attempted compensations for the temporal mismatch between production and perception.
In sum, delay-induced oscillation has proven to be a
useful neurophysiological phenomenon for understanding
sensorimotor control systems yet remains largely uncharacterized in speech. As speech operates along multiple timescales (Morillon and Schroeder, 2015), slow-varying events
may be difficult to identify. The goal of the present study is
therefore to evaluate effects of delayed auditory feedback in
a task that does not require syllable sequencing: vowel prolongation. Based on previous findings from both speech and
non-speech studies, we focus on low-frequency modulations
in fundamental frequency and intensity (vocal wow). We
also include an analysis of the first two formant frequencies
(F1, F2) to assess the impact on supraglottal articulation.
Following the hypothesis that slow oscillations are a natural
consequence of adding delay to audio-vocal negative feedback
loops, we predicted that the period of induced oscillations
would increase as a function of delay size in frequencies falling in the range of vocal wow (0.1–3 Hz).
II. METHODS
A. Participants

Twenty-two participants were recruited for this study.
Data from two subjects were rejected for further analysis
due to equipment malfunction. The remaining 20 participants’ ages ranged from 18 to 35 years old (mean 23 years;
10 female). Participants reported no history of speech or
hearing disorders and passed a hearing screen with thresholds below 30 dB hearing level (HL) at 250, 500, 1000,
2000, 4000, and 8000 Hz. Participants provided written
consent in compliance with the Ohio University Institutional
Review Board.
B. Instrumentation

Subjects were recorded with a directional headmounted
microphone placed 3 cm from the corner of the mouth
J. Acoust. Soc. Am. 144 (1), July 2018

(d:fine, DPA, Alleroed, Denmark), amplified and digitized
with an audio interface (Fireface, RME, Haimhausen,
Germany) and saved directly onto computer. Digital output
from the interface was routed to a voice processor
(VoiceOne, TC Helicon, Victoria, Canada) for introducing
delays, controlled by the stimulus presentation computer via
MIDI commands. Analog output from the voice processor
was then amplified (1202-VLZ PRO, Mackie, Seattle, WA)
and presented to the subject with insert earphones (ER2,
Etymotic, Elk Grove Village, IL). Two audio channels were
recorded containing the “clean” signal recorded from the
microphone and the delayed signal presented to the participant through the insert earphones.
C. Procedure

The data collection procedure was entirely automatized
using a custom program (MATLAB, 2017a, Mathworks, Natick,
MA). Subjects were seated in a quiet room and a prompt to
vocalize appeared on a projector screen in front of them. The
onset of voice was detected by the data acquisition program
in real time (Psychtoolbox-3; Brainard, 1997; Kleiner et al.,
2007). Delays were randomly initiated between 100 and
400 ms after voice onset to reduce anticipation of delays. The
delay lasted 6 to 9 s, then returned to 0 ms delay. Three trials
were completed at each of the following delays: 0, 100, 200,
300, 400, 500, and 600 ms, followed by an additional washout trial at 0 ms delay, for a total of 28 repetitions. The washout trial served to reduce possible carry-over effects between
conditions with different delays.
Participants were asked to say the vowel “ah” for as
long as possible when the word appeared on the screen in
front of them. They were asked not to make a special effort
to extend the duration of the vowel beyond what they were
comfortable with and to avoid singing or falling to a glottal
fry. The prompt “get ready” was shown between trials.
Participants could request a break after each trial if needed,
otherwise the experimenter manually initiated the subsequent trial after an arbitrary 2–10 s pause.
D. Data analysis

The fundamental frequency contour of each recorded
production was calculated using an in-house program implementing the YIN algorithm (de Cheveign"e and Kawahara,
2002), with 30 ms analysis windows. Errors in timing
markers for the onset or offset of delayed feedback could
occur because of delays between triggering MIDI commands
in MATLAB and their implementation by the voice processor.
It was possible to check for this and make corrections by
visually identifying phase shifts between clean and delayed
(mic vs earphone) signals.
The delay portion of each frequency contour was
extracted and linear trends (including DC offset) removed
before applying the Fourier transform. The duration of analyzed signals extended from 3.25 to 9 s; 95% were greater
than 5 s and 32% greater than 8 s. The frequency resolution
therefore extended from 0.111 Hz to 0.307 Hz, with greater
than 0.2 Hz resolution in the majority of trials.
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The frequency of the largest spectral peak across the
entire range of the magnitude spectrum was retained as the
predominant oscillation for subsequent statistical analysis.
The same method was used to model fluctuations in intensity
(obtained from 30-ms windowed root-mean-square) and formant frequencies (calculated using the Burg function in
Praat; Boersma and Weenink, 2017).
Linear mixed effects analyses were carried out on modeled frequencies with fixed effect of sex (male, female) and
random effects of subject and delay (0–600 ms), including
an interaction term for sex-by-delay. The analyses were
completed with R (R Core Team, 2017) and the package
lme4 (Bates et al., 2015) using the lmer function. Statistical
models were compared with the analysis of variance
(ANOVA) function, and the significance of effects based on
chi-squared (v2) output and associated p-values. Visual analysis of residuals using qqplot confirmed normality. As an
index of effect size, goodness of fit (r2) was determined from
correlations between raw data and the fitted sinusoid.
Kolgomorov-Smirnov tests (Massey, 1951) of correlations
were significant for all measures, D(140) > 0.51, p < 0.001.
Differences in correlations between delay conditions and the
baseline 0 ms condition were therefore evaluated using the
Wilcoxon signed-rank test (Wilcoxon, 1945) and corrected
for multiple comparisons using the Bonferroni-Holm method
(Holm, 1979).
E. Terminology

The speech variables of interest in this study are fundamental frequency, intensity, and first and second formant frequencies. These terms characterize signal mean. Other terms
characterize periodic fluctuations of these variables, such as
the slow-varying tremor or the rapid, cycle-to-cycle jitter. A
degree of confusion is inevitable, however, as we describe,
for example, the frequency of frequency (e.g., wow in fundamental frequency) or the amplitude of frequency (e.g., the
size of wow in fundamental frequency). In an effort to mitigate this, certain terms will be limited to the following uses:
•

•

Intensity denotes the magnitude of the vocalization [as
measured by continuous root-mean-square averaging, converted to dB sound pressure level (SPL)].
Depth denotes peak-to-peak amplitude modulation in any
of the dependent variables (fo, intensity, F1, F2).

•
•

•

Period is used to describe the oscillation of dependent variables solely.
Oscillation, fluctuation, and modulation are used interchangeably to denote slow-varying, periodic variation in
any of the dependent variables.
Wow, tremor, and flutter denote periodic fluctuations
below 3 Hz, from 4 to 6 Hz, and above 10 Hz, respectively
(cf. Titze et al., 1994; Ternstr€om and Friberg, 1989).

III. RESULTS

Group-averaged fundamental frequency, intensity, and
formant frequencies are listed in Table I, separated by sex.
The range represents the mean of maximal peak-to-peak values after removing the signal mean and linear trend, within
each condition, and rounded to the nearest unit. An increase
in the mean range with delay was most obvious for fundamental frequency and intensity.
Low-frequency oscillations in fundamental frequency
and intensity contours were clearly visible on single trials. A
set of examples from one subject’s fo contours across all
experimental trials is presented in Fig. 1; the primary frequency of oscillation is superimposed on the raw data for
comparison. The corresponding frequency spectra are displayed in Fig. 2.
Based on the largest spectral amplitude, the group-wise
median period of fo fluctuations increased from roughly 1 to
2.5 s (from 1 to 0.4 Hz) as delays increased from 0 to 600 ms
(Fig. 3, left panel). This corresponds to two times the feedback
delay on top of the baseline fluctuation. Linear mixed effects
modeling confirmed that delay was a significant predictor of
the predominant frequency in the fo contour, v2(7) ¼ 57.50,
p < 0.001, but failed to show effects of sex, v2 (1) ¼ 0.68,
p ¼ 0.41, or sex-by-delay interaction, v2 (6) ¼ 3.72, p ¼ 0.72.
With respect to how well a single sinusoid fit the raw data,
within-condition correlations increased from 0.39 to 0.51, corresponding to an increase from 15% to 27% variance accounted
for, as delay increased from 0 to 600 ms. Correlations for all
delay conditions were significantly different from the 0 ms condition, Z > 2.6, corrected p < 0.01.
Similarly, mixed effects modeling of the predominant
frequency in the intensity contour indicated a significant
effect of delay, v2 (7) ¼ 29.78, p < 0.001, but not sex, v2
(1) ¼ 2.85, p ¼ 0.09, nor sex-by-delay interaction, v2

TABLE I. Mean and range of dependent measures. The range represents the mean of the maximum peak-to-peak distance after removing the overall signal
mean and linear trend.
Delay
Measure
fo (Hz)
dB SPL
F1 (Hz)
F2 (Hz)
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Sex

0

100

200

300

400

500

600

M
F
M
F
M
F
M
F

121 6 7
233 6 10
74 6 5
74 6 4
664 6 74
866 6 165
1165 6 147
1400 6 232

123 6 9
234 6 11
74 6 6
75 6 5
656 6 86
871 6 146
1150 6 141
1404 6 252

123 6 8
235 6 12
75 6 6
75 6 5
674 6 77
857 6 156
1161 6 139
1354 6 213

120 6 8
238 6 12
75 6 6
76 6 5
679 6 71
856 6 144
1177 6 112
1401 6 181

120 6 8
239 6 14
75 6 6
76 6 6
671 6 79
796 6 180
1180 6 146
1377 6 197

120 6 10
238 6 13
75 6 6
76 6 6
658 6 108
798 6 171
1170 6 139
1378 6 233

120 6 8
239 6 15
75 6 6
76 6 6
658 6 91
781 6 189
1173 6 132
1377 6 220
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FIG. 1. Fundamental frequency contours from a single subject across all experimental trials, moving from left to right and top to bottom. Thick grey lines represent the normalized fo contour (mean and linear trend have been removed). Overlaid thin black lines represent the sinusoidal model derived from the largest
spectral amplitude after a Fourier transform of the signal.

(6) ¼ 3.08, p ¼ 0.80. The increase in period was roughly
equivalent to the size of the delay (Fig. 3, right panel).
Correlations between the raw intensity contour and its fitted
sinusoid increased from 0.42 to 0.53, or from 18% to 28%
variance accounted for, as delay increased to 600 ms.
J. Acoust. Soc. Am. 144 (1), July 2018

Correlations were significantly different from 0 ms for
400–600 ms delays, Z > 2.7, corrected p < 0.04, but not for
other conditions, Z < 2.2, corrected p > 0.11.
Group means for washout trials are also displayed in
Fig. 3 (connected circles). Although some carry-over effect
François-Xavier Brajot and Douglas Lawrence
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FIG. 2. Magnitude spectra of the fo contours displayed in Fig. 1. The peak magnitude selected for modeling the predominant frequency is marked and the corresponding frequency labeled. Only spectral energy below 16 Hz has been plotted.

was observed in these trials, the group-averaged responses
show that the mean frequency and modulation depth often
returned to baseline values within one trial. Note also that
while there is a pronounced increase in spectral amplitude at
low frequencies, vocal wow was present and often the predominant frequency in baseline conditions (cf. Hartelius
286
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et al., 1997). This can be seen in 0 ms trials in Fig. 2 and
from the group variance in Fig. 3.
Increased variability was also observed in formant frequencies as auditory feedback was delayed. The pattern was
not as consistently periodic in nature as what was observed
for vocal fo and intensity, however. In a number of subjects,
François-Xavier Brajot and Douglas Lawrence

FIG. 3. Boxplots for group median
(central line), inter-quartile range (box
edge), and 2.7 standard deviations
(whisker edge) of fundamental frequency and intensity. Connected
circles represent the group mean for
washout trials following each delay
condition.

delay was associated with a decrease in formant peak-topeak variance, especially with F2.
Statistical results support the impression that delayed
auditory feedback did not systematically shift the frequency
or modulation depth of the predominant oscillation in the
first two formant frequencies. Linear mixed effects analysis
of the sinusoidal fit to F1 failed to show effects of sex, v2
(1) ¼ 1.02, p ¼ 0.3, delay, v2 (7) ¼ 6.00, p ¼ 0.54, or an interaction between the two, v2 (6) ¼ 3.69, p ¼ 0.72. Likewise,
mixed effects analysis of F2 fluctuation failed to show
effects of sex, v2 (1) ¼ 0.09, p ¼ 0.76, delay, v2 (7) ¼ 4.60,
p ¼ 0.71 or an interaction, v2 (6) ¼ 7.35, p ¼ 0.29.
Correlations between F1 and its fitted sinusoid did not
increase with delay, Z < j0.9j, p > 0.39, remaining around
0.32 (10% variance accounted for) across conditions. Results
of comparisons on F2 correlations were similar, Z < j1.4j,
p > 0.15, except for the 200 ms delay condition, with an
r ¼ 0.38, Z ¼ 2.8, and corrected p ¼ 0.03. Group median and
variance of formant wow are displayed in Fig. 5. Note that
the baseline oscillations in peak formant frequency of 0.5 Hz
(2-s period) were half that of vocal fo and intensity.
IV. DISCUSSION

Supporting the notion that speech sensorimotor control
makes use of negative feedback, delays in auditory feedback
result in oscillations in vocal fundamental frequency and
intensity. To a first approximation, the period and depth of
these oscillations increase linearly with the size of the delay.
While the pattern is consistent with what was reported by
Deutsch and Clarkson (1959), the frequency of fluctuations
obtained in this study are almost four times slower, more in
line with findings cited by Sundberg (1987). The primary
J. Acoust. Soc. Am. 144 (1), July 2018

frequency of oscillation fell from 1 Hz to 0.5 Hz or below as
delays reached 600 ms, all within the range of what has been
labeled as vocal wow. The obvious question then is whether
there is any functional significance to this effect; that is, are
these oscillations inherent to or otherwise exploited by the
speech motor system and are they relevant to our understanding of sensorimotor disorders of speech?
The motivation for the original distinction between wow
and higher frequency phonatory instabilities was the premise
that the former was specifically attributable to auditory feedback loops (Ternstr€om and Friberg, 1989). Given the narrow
focus of the analytical methods used in the present study, it
is impossible to say whether tremor or flutter may not have
also been influenced by delays in auditory feedback. Since
spectral energy was much lower in higher frequencies,
delayed feedback effects could have been present, just not to
the extent observed with wow. Nevertheless, the present
findings do support the hypothesis that vocal wow is linked
to auditory feedback. A more thorough analysis comparing
spectral energy across multiple frequency bands should help
clarify potential effects on higher frequencies.
On a related note, the extent to which the linear relation
between wow and delay may provide insight into the underlying mechanism responsible for this phenomenon is limited
by the current method of analysis. Reducing the oscillatory
activity to a single sinusoid makes for a simple, straightforward description, allowing for statements like, “fo oscillates
at 0.5 Hz.” It cannot, however, account for possible contributions from other frequencies, some of which may require a
spectral resolution greater than what was obtained in this
study, nor the time-varying character of the oscillations
within trials. From a statistical standpoint, 30% variance
accounted for is sizeable, but this leaves another 70% in
François-Xavier Brajot and Douglas Lawrence
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FIG. 4. First formant frequency (F1) contours for the same productions displayed in Figs. 1 and 2. The thick line represents the normalized F1 contour (mean
and linear trend removed). A smoothed and scaled version of the fo contour in Fig. 1 is plotted above to facilitate comparison.

unexplained variance. Preliminary analyses had shown that
including an additional two frequencies to the model based
on spectral peaks could increase variance accounted for to
60%. Each of the frequencies is not necessarily affected by
delay in the same way, however, and they can extend into
288
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other frequency bands, diminishing the explanatory benefit
of this approach.
As it stands, the systematic changes in the predominant
oscillation under delayed feedback may reflect limitations of
a time constant in the feedback system, possibly associated
François-Xavier Brajot and Douglas Lawrence

FIG. 5. Boxplots for group median
(central line), inter-quartile range (box
edge), and 2.7 standard deviations
(whisker edge) of first and second formant frequencies. Connected circles
represent the group mean for washout
trials following each delay condition.

with neural integration or temporal summation and coding of
predictive mechanisms in the nervous system (i.e., Nijhawan
and Wu, 2009). The difference between fo and intensity as
delay increases (period doubling vs one-to-one relation) is
also suggestive of separable processes, which leads to
another issue in the analysis of delayed feedback oscillations: physiological systems have multiple feedback loops
and non-linearities (Glass et al., 1988). Given that any number of feedback systems can produce similar results, it will
be necessary to extend the current analysis to one that can
capture the dynamics of the response as it changes within trials as well as the interactions across modulated frequencies.
Another important point of consideration is the presence
of vocal wow in baseline productions without additional
delayed feedback. Frequencies below 3 Hz were often the
dominant fluctuation in fo and intensity contours (cf. Buder
and Strand, 2003; Ternstr€om and Friberg, 1989). The effect
of delaying feedback was therefore not to generate some
entirely new behavior, but to enhance an existing, periodic
variation that may otherwise serve to stabilize the vocal
motor system (Titze et al., 1994; Bronson-Loewe et al.,
2013). In other terms, delay may promote a decoupling of
interacting oscillators (Popovych et al., 2006), revealing
latent characteristics of the auditory feedback loop.
In considering the potential mechanism for this effect,
the different results between acoustic correlates of phonation
and articulation highlight some interesting possibilities.
Modeling the formant contours with a single sinusoid failed
to reveal a simple oscillatory effect like the one seen with
fundamental frequency and intensity. If the focus is on the
feedback path, this difference may be related to how various
dimensions of the speech signal (i.e., source vs resonances)
are processed by the auditory system. Alternatively, or in
J. Acoust. Soc. Am. 144 (1), July 2018

conjunction, differences in the forward paths (laryngeal vs
orolingual) can alter the overall system response. Muscular
forces, activation patterns, and tissue visco-elastic properties
may all contribute to dampening the response of lingual or
mandibular gestures and may help explain isolated instances
of increased formant wow (e.g., Fig. 4, first production with
400 ms delay). This assumes that phonatory and articulatory
systems are both directly affected by feedback delay, but in
parallel with independent sensitivity to changes in gain and
delay.
Alternatively, the subject-specific pattern of response in
formant frequencies could be the product of a serial process,
that is, of a phonation-specific phenomenon that indirectly
influences supraglottal articulation. Fluctuations in fundamental frequency, for example, can interact with vocal tract
resonances to alter overall intensity (Titze, 2004) or promote
amplitude modulations as has been shown for vibrato (Horii,
1989). This could prompt more or less subtle adjustments in
vocal tract configuration, depending on the speaker, in order
to sustain a desired intensity or vowel quality. The effect
may be relatively mild in vowel prolongation tasks, which
are temporally stable productions and most suited for identifying phonatory instabilities (Orlikoff and Baken, 1989).
More speech-like tasks that require precise glottal-to-oral
coordination (Gracco and L€ofqvist, 1994) may prove more
effective at revealing any impact of delay-induced vocal
fluctuations on supraglottal articulation—notably in terms of
timing and duration. This has important implications for
interpretations of delayed auditory feedback effects on
speech articulation and rhythm (e.g., Kaspar and R€ubeling,
2011), which would need to account for the impact of what
amounts to a prosodic perturbation. Changes in how phonatory and articulatory systems are functionally coupled may
François-Xavier Brajot and Douglas Lawrence
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better explain effects of delayed auditory feedback than traditional accounts of corrective neuromotor programs or
internal timekeepers (Howell, 2004).
The changes in vocal wow with delayed auditory feedback
also have important implications for our understanding of how
sensory deficits can impact speech. As noted in the Sec. I, a
number of neurological speech disorders present with an abnormal wow. The pathophysiology may differ across disorders
based on medical etiology (e.g., demyelination in multiple sclerosis or loss of inner hair cells in sensorineural hearing loss),
but the functional effect is the same: a delay in auditory feedback and its timely integration for sensorimotor control. The
relationship between the magnitude of an experimentally
applied delay and characteristics of the resulting vocal wow
may therefore provide an empirically testable index of disease
severity. The treatment of phonatory instabilities may also benefit from advances in control systems engineering that have
focused on delayed feedback control (H€ovel, 2010).
As slow oscillations have been shown to be important
for stability, accuracy, and flexibility of goal-directed movement in general (Lodha and Christou, 2017), the analysis of
delay-induced vocal wow may prove consequential to our
understanding speech motor control and its disorders. Proper
characterization of the effect will require more complex,
dynamic analyses that can capture the time-varying, non-isochronous, and likely non-linear relation between feedback
delay and wow. Analyses of potentially relevant physiological variables like heart rate and respiration will also be useful. Heart rate is associated with variability in short-term
phonatory jitter (Orlikoff and Baken, 1989), but its role in
slow vocal fluctuations around 1 Hz or their variability over
the course of an utterance is unknown. Respiratory rhythms
have been shown to constrain actions of the upper aerodigestive track (Moore et al., 2014; McClean and Tasko, 2002)
and may similarly play a role in vocal wow. Careful consideration must also be given with respect to instructions to participants. It is possible, for example, that a deep inhalation
prior to phonation helps stabilize phonation initially and prolonged phonation may destabilize phonation at the end of the
expiratory cycle (cf. Buder, 2006), presenting a potential
confound in the analysis of wow. Future research that tests
delays beyond 600 ms and speech tasks that include more
complex articulation would also help ascertain the degree to
which the present findings may be generalized.
In conclusion, delayed auditory feedback induces oscillations in vocal fundamental frequency and intensity. The
effect is robust and appears to be an enhancement of a fluctuation already present in the voice. The relationship of vocal
wow on the size of the delay does not extend to formant frequencies, suggesting that it may be specific to the control of
phonation. Increased variability in formant values suggests,
however, that there may be an indirect influence of wow on
supraglottal articulation, with potential consequences for
interpretations of effects of delayed feedback and certain
neurogenic disorders on speech. More sophisticated analyses
that are able to account for the dynamics of the behavior and
associated neurophysiological processes should provide
greater insight into the functional significance of delayinduced vocal wow.
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