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ARTICLE INFO ABSTRACT

Purpose: The practice of removing “following” responses from speech pertur-
bation analyses is increasingly common, despite no clear evidence as to
whether these responses represent a unique response type. This study aimed
to determine if the distribution of responses to auditory perturbation paradigms
represents a bimodal distribution, consisting of two distinct response types, or
a unimodal distribution.

Method: This mega-analysis pooled data from 22 previous studies to examine
the distribution and magnitude of responses to auditory perturbations across
four tasks: adaptive pitch, adaptive formant, reflexive pitch, and reflexive for-
mant. Data included at least 150 unique participants for each task, with studies
comprising younger adult, older adult, and Parkinson’s disease populations. A
Silverman’s unimodality test followed by a smoothed bootstrap resampling
technique was performed for each task to evaluate the number of modes in
each distribution. Wilcoxon signed-ranks tests were also performed for each
distribution to confirm significant compensation in response to the perturbation.
Results: Modality analyses were not significant (o > .05) for any group or task, indi-
cating unimodal distributions. Our analyses also confirmed compensatory reflexive
responses to pitch and formant perturbations across all groups, as well as adaptive
responses to sustained formant perturbations. However, analyses of sustained pitch
perturbations only revealed evidence of adaptation in studies with younger adults.
Conclusion: The demonstration of a clear unimodal distribution across all tasks
suggests that following responses do not represent a distinct response pattern,
but rather the tail of a unimodal distribution.
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Auditory feedback perturbation paradigms are a
common method used to study the interplay between feed-
forward and feedback control of speech production. In
this paradigm, some parameters of a participant’s speech
is modified in near real time and played back to them via
headphones such that the participant detects an error in
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their production. For example, a perturbation applied to
the first formant (FI) of the vowel /e/ can cause the
speaker to hear the word “bid” or “bad” instead of the
intended word “bed,” depending on the direction and
magnitude of the perturbation. To compensate for this
error, participants adjust their speech so that what they
hear in the headphones is closer to what they intended.

An important classification of perturbation para-
digms concerns whether the paradigm elicits reflexive or
adaptive responses. The typical reflexive paradigm involves
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unexpected perturbations that occur at random on a sub-
set of trials, while normal feedback is presented on most
trials. Speakers typically respond to these unexpected per-
turbations by adjusting their production to oppose the
shift, partially correcting for the induced error within a
trial (cf. Hantzsch et al., 2022, where the effect is also evi-
dent on the following trial). This has been well docu-
mented in both reflexive pitch responses (where, on aver-
age, speakers raise their fundamental frequency [f,] to
compensate for a downward pitch shift; e.g., Burnett
et al., 1998; Kearney et al., 2022) and reflexive formant
responses (where, on average, speakers increase FI to
compensate for a downward shift in a vowel's FI;
e.g., Hantzsch et al., 2022).

In contrast to reflexive responses, which occur
within an ongoing production, sensorimotor adaptation is
characterized by motor responses that persist beyond the
current production into future productions. The adaptive
auditory perturbation paradigm involves consistent, pre-
dictable perturbations that are applied over many consec-
utive trials. A standard adaptive paradigm includes four
phases: a baseline phase during which unaltered auditory
feedback is presented to the participant, a ramp phase
introducing a gradual shift in auditory feedback, a hold
phase during which the feedback shift is applied consis-
tently at the maximum level, and an aftereffect phase dur-
ing which feedback is unaltered. Similar to reflexive per-
turbations, on average, participants respond by adjusting
their speech to oppose, or correct for, the shift in feedback
(i.e., reduced FI in response to a consistent upward shift
in FI; see Kearney et al., 2020; MacDonald et al., 2011).
In addition to the within-trial correction, the adaptive par-
adigm induces a learning effect, where participants also
pre-emptively adjust their productions on subsequent trials.

Although the predominant compensatory response
to perturbations (both reflexive and adaptive) is an oppos-
ing response, there is clear literature supporting the pres-
ence of a small percentage of participants who adjust their
speech in the same direction as the perturbation, or “fol-
low” the perturbation (following response). This variation
in response pattern has been documented under a variety
of paradigm conditions, including in experiments that per-
turb f,, vowel formants, and vocal intensity. In reflexive
pitch perturbation studies, conditions shown to increase
the proportion of responses that follow the direction of
the perturbation include larger perturbation size (Burnett
et al., 1998), more predictable perturbation direction
(Behroozmand et al., 2012), and the direction of the pitch
trajectory at perturbation onset (Franken et al., 2018).
Although there remains little conclusive evidence to date
as to the mechanisms that give rise to following responses,
it has been proposed that they may represent a shift from
an internal referent to an external one, or “target drift,”
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wherein participants try to match the altered feedback
instead of correcting for it (Hain et al., 2000; Larson &
Robin, 2016; Terband et al., 2014), while an alternative
hypothesis is that following responses simply reflect under-
lying fluctuations in voice or speech that are amplified
when a perturbation is applied (consistent with Franken
et al., 2018).

Despite our poor understanding of the mechanisms
underlying this phenomenon, in some cases, these follow-
ing responses have been dubbed a separate phenomenon,
leading to the practice of discarding these trials and/or
participants from experimental analyses. In addition to
following responses, nonresponses—those that show no
change in response to the perturbation—may also be
excluded from the analysis. Treating the data in this way
may be warranted if these different types of responses
truly represent different populations or distinct underlying
mechanisms. If, however, following responses form part of
a normal distribution from a single population, the exclu-
sion of part of the distribution will lead to overestimation
of experimental effects.

Removal of following responses or nonresponses in
reflexive studies began in the late 1990s (Burnett et al.,
1998) and since then has become a widespread practice,
with approximately 40% of published studies removing
some data based on the type of response (59/147 reviewed
studies). To the best of our knowledge, the practice of
excluding responses in reflexive paradigms has been spe-
cific to studies employing f, perturbations, whereas this
practice has not been implemented in studies using for-
mant perturbations. Removal of following responses has
similarly become a common practice for both adaptive
pitch (e.g., Scheerer, Jacobson, & Jones, 2016) and adap-
tive formant (e.g., van den Bunt et al., 2017) studies,
despite limited evidence to support this practice. A litera-
ture review in preparation for this research article revealed
that approximately 20% of published adaptive studies (20/
97 reviewed studies, most of these adaptive formant stud-
ies) excluded some participants from their published anal-
yses due to a following response and/or nonresponse.

Despite the large number of studies published using
auditory perturbation paradigms, prior work has been
limited by the use of relatively small sample sizes as well
as the noted high variability in participant responses that
is often seen in perturbation studies (e.g., Behroozmand
et al., 2012; Burnett et al., 1998). In this study, we ana-
lyzed pooled data from previous perturbation studies
across several research groups to investigate the nature of
responses to auditory perturbations. This mega-analysis
combines data from 22 unique studies and includes data
from at least 150 participants for each of four perturbation
tasks: reflexive f,, reflexive formant, adaptive f,, and
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adaptive formant. In addition, the data span three pop-
ulations: neurotypical (NT) young adults (YAs), NT
older adults (OAs), and individuals with Parkinson’s dis-
ease (PD). Our primary aim was to characterize the
effect sizes and distribution of responses for each of the
four perturbation tasks and across both NT and disor-
dered populations.

First, we compared compensatory responses across
the three participant groups for each of the four tasks to
identify any group-specific behaviors. Those with PD is
perhaps one of the most frequently studied populations
within the auditory perturbation literature; however, it
remains an open question to what extent sensorimotor
integration is impacted in PD, with prior studies showing
mixed results as to whether individuals with PD differ in
performance on various perturbation paradigms compared
to older controls (e.g., Abur, Subaciute, Daliri, et al.,
2021; Mollaei et al., 2013). Similarly, the impact of aging
on sensorimotor control of voice and speech is not fully
characterized, although work to date suggests potential
differences in responses to altered auditory feedback
across the life span (Ballard et al., 2018; H. Liu et al.,
2010; P. Liu et al., 2011).

Second, we tested for significant compensation or
adaptation in each group and task combination across
prior studies to confirm that, on average, these methods
elicit the expected compensatory response and to deter-
mine the size of the effect. Third, we tested for the pres-
ence of following responses in each task. If following
responses do in fact represent a sufficiently distinct popu-
lation to justify exclusion from analyses, we expect the
data will reflect a bimodal distribution, with clear peaks
for both opposing and following response categories.
Alternatively, if following responses do not constitute a
unique response pattern, we expect the data should instead
consist of a unimodal distribution, with the following
responses representing one tail of the distribution that
may cross zero depending on the mean and standard devi-
ation of the distribution.

Method
Included Studies

We pooled data across several previous studies
examining reflexive and adaptive responses to auditory
perturbations of f,, FI, and second formant (F2). Studies
included at least one of four tasks: reflexive f,, reflexive
formant, adaptive f,, and adaptive formant. Data were
classified as YA, OA, or PD based on participant charac-
teristics (see Table 1). Data from NT participants were
divided by age into YAs (for studies where the M, . was

< 25 years, with the majority of participants aged between
18 and 40 years) or OAs (for studies where the M,z of
NT participants was > 60 years, with the majority of par-
ticipants aged between 45 and 85 years). All NT partici-
pants were native speakers of North American English or
Dutch (reflexive pitch studies only) and had no history of
speech, hearing, or neurological disorders. Participants in
the PD group were all native speakers of North American
English and presented with normal hearing thresholds.
The M, across all three PD studies was roughly matched
for age with the OA group (i.e., My, > 60 years), with
the majority of participants ranging from 45 to 75 years
old.

For each task, we included only one data set per
participant. For example, many of the studies tested mul-
tiple perturbation magnitudes within a single task; we
selected data for only one of the magnitudes that was
most comparable to the other studies included in our anal-
yses. Additionally, for any studies that included multiple
perturbations per trial, we included only the first perturba-
tion per trial in our analysis. None of the included studies
removed any data due to response magnitude or direction
(i.e., nonresponses or following responses), at either the
participant or trial level.

Table 1 details the studies included in the current
analyses. The reflexive pitch analysis included data from
10 studies, with a total of 351 participants (266 YAs,
42 OAs, 43 PD). Stimuli were primarily a single sustained
vowel, although three of the studies used a sustained word
instead. The total number of trials in a given study ranged
from 80 to 240, with an average of 57% of trials per-
turbed. The magnitude of the perturbation was either 25
or 100 cents, and the perturbation was implemented using
one of three real-time feedback perturbation systems:
Audapter (Cai et al., 2008), VoiceOne (TC Helicon), or
Eventide Eclipse hardware (Eventide, Inc.; for a review,
see Heller Murray et al., 2019).

For the reflexive formant analysis, data were
included from 10 studies involving a total of 248 partici-
pants (141 YAs, 66 OAs, 41 PD). All stimuli consisted of
single words, and the majority of studies required partici-
pants to produce stimuli in a naturalistic manner (i.e.,
< 1-s duration) instead of a sustained production. The
number of trials in a given study ranged from 108 to 800,
with feedback perturbed on an average of 30% of trials.
FI was the most commonly perturbed dimension in the
included studies, but two studies perturbed both FI/ and
F2 (Niziolek & Guenther, 2013; Niziolek et al., 2014).
The average magnitude of the FI/ perturbation in each
study ranged from 18% to 34%, while the average magni-
tude of the F2 perturbation in each study ranged from 0%
to 7%. The perturbation was implemented using one of
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Table 1. Reflexive and adaptive studies included in analyses.

Study No. of No. of trials Perturbation | Perturbation | Measurement
Task ID Reference Group | N Stimuli Duration trials | perturbed (%)? | Dimension | magnitude method window
Reflexive f, 1 Abur, Subaciute, | OA 28 | /o/ Sustained (2-3s) | 108 24 (22.2%) |fo +100 cents | Eclipse —

DaIiri, et al. PD 28
(2021)

2 Heller Murray & YA 20 | /o/ Sustained (> 2 s) 120 120 (100%) | fo +100 cents | Eclipse —
Stepp (2020)

3 Franken et al. YA 39 |/e/ Sustained (3 s) 198 99 (50%) fo +25 cents | Audapter —
(2018)

4 Franken et al. YA 44 | /e/ Sustained (4 s) 240 240 (100%) | fo +100 cents | Eclipse —
(2019)

5 Franken et al. YA 36 |/e/ Sustained (4 s) 50 50 (100%) | fo +100 cents | Eclipse —
(2021)

6 Franken et al. YA 59 |/e/ Sustained (4 s) 100 100 (100%) | f, +100 cents | Eclipse —
(2023)

7 Smith et al. YA 18 | /i/ Sustained (> 2 s) 80 20 (25%) fo —-100 cents | Audapter —
(2020)

8 Mollaei et al. OA 14 | head Sustained (2.5 s) 200 20 (10%) fo +100 cents | VoiceOne —
(2016) PD | 15

9 Tomassi et al. YA 30 |id Sustained (1 s) 144 36 (25%) fo -100 cents | Eclipse —
(2022)

22 | Acosta et al. YA 21 | bed, beck, Sustained (2 s) 180 60 (33%) fo +100 cents | Audapter —
(2023) bet, ben,

beg
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Table 1. (Continued).

Study No. of No. of trials Perturbation | Perturbation | Measurement
Task ID Reference Group | N Stimuli Duration trials | perturbed (%)® | Dimension | magnitude method window
Reflexive 1 Abur, Subaciute, | OA 28 | bid, tid, hid | Sustained (2-3s) | 108 24 (22.2%) | F1 +30% Audapter —

formants Daliri, et al. PD o8
(2021)
8 Mollaei et al. OA 12 |head Sustained (2.5 s) 200 20 (10%) F1 +30% VoiceOne —
(2016) PD | 13
9 Tomassi et al. YA 30 |id Sustained (1 s) 144 36 (25%) F1 +30% Audapter —
(2022)
10 | Daliri et al. YA 30 |hep, head, Naturalistic 315 35 (11%) F1 +34.0% Audapter —
(2020) heck (450-700 ms) (SD =12.6)
11 | Niziolek & YA 8 | bed, bet, Naturalistic 400 100 (25%) F1land F2 | +18.3% F1 | Audapter —
Guenther dead, (150-475 ms) (SD =5.7)
(2013)° deb, debt, +7.1% F2
ped, tech, (SD =2.3)
ted
12 | Niziolek et al. YA 14 | head Naturalistic 800 400 (50%) F1 and F2 +18.0% F1 | FUSP —
(2014)° (~300 ms) (SD =1.9)
+5.0% F2
(SD =2.1)
13 | Niziolek & YA 39 | bed, dead, Naturalistic 240 80 (33.3%) |F1 +22.8% Audapter —
Parrell (2021)° head (250-500 ms) (SD =1.9)
14 | Parrell et al. OA 13 | beck, bet, Naturalistic 160 60-80 F1 +23.7% FUSP —
(2017)° deck, (400-1000 ms) (87.5%-50%) (SD =2.3)
debt, pet,
tech
15 | Parrell et al. OA 13 |dead, fed, Naturalistic 120 60 (50%) F1 +25.3% Audapter —
(2021)° said, (300-500 ms) (SD =1.8)
shed
22 | Acosta et al. YA 20 | bed, beck, |Sustained (2 s) 180 60 (33%) F1 +30% Audapter —
(2023) bet, ben,
beg
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Table 1. (Continued).

Study No. of No. of trials Perturbation | Perturbation | Measurement
Task ID Reference Group| N Stimuli Duration trials | perturbed (%) | Dimension | magnitude method window
Adaptive f, 1 Abur, Subaciute, | OA 28 |/a/ Sustained (2-3s) | 108 30 (27.8%) |fo +100 cents | Eclipse 40-120 ms
Daliri, et al. PD | 28 (early)
(2021)
2 Heller Murray & YA 20 |/o/ Sustained (3 s) 120° 15 (25%) fo +100 cents | Eclipse 40-120 ms
Stepp (2020) (early)
16 | Abur et al. OA 18 |/o/ Sustained (3 s) 320° 40 (25%) fo +100 cents | Audapter Entire vowel
(2018) PD 17 (mid)
21 Dahl et al. YA 24 | /o/ Sustained (3 s) 64 17 (26.6%) |f, —200 cents | Eclipse 40-120 ms
(2023) (early)
22 | Acosta et al. YA 19 | bed, beck, Sustained (2 s) 540° 110 (40.7%) |f, +100 cents | Audapter 40-120 ms
(2023) bet, ben, (early)
beg
Adaptive 1 Abur, Subaciute, | OA 28 | bid, tid, hid | Sustained (2-3s) | 108 30 (27.8%) | F1 +30% Audapter 40-120 ms
formants Daliri, et al. PD o8 (early)
(2021)
15 | Parrell et al. OA 13 |head Naturalistic 120 60 (50%) F1 +25.4% Audapter 50-100 ms
(2021) (800-500 ms) (SD =1.8) (early)
17 | Daliri et al. YA 14 | bed, Ted, Naturalistic 90 36 (40%) F1 and F2 +25% F1 Audapter 40%-60% of
(2018) head (300700 ms) -12.5% F2 vowel
duration (mid)
18 Daliri & Dittman YA 30 |bed, Ted, Naturalistic 150 60 (40%) F1 and F2 +24.5%F1 | Audapter 40%—-60% of
(2019) head (400-600 ms) (SD =10.1) vowel
-8.3% F2 duration (mid)
(SD =2.5)
19 | Kearney et al. YA 15 | hep, head, Naturalistic 180 45 (25%) F1 +30% Audapter 10%-30% of
(2020) heck (400-600 ms) vowel
duration (early)
20 | Scott et al. YA 37 |bed, dead, | Naturalistic 180 60 (33%) F1 +30% Audapter 10%-70% of
(2020) head (400-600 ms) vowel
duration (mid)
Note. f, = fundamental frequency; OA = older adult; PD = patients with Parkinson’s disease; YA = young adult; F1 = first formant; F2 = second formant; FUSP = Feedback Utility

for Speech Production.

3For adaptive studies, number of perturbed trials refers to number of trials with full perturbation magnitude (i.e., hold phase). For reflexive studies, number of perturbed trials includes
only trials with the selected perturbation magnitude included in our analyses. Studies may also include additional trials of a different perturbation magnitude. PShared data only
included subjects included in Hantzsch et al.’s (2022) analyses. °Participants completed both upshifted and downshifted adaptation runs. Number of trials reported includes both
conditions, with the number of trials in each run equal to half of the reported total.
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three real-time feedback perturbation systems: Audapter
(Cai et al., 2008), Feedback Utility for Speech Production
(Katseff et al., 2012), or VoiceOne (TC Helicon).

For the adaptive pitch analysis, data were included
from five studies and a total of 154 participants (63 YAs,
46 OAs, 45 PD). Most studies required participants to
produce a sustained vowel. Three of the five studies
included both an upshift run and a downshift run, while
the others consisted of a single shifted run with only one
shift direction. For these three studies, each participant’s
average response across the upshift and downshift runs
was included in the mega-analysis. All studies also
included a control run with no perturbation to account
for potential drift in f; over the duration of the paradigm.
The number of trials in a given adaptation task ranged
from 60 to 270, with an average of 29% of trials with the
full perturbation magnitude, occurring during the hold
phase. Studies implemented either a 100- or 200-cent per-
turbation using one of two real-time feedback perturba-
tion systems: Audapter (Cai et al., 2008) or Eventide
Eclipse hardware (Eventide, Inc.).

For the adaptive formant analysis, data were
included from six studies and a total of 165 participants
(96 YAs, 41 OAs, 28 PD). All studies used single words
as stimuli, and most were produced in a naturalistic man-
ner (< 1-s duration). The number of trials in a given study
ranged from 90 to 180, with the hold length consisting on
average of 36% of total trials. Studies implemented either
a pure FI perturbation (four of six studies) or a combined
FI/F2 perturbation (two of six studies). The average mag-
nitude of the FI perturbation within each study ranged
from about 25% to 30%, and all studies implemented the
perturbation using Audapter (Cai et al., 2008).

Data Processing

For the reflexive studies, an average response for
each trial was calculated during the 100- to 250-ms win-
dow postperturbation. This window was selected in light
of prior work showing that vocal responses consist of two
responses: first, an initial, involuntary component begin-
ning between 100 and 150 ms (Burnett et al., 1998) that is
thought to reflect the feedback portion of the response as
a result of auditory error detection and correction mecha-
nisms and then a second voluntary response that starts at
around 300 ms (Hain et al., 2000). Therefore, our analysis
window was selected to best capture the initial compensa-
tory response, while ending prior to the beginning of the
second, voluntary response. The same analysis window was
used for both reflexive pitch and reflexive formant studies.

Next, a normalized compensation percentage was
calculated for each participant on a trial-by-trial basis as

the change in response from the average baseline and each
trial’s postperturbation response average (across the 100-
to 250-ms window posperturbation), expressed as a per-
centage of the baseline. Due to limitations in data sharing
and availability, for each data set, we replicated the nor-
malization steps performed originally by each study’s
authors, as described in the corresponding article. In partic-
ular, we used each study’s originally defined baseline period
to normalize for differences across each participant’s base-
line productions. For studies where perturbation onset was
delayed relative to speech onset (including most reflexive
pitch studies), the preperturbation period was used as the
baseline (typically 100 or 200 ms prior to perturbation
onset, using the measurement window described in the origi-
nal article). If perturbation onset occurred at speech onset
(most reflexive formant studies), unshifted trials were used
as the baseline, again using the methods reported in the
original publication; most studies normalized either to an
average trajectory across all unperturbed trials or to the
unperturbed trial immediately preceding the perturbed trial.
For those formant studies that used multiple words as stim-
uli, by-word normalization was employed such that each
trial was normalized to the average unperturbed mean for
the corresponding target word to account for potential dif-
ferences in the formant trajectory. For formant studies that
perturbed both FI and F2, responses were projected into a
single dimension by computing the Euclidean distance in
FI-F2 space relative to the perturbation direction, where
compensation was the scalar projection of the response onto
the shift vector, as described in the original publications.

For all pitch and formant studies, responses to
upward shifts were multiplied by —1 to invert them so that
a positive response always indicated a response opposing
the perturbation direction, while a negative response indi-
cated a following response in the direction of the pertur-
bation. Then, an average compensation amount was esti-
mated for each participant across combined up- and
downshift trials (if a perturbation was applied in both
directions). Last, this average compensation amount was
divided by the perturbation magnitude to calculate a nor-
malized average percent compensation for each participant.

Only participants with a minimum of 15 usable
shifted trials were included in our pooled analyses in order
to ensure reliable estimates of compensation (Bauer &
Larson, 2003), resulting in the removal of four partici-
pants: one from Study 5 (reflexive f;) and three from
Study 11 (reflexive FI). One additional participant from
Study 12 (reflexive FI) was removed due to excessive
removal of trials (> 95%), primarily due to trial durations
shorter than our analysis window.

For the adaptive studies, data were again expressed
as a percentage of the baseline period (i.e., the trials prior
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to perturbation onset) for both pitch and formant studies
in order to normalize data for comparison across partici-
pants. Due to limitations in data sharing and availability,
calculations used a single average measure for each trial
based on the measurement window reported in the origi-
nal publication. Data were categorized as either “early”
measurements (measuring < 150 ms postperturbation
onset, prior to the onset of feedback-based corrections
within that trial) or “mid” measurements (measuring
roughly the midpoint of the vowel and capturing the
involvement of both feedforward and feedback contribu-
tions within that trial), as noted in Table 1. Any adaptive
formant studies that perturbed both FI/ and F2 were pro-
jected into a single dimension by computing the Euclidean
distance in F/-F2 space relative to the perturbation direc-
tion. Consistent with the methods in the original publica-
tions (Daliri et al., 2018; Kearney et al., 2020; Scott et al.,
2020), data for Studies 17, 19, and 20 were averaged
across blocks of three trials (such that each block con-
tained each stimuli once) in order to control for differ-
ences in formant trajectories across different stimuli. All
adaptive pitch studies were normalized to a control (no
shift) condition to control for pitch drift across trials.

Then, we measured percent adaptation for each par-
ticipant as the change in response from the average baseline
trials to the average across the first three trials of the after-
effect phase, as a percentage of the baseline average (to nor-
malize for differences in each participant’s baseline produc-
tions), and as a percentage of the perturbation magnitude
(to normalize across studies). This measure captures any
lasting adjustments to the motor output in response to
repeated perceived errors (during the hold phase) that per-
sist once feedback has returned to normal in the aftereffect
phase. To constitute adaptation, these changes should be
evident after the perturbation has been removed (e.g.,
Houde & Jordan, 2002; Jones & Munhall, 2000; Purcell &
Munhall, 2006). The first aftereffect trials should capture
the maximum adaptation amount prior to the washout of
the perturbation effect over the course of the aftereffect
phase, due to the influence of the unperturbed feedback,
which will now serve to induce auditory errors driving pro-
ductions back to their baseline values (i.e., de-adaptation).

Statistical Analysis

Separate analyses were run for each of the four
tasks: reflexive f,, reflexive formant, adaptive f,, and
adaptive formant data. First, the normalized compensa-
tory responses for each task and age group were submitted
to a Lilliefors test to confirm normality. Given the rela-
tively high number of studies with nonnormal distribu-
tions, nonparametric tests were used for subsequent analy-
ses. Second, Kruskal-Wallis tests were conducted to test
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for differences in the mean compensation amount across
the three groups for each of the tasks. Post hoc Wilcoxon
rank-sum tests were also conducted for all four tasks to
separately test first for differences between the PD group
and age-matched controls (OAs), as well as to test for any
effects of age by comparing the OA and YA groups.

Next, we conducted a Wilcoxon signed-ranks test
for each distribution to test the hypothesis that the median
percent compensation for each group and task was different
from 0, indicating significant compensation in response to
the perturbation. Effect sizes were measured by calculating
the rank-biserial correlation coefficient for each analysis
(Cureton, 1956).

Lastly, we tested the null hypothesis that the data
were derived from two populations (i.e., separate follow-
ing and opposing response types). This analysis was con-
ducted separately for the NT and PD groups and for each
of the four tasks. We used a Silverman’s unimodality test
(Silverman, 1981) to evaluate the number of modes in
each distribution from limited samples. This test uses ker-
nel density estimates (Rosenblatt, 1956) with varying
widths to evaluate the critical width at which the probabil-
ity density estimate from the sample distribution switches
from unimodal to bimodal, followed by a smoothed boot-
strap resampling technique to evaluate the significance of
this critical value. A power analysis indicated the Silver-
man’s unimodality test provides sufficient power (above
80%) at o = .05 to detect medium and large departures
from unimodality with our NT sample sizes (i.e., mixture
distributions with 1.5 x Dq or larger effects, where D, is
the minimum distance between the means of two Gaussian
distributions that results in a bimodal mixture distribu-
tion). See Supplemental Material S1 (Table S1) for further
details.

All statistical analyses were conducted in MATLAB
(Release 2020b, MathWorks) and were evaluated at
a = .05. False discovery rate (FDR) corrections were
applied to correct for multiple comparisons (Benjamini &
Hochberg, 1995).

Results

Tests for Group Differences in
Compensation Magnitude

Kruskal-Wallis tests revealed significant differences
between the three groups only for the adaptive FI task,
namely, reflexive f,: H(2) = 5.31, p = .070; reflexive FI:
H(2) = 3.26, p = .196; adaptive f,: H(2) = 0.35, p = .839;
and adaptive FI: H(2) = 6.84, p = .033. Post hoc rank-
sum tests for the adaptive FI/ task revealed significant
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Table 2. Results from rank-sum tests for significant differences across groups for tests of older adult (OA)-Parkinson’s disease (PD) and
younger adult (YA)-OA contrasts.

YA, median OA, median PD, median p value p-FDR p value p-FDR
Task (%) (%) (%) (OA-PD) (OA-PD) (YA-OA) (YA-OA)
Reflexive f, 6.31 (10.55) 10.29 (14.56) 12.05 (11.80) .318 .743 403 .743
Reflexive F1 1.00 (4.68) 2.41 (3.12) 1.54 (3.71) 487 .743 .079 .391
Adaptive f, 16.38 (77.12) 14.45 (92.01) | -1.14 (131.31) .902 .902 .650 743
Adaptive F1 21.07 (29.76) 19.55 (30.44) 6.02 (27.03) .098 .391 .568 743
Note. Medians for percent compensation for each group (with interquartile range shown in parentheses) are also listed, as well as both

uncorrected p values and those with false discovery rate (FDR) corrections. For adaptive tasks, results from the first three trials of the after-
effect phase are reported. f, = fundamental frequency; F1 = first formant.

differences were present only between the YA and PD
groups (p = .007). Post hoc rank-sum tests conducted for
all four tasks to separately test for the OA-PD and OA-
YA comparisons revealed no significant differences (see
Table 2). Given no significant age effects on any task, the
OA and YA groups were combined to form a larger NT
group for subsequent analyses.

Tests for Significant Compensation

Reflexive Tasks

Wilcoxon signed-ranks tests revealed significant
compensation (i.e., median response significantly different
than 0) for all reflexive tasks in both the NT and PD groups
(results summarized in the first four rows of Table 3).

Adaptive Tasks

Analyses revealed significant adaptation for the FI
task in the NT group, with findings approaching signifi-
cance in the PD group (NT: p < .001, PD: p = .0502).
However, neither group showed significant adaptation for
the adaptive f, task (p > .123). Results are summarized in
the bottom four rows of Table 3.

For those studies that utilized an early measurement
window (a total of 91 NT participants for f, analysis, 56
NT participants for FI analysis), we tested whether acoustic

parameters measured during the early part of the vowel
(< 150 ms) during both the aftereffect phase (first three tri-
als) and the hold phase differed from the average baseline
value. Prior research indicates a mean delay of 100-150 ms
between perturbation onset and compensatory response
onset (Burnett et al., 1998; Hain et al., 2000). Therefore,
studies with a later measurement window (> 150 ms; coded
as “mid” in Table 1) measure the feedback-based response
to the perturbation in the current trial, in addition to any
learned changes in the feedforward commands themselves.
The early measurement studies provide a cleaner measure-
ment of adaptation prior to the onset of any feedback-based
corrective commands within that trial.

Significant compensation was seen for early mea-
surement f, and FI studies during the hold phase (p <
.001; FI: median compensation of 24.93% of perturbation
amount, interquartile range [IQR] = 23.99; f,: median of
23.09% of perturbation magnitude, IQR = 68.41). How-
ever, during the aftereffect phase, only FI studies (early
measurement) demonstrated adaptation (FI: p < .001,
median of 19.43% of perturbation amount, IQR = 28.30;
for p = .210, median compensation of 14.45% of perturba-
tion magnitude, IQR = 82.11).

We also verified that this was true for the separate
YA and OA groups (early measurement studies only: a
total of 63 YA participants and 28 OA participants for

Table 3. Results from Wilcoxon signed-ranks tests for significant compensation for each task/group combination as well as summary statis-
tics and effect sizes, as measured by rank-biserial correlation coefficient (r).

Task Group p value p-FDR Median IQR r

Reflexive f, NT < .001 < .001 6.66 11.13 .817
Reflexive f, PD <.001 <.001 12.05 11.80 .795
Reflexive F1 NT < .001 < .001 1.59 4.16 495
Reflexive F1 PD .0013 .0021 1.54 3.71 575
Adaptive f, NT 123 .140 15.42 83.10 170
Adaptive f, PD .657 .657 -1.14 131.31 .077
Adaptive F1 NT < .001 < .001 20.65 29.67 787
Adaptive F1 PD .0502 .067 6.02 27.03 424

Note. Boldface values represent significant mean compensation. For adaptive tasks, results from the analysis of adaptation during the

first three trials of the aftereffect phase are reported. FDR = false discovery rate; IQR = interquartile range; f, = fundamental frequency; NT =

neurotypical; PD = Parkinson’s disease; F1 = first formant.
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adaptive pitch; 15 YA participants and 41 OA partici-
pants for adaptive formant). Adaptive formant analyses
revealed significant adaptation for both groups in both
the hold and aftereffect phases (p < .001). Adaptive pitch
analyses again revealed significant compensation during
the hold phase for both participant groups (YA: p < .001,
median compensation of 28.20%, IQR = 68.16; OA: p =
.045, median compensation of 13.18%, IQR = 80.45), but
not during the first three aftereffect trials (YA: p = .112,
median = 16.38%, IQR = 77.12; OA: p = .964, median =
7.77%, IQR = 111.11).

However, further inspection revealed different behav-
iors across individual pitch adaptation studies (see Supple-
mental Materials S2 and S3 for descriptive statistics and
plots for each study). Therefore, we repeated the same anal-
yses separately for each adaptive pitch study, which
revealed significant adaptation, as measured across the first
three aftereffect trials, for two of the three YA studies:
Study 2 (p = .0057, median = 23.91% of perturbation
amount, IQR = 32.95) and Study 21 (p = .0025, median =
38.61% of perturbation amount, IQR 52.75). For the
third study, Study 22, analyses revealed the median
response was significantly different from zero but in the fol-
lowing direction (p = .0070, median = —34.52% of pertur-
bation amount, IQR = 53.56). These analyses suggest that
our findings in the pooled analysis reflect variability across
adaptive pitch paradigms, such that in some studies, YA
speakers show significant adaptation on average while
other studies do not.

Tests for Bimodal Distributions

Histograms indicating distributions of compensation
magnitude for the reflexive and adaptive tasks are pro-
vided in Figures 1 and 2, respectively. Silverman tests for
multimodality (summarized in Table 4) revealed nonsignif-
icant findings in the NT and PD groups for all tasks, indi-
cating a unimodal distribution for all analyzed tasks (p >
.063, p-FDR > .372). See Supplemental Material S4
(Table S6) for supplemental analyses confirming similar
findings for both the OA and YA groups when analyzed
separately.

Discussion

No Evidence for a Distinct Population of
“Followers”

Our analyses showed no evidence of a bimodal dis-
tribution for any of the analyzed tasks. This finding is
highly relevant to the field of speech motor control since
removal of following responses has been a common
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practice in auditory perturbation studies, particularly in
reflexive pitch studies, despite a lack of evidence establish-
ing these data as a clearly distinct phenomenon. Our liter-
ature review found that the amount of data excluded var-
ies widely across reflexive pitch studies; some studies
excluded as little as 1% of the data due to nonresponses
(e.g., Hain et al., 2000), whereas others excluded up to
44% of the data due to following responses (e.g., D. Liu
et al., 2020). Many studies, however, fail to report the per-
centage of data that are removed from the analysis, partic-
ularly in the case of studies that also removed nonre-
sponses, making it challenging to assess the proportion of
responses that one can typically expect to oppose, follow, or
not respond to a given paradigm. Of further concern, prior
studies have varied in the level of detail provided to replicate
their exclusion procedure as well as in the exact method
used for classifying opposing and following responses.

Another variation in data exclusion practices in
reflexive studies is whether the exclusion is conducted at
the individual trial level (e.g., Tang et al., 2018) or applied
to the average trajectory at the participant level (e.g., Li
et al., 2016). Our analyses only examined followers on a
participant level; a unimodal distribution at the partici-
pant level is not necessarily the result of a unimodal distri-
bution at a within-participant trial level. Factors that may
influence response direction and explain the consistent
presence of some percentage of following responses at the
trial level have been explored by Franken et al. (2018).
Their study demonstrated that opposing and following
responses in f, are influenced by ongoing fluctuations in
the state of the vocal tract just prior to perturbation onset
that can (a) mask opposing responses in “following” trials
and (b) exaggerate opposing responses in “opposing” tri-
als. This variability in trial-by-trial data is an additional
source of variability beyond the participant-level distribu-
tions shown in this study and warrants further research.

In adaptive studies, removal of following responses
has primarily been conducted on a by-participant basis.
Consistent with the reflexive literature, though, there is no
clear consensus across adaptive studies as far as the
method by which a participant is identified as a follower.
Methods reported in prior studies include the use of 7 tests
(with variation in the exact statistical parameters), simple
subtraction, or the use of a prespecified threshold or per-
cent change. Again, these methods are not always
reported with sufficient detail to be replicable.

Regardless of the exact methods employed, our
analyses do not support the claim that followers represent
a distinct population or that removal or separate analysis
of following responses is warranted. The removal of any
responses from a unimodal distribution based on an arbi-
trary cut-point threatens the validity of results. For example,
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Figure 1. Distribution of responses for reflexive tasks. Bin width is set individually for each plot so that results are distributed into 10 bins.
Bin width is as follows: reflexive pitch (fundamental frequency [f,]) of the combined older adult and younger adult neurotypical (NT) group =
7.1, reflexive f, of the Parkinson’s disease (PD) group = 6.5, reflexive (first) formant (F7) of the NT group = 2.2, and reflexive F1 of the PD

group = 3.5.
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a group with a lower mean may also have a larger pro-
portion of responses with a negative value, but removal of
these responses would artificially inflate the group mean
and potentially mask group differences. Similarly, a more
variable group may also have a larger portion of the
responses with a negative value; removal of these
responses as following responses will therefore have a
greater impact on the group mean for the variable group
and could inflate group differences. These concerns may be
particularly problematic for disordered populations where
the speech motor system is inherently more variable.

Given the limited sample size in our PD group, the
modality analyses may not be sufficiently sensitive to

detect bimodality at this sample size. Therefore, while we
did not find any evidence of a distinct following response
in our disordered population (PD) in this study, further
analysis of this question in clinical populations is war-
ranted. It is possible, for example, that some speech disor-
ders are characterized by highly abnormal responses to
perturbations, such as following responses. Prior studies of
both pitch and formant adaptation have found an
increased number of following responses in clinical popu-
lations compared to controls. Children with disordered
speech demonstrate an increased number of responses in
the direction of the formant perturbation (Terband et al.,
2014), while in hyperfunctional voice disorders, a greater
percentage of patients followed the direction of the pitch
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Downloaded from: https://pubs.asha.org Hilary Miller on 10/25/2023, Terms of Use: https://pubs.asha.org/pubs/rights and_permissions



Figure 2. Distribution of results for adaptive tasks. Bin width is set individually for each plot so that results are distributed into 10 bins for
each histogram. Bin width is as follows: adaptive pitch (fundamental frequency [f,]) of the neurotypical (NT) group = 43, adaptive f, of the
Parkinson’s disease (PD) group = 58, adaptive (first) formant (F7) of the NT group = 16, and adaptive F71 of the PD group = 13.
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Table 4. Results of modality tests for each task and group.
Percentage of
Task Group p value p-FDR responses < 0
Reflexive f, NT .339 527 12.90
Reflexive f, PD .395 527 16.28
Reflexive F1 NT 482 551 28.44
Reflexive F1 PD .063 372 21.95
Adaptive f, NT 151 372 37.27
Adaptive f, PD 109 372 50.00
Adaptive F1 NT 186 372 15.33
Adaptive F1 PD 877 877 32.14

Note. p values below .05 would indicate evidence of a distribution with two or more modes. Also shown for each analysis is the percent-
age of responses that were less than O (i.e., response followed the direction of the perturbation). For adaptive tasks, reported results are for
analysis of the average adaptive response across the first three trials of the aftereffect phase. FDR = false discovery rate; f, = fundamental
frequency (pitch perturbation); NT = neurotypical; PD = Parkinson’s disease; F1 = (first) formant perturbation.
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perturbation compared to a control group, with a notable
degree of heterogeneity within the patient group (Abur,
Subaciute, Kapsner-Smith, et al., 2021). However, in both
studies, the clinical population had higher response vari-
ability than controls, and this higher variability alone
would be expected to result in more following responses
(i.e., more responses in the left-hand tail of the response
distribution) even in the absence of a group difference in
mean compensation. Nonetheless, whether some speech
disorders are characterized by abnormal responses to audi-
tory perturbations, including following responses, remains
a topic for elucidation by future studies.

Comparison of Compensation Magnitudes
Across Tasks

Our analyses demonstrated significant compensation
in the direction opposite the perturbation in both reflexive
pitch and reflexive formant perturbations for both the NT
and PD groups. However, effect sizes were larger for
reflexive pitch responses in both groups (effect sizes of
~0.8), while effect sizes for reflexive formant responses
were more moderate (effect sizes of ~0.5). This difference
in effect size is consistent with prior work showing that
articulatory accuracy (and therefore formant values) in
adult speakers is less strongly influenced by feedback than
pitch (Perkell et al., 2007). Notably, response magnitudes
for the reflexive tasks may be lower than reported in prior
literature due to our selection of an earlier analysis win-
dow (100-250 ms) than is often reported in the literature
(e.g., Daliri et al., 2020; Mollaei et al., 2016). For exam-
ple, data from Daliri et al. (2020) show that reflexive for-
mant compensation magnitudes continue to increase after
250 ms across a number of perturbation magnitudes and
directions. This earlier time window was selected to allow
us to include the maximum amount of data, including
from studies that asked participants to produce naturalis-
tic words of relatively short duration. However, this time
window likely begins prior to the initiation of a compensa-
tory response in many participants, overall reducing the
average response since this is averaged across some period
of nonresponse as well.

Consistent with prior literature, our analyses of
adaptive FI perturbation studies revealed strong evidence
of adaptation. However, our analysis of f, adaptation
studies found mixed evidence of adaptation and only in
the YA group. This finding is consistent with evidence
that vocal motor control declines with age (e.g., P. Liu
et al., 2011). Interestingly, the OA group showed signifi-
cant compensation during the hold phase, but this did not
persist into the early aftereffect trials. The most salient
implication of this finding is that compensatory pitch
adjustments in older populations appear to be auditory

feedback based, as any such adjustments disappear rapidly
when feedback returns to normal. This finding aligns well
with the concept that formants are segmental parameters
(i.e., parameters that can be used to distinguish phonemes)
that remain stable over time, while pitch is a postural
parameter that, along with loudness, can change rapidly
when listening conditions change (Perkell et al., 2007).

This discrepancy in estimations of adaptation across
our two measurement windows (early measurements in the
hold phase compared to the first three aftereffect trials)
has important implications for future perturbation work.
Critically, measurement of adaptation during the afteref-
fect trials ensures that the learned transformation truly
persists beyond the application of altered auditory feed-
back since, by definition, adaptation refers to changes that
persist into future movements. However, some degree of
unlearning is expected to occur during the aftereffect
phase, in response to the return to unaltered feedback.
Our selection of a relatively short sample window (three
trials) attempted to limit this unlearning in order to mea-
sure a near-maximal amount of adaptation. Although it
should maximize adaptation, the small sample size intro-
duces further limitations as it likely contributes to the
large variability observed in some analyses. One alterna-
tive to these two measurement windows is the estimation
of adaptation using instead auditory-noise-masked trials
(a technique not included in this mega-analysis due to a
paucity of available data). Further work should determine
how the use of auditory-masking trials compares to the
two measurements used in this analysis in order to identify
recommendations for future measurement of adaptation in
perturbation paradigms.

The YA group varied in performance across adaptive
pitch studies, with evidence of significant adaptation present
in two of the three studies (Studies 2 and 21), but not in
Study 22. The variability in results across these studies raises
interesting questions as to what factors may be necessary for
pitch adaptation to occur. Study 22 differed from the other
two studies in several parameters, including the number of
trials in the paradigm (270 compared to 60-64), the absence
of a ramp phase, the use of words as stimuli instead of a sus-
tained vowel, and the implementation of a new time-domain
pitch shift algorithm within the Audapter software (which
changes only 7, and not formants, unlike most pitch pertur-
bation studies). One comparable study that also used a long
hold phase (180 trials) without a ramp phase also reported a
large proportion of nonresponders (14/30 participants;
Scheerer, Tumber, & Jones, 2016), suggesting these factors
may influence participant response in adaptive f, studies.
However, other prior studies have shown significant adap-
tation using paradigms without a ramp phase (e.g., Hawco
& Jones, 2010) or with comparably long hold phases (e.g.,
Behroozmand & Sangtian, 2018).
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Although our data preclude a full analysis of the
impact of stimulus type (sustained vowel vs. word) on the
likelihood of a following response, our data set included
sufficient data from both stimulus types to examine this
question in reflexive pitch studies. Interestingly, the use of
words as stimuli was more likely to elicit a following
response than when sustained vowels were used as stimuli,
x(1, 308) = 9.86, p = .0017 (25% of 65 NT speakers in
studies with word stimuli exhibited following responses,
compared to 10% of 243 NT speakers in sustained vowel
studies). Our data set precluded analysis of this question
in formant perturbations since all included studies per-
turbed words. Nonetheless, our reflexive pitch results sug-
gest that stimulus choice may have an impact on response
that could explain the discrepancy in results in Study 22.

Given the relatively small sample size in Study 22
(N =19), it is also possible that this study may have sim-
ply sampled a larger number of participants from the left
tail of the distribution, resulting in an average response
“following” the perturbation. In fact, a closer look at this
study shows there was not a consistent following response
across all participants, and three of the 19 participants do
in fact show a robust opposing response (range: 37%—
53%, comparable to median adaptation observed in Stud-
ies 2 and 21; see Supplemental Materials S2 and S3 for
descriptive data and plots for each study). In summary,
further research is needed to fully determine the conditions
in which f, adaptation may occur.

Perturbation Responses in PD

Lastly, our finding of no significant differences between
the PD and OA groups may seem somewhat surprising, given
that some prior studies (including studies involving the current
authors) have reported group differences between PD and OA
populations (e.g., Abur et al., 2018; Mollaei et al., 2016). One
primary factor that may explain this discrepancy in results is
medication status. Two prior speech perturbation studies that
collected data while patients were receiving levodopa (L-dopa)
therapy both found no differences in the magnitude of com-
pensatory responses compared to age-matched controls
(Abur, Subaciute, Daliri, et al., 2021; Kiran & Larson, 2001),
consistent with our findings, while others have reported differ-
ences in auditory perturbation responses in PD while off med-
ication (e.g., Mollaei et al., 2013, 2016). Notably, the partici-
pants in the latest of these studies, by Abur, Subaciute, Daliri,
et al. (2021), made up the majority of the PD group for this
mega-analysis, potentially driving our null finding regarding
group differences. As discussed by Abur, Subaciute, Daliri,
et al. (2021), studying speech motor control while individuals
are on L-dopa medication has high ecological validity, since
almost all individuals with PD are prescribed L-dopa, but
speech symptoms typically persist despite the medication.
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Other experimental parameters, including speech
severity of participants, sample size, and perturbation
magnitude, may also be important factors to consider.
For example, Mollaei et al. (2016) found group differences
in percent compensation in an off-medication PD group
only for small (15%) shifts; however, this mega-analysis
includes only the large (30%) shift data from this study to
be consistent with the perturbation magnitude used for
other included formant studies.

This work was also limited by the relatively small sam-
ple size for the PD group, which precluded a separate analy-
sis of on- and off-medication status. However, our findings
indicate the need for caution when drawing conclusions
regarding possible anomalies in the performance of patients
with PD in reflexive and adaptive auditory perturbation par-
adigms. Further study of variables such as medication status
is needed before firm conclusions can be drawn as to poten-
tial differences in speech motor control in PD.

Conclusions

This mega-analysis is the largest analysis of auditory
perturbation responses to date. Our analyses confirmed
compensatory reflexive responses to f, and FI perturba-
tions as well as adaptive responses to sustained FI pertur-
bations. We also found evidence of adaptation to sus-
tained f, perturbations only in YA studies, suggesting
potential age-related differences in vocal motor control in
OA and PD groups. Another key finding from this mega-
analysis is the failure to identify a bimodal distribution in
any of the four tasks, suggesting that “followers” who
change their productions in the same direction as the per-
turbation represent the left-hand tail of a unimodal
response distribution with a positive mean rather than a
unique class of responders. This finding calls into question
the common practice of removing “followers” from pub-
lished analyses of reflexive and adaptive perturbation
studies. Finally, we found no significant differences in
response magnitude between individuals with PD and
neurotypical OAs across the four analyzed tasks.
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