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A B  S T  R  A  C  T  

Purpose: This study examined how speakers adapt to fundamental frequency 
(fo) errors that affect the use of prosody to convey linguistic meaning, whether 
fo adaptation in that context relates to adaptation in linguistically neutral sus-
tained vowels, and whether cue trading is reflected in responses in the prosodic 
cues of fo and amplitude. 
Method: Twenty-four speakers said vowels and sentences while fo was digitally 
altered to induce predictable errors. Shifts in fo (±200 cents) were applied to the 
entire sustained vowel and one word (emphasized or unemphasized) in sen-
tences. Two prosodic cues—fo and amplitude—were extracted. The effects of fo 
shifts, shift direction, and emphasis on fo response magnitude were evaluated 
with repeated-measures analyses of variance. Relationships between adaptive 
fo responses in sentences and vowels and between adaptive fo and amplitude 
responses were evaluated with Spearman correlations. 
Results: Speakers adapted to fo errors in both linguistically meaningful sen-
tences and linguistically neutral vowels. Adaptive fo responses of unemphasized 
words were smaller than those of emphasized words when fo was shifted 
upward. There was no relationship between adaptive fo responses in vowels 
and emphasized words, but adaptive fo and amplitude responses were strongly, 
positively correlated. 
Conclusions: Sensorimotor adaptation occurs in response to fo errors regard-
less of how disruptive the error is to linguistic meaning. Adaptation to fo errors 
during sustained vowels may not involve the exact same mechanisms as senso-
rimotor adaptation as it occurs in meaningful speech. The relationship between 
adaptive responses in fo and amplitude supports an integrated model of 
prosody. 
Supplemental Material: https://doi.org/10.23641/asha.25008908 
Prosody is an important element of human commu-
nication. It includes the acoustic features of fundamental 
frequency (fo), amplitude, and duration (Cole, 2015), 
which are perceived as variations in pitch, loudness, and 
syllable length. These features serve important functions, 
such as allowing the speaker to convey meaning, express 
emotion, and speak intelligibly and naturally. When some-
one has difficulty speaking with effective prosody—a com-
mon result of motor speech disorders (Kent & Rosenbek, 
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1982)—any of these critical functions may be impaired, lead-
ing to reduced intelligibility (Bunton et al., 2000, 2001; de 
Bodt et al., 2002; Laures & Weismer, 1999) and speech natu-
ralness (Anand & Stepp, 2015; Klopfenstein, 2015; Vojtech 
et al., 2019). 

A speaker with impaired prosody may also struggle 
to express their intended meaning. Certain meanings, such 
as emphasizing one word over others, rely on prosodic 
contrasts. The type of emphasis relevant to the present 
study—narrow focus (Ladd, 2008)—serves to direct the 
listener’s attention to a particular element of a sentence. A 
production with such emphasis is often considered a 
response to a wh-question (e.g., “Who did you see on
right © 2024 American Speech-Language-Hearing Association 1
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Monday?”), though the question may be either explicit or 
implicit (Breen et al., 2010; Ladd, 2008; Roettger et al., 
2019). Prosodic impairment may prevent a speaker from 
creating sufficient contrast to convey, for example, the dif-
ference between “I saw Mel on Monday” and “I saw Mel 
on Monday” (and thus the differences in the underlying 
wh-questions, “Who did you see on Monday?” and “When 
did you see Mel?”). The acoustic realization of emphasis 
may vary depending on the speaker’s preferences, the 
location of emphasis within a sentence (Breen et al., 
2010), and whether the emphasis serves not just to direct 
the listener’s focus but also to contrast with information 
previously given (Breen et al., 2010; Roettger et al., 2019). 
Speakers can emphasize a word by increasing its fo, ampli-
tude, duration, or any combination of these acoustic cues. 
Speakers may also decrease their fo to emphasize a word, 
though there is some evidence that narrow focus in declar-
ative sentences is likely to elicit increased fo (Breen et al., 
2010; Roettger et al., 2019). 

The flexibility a speaker has to select and combine 
cues is captured by the cue-trading theory of prosody 
(Lieberman, 1960). Cue trading may, for some speakers, 
simply reflect individual tendencies (Howell, 1993). For 
others, like speakers with motor speech disorders, it allows 
the speaker to replace an impaired acoustic cue with a 
spared one (Martens et al., 2011; R. Patel, 2002). That is, 
a speaker with impaired control of fo can still effectively 
emphasize a word by increasing its amplitude or duration. 
Despite the flexibility granted by cue trading, fo is the 
most salient marker of phrase-level emphasis in English 
for most speakers (Howell, 1993; O’Shaughnessy, 1979). 
Understanding how speakers control fo to convey meaning 
may shed light on the mechanisms underlying effective 
prosody and inform treatments aimed at restoring pro-
sodic function. 

Our understanding of fo control comes largely from 
studies that use altered auditory feedback techniques. In 
these studies, researchers digitally alter a person’s voice 
and transmit the altered signal back to that person over 
headphones in near real time. This manipulation induces 
an error in the intended production, and speakers usually 
respond to the error by opposing the manipulation; if fo is 
digitally increased, speakers lower their fo, and vice versa 
(Burnett et al., 1997; Jones & Munhall, 2000). Responses 
to experimentally induced fo errors show that speakers 
quickly correct intermittent errors in what is termed the 
pitch reflex. It also shows that speakers adapt over time 
to predictably recurring errors, a motor learning process 
known as sensorimotor adaptation. These reflexive and 
adaptive responses reflect the interacting mechanisms of 
feedback and feedforward control that are the major com-
ponents of a prevailing theory of speech motor control— 

directions into velocities of articulators (DIVA; Guenther 
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et al., 2006). Though feedback control is important for 
quickly addressing occasional speech errors, the DIVA 
model posits that the fully developed speech system of 
typical adults relies primarily on feedforward control. 

The speech task commonly used to study feedfor-
ward control of voice—a sustained vowel—is a notable 
limitation of this body of work. Sustained vowels differ 
substantially from the connected speech used in everyday 
communication. They are simpler, less natural, and devoid 
of linguistic meaning. Although sensorimotor adaptation 
occurs even in such speech tasks, speakers may be particu-
larly sensitive to fo errors that could disrupt their intended 
message. This is true of feedback control of fo—reflexive 
responses are larger when fo is important for conveying 
meaning (Chen et al., 2007; Hilger et al., 2023). 

Establishing a relationship between adaptive responses 
during sustained vowels and during linguistically meaning-
ful modulation of fo would have important methodologi-
cal implications for the study of vocal motor control. The 
widespread reliance on sustained vowels in prior work 
suggests that most researchers assume the adaptation 
observed during sustained vowels relates to adaptation in 
more complex tasks such as running speech, but this rela-
tionship has yet to be established. If no such relationship 
exists, we cannot generalize vowel-based findings to draw 
conclusions about fo control in running speech. 

There is limited evidence of sensorimotor adaptation 
to fo errors in running speech. R. Patel et al. (2011) 
altered fo during emphasized words in short sentences and 
found that speakers did compensate for these induced fo 
errors. Specifically, speakers adapted by increasing the fo 
contrast between emphasized and unemphasized words. 
This was true whether fo was shifted downward or 
upward, but not to the same degree. If fo is raised during 
an emphasized word, a downward shift in fo would reduce 
the intended emphasis and an upward shift would enhance 
it. Unsurprisingly, then, speakers exposed to the more dis-
ruptive downward shift increased the prosodic contrast 
more so than those exposed to the less disruptive upward 
shift. This finding hints at the importance of linguistic 
meaning in determining how speakers adapt to predictable 
fo errors. 

Yet, key questions remain unanswered by this work. 
First, Patel and colleagues exposed participants to fo per-
turbations only in a running speech task. The study there-
fore cannot establish whether the observed responses 
would relate to the same speakers’ responses to fo errors 
during sustained vowels. Again, confirming this relation-
ship is critical for allowing researchers to generalize 
vowel-based findings to running speech. Second, fo was 
extracted from the entire perturbed word. The acoustic 
outcomes thus likely reflect a mix of feedforward and
rms of Use: https://pubs.asha.org/pubs/rights_and_permissions 



1 Three participants had unilaterally elevated thresholds (30 dB HL) 
and two had bilaterally elevated thresholds (30–35 dB HL) at a single 
frequency (250 or 500 Hz). One participant had slightly elevated 
thresholds at two frequencies (30–35 dB HL at 250 Hz bilaterally; 
30 dB HL at 500 Hz unilaterally). These thresholds were not expected 
to invalidate adaptation data from these participants. 
feedback control, since responses to auditory feedback 
begin 100–150 ms after voicing onset (Burnett & Larson, 
2002; Burnett et al., 1997; Larson et al., 2001). Third, fo 
perturbations were applied only to emphasized words, 
even though the importance of fo for conveying meaning 
may differ between emphasized and unemphasized words. 
Determining the effect linguistic meaning has on adapta-
tion may require a nuanced approach in which adaptation 
is measured in contexts that vary in the degree to which 
an fo error is disruptive to an intended meaning. 

Yet another lingering question is whether corrections 
of fo errors are achieved through integrated or indepen-
dent control of the acoustic cues of prosody. An inte-
grated model of prosody posits that prosodic cues are 
combined to reach a single prosodic target, whereas an 
independent model states that speakers control fo, ampli-
tude and duration independently to reach separate targets 
for each prosodic cue (Guenther, 2016). Both are consis-
tent with the cue-trading theory (Lieberman, 1960), which 
does not specify the control mechanisms involved in trad-
ing cues. R. Patel et al. (2011) found that speakers 
adjusted both fo and amplitude in response to fo perturba-
tions, which points to integrated control. However, they 
found in a later study that amplitude perturbations elicited 
responses only in amplitude, not fo (R. R. Patel et al., 
2015), suggesting independent control. However, the per-
turbation magnitudes between these two studies may not 
have been equivalent and thus the disruptions to the 
intended productions also not comparable. These are 
important differences that preclude confidently embracing 
the independent control hypothesis based on the findings 
of this later study. 

One way to clarify the question of integration versus 
independence is to measure the relationship between fo 
and amplitude responses when only one cue is manipu-
lated. If these cues are indeed integrated, a larger response 
in one would correlate with a smaller response in the 
other, with individual tendencies (Howell, 1993) dictating 
which cue shows the larger response. With this integrated 
approach, the relative contributions of each cue would 
combine to reach a single prosodic target. 

To address these fundamental gaps in knowledge, 
this study aimed to (a) evaluate sensorimotor adaptation 
to fo errors that affect linguistic meaning in running 
speech, (b) examine relationships between this adaptation 
and that observed during sustained vowels, and (c) iden-
tify relationships between fo and amplitude responses 
when only fo is manipulated. Speakers’ voices were digi-
tally manipulated in near-real time to alter the auditory 
feedback of fo during sentences and sustained vowels. In 
sentences, fo was shifted downward or upward during 
emphasized and unemphasized words. Shifts in fo were 
Downloaded from: https://pubs.asha.org Katie Poe on 01/31/2024, Te
also applied during sustained vowels. These multiple con-
ditions allowed us to examine how responses differ based 
on the degree to which perturbations disrupted the 
intended meaning. Our expectation was that fo shifts that 
were more disruptive would elicit larger responses. 

We therefore hypothesized that fo perturbations 
would elicit larger adaptive responses in (a) down-shifted 
emphasized words compared to up-shifted emphasized 
words and (b) in emphasized words compared to unem-
phasized words, regardless of shift direction. We also 
hypothesized that (c) the magnitude of adaptive responses 
in down-shifted emphasized words would correlate with 
that of sustained vowels. Finally, in accordance with the 
cue-trading model of prosody, we hypothesized that (d) 
adaptive responses in fo and amplitude would be nega-
tively correlated, indicating that speakers may resolve 
recurring fo errors by adjusting amplitude to achieve the 
prosodic target, consistent with an integrated model of 
prosody. 
Method 

Participants 

Participants were 24 adults (12 cisgender women, 12 
cisgender men) with an average age of 23 years (SD = 
4 years, range: 19–40 years) and no history of neurologi-
cal, speech, voice, or language disorders. All participants 
spoke North American English as a first language, spoke 
no tonal languages, and had no formal singing experience. 
Participants underwent a pulsed-tone hearing screening at 
octaves from 125 Hz to 4 kHz with a Grason-Stadler GSI 
18 audiometer. Most participants (18/24) met the screen-
ing criterion of a 25–dB HL maximum threshold at all 
frequencies presented.1 All participants provided written 
consent in accordance with the Boston University Institu-
tional Review Board. 

Three additional participants (one cisgender woman, 
two cisgender men; M = 23 years) attempted the study 
but were excluded because of speech behaviors that dis-
rupted our perturbation technique. Two of these partici-
pants prevoiced the initial consonant of emphasized 
words, and one voiced continuously between the words 
of the sentences. In both cases, this prevented the fo
Dahl et al.: Sensorimotor Adaptation of Pitch for Prosody 3
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perturbation from being reliably applied to only the first 
word of each sentence as intended. 

Amplification and Calibration 

The amplitude of the auditory feedback signal was 
amplified 5 dB above the microphone signal to account 
for relative dB differences in the signal at the participant’s 
mouth and ear (Cornelisse et al., 1991). This amplification 
level was calibrated with a 2-cc coupler (Brüel & Kjaer 
4192) attached to a handheld sound level meter (Brüel & 
Kjaer 2250-L). A 1-kHz pure tone was played at ~75 dB 
from a digital recorder (Olympus LS-10) placed 7 cm from 
an omnidirectional condenser earset microphone (Shure 
MX153). The gain was adjusted such that the amplitude 
of the signal transmitted to a pair of circumaural head-
phones (Sennheiser HD 280 Pro) was ~80 dB as measured 
with an artificial ear (Brüel & Kjaer 4153). 

Experimental Setup 

Participants completed the experiment in a sound-
attenuating booth at Boston University in a single session 
lasting approximately 2.5 hr. Participants wore an omnidi-
rectional condenser earset microphone (Shure MX153) 
positioned 7 cm from the corner of the mouth at a 45° 
angle from midline (R. R. Patel et al., 2018). They sat 
before a computer monitor that displayed prompts for 
each trial throughout the session. Stimulus presentation 
and audio settings were controlled via MATLAB scripts 
(Version 2018a; MathWorks, Inc.). 

The microphone signal was amplified with an RME 
QuadMic II preamplifier and digitized with an RME Fire-
face UCX sound card with a 32-bit resolution and a 
44.1-kHz sampling rate. The signal was transmitted 
through an Eventide Eclipse V4 Harmonizer for full-
spectrum frequency shifts without formant correction.2 

The Eclipse-processed, amplified signal was transmitted in 
near-real time to the participant’s headphones (Sennheiser 
HD 280 Pro) through a Behringer Xenyx Q802USB 
mixer. The auditory feedback signal was transmitted with 
minimal delay (~11 ms; Heller Murray et al., 2019) 
through headphones that attenuated air-conducted sound 
by 32 dB. The headphone signal thus served as the pri-
mary source of auditory feedback. 

Stimuli and Training 

The adaptation procedure consisted of two task 
types—those in which fo conveyed no linguistic meaning 
•

2 The fo shifts in the present study were not sufficient to alter the per-
ception of vowel identity. 
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(vowel task) and those in which fo was linguistically mean-
ingful (sentence tasks). The vowel task entailed 3-s pro-
ductions of /ɑ/. Participants were instructed to hold a 
steady /ɑ/ at a comfortable pitch and loudness for as long 
as the trial prompt appeared on the screen. 

Sentence tasks were four three-word sentences3 with 
either the first or second word emphasized (e.g., “Bev 
builds doors,” “Bev builds doors”). All sentences con-
tained single-syllable words with voiced phonemes. Single-
syllable words eliminated any effect of lexical stress on 
within-word fo contours, and voiced phonemes allowed 
for continuous fo tracking. 

Participants were familiarized with the sentences, 
which were described as coming from “a conversation 
with someone having difficulty hearing or understanding 
everything you say,” before beginning any experimental 
trials. They were told to emphasize certain words to aid 
their imaginary conversation partner’s understanding. For 
each trial, participants were prompted on the screen with 
a question (e.g., “Who builds doors?” or “Bev does what 
with doors?”) that was designed to elicit the target sen-
tence with a particular type of emphasis—namely, narrow 
focus (Ladd, 2008). The target sentence then appeared 
with the emphasized word in bold, italicized text. The 
interstimulus interval in all tasks was jittered from 2 to 4 s 
to encourage the participants’ sustained attention to the 
task. Participants were not informed that the auditory 
feedback of their voice would be perturbed during the 
session. 

Experimental Procedure 

Participants completed the experiment under eight 
conditions. The two vowel task conditions were defined 
by shift type (control, down), and the six sentence task 
conditions were defined by shift type (control, down, or 
up) and first-word emphasis (emphasized or unempha-
sized). Condition order was counterbalanced across partic-
ipants, first by task and emphasis (for sentences), then 
shift, without consecutive fo-shifted conditions. 

The vowel task included only control and shift-
down conditions. We eliminated a shift-up condition to 
shorten the study session and avoid participant fatigue. 
Reflexive auditory feedback studies show that downward 
shifts elicit larger reflexive responses than upward shifts 
(Liu & Larson, 2007). It is unclear if the same is true of 
adaptive responses, but if so, a downward shift during sus-
tained vowels would provide the best comparison for 
adaptive responses during sentences.
3 “Bev builds doors,” “Jove boils beans,” “Maeve brews beer,” and 
“Dave buys beds.” 
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Before beginning experimental trials for a given 
speech task, eight practice trials of that task were 
recorded. These practice trials served to (a) familiarize the 
participant with the prompts for each task; (b) allow the 
researcher to give feedback if the participant did not use 
the intended emphasis; and (c) provide the data needed to 
calculate amplitude thresholds that controlled the onset 
and offset of fo perturbations, described below. 

Perturbations of fo were applied to the entire sustained 
vowel, but only the first word of sentences. This approach 
allowed us to more effectively disrupt intended fo contours, 
which are defined by relative fo differences between words, 
not absolute fo values (Tang et al., 2017); manipulating fo 
throughout the entire sentence, rather than a single word 
within it, would have no effect on relative fo differences. Spe-
cifically selecting the first word as the perturbation target, 
regardless of which word was emphasized, offered both sci-
entific and technical benefits. The scientific benefit was the 
ability to manipulate fo in ways that varied in how much the 
induced error disrupted the use of fo to convey an intended 
meaning. For example, an emphasized word could be heard 
as unemphasized during downshifted conditions, thus maxi-
mally disrupting meaning. An unemphasized word under the 
same downshifted condition, on the other hand, could be 
simply rendered more unemphasized and thus the meaning 
minimally disrupted. The technical benefit was that the 
boundaries of the first word, which had a clearly defined 
onset, could be more reliably identified in pilot testing than 
later words in the sentence. 

We implemented these targeted fo perturbations 
using participant- and task-specific amplitude thresholds. 
Specifically, the root-mean-square (RMS) of the amplitude 
of the microphone signal was calculated across sliding 
60-ms windows with 90% overlap over the first word in 
eight practice trials of the target sentences (two repetitions 
per sentence). Thresholds were then set at 22% of the 
maximum RMS level for a given participant for condi-
tions in which the first word was emphasized and 20% 
when it was not.4 When the RMS of the signal at the 
microphone rose above this threshold, the fo manipulation 
was triggered and remained in place until the RMS fell 
below that threshold. The trigger was only active for the 
first two threshold crossings, thus preventing the perturba-
tion from being applied again later in the sentence. This 
approach applied the fo perturbation to the first word with 
98% accuracy for the included participants. 

Each condition consisted of 64 trials divided equally 
across four phases. During fo-shifted conditions, auditory 
feedback was unaltered in the baseline phase. Manipulation 
4 Pilot testing revealed these thresholds to identify the first word of 
the sentence most reliably in both conditions. 
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of fo was then implemented during the ramp phase, such 
that fo of the auditory feedback signal increased by 12.5 
cents per trial in shift-up conditions or decreased by 12.5 
cents per trial in shift-down conditions. The maximum per-
turbation of ±200 cents was maintained for all trials of the 
hold phase. Auditory feedback then returned to its unal-
tered state in the after-effect phase. During control condi-
tions, auditory feedback remained unaltered across all 
phases. Sentences were pseudorandomized within each 
phase such that all sentences were produced 4 times within 
each phase without consecutive repetitions. 

Data Analysis 

The acoustic waveform, spectrogram, and fo trace of 
the microphone signal for each trial were visualized with a 
MATLAB script (Version 2022a; MathWorks, Inc.) using 
data extracted from Praat (Boersma & Weenink, 2015). 
The timing of fo perturbations was also displayed on the 
spectrogram. A trained research assistant first confirmed 
that the trial was usable by playing the recording of the 
microphone signal to rule out missed trials, speech errors, 
or nonspeech vocalizations (e.g., yawn, laughter). They then 
visually inspected the fo tracking and confirmed that the fo 
perturbation was applied to the first word as intended. Tri-
als with perturbation or speech errors were excluded (1.8% 
and 0.3%, respectively), as were trials during which the par-
ticipant began speaking before recording started (0.3%). 
Trials with fo tracking errors were manually analyzed in 
Praat after adjusting pitch settings to achieve accurate 
tracking. Three trials with fo tracking errors could not be 
manually corrected and so were excluded. A total of 145 
trials (2.5%) were excluded, leaving a final data set of 
12,288 trials. 

For usable trials, the research assistant marked the 
onset and offset of sustained vowels or first word of the 
sentence. Both fo and amplitude were extracted from the 
period 40–120 ms after the marked onset, a window that 
always included the vowel. This analysis window (“early”) 
excluded fo fluctuations at voicing onset and minimized 
responses of the auditory feedback control system, which 
occur 100–150 ms after voicing onset (Burnett & Larson, 
2002; Burnett et al., 1997; Larson et al., 2001). However, 
fo and amplitude were also extracted from the entire vowel 
or first word (“full”) to compare our findings to relevant 
prior work that used this longer analysis window (i.e., 
R. Patel et al., 2011). 

The mean fo of all baseline trials in each condition 
served as the reference frequency to convert fo of each 
trial in that condition from Hz to cents.5 Similarly,
5 fo cents( ) =  3986× log10 
f1 
f2

（ ）
, where f1 is the fo of a given trial in Hz 

and f2 is the reference frequency (i.e., mean fo of baseline trials).

Dahl et al.: Sensorimotor Adaptation of Pitch for Prosody 5
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6 Pearson’s correlations are bounded between −1 and 1, which results 
in nonnormal distributions. The Fisher transformation results in vari-
ables that are normally distributed and thus allows for tests of 
significance. 
amplitude was normalized by subtracting the mean ampli-
tude of all baseline trials in each condition from each trial 
in that condition. The fo (cents) and amplitude (dB) of 
each trial in the control condition were subtracted from 
each corresponding trial in fo-shifted conditions for 
a given speech task. This trial-by-trial normalization 
accounted for natural fo and amplitude variability across 
repeated productions. For data visualization, normalized 
fo was averaged over every four trials.

There remains no consensus on how to quantify 
adaptation, so we used two common approaches—the 
mean during the hold phase and the mean across the first 
three trials of the after-effect phase (“early after-effect”). 
Responses from all participants were included in these cal-
culations, whether compensatory (opposing the perturba-
tion), following (in the same direction as the perturba-
tion), or nonresponsive (no adjustment to the perturba-
tion). A third common approach requires the use of mask-
ing noise to remove auditory feedback during some trials 
of the hold phase. Masking noise, however, could induce 
the Lombard effect, leading participants to increase their 
amplitude in the presence of noise (Lombard, 1911). Since 
we intended to measure changes in amplitude as a possible 
response to fo perturbations, the use of masking noise was 
considered unsuitable for this study. 

Statistical Analysis 

Statistical analyses were run in Minitab (Version 21; 
Minitab Inc.) with significance set a priori at α = .05. To 
test our hypotheses on the effects of emphasis and shift 
direction on the magnitude of adaptive fo responses in lin-
guistically meaningful speech, we constructed a repeated-
measures analysis of variance (ANOVA) for each analysis 
window approach (early and full). The outcome was the 
mean normalized fo (cents) across the baseline, hold, and 
early after-effect of sentence tasks. The sign was inverted 
for all values in up-shifted trials, such that a larger posi-
tive value indicated a larger compensatory response in all 
conditions. Each model included fixed effects of emphasis 
(emphasized, unemphasized), shift type (down, up), and 
phase (baseline, hold, early after-effect); all interactions; 
and a random effect of speaker. Effect sizes for significant 
effects and interactions were calculated as partial curvilin-
ear correlations (ηp 

2 ) and designated as small (~.01), 
medium (~.09), and large (> .25; Witte & Witte, 2009). 
Significant effects were further evaluated with post hoc 
Tukey’s tests. Effect sizes for post hoc tests were measured 
as Cohen’s d and interpreted as small (.2), medium (.5), or 
large (> .8; Cohen, 1988). 

To confirm adaptation also occurred during the 
vowel task, we constructed two repeated-measures ANOVAs 
to determine the effect of phase on the mean normalized 
•6 Journal of Speech, Language, and Hearing Research 1–15
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fo (cents) of vowels using early and full analysis windows. 
Again, speaker was entered as a random factor, signifi-
cant effects evaluated with post hoc Tukey’s tests, and  all  
effect sizes calculated and interpreted as above. 

To test our hypotheses regarding relationships 
between responses in different speech tasks and in differ-
ent prosodic cues, we calculated Spearman rank-order cor-
relations. Based on the ANOVA results showing equiva-
lence for the early and full windows and evidence of adap-
tation in both the hold phase and early after-effect trials, 
we calculated these correlations using data derived from 
the early window in the early after-effect. This reduced the 
number of correlations statistically analyzed and thus min-
imized the likelihood of a Type I error. To evaluate the 
relationship between adaptive responses in productions 
with and without linguistically meaningful fo, we calcu-
lated the correlation between fo responses (cents) during 
down-shifted emphasized words and during sustained 
vowels. To test our hypothesis on the relationship between 
adaptive responses in different prosodic cues, we calcu-
lated the correlations between normalized fo (cents) and 
normalized amplitude (dB) of down-shifted emphasized 
and unemphasized words. 

We conducted additional analysis, as in R. Patel 
et al. (2011), to examine the physiological link between fo 
and amplitude (Titze, 1989) and thus provide important 
context for findings on the relationship between adaptive 
responses in fo and amplitude. That is, we calculated the 
Pearson correlation between fo (Hz) and amplitude (dB) 
of all trials in all sentence tasks for each participant. We 
then applied a Fisher Z transformation (i.e., the inverse 
hyperbolic tangent) to each r value6 and averaged the 
Z values across participants. This analysis quantified the 
trial-by-trial relationship between fo and amplitude to 
determine whether a correlation between adaptive responses 
in fo and amplitude should be attributed to behavior or 
physiology. 
Results 

Statistical results were qualitatively equivalent 
whether data from the early or full analysis window were 
used. We therefore report below the results of the early 
window, which better capture feedforward responses. 
Results from the full-window analysis are in Supplemental 
Material S1.
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fo Adaptation During a Prosody Task 

As a group, speakers responded to fo manipulations 
during sentences by opposing the ±200-cent perturbation 
(see Figure 1). There was a significant effect of phase dur-
ing sentences, with significantly greater fo in the hold 
phase (43.7 cents, d = 8.54, padj = .001) and early after-
Figure 1. Group mean adaptive response in fundamental fre-
quency (fo) to downward (Panel A) and upward (Panel B) shifts in 
auditory feedback of fo (±200 cents) during emphasized (blue) and 
unemphasized (dashed pink) words in running speech. Shaded 
areas are 95% confidence intervals. 
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effect trials (33.9 cents, d = 5.64, padj = .012) than the 
baseline (see Table 1). There was no significant difference 
between the magnitudes of fo responses in the hold phase 
and early after-effect trials. 

There was also a significant effect of emphasis on fo 
response magnitudes, which were greater in emphasized 
words (39.2 cents) than unemphasized words (12.6 cents, 
d = 5.04,  padj = .006), across all phases. This difference 
appears to be driven by responses to upward perturbations 
(see Figure 1B). That is, there was also a significant inter-
action between emphasis and shift direction; fo response 
magnitudes were greater across all phases in emphasized 
words (48.5 cents) than unemphasized words (−0.5 cents, 
d = 6.41,  padj = .002) when fo was shifted upward. 

fo Adaptation During a Vowel Task 

As a group, speakers responded to downward fo 
shifts during sustained vowels by opposing the – 200-cent 
perturbation (see Figure 2). There was a significant effect 
of phase, with greater fo response magnitudes in the hold 
phase (109.0 cents, d = 31.54, padj < .001) and early after-
effect trials (68.7 cents, d = 14.14, padj < .001) than at 
baseline. The fo response magnitude was also significantly 
greater in the hold phase than in the early after-effect 
trials (d = 14.14, padj < .001). 

Relationships Between Adaptation in 
Different Speech Tasks and Prosodic Cues 

The magnitude of speakers’ adaptive fo responses to 
downward shifts during sustained vowels did not signifi-
cantly correlate with their responses during emphasized 
words (r = .23, p = .281; see Figure 3A). There were 
strong, positive correlations between adaptive fo and 
amplitude responses during downward fo shifts in both 
emphasized words (r = .49, p = .016) and unemphasized 
words (r = .67, p = < .001; see Figure 3B). The average 
Fisher Z–transformed correlation between fo and ampli-
tude was Z = −0.29 (SD = 0.34), which was back-
converted as the hyperbolic tangent to an average r = 
−0.28 (SD = 0.33). Thus, fo and amplitude were weakly 
correlated on a trial-by-trial basis during sentence tasks. 
See Supplemental Materials S2 and S3 for adaptive ampli-
tude responses across all trials for each speech task. 
Discussion 

The purpose of this study was to determine how the 
use of fo to convey meaning through prosody would affect 
sensorimotor adaptation to fo errors. We also examined 
how fo adaptation in these linguistically meaningful
Dahl et al.: Sensorimotor Adaptation of Pitch for Prosody 7
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Table 1. Results of repeated-measures analyses of variance for normalized fundamental frequency (fo) during sustained vowels and sen-
tences with emphasized and unemphasized words, based on data extracted from an early window 40–120 ms after voicing onset. 

Effect df F P ηp 
2 Effect size 

Sustained vowel 
Phase 2 24.85 < .001* .52 Large 

Sentences 

Emphasis 1 7.64 .006* .03 Small 

Shift 1 0.16 .691 — —  

Phase 2 7.52 .001* .06 Medium 

Emphasis × Shift 1 5.34 .022* .02 Small 

Emphasis × Phase 2 1.99 .139 — —  

Shift × Phase 2 0.05 .952 — —  

Emphasis × Shift × 
Phase 

2 1.54 .217 — —  

*Significant at α = .05. — = not applicable for nonsignificant results. 
contexts relates to adaptation in a commonly used but lin-
guistically neutral sustained vowel task. Finally, we evalu-
ated the two models of control that are both possible 
under the cue-trading theory of prosody by measuring 
relationships between responses to fo errors in the distinct 
prosodic cues of fo and amplitude. 

Adapting fo for Prosody 

Altering auditory feedback is a well-established tech-
nique to study sensorimotor adaptation to fo errors. With 
•

Figure 2. Group mean adaptive response in fundamental fre-
quency (fo) to a 200-cent downward shift in auditory feedback of 
fo during sustained vowels. Shaded area is 95% confidence 
interval. 
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few exceptions, however, this technique has been applied 
to fo in sustained vowels, during which fo carries no lin-
guistic meaning. This task eschews a primary function of 
fo in communication—to convey meaning through pros-
ody. When control of fo for prosody has been studied, it 
has largely been through a reflexive paradigm (Chen 
et al., 2007; Hilger et al., 2020, 2023). A single study, to 
our knowledge, has evaluated sensorimotor adaptation of 
fo in running speech (R. Patel et al., 2011), though their fo 
extraction method likely also captured contributions of 
feedback control. 

Our findings thus add to the limited evidence of fo 
adaptation during the production of sentences with mean-
ings that relied on prosodic contrasts. Like R. Patel et al. 
(2011), we found that speakers did adapt to fo errors in 
running speech. Our results diverge from and expand 
upon this prior research in two ways. 

First, R. Patel et al. (2011) found downward fo shifts 
to elicit a larger response in emphasized words than did 
upward shifts. They interpreted this difference as linguisti-
cally motivated. Downward fo shifts were more disruptive 
to the intended meaning and thus required more correc-
tion to restore that meaning. However, we found no such 
difference in fo adaptation during emphasized words in 
the present study, suggesting that linguistic meaning had 
no effect on speakers’ responses. These contradictory find-
ings may be explained by methodological differences. R. 
Patel et al. (2011) measured adaptation as changes in fo 
contrast between emphasized and unemphasized words 
within a sentence. We measured adaptation based on fo of 
the perturbed word. Our measurement approach is consis-
tent with that taken in most other fo adaptation studies, 
thus allowing for integration with a larger body of work. 
However, our approach does not account for the impor-
tance of relative fo differences between words over abso-
lute fo of any given word when it comes to effective
rms of Use: https://pubs.asha.org/pubs/rights_and_permissions 



Figure 3. Panel A: Mean fundamental frequency (fo) in the early 
after-effect trials (i.e., adaptive fo responses) during 200-cent 
downward shifts in fo during emphasized words and sustained 
vowels. Panel B: Mean adaptive responses in fo and amplitude 
during 200-cent downward fo shifts in emphasized (blue triangles) 
and unemphasized (pink squares) words. 

7 Recall that fo could already be elevated during an emphasized word, 
leaving more room for an opposing response to an upward fo shift. 
This physiological limitation is thus likely only applicable to unem-
phasized words.
prosody (Tang et al., 2017). This makes it difficult to 
directly compare our result with that of R. Patel et al. 
(2011). Quantifying responses using Patel and colleagues’ 
approach (see the Appendix) would allow such a compari-
son, but this analysis no longer isolates feedforward 
responses and so cannot address the primary objective of 
this study. 
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Second, Patel and colleagues manipulated fo during 
emphasized words only. Here, we have also characterized 
how speakers respond to fo errors in unemphasized words, 
when fo is less important for conveying a given meaning. 
We found that speakers did adapt to fo shifts in unempha-
sized words. However, fo responses during upwards shifts 
were smaller in unemphasized words than emphasized 
words. In fact, the mean fo response to upward shifts in 
unemphasized words was only 7.6 cents in the hold phase, 
or 3.8% of the perturbation. Speakers without communi-
cation disorders typically correct for 35%–91% of an fo 
perturbation (Abur et al., 2018; Abur, Subaciute, Daliri, 
et al., 2021; Lester-Smith et al., 2020; Scheerer et al., 
2016; Stepp et al., 2017; Weerathunge et al., 2020). Thus, 
although the adaptive response to upward fo shifts in 
unemphasized words was statistically significant, it is sub-
stantially smaller than adaptation in either emphasized 
words or isolated vowels. 

If responses to fo shifts were linguistically motivated, 
we would expect fo responses to upward shifts in unem-
phasized words to be larger than those in emphasized 
words. That is, shifting fo of an unemphasized word 
upward could push it toward an emphasized word. Cross-
ing this hypothetical prosodic boundary would disrupt the 
meaning of the utterance in a way that a downward shift 
would not and thus warrant a stronger response. This 
interpretation is contingent upon speakers using an ele-
vated fo to indicate emphasis, though speakers may also 
emphasize a word in other ways, like decreasing fo or 
increasing amplitude or duration. There is therefore the 
potential for considerable variability in how speakers use 
fo to contrast emphasized and unemphasized words. Nev-
ertheless, prior work does provide some support for the 
expectation of increased fo in the context of narrow focus 
(Breen et al., 2010; Roettger et al., 2019), and visual 
inspection of the fo contours of the speakers in the present 
study reveals elevated fo as the most common approach to 
emphasis. Thus, linguistic motivation does not offer a 
compelling explanation here. 

This finding may instead be the result of a floor 
effect. The unemphasized words in our stimuli always pre-
ceded an emphasized word. In preparation for this 
second-word emphasis, speakers may already have low-
ered the fo of the first unemphasized word. This could 
have left little room to compensate for the upward shift 
with a further lowering of fo. This small response to 
upward fo shifts in unemphasized words may therefore be 
physiologically, not linguistically, motivated.7 Taken
Dahl et al.: Sensorimotor Adaptation of Pitch for Prosody 9
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together with the equivalent responses to both upward 
and downward shifts during emphasized words, these find-
ings do not support the hypothesis that linguistic meaning 
would affect the magnitude of adaptive responses in fo.

Adapting fo in Sustained Vowels: Limitations 
of a Common Approach 

We found strong evidence that speakers adapted to 
induced fo errors during sustained vowels. This finding 
remained true across different methods of analyzing fo 
(early vs. full windows) and quantifying adaptation (hold 
phase vs. early after-effect trials). This finding is consistent 
with a substantial body of research using sustained vowels 
to document fo adaptation in adults without speech or 
voice impairment (Jones & Munhall, 2000; Scheerer et al., 
2016; Weerathunge et al., 2020), children without speech or 
voice impairment (Heller Murray & Stepp, 2020; Scheerer 
et al., 2016), singers (Abur, Subaciute, Kapsner-Smith, 
et al., 2021; Jones & Keough, 2008; Keough & Jones, 
2009), and individuals with communication disorders (Abur 
et al., 2018; Abur, Subaciute, Daliri, et al., 2021; Abur, 
Subaciute, Kapsner-Smith, et al., 2021; Stepp et al., 2017). 

It is often implicitly or explicitly assumed that adap-
tation during sustained vowels reflects motor learning pro-
cesses that operate in the more complex speech that 
speakers use to communicate. In line with this assump-
tion, we hypothesized that adaptive fo responses in a sus-
tained vowel task would relate to those in a running 
speech task. Specifically, we tested for a relationship that 
would indicate that speakers with a large fo response dur-
ing sentences, relative to the range of responses for the 
sentence task, would also show a large response during 
vowels, relative to the range of responses for the vowel 
task. There was, in fact, no such relationship. It may be 
that the mechanisms of adaptation in running speech and 
sustained vowels are not identical. Determining the exact 
ways in which they differ and whether those differences 
affect behavioral responses requires more research. How-
ever, researchers should consider the possibility of such 
differences when interpreting adaptation during sustained 
vowels as a reflection of how adaptation occurs in every-
day communication. 

Importantly, we cannot determine, based on this 
finding, what speech task might offer a more valid 
approach. In this study, we were primarily interested in 
the effect of linguistic meaning on fo adaptation, given evi-
dence that such meaning affects reflexive fo responses 
(Chen et al., 2007) and potentially also adaptive responses 
(R. Patel et al., 2011). However, we cannot conclude that 
it was the absence of linguistic meaning in sustained 
vowels that precluded a relationship with fo adaptation in 
running speech. These tasks differed not just in the 
•10 Journal of Speech, Language, and Hearing Research 1–15
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meaningfulness of fo, but also in perturbation duration. 
The mean perturbation duration during the vowel task 
was 2.4 s. This is considerably longer than the 442 ms per 
trial in emphasized words in running speech (and 367 ms 
per trial in unemphasized words). The vowels also differed 
between the two tasks, with participants sustaining an /ɑ/ 
but producing /ɛ/ or /e͡ ɪ/ in the sentence task. Thus, to bet-
ter determine the effect of linguistic meaning on fo adapta-
tion and to identify a speech task that better reflects 
adaptive fo control in everyday communication, future 
work should compare adaptation across speech tasks in 
which perturbation duration and vowel identity are well 
controlled. 

Co-Occurring Responses Across 
Prosodic Cues 

The cue-trading theory of prosody proposes that 
speakers can emphasize a word by using any of the acous-
tic cues of prosody—fo, amplitude, and duration—alone 
or in various combinations (Lieberman, 1960). The theory 
does not specify whether a speaker controls each cue inde-
pendently to reach individual targets or integrates control 
of all cues toward an overall prosodic target. Research to 
date leaves the question unsettled. Evidence from both 
reflexive (Larson et al., 2007) and adaptive (R. Patel 
et al., 2015) studies points to an independent model of 
prosody. These studies have shown that speakers compen-
sate for simultaneous but opposing manipulations of fo 
and amplitude during sustained vowels (Larson et al., 
2007) and that speakers respond to amplitude manipula-
tions in running speech by adapting amplitude but no 
other prosodic cue (R. Patel et al., 2015). 

In contrast, R. Patel et al. (2011) previously found 
that speakers responded to fo manipulations in running 
speech by adjusting both fo and amplitude, which they 
interpreted as supporting an integrated model. However, 
their approach to quantifying adaptive responses— 

changes in fo and amplitude contrasts between words— 

captured both feedforward and feedback responses, and so 
we cannot confidently conclude, based on their finding 
alone, that integration of cues is the operative mechanism 
in prosodic adaptation. The strong positive correlation 
between fo and amplitude responses during emphasized 
words in the present study, however, does provide addi-
tional support for this model. 

However, the physiological link between fo and 
amplitude—both increase with higher subglottal pressure 
(Titze, 1989)—could undermine this interpretation. To be 
certain that the observed changes in amplitude were 
specifically related to reaching a prosodic target and not 
incidental to volitional changes in fo, we followed the con-
firmatory approach of R. Patel et al. (2011). The
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result showed that fo and amplitude were weakly corre-
lated on a trial-by-trial basis. We therefore conclude that 
the strong correlation between fo and amplitude adaptive 
responses does represent a behavioral, not physiological, 
relationship. 

Of note, however, is that the observed correlation 
between adaptive responses was in the opposite direction 
of our hypothesis. We expected that speakers with a 
strong fo response would have a weak amplitude response, 
and vice versa. This would allow a speaker to reach an 
overall prosodic target without overshooting it. Instead, we 
identified a significant positive relationship, such that 
speakers with larger fo responses had larger amplitude 
responses in the same direction; this relationship held 
regardless of whether the fo responses were compensatory 
or following (see Figure 3B). The positive relationship we 
identified suggests that the same degree of target precision 
does not apply to prosodic emphasis, as it may to articula-
tion (i.e., formant targets). Rather, hitting a prosodic target 
for emphasizing a word is evaluated binarily; a single 
boundary distinguishes emphasized words from unempha-
sized, and anything beyond that boundary is a successful 
production. Speakers may therefore recruit multiple, inte-
grated cues—fo and amplitude—to cross that boundary 
and correct the missed target in future productions. 
Limitations 

This study applied well-established altered auditory 
feedback techniques to speech tasks that more closely 
approximated everyday communication. As such, some of 
the usual means of experimental control were adjusted. 
For example, the targets of perturbations in the sentence 
tasks were relatively common names in the study region 
(e.g., “Bev,” “Dave”), which we hoped would allow for 
more natural productions. These varied stimuli did not 
control for inherent fo differences due to vowel identity 
(Peterson & Barney, 1952) and onset consonant (Xu & 
Xu, 2021). These differences are small, however, and thus 
unlikely to have affected the outcomes. 

Perturbations of fo were applied only during the first 
word of the sentence. According to research on feedback 
control of fo, the timing of a perturbation within an utter-
ance affects how speakers respond (Hilger et al., 2020; Liu 
et al., 2009; Ning, 2022). The location of emphasis within a 
sentence (i.e., on subject, verb, or object) may also affect the 
acoustic realization of emphasis (Breen et al., 2010). Because 
we only manipulated fo at the start of the sentence, on the 
subject of the sentence, we cannot say whether the timing or 
target of an fo error also affects fo adaptation. 

This study evaluated only fo and amplitude, though 
duration is also an important cue of emphasis. Measuring 
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changes in word duration, however, requires an analysis 
window that would incorporate both feedforward and 
feedback responses, and thus changes could not solely be 
attributed to sensorimotor adaptation. There are also many 
ways in which fo is used to convey meaning, and this study 
evaluated only one—a type of emphasis known as narrow 
focus (Ladd, 2008). Future research should confirm if 
results are similar when fo is important for constructing 
other meanings (e.g., contrastive or corrective focus). 

Finally, the difference in perturbation duration 
noted above (see the Adapting fo in Sustained Vowels: 
Limitations of a Common Approach section) prevented 
direct comparison of fo responses between vowel and sen-
tence tasks. Qualitatively, adaptive fo responses appeared 
largest during the vowel task, but this may not prove true 
if the duration of the vowels and words were equivalent. 
No study, to our knowledge, has tested the effect of per-
turbation duration on sensorimotor adaptation of fo. 
However, research on limb motor control showed that 
error rates decreased with longer trial durations in a cur-
sor movement task (Hardwick et al., 2017). If a similar 
effect is true of speech, differences between the vowel and 
sentence tasks in the present study could not necessarily 
be attributed to the presence or absence of linguistic 
meaning. A vowel task entailing naturally short rather 
than sustained vowels would facilitate a useful comparison 
between linguistically meaningful and neutral speech while 
controlling for perturbation duration. Such future work 
would allow for additional conclusions regarding the effect 
of linguistic meaning on fo adaptation and the suitability 
of vowel tasks for investigating fo control. 
Conclusions 

This study used an altered auditory feedback 
approach to evaluate how speakers adapt to fo errors that 
affect linguistic meaning in running speech, how that fo 
adaptation relates to responses to fo errors in the linguisti-
cally neutral context of a sustained vowel, and how that fo 
adaptation relates to responses in the unaltered prosodic 
cue of amplitude. We found robust evidence that speakers 
adapted to fo errors in all contexts, except when fo was 
shifted upward in unemphasized words in running speech. 
There were no differences according to shift direction in 
emphasized words. These findings are inconsistent with a 
hypothesis that a disruption of intended meaning may 
affect adaptive responses. However, methodological and 
physiological factors may have affected results, and so fur-
ther work to clarify the effect of linguistic meaning on feed-
forward control of fo is warranted. We also found no rela-
tionship between fo adaptation in running speech and dur-
ing sustained vowels, revealing a potential limitation of the
Dahl et al.: Sensorimotor Adaptation of Pitch for Prosody 11
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latter, more common approach to studying fo adaptation. 
Finally, we found fo and amplitude responses to fo shifts 
were positively correlated, with no evidence that this corre-
lation was driven by the physiological link between these 
measures, thus supporting an integrated model of prosody. 
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Appendix (p. 1 of 2) 

Table A1. Results of a repeated-measures analysis of variance for fundamental frequency (fo) contrast between the first two 
words of sentences. 

Analysis of fo Contrast 

The perturbation of fo during one word in a sentence may have consequences for fo at another point in the sentence (Hilger 
et al., 2020, 2023). Downstream effects of fo perturbations may be especially likely in productions with emphasis since 
emphasis relies heavily on prosodic contrasts. If that contrast were disrupted by an fo error in one word, the speaker may 
maintain the contrast by adjusting the fo of a neighboring word. 

Patel et al. (2011) accounted for this phrase-level aspect of prosody by measuring responses to fo perturbations as 
changes in the fo contrast between neighboring emphasized and unemphasized words. This approach captured both feed-
forward and feedback responses and was thus incompatible with the primary objective of our study. However, to better situ-
ate our findings within the context of this related work, we also analyzed changes in fo contrast between the first and second 
word of each sentence as a potential effect of the fo perturbations. 

Four participants (3 women, 1 man) were excluded from this supplemental analysis because glottal fry precluded fo 
extraction from over 30% of hold and after-effect trials. For the remaining 20 participants, a trained research assistant 
extracted fo (Hz) from the second word of each sentence (full analysis window) and converted it to cents. The fo (cents) of 
the second word was subtracted from the first to quantify the fo contrast. The fo contrast of each trial in the control condi-
tion was subtracted from each corresponding trial in fo-shifted conditions for a given speech task. The normalized fo contrast 
was averaged over every four trials for data visualization. Results are shown in Figure A1 and Table A1. 

Effect df F p ηp 
2 Effect size 

Emphasis 1 3.16 .077 — —  

Shift 1 6.20 .014* .03 Small 

Phase 2 0.56 .575 — —  

Emphasis × Shift 1 2.92 .089 — —  

Emphasis × Phase 2 0.81 .448 — —  

Shift × Phase 2 1.81 .166 — —  

Emphasis × Shift × 
Phase 

2 0.93 .395 — —  

*Significant at α = .05. — not applicable for nonsignificant results.
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Appendix (p. 2 of 2)

Analysis of fo Contrast

Figure A1. Group mean contrast between fo of the first (perturbed) and second (unperturbed) words in a three-word sentence. 
Contrasts are plotted during downward (Panel A) and upward (Panel B) shifts (±200 cents) in auditory feedback of fo during 
emphasized (blue) and unemphasized (dashed pink) words in running speech. Shaded areas are 95% confidence intervals.

Dahl et al.: Sensorimotor Adaptation of Pitch for Prosody 15

Downloaded from: https://pubs.asha.org Katie Poe on 01/31/2024, Terms of Use: https://pubs.asha.org/pubs/rights_and_permissions 


	Controlling Pitch for Prosody: Sensorimotor Adaptation in Linguistically Meaningful�Contexts
	ABSTRACT
	Method
	Participants
	Amplification and Calibration
	Experimental Setup
	Stimuli and Training
	Experimental Procedure
	Data Analysis
	Statistical Analysis

	Results
	fo Adaptation During a Prosody Task
	fo Adaptation During a Vowel Task
	Relationships Between Adaptation in Different Speech Tasks and Prosodic Cues

	Discussion
	Adapting fo for Prosody
	Adapting fo in Sustained Vowels: Limitations of a Common Approach
	Co-Occurring Responses Across �Prosodic Cues
	Limitations

	Conclusions
	Data Availability Statement
	Supplemental Material on Figshare
	Acknowledgments
	References
	Appendix
	Analysis of fo Contrast




