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Research has shown that people who are instructed to volitionally respond to pitch-shifted feedback

either produce responses that follow the shift direction with a short latency of 100–200 ms or oppose

the shift direction with longer latencies of 300–400 ms. This difference in response latencies

prompted a comparison of three groups of vocalists with differing abilities, non-trained English-

speaking subjects, non-trained Mandarin-speaking subjects, and trained English-speaking singers. All

subjects produced short latency following responses and long latency opposing responses, and in

most cases the opposing responses were preceded by a shorter latency following response. Across

groups, the magnitudes of the opposing and following responses were largest for the Mandarin speak-

ers. Singers produced the smallest opposing response magnitudes, suggesting differences in the pitch

goals of the two groups. Opposing response latencies were longest for the English and Mandarin

speaking subjects and shortest for the trained singers, demonstrating that musical training increases

the speed of producing the opposing responses. The presence of similar latencies of small following

responses preceding larger opposing responses in all groups suggests that the tendency to mimic

changes in sounds to which a person is attending are not influenced by vocal training or experience.
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I. INTRODUCTION

During the last 15 years, considerable progress has been

made in understanding the role of voice auditory feedback in

the neural control of voice fundamental frequency (F0) and

intensity (Bauer et al., 2006; Behroozmand et al., 2012;

Burnett et al., 1998; Chen et al., 2007; Donath et al., 2002;

Hafke, 2008; Hain et al., 2000; Natke et al., 2003; Natke and

Kalveram, 2001; Patel et al., 2014). These studies showed

that when subjects vocalized and heard an unexpected

change in their voice pitch or loudness, they produced an

automatic, reflexive, response that changed their voice F0 or

intensity in the opposite direction of the auditory stimulus,

as if correcting for an error in production (i.e., an “opposing”

response). Though less frequent, there were also automatic

responses that changed in the same direction as the stimulus,

described as “following” responses. Both the opposing and

following responses had latencies of about 200 ms. Because

of their direction, the opposing responses were suggestive of

a negative feedback system that functioned to correct for

errors in voice F0 production.

In contrast with the above experiments that reflected

automatic mechanisms of voice control, in a new paradigm

(Patel et al., 2014) subjects were asked to volitionally

change their voice F0 when they heard a change in the pitch

of their voice auditory feedback. It was found that when

subjects produced volitional responses that either opposed

or followed the direction of a pitch-shift, the following

responses had a significantly shorter latency (<200 ms) than

the opposing responses (>300 ms). Another interesting find-

ing was the presence of a small automatic following response

prior to the opposing response production when instructed to

produce an opposing response (Patel et al., 2014). Thus, in

both of the above conditions, the following responses had a

much shorter latency than the opposing responses. All of

these observations suggest that neural mechanisms of vocal

control based on auditory feedback are more varied than pre-

viously recognized and are highly dependent on whether or

not a subject intends to react to a change in voice pitch audi-

tory feedback.

Another method used to study voice control is to require

subjects to shadow a “side-tone” (i.e., a tone that accompa-

nies a vocalist) by changing the pitch of their voice to follow

the direction of the side-tone (Bailly, 2003; Horii, 1979;

Leonard et al., 1988; Leonard and Ringel, 1979; Peschke

et al., 2009; Shockley et al., 2004). The reported shadowing

response latencies were less than 200 ms, which are similar

to the volitional following responses found by Patel and

colleagues (2014) and the involuntary following response

latencies obtained with pitch-shifted auditory feedbacka)Electronic mail: Sona.patel@shu.edu
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[e.g., Burnett et al. (1998)]. Also, the volitional nature of the

procedures in the shadowing experiments and the following

responses in the study by Patel et al. (2014) suggest these

two types of volitional responses may involve the same or

similar neural mechanisms. The mechanisms for these types

of responses are unknown, but may reflect a “feedforward”

process, i.e., a process for changing voice F0 without the

need for guidance by sensory feedback. Patel et al. (2014)

used untrained, native English speaking subjects to study

voluntary following and opposing responses to feedback

perturbations. In studies of involuntary responses to pitch-

shifted feedback, it was found that vocal training or language

background affects the magnitude and speed of the response.

For example, trained singers produced faster voice F0

responses (i.e., had smaller latencies) than non-trained sing-

ers (Behroozmand et al., 2014). Liu et al. (2010a) demon-

strated that response magnitudes to pitch-shifted feedback

were larger during a sustained high frequency F0 compared

to low frequency F0. Liu et al. (2010b) demonstrated

that English-speaking children produced smaller response

magnitudes than adults, while Mandarin-speaking children

produced larger response magnitudes than adults. Ning

et al. (2015) found that Mandarin speakers had a smaller

response magnitude, i.e., better pitch control, compared to

English speakers and singers under both bi-tonal syllable

production (/ma/) and single vowel production.

These data on involuntary responses suggest that the

neural mechanisms of voice control vary as a function of

vocal use or training. It is unknown whether training or lan-

guage background would similarly affect volitional responses

to pitch-shifted feedback. Volitional responses are clearly

affected by factors such as age (Nagao et al., 2008) and may

be susceptible to musical training and language backgrounds.

Only a few studies have examined the role of “pitch training”

on responses to pitch-shifted feedback during dynamic voice

F0 changes. For example, Xu et al. (2004) examined

responses to pitch-shifts during bi-tone sequences representa-

tive of Mandarin speech. Results showed that speakers of a

tonal language (Mandarin) produced faster (�50 ms) and

larger (�35 cents) responses than speakers of a non-tonal lan-

guage (English). These results examine shifts during a

dynamic motor target. Critically, if volitional responses made

in response to an unexpected change in voice pitch auditory

feedback vary across different vocal backgrounds or abilities,

then we can hypothesize that the neural circuitry underlying

these responses can be altered by a variety of contexts.

In the present study, we tested three groups of speakers

varying in the way they use pitch: a group of young adults

who were trained singers and spoke English as their native

language (“Singers”), a group of untrained English speaking

subjects (“English”), and a group of individuals who spoke

Mandarin as their native language (“Mandarin”). Participants

were asked to volitionally and dynamically change their pitch

in response to a perceived change in their voice pitch (a

pitch-shift stimulus). It was hypothesized that vocal training

and the use of pitch in a tonal language (dramatically increas-

ing the need for precise vocal control compared to non-tonal

speakers) will change the latency or magnitude of volitional

responses made due to an unexpected change in voice pitch

auditory feedback. It is well known that speakers of tonal lan-

guages engage the right hemisphere for speech production

more than speakers of non-tonal languages (Chandrasekaran

et al., 2007; Chen et al., 2012; Zatorre and Gandour, 2008).

In addition, well-trained musicians rely on right hemisphere

mechanisms for vocal control to a greater extent than non-

trained musicians (Behroozmand et al., 2014; Takeuchi and

Hulse, 1993; Zatorre, 2001, 2003). It is interesting to consider

that voice pitch also seems to be right lateralized (Belin,

2006; Belin and Zatorre, 2003; Gandour et al., 2004;

Tourville et al., 2008). We hypothesize that engagement of

right hemisphere mechanisms for tonal language speakers

and singers is due to their complex use of pitch, and as a

result of their additional experience with intentional pitch

manipulation, we predicted that both Mandarin speakers and

singers would produce more rapid volitional changes in voice

F0 than the English speakers. This prediction is supported by

previous findings in studies of involuntary responses to pitch-

shifts in singers (Keough and Jones, 2009) and Mandarin

speakers (Xu et al., 2004).

One factor to consider is that trained musicians spend

years practicing to produce specific musical notes with great

accuracy and to respond accurately to changes in auditory feed-

back of musical notes, such as from other singers or a musical

instrument. Jones and Keough (2008) report that singers may

rely more on an internal model for F0 production during sing-

ing compared to non-singers. The use of pitch to produce a

phonemic distinction is very different from its use in singing.

Two particularly important differences are: (1) the linguistic

use of pitch is always produced with a very short duration (the

time of a phoneme) whereas singers modulate pitch across

entire melody lines, and (2) the use of pitch to communicate

when singing occurs through suprasegmental features (as in

prosody) instead of phonology. Therefore, a second hypothesis

is that individuals trained in the linguistic use of pitch

(Mandarin group) may differ in response magnitude from indi-

viduals trained in using pitch for melody (Singers group).

Specifically, we predict, based on the results of Keough and

Jones (2009) that singers’ may attempt to match the magnitude

of the pitch-shift even though not explicitly instructed to do so.

This may result in a response curve that quickly reaches an

intended pitch target that is maintained for the remainder of

the vocalization. For this reason, the absolute value of the peak

response magnitude may be smaller than Mandarin and

English speakers, who may continue to increase or decrease

their pitch rather than reach any specific pitch target.

II. METHODS

A. Participants

Three groups of healthy young adults with no reported

neurological or hearing disability participated in this study.

The English group consisted of 13 subjects (10 females, age:

20–30 years). These subjects reported no formal musical

training and spoke English as their primary language. The

Mandarin group consisted of 14 native Chinese subjects (11

females, age: 19–33 years) who were bilingual in English.

These individuals had no singing training. The trained singer

group consisted of 10 subjects (7 females, age: 18–28 years)
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recruited from the Northwestern University Bienen School of

Music. All subjects were healthy at the time of testing and

were not experiencing upper or lower respiratory infections.

All subjects signed informed consent approved by the

Northwestern University Institutional Review Board.

B. Procedures

All testing was done with subjects seated in a sound-

attenuated room. A microphone (AKG boomset microphone,

model C420, Harmon International Industries Inc., Stamford,

CT) was placed 1 in. in front of the mouth to record the voice

as subjects vocalized an /a/ vowel. Subjects’ voices were

amplified with a Mackie mixer (model 1202-VLZ3, Loud

Technologies, Woodinville, WA), pitch-shifted through an

Eventide Eclipse Harmonizer (Eventide, Inc., Little Ferry,

NJ), and then presented to the ears via headphones

(Sennheiser) using musical instrument digital interface soft-

ware (Max/MSP v.5.0 Cycling ’74, Walnut, CA). This feed-

back signal (i.e., the pitch-shifted version of the participant’s

voice) was presented at about 80–85 dB. The 10-dB gain in

the feedback channel relative to vocal output (controlled by a

Crown Audio Inc. D75 amplifier, Elkhart, IN) was used to

partially mask air- and bone-conducted voice feedback. The

pitch-shift stimuli had a rise and fall time of approximately

15 ms, which is fast enough that subjects cannot detect the ris-

ing or falling change in voice pitch feedback. A transistor-

transistor logic (TTL) pulse synchronized with the presentation

of the stimulus was recorded along with the subject’s voice

and the voice feedback signal using Chart software on a

Powerlab A/D convertor (model 880, AD Instruments, Castle

Hill, Australia) at a sampling frequency of 10 kHz. Following

testing, data were analyzed using procedures written for Igor

Pro (v6.0, Wavemetrics Inc., Lake Osewago, OR).

Subjects were seated in front of a monitor. Before

beginning the test, subjects were told that the monitor would

display instructions such as “Say aah” or “Wait” and that a

progress bar will indicate when they should vocalize and the

duration of their vocalization. They were also told that as

they vocalize, the sound of their voice will be different from

what they expect. Specifically, their voice pitch will be

higher or lower than expected. Then they were told that their

job is to change the pitch of their voice in one of two ways,

corresponding to the two conditions in this study. In the

opposing condition, subjects were instructed to change the

pitch of their voice in the opposite direction to any pitch

changes in the auditory feedback heard through the head-

phones. That is, if they heard their voice feedback increase

in pitch, they should lower their pitch. In the following con-

dition, subjects were instructed to change the pitch of their

voice to match that of a change in pitch of the voice auditory

feedback signal. Thus, if they heard their voice pitch feed-

back increase in pitch, they should increase the pitch of their

voice. Subjects were not instructed how fast to change the

pitch of their voice or how much to change it, only that they

should be accurate in the direction of their change in voice

F0. Given that we predicted changes in timing, we instructed

participants to increase or decrease their pitch in the appro-

priate direction and then hold that pitch until the end of the

trial. In both conditions, the subjects vocalized for about 2.5 s

in each of 4 blocks of 52 vocalizations. Pitch shifts were pre-

sented at a random time (0.5 to 1 s) after vocal onset, in the

amount of either 100 cents up or 100 cents down for 1 s.

C. Analyses

For voice analysis, F0 contours were first generated

using Praat (Boersma and Weenink, 2001). TTL pulses were

used to align the vocal signals with the onset of the pitch-

shift stimulus using Igor Pro software. Then the F0 contours

were converted to cents using the formula in Eq. (1),

1200 � log 2 f2=f1ð Þ: (1)

The f1 value represents the reference frequency measured

every 5 ms in the pre-shift window (200 ms prior to the

shift), and f2 represents the f0 value measured in the post-

stimulus time window every 5 ms. Then, all pitch segments

(�400 before to 1000 ms after stimulus) of responses that

either followed or opposed the stimulus direction were sepa-

rately averaged for each subject. Igor scripts were used

(Behroozmand et al., 2012) in which individual responses

for each stimulus were first isolated as to their direction, i.e.,

either in the opposite direction (opposing) or the same direc-

tion (following) as the stimulus. Trials that were in the

wrong (unintended) direction were removed (approximately

less than 5%–10% of trials). These were treated as errors and

discarded. Further research is needed to understand why

these occur, but this is outside the scope of the current paper.

Thus, we only averaged congruent responses by task (e.g.,

opposing in opposing condition). Averaged response peak

magnitudes were separately measured for both the opposing

and following responses at the time of the greatest (increases

in voice pitch) or lowest (decreases in voice pitch) value of

the averaged response occurring after the stimulus onset.

Averaged response onset times (latency) were measured for

each subject at the time when the averaged curve first devi-

ated from the pre-stimulus baseline by a value of 2 standard

deviations (SDs) of the baseline average.

From the individual averaged vocal responses for each

subject, grand averaged responses were calculated across all

subjects by group. Averaged response peak magnitudes and

latencies were tested with a repeated measures analysis of

variance (RM-ANOVA) in SPSS, Inc. (Chicago, IL). We

used within and between subjects comparisons that tested for

differences in response magnitudes and latencies by condition

(opposing vs following), perturbation direction (upwards or

downwards), and group (English, Mandarin, and Singers).

Follow-up independent sample t-tests were performed. An

early response was discovered in the opposing condition for

all groups. The mean latency of these responses was com-

pared to the main opposing response latency and the main fol-

lowing response latency across groups using a RM-ANOVA

and follow-up one-way ANOVAs and paired sample t-tests.

III. RESULTS

All groups of subjects responded with voice F0 changes

in the correct direction as instructed. Figures 1, 2, and 3
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illustrate grand average responses for all groups of subjects.

In each figure, the voice responses are shown with error bars

indicating standard error of the mean F0. Upward responses

are shown in the top row and downward responses in the bot-

tom row. The plots in the left column are plotted with magni-

tude and time scales to illustrate the entire responses to

1200 ms post stimulus onset. The plots in the right column

have a smaller magnitude and temporal scale to illustrate

details of the earliest changes in the vocal responses that are

not easily seen in the plots on the left. The plots on the left

show that when following the stimulus direction (blue

traces), responses are faster than when opposing the stimulus

direction (red traces). Also, response magnitudes were larger

than 100 cents, the pitch-shifted value. Although this is

likely impossible for involuntary responses, the present

study examined volitional responses in which through pilot

testing it was observed to be difficult to make smaller pitch

changes than larger ones. The large magnitudes are likely

due to the open-ended instructions to participants regarding

how high or low change their pitch, resulting in exaggerated

changes in pitch. Another observation is that for each subject

group and each stimulus direction, the responses to the

following condition began earlier than the responses to the

opposing condition. Across all groups, the average response

magnitude of the opposing condition was 376 cents (SD:

215.9) and in the following condition, 357 cents (SD: 190).

For measures of response magnitude, the absolute val-

ues of the responses were analyzed to account for the down-

ward responses that had negative values. The RM-ANOVA

of response magnitudes revealed a significant main effect for

group [F(2,39)¼ 7.514, p< 0.01]. A significant interaction

of group by perturbation direction by condition [F(2,39)

FIG. 1. (Color online) Voice F0 con-

tours for the opposing and following

responses produced by the Mandarin

speakers. The vertical dashed line indi-

cates the time at which the pitch-shift

stimulus occurred (time¼ 0 s). The blue

traces represent following responses

(top row: to an upward shift; bottom

row: to a downward shift) in voice pitch

feedback, and the red traces represent

opposing responses to a downward pitch

shift (top row: to a downward shift; bot-

tom row: to an upward shift). Error bars

indicate standard error of the mean F0.

The plots on the right show an expanded

portion of the upper traces to illustrate

that the opposing responses are pre-

ceded by a small tendency to follow the

stimulus direction.

FIG. 2. (Color online) Voice F0 con-

tours for the English speakers. The ver-

tical dashed line indicates the time at

which the pitch-shift stimulus occurred

(time¼ 0 s). The blue traces represent

following responses (top row: to an

upward shift; bottom row: to a down-

ward shift) in voice pitch feedback,

and the red traces represent opposing

responses to a downward pitch shift

(top row: to a downward shift; bottom

row: to an upward shift). Error bars

indicate standard error of the mean F0.

The plots on the right show an

expanded portion of the upper traces to

illustrate that the opposing responses

are preceded by a small tendency to

follow the stimulus direction.
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¼ 5.209, p< 0.01] was also found. No other interactions

were significant. The mean response magnitude was largest

for the Mandarin speakers (M: 460.4 cents; SD: 254.9) com-

pared with English speakers (M: 352.0 cents, SD: 183.0) and

Singers (M: 283.3 cents; SD 112.9). Three follow-up inde-

pendent sample t-tests comparing the magnitude of each

group confirmed that Mandarin speakers’ responses were

larger than both English speakers [t(110)¼ 2.585, p< 0.05]

and singers [t(110)¼ 4.692, p< 0.05], and that English

speakers produced larger responses compared to singers

[t(110)¼ 2.291, p< 0.05]. Table I displays the mean

response magnitudes (and standard deviations) for each of

the subject groups for opposing and following directed

responses. Figures 4 and 5 show boxplots of response magni-

tude and latency for all subject groups in both the opposing

and following conditions.

Table II displays the mean response latencies (and SDs)

for each of the subject groups for opposing and following

directed responses, and Fig. 6 illustrates relationships of the

mean latencies for each condition and perturbation direction by

group. RM-ANOVA of response latencies revealed a signifi-

cant main effect for condition [F(1,39)¼ 191.13.1, p< 0.01]

and perturbation direction [F(1,39)¼ 4.853, p< 0.05], but not

for subject group [F(2,39)¼ 2.161, p> 0.05]. Significant inter-

actions include direction by group [F(2,39)¼ 3.674, p< 0.05],

condition by direction [F(2,39)¼ 5.110, p< 0.05], and condi-

tion by group by direction [F(2,39)¼ 3.277, p< 0.05]. For

each subject group and perturbation direction, the mean latency

of the following responses was on average 232 ms (range:

223–238 ms) shorter than the opposing responses. Voice laten-

cies were shorter for downward perturbations in the opposing

condition (i.e., upward responses) in Mandarin and English

speakers, but the opposite occurred in Singers. Latencies in the

following condition followed the opposite trend but the differ-

ence between upward and downward response times was small

(an average of 7 ms compared to 99 ms in the opposing

condition).

Another interesting feature of the responses is that for

each group in the opposing condition, the majority of subjects

(English, 10 subjects, Mandarin, 8 subjects, Singers, 6 sub-

jects) produced an early response prior to the volitional

opposing response. The early response was generally quite

small and followed the direction of the pitch-shift stimulus

(right column plots, in Figs. 1–3). A RM-ANOVA was per-

formed for response latency (early, main opposing, main fol-

lowing) aggregated across direction, as not enough trials

existed to look at effects of direction in a repeated design.

Results showed main effects response latency [F(2,60)

¼ 116.118, p< 0.05] but not group nor the group by latency

interaction (p> 0.05). Follow-up one-way ANOVA showed

that the mean latency of these early responses was similar

across groups [English¼ 131 ms, Mandarin¼ 131 ms, Singers

¼ 140 ms; F(2,32)¼ 0.147, p> 0.05]. Follow-up paired sample

t-tests showed that these early following responses did in fact

differ significantly from the main opposing response for each

group [English: t(11)¼�6.032, p< 0.01; Mandarin: t(9)

¼�7.780, p< 0.01; Singers: t(10)¼�11.921, p< 0.01].

Paired sample t-tests also showed that these early responses

FIG. 3. (Color online) Voice F0 con-

tours for the trained singers. The verti-

cal dashed line indicates the time at

which the pitch-shift stimulus occurred

(time¼ 0 s). The blue traces represent

following responses (top row: to an

upward shift; bottom row: to a down-

ward shift) in voice pitch feedback,

and the red traces represent opposing

responses to a downward pitch shift

(top row: to a downward shift; bottom

row: to an upward shift). Error bars

indicate standard error of the mean F0.

The plots on the right show an

expanded portion of the upper traces to

illustrate that the opposing responses

are preceded by a small tendency to

follow the stimulus direction.

TABLE I. Mean response magnitudes in cents (and SDs) for each subject group and condition.

Opposing Down Opposing Up Following Down Following Up

Mandarin 485 cents (240) 525 cents (339) 461 cents (305) 396 cents (216)

English 373 cents (240) 234 cents (137) 256 cents (140) 436 cents (268)

Singer 266 cents (97) 333 cents (168) 314 cents (143) 220 cents (115)
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were comparable to the response latencies for the following

condition (English¼ 143 ms, Mandarin¼ 130 ms, Singers

¼ 146 ms), for English speakers [t(11)¼�0.604, p> 0.05],

Mandarin speakers [t(9)¼ 0.052, p> 0.05], and Singers

[t(10)¼ 0.398, p> 0.05].

IV. DISCUSSION

The present study was designed to determine if speakers

with different vocal backgrounds and experiences (English

speakers not vocally trained, Mandarin speakers, and

English speakers trained in singing) react differently when

instructed to volitionally change their F0 in a specific direc-

tion in response to perturbations in voice pitch auditory

feedback. Results show group differences in response magni-

tude and the presence of an “early response” in the opposing

condition for all three groups. Below we specifically summa-

rize findings pertaining to the response magnitude, response

latency, and the presence of an early response.

A. Response magnitude

For the opposing responses, there were marked group

differences in response magnitude. The Mandarin speakers

produced the largest magnitude responses compared to the

English-speaking subjects and the trained singers. This dif-

ference between Mandarin and English speakers may relate

to the linguistic use of voice pitch in a tonal language. In

FIG. 5. Boxplots of response latencies

observed in the oppose-down, oppose-

up, follow-down, and follow-up condi-

tions. Boxplot definitions: Middle line

is median, top, and bottom of boxes

are the 75th and 25th percentiles,

whiskers extend to limits of main body

of data defined as high hinge þ1.5

(high hinge–low hinge) and low hinge

�1.5 (high hinge–low hinge).

FIG. 4. Boxplots of response magni-

tudes observed in the oppose-down,

oppose-up, follow-down, and follow-

up conditions. Boxplot definitions:

Middle line is median, top, and bottom

of boxes are the 75th and 25th percen-

tiles, whiskers extend to limits of main

body of data defined as high hinge

þ1.5 (high hinge–low hinge) and low

hinge �1.5 (high hinge–low hinge).
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such languages, syllable-level changes in F0 are phonemi-

cally related to speech. It is possible that learning to produce

such speech sounds, e.g., a falling tone, may lead to the abil-

ity to reduce F0 in a broader range of contexts, such as the

volitional reductions in F0 observed in the present study. We

believe that our results are not in contrast with others such as

Ning et al. (2015), who found smaller response magnitudes

(greater attenuation) during bi-tone production. Bi-tone pro-

duction requires having specific pitch targets, and therefore,

motor control can be demonstrated by the magnitude of the

main response. Our task, on the other hand, was open-ended,

with no clear pitch target instructed to the subject. The larger

magnitude is probably more of an indicator of the scale size

for the linguistic use of pitch.

While the singers generally produced the smallest

responses, this was likely due to their singing training and

resulting attempt to match their pitch target. These results

are in line with Keough and Jones (2009), who reported that

singers’ F0 values were consistently closer to the intended

pitch target in a study of involuntary responses to pitch shifts

during the production of syllables in singers and non-singers.

Singers reached a pitch asymptote at about 200–300 cents,

which remained constant until the end of the analysis period

(see Fig. 3). By contrast, the Mandarin and untrained

English speakers’ responses seemed to drift in magnitude

until the end of the analysis period. The smaller variability

in the singers’ target pitch magnitude may reflect singing

training, which involves learning a motor skill. The use of

pitch in singing requires the precise use of the voice and

exceptional vocal responses to auditory feedback (known to

musicians as “the ear”). The steady response magnitudes

produced by the singers probably relates to their better

abilities to perceive and control voice pitch because of their

extensive musical training.

Another difference between the three groups was the

English speakers’ difference in response magnitude for

downward responses. Mandarin speakers and singers pro-

duced responses in each response direction that were about

equal in magnitude regardless of task. For example, in

Mandarin speakers upward opposing responses were at the

same magnitude as downward following responses (Figs. 1

and 3). The English speakers produced responses of differing

magnitudes in the upward direction, specifically, following

upward responses were much larger than opposing upwards

responses (i.e., to downward shifts; see Fig. 2). Hain et al.
(2000) performed a similar study in English speakers com-

paring pitch-shift responses when people were instructed to

oppose and follow the shift among other tasks. They found

no significant differences in response magnitude between

opposing and following, however, their results were aggre-

gated over up- and down-shift conditions. In our earlier

work [Patel et al. (2014)], we also show no significant differ-

ences in opposing and following upward responses [p. 3039,

Figs. 2(a) and 2(b)]. Thus, the reasons for this difference in

upwards responses by task is not clear, although several

studies have reported that shifts producing upward responses

are more variable than downward shifts (Korzyukov et al.,
2015), possibly due to an inherent increased range of pitches

available in the higher ends of our pitch range (Patel et al.,
2016).

B. Response latency

Contrary to our predictions, there were no significant

differences in response latency between the groups. The wide

variation in latencies in the opposing responses of the

English subjects may have contributed to the failure to show

significant results on these measures. Nevertheless, there

were significant differences in response latencies between the

opposing and following responses. The following response

latencies were about 200 ms shorter than the opposing

responses, which support results of a previous study (Patel

et al., 2014). The fact that there were no significant differ-

ences in following responses between subject groups suggests

that these measures may reflect physiological limits to the

speed at which humans can change the F0 of their voice in

response to a change in a side-tone. Nevertheless, the high

degree of variability in the opposing response latencies

shown by the non-trained English speakers may reflect lack

of training or the use of voice pitch linguistically, as seen in

the Mandarin subjects.

C. Comparison of volitional and non-volitional vocal
responses

Previous studies have mostly focused on examining the

“basic pitch-shift response” or “pitch-shift reflex” (i.e., the

“involuntary” response), which is the automatic and mostly

compensatory pitch change obtained when people are asked

to hold their voice steady regardless of changes to the pitch-

altered auditory feedback. These studies (Bauer et al., 2006;

Behroozmand et al., 2012; Burnett et al., 1998; Chen et al.,
2007; Donath et al., 2002; Hafke, 2008; Hain et al., 2000;

Natke et al., 2003; Natke and Kalveram, 2001) have shown

that automatic (involuntary) compensatory responses have

latencies in the range of 100–150 ms, which are similar to

FIG. 6. (Color online) Mean latencies observed in the oppose-down,

oppose-up, follow-down, and follow-up conditions for each group (English

speakers, Mandarin speakers, and Singers).

TABLE II. Mean response latencies in ms (and SDs) for each subject group

and condition.

Opposing Down Opposing Up Following Down Following Up

Mandarin 332 cents (113) 443 cents (97) 157 cents (51) 149 cents (47)

English 370 cents (217) 512 cents (154) 175 cents (34) 164 cents (62)

Singer 410 cents (106) 365 cents (143) 150 cents (23) 149 cents (24)
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the volitional following response latencies (130–150 ms) of

the present study. Although the involuntary, pitch-shift reflex

responses appear to function as a negative feedback system

and the volitional following responses as a feedforward sys-

tem, the similarities in latencies between these two condi-

tions indicate they require the same processing times. The

reason for the similarity of latencies in feedback in one task

and feedforward in another may be the cognitive demands

presented by both tasks. In the basic pitch-shift paradigm

used to obtain pitch-shift reflex responses, participants are

instructed to hold their voice constant. We would assume

that such a task is not cognitively demanding (“basic pitch

shift task”¼ low cognitive load). This is in contrast with the

volitional paradigm, where participants are instructed to first

listen for a pitch shift, and then change their voice pitch up

or down based on the direction of the shift. Based on the

number of steps alone, we argue that more cognitive process-

ing is required for such a task (volitional task¼ high cogni-

tive load).

On the other hand, the volitional opposing responses in

the present study had latencies in the range of 350–500 ms,

and importantly, these responses were preceded in most

cases by small following responses. The observations of the

small following responses that precede the delayed opposing

responses suggest that when subjects are attending to a

sound that changes in frequency, there is a strong tendency

to match the change in frequency of the sound, which in turn

may cause a delay in the onset of a volitional opposing vocal

response. Vocal conditions in which these fast following

responses might occur include vocal mimicry or shadowing.

The volitional following response latencies also were

very similar to those reported in studies of vocal shadowing

(Bailly, 2003; Horii, 1979; Leonard et al., 1988; Leonard

and Ringel, 1979; Peschke et al., 2009; Shockley et al.,
2004) or voice reaction time (Bakker and Brutten, 1989;

Cross and Luper, 1983; Izdebski, 1980; Izdebski and Shipp,

1978; Shipp and Izdebski, 1975; Watson, 1994). Vocal mim-

icry has been observed in many animal species (Dalziell

et al., 2015; Goodale and Kotagama, 2006; Kelley and

Healy, 2010, 2011; Lilly, 1965; Reiss and McCowan, 1993;

Richards et al., 1984) and is a highly conserved trait that

may be inherited. Previous studies have suggested that vocal

shadowing is similar to vocal mimicry and may reflect basic

audio-motor transformations that are important for learning

speech and language (Kuhl and Meltzoff, 1996; Wilbrecht

and Nottebohm, 2003). These vocal abilities may also facili-

tate singers’ ability to imitate another person’s voice or to

sing along with musical accompaniment.

One important question arising from the results of this

study is regarding the underlying neural mechanisms

controlling these responses. Although this study does not

directly test the underlying neural mechanisms, Peschke

et al. (2009) showed that vocal shadowing led to bilateral

activation of the posterior and middle regions of the superior

temporal gyrus, postcentral gyrus, inferior frontal gyrus, and

precentral gyrus. These same neural locations were activated

in response to pitch-shifted voice feedback (Parkinson et al.,
2012; Peschke et al., 2009). Thus, it may be that variations

in network connectivity may differentiate these two types of

processes rather than regional activation similarities. For

example, we know that musicians with perfect pitch show

different connectivity patterns than musicians with relative

pitch or non-musicians (Parkinson et al., 2014). If in fact the

following responses are a form of mimicry, it would be

important to study them further in different groups such as

children or those with neuromotor voice disorders. In regards

to tonal languages, it would be important to learn if left

hemisphere structures play a greater role than the right for

the control of these responses given that changes in pitch are

phonemic in nature.

Several studies have sought to describe involuntary

responses to sensory stimulation from the modeling perspec-

tive. Functionally, control mechanisms of the involuntary

opposing responses have been modeled as a negative feed-

back system (Behroozmand et al., 2009; Blakemore et al.,
1999, 1998; Hain et al., 2000; Heinks-Maldonado and

Houde, 2005; Houde and Jordan, 2002; Wolpert, 1997;

Wolpert and Miall, 1996) or as a state feedback control sys-

tem (Houde and Nagarajan, 2011). While there is merit for

considering control of involuntary pitch-shift reflex responses

from the perspective of system analyses, these approaches

fail to explain the increase in response latencies for the voli-

tional opposing responses in the present study.

One conceptualization of both the volitional following

and opposing responses in the present and a previous (Patel

et al., 2014) study is to consider an expanded model that pla-

ces more emphasis on feedforward control (Lane et al.,
2007; Wolpert, 1997). To explain both the following and

opposing responses in the present study, Fig. 7 presents a

model in which both feedforward and negative feedback

control systems are operable. Given the speed of processing,

it is likely that feedforward processing is the initial mode, in

line with contemporary ideas of feedforward control

(Ramanarayanan et al., 2016), and likely the default mode.

Feedforward commands are learned over time and represent

an average of previous experiences in producing the sound

(Guenther, 2006). An efference copy of the motor command

FIG. 7. (Color online) Vocal feedforward-feedback mode switching.

Schematized model of system composed of feedforward and feedback con-

trollers for voice F0 control. In this model, speaking begins in feedforward

mode as default. The speaker then volitionally or automatically selects

whether to continue operating in a feedforward mode or to switch to a feed-

back mode. In the feedforward mode, the presence of an external reference

(e.g., piano) or something such as a learned stress pattern in speech may be

used to guide the process of setting motor targets. When operating in the

negative feedback mode, auditory feedback is used to compare and correct

for errors between the desired and actual voice F0 produced.
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is sent from the feedforward controller to the feedback con-

troller. Here, a comparison is made between the efference

copy and the auditory feedback, a process that takes around

200 ms. The results of this comparison are sent to the control

mode selector, and if an adjustment is required, the selector

chooses the feedback mode, results as the subject attempts to

match or follow a referent (vocal note or syllable). The

results of both the feedforward and feedback controllers are

sent to a selector, which allows for (volitional and auto-

matic) selection of feedforward or feedback modes. Thus,

following the delay, the volitional opposing control mecha-

nism may be activated allowing a response that opposes the

stimulus direction. This model differs from established mod-

els such as the Directions Into Velocities of Articulators

model (Guenther, 2006) in that (1) there are two areas where

feedback has input and (2) a selector exists to operationalize

the choice of being in a feedforward mode or integrating

feedback information.

Results of the present study also allow for a re-

interpretation of results of previous studies. As previously

noted (Patel et al., 2014), the volitional following responses

we report may be the same as the occasional following

responses that others have reported in studies of the pitch-

shift reflex. In that paradigm (e.g., Bauer et al., 2006;

Behroozmand et al., 2012; Burnett et al., 1998, 2008; Hain

et al., 2000), subjects were not instructed to volitionally

change their voice F0 but to keep it steady and ignore

changes in auditory feedback. It is possible that in the course

of testing, a subject may occasionally pay greater attention

to the feedback stimulus and inadvertently treat it as the ref-

erent and follow the direction of the stimulus (Fig. 6; Hain

et al., 2000). In an examination of the number of opposing

and following responses that contribute to an averaged

opposing response, Behroozmand and colleagues (2012)

reported a nearly 50–50 split in the number of opposing and

following responses in a set of 70–80 trials. Therefore, in

studies of the pitch-shift reflex, the mix of opposing and

following responses may reflect variable cognitive factors

(e.g., attention) during the testing.

There are a few limitations of this study to keep in mind,

such as the pitch-shifting process itself. Pitch determination

is not without flaws. Even though the Eventide Eclipse

Harmonizer attempts to shift pitch and the corresponding har-

monic structure, this transformation may change the spectrum

in ways that were not intended as well. Nevertheless, the

Harmonizer has been used extensively in the music industry

and for conducting pitch-shift research due to the quality of

signal processing and near real-time feedback processing

(delays informally observed less than 15 ms). Another limita-

tion is that the variances observed between groups were not

homogeneous, and although corrections were applied, hetero-

geneity of variances can increase the type I error. It is possible

that this variability might have been reduced by instructing

participants to match a particular pitch; however, it is not clear

whether individuals without singing training would have been

able to do such a task. Nevertheless, results show group differ-

ences in response magnitude and the presence of an early

response in the opposing condition for all three groups. Our

insights into the control of the voice are informed by different

uses of the voice between all three groups of subjects.

V. CONCLUSIONS

In summary, it was found that people with a musical

and tonal language background differ in the magnitude of

their volitional opposing responses and the consistency of

the held pitch compared to non-trained English speakers.

Specifically, subjects of a tonal language (Mandarin) pro-

duced larger responses to pitch shifts, which may relate to

their linguistic use of pitch. Singers, on the other hand, pro-

duced the smallest magnitudes of changes and held their

pitch at a steadier level. These observations support the idea

that greater musical training or the lexical use of tone enhan-

ces mechanisms of voice F0 control. These results may also

reflect differences based on pitch goals of the two groups—

singers learn to control pitch variability by minimizing devi-

ations from an intended pitch, whereas Mandarin speakers

may maximize variations in pitch in order to differentiate

among tones in Mandarin, which would be linguistically

advantageous. In addition, it was found that volitional

following responses were produced with the same latency

for the Mandarin speakers, trained vocalists, and people who

are not musically trained and do not have a tonal language

background. We propose that the neural mechanisms con-

trolling the volitional following responses must be rather

fixed and not easily amenable to change. Most importantly,

it is evident that the control mechanisms for the following

responses appear to be more readily accessed than the voli-

tional opposing responses because most of the subjects pro-

duced an initial small following response that occurred before

and perhaps delayed the onset of the opposing response.
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