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Relative Fundamental Frequency in Voicing Offset
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Summary: Objectives. Relative fundamental frequency (RFF) is an acoustic measure of changes in funda-
mental frequency during voicing transitions. The physiological mechanisms underlying RFF remain unclear.
Recent modeling suggests that changes in RFF during voicing offset are due to decreases in overall system stiff-
ness as a direct result of the cessation of vocal fold collision. To evaluate this finding empirically, here we exam-
ined whether variable timing between the end of vocal fold collision and the final voicing cycle used to calculate
RFF explained the variability in RFF across individual voicing offset utterances.

Methods. RFF during voicing offset was calculated from /ifi/ utterances produced by 35 participants under
endoscopy, with and without vocal effort. RFF was calculated via two methods, in which utterances were aligned
by (1) the end of vocal fold collision, or (2) the end of voicing. Analyses of variance were used to determine the
effects of vocal effort and RFF method on the mean and standard deviation of RFF.

Results. Aligning by vocal fold collision resulted in statistically significantly lower standard deviations. RFF
means were statistically higher using the collision method; however, the degree of vocal effort was statistically sig-
nificant regardless of the method.

Conclusions. These results provide empirical evidence to support that decreases in RFF during voicing offset

are a result of decreases in system stiffness due to termination of vocal fold collision.
Key Words: Laryngeal tension—Relative fundamental frequency—Vocal fold kinematics.

INTRODUCTION
Relative fundamental frequency (RFF) is an acoustic mea-
sure that calculates changes in the cycle-by-cycle fundamen-
tal frequency (f,) during voicing transitions." Typically,
RFF is calculated during a vowel-voiceless consonant-
vowel utterance eg,' such that the ten voiced cycles imme-
diately preceding the voiceless consonant are RFF offset
and the ten voiced cycles immediately following the voice-
less consonant are RFF onset. RFF is calculated in semi-
tones (ST) in relation to a speaker’s steady-state f, using
Equation 1, in which £,"" is the f, of the relatively steady-
state reference cycle (corresponding to the first cycle or the
tenth cycle for offset and onset, respectively), and £, is the
fo of cycle i. When averaged across multiple utterances, a
typical RFF pattern emerges (Figure 1). Specifically, RFF
offset begins at zero ST and tends to decrease for cycles
closer to the voiceless consonant, particularly in older
adults.” In contrast, RFF onset values are positive for cycles
closer to the voiceless consonant and then trend toward
zero.”” This pattern has been shown to be relatively
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consistent across individuals with typical voices in many
: : 1-3,10-1
previous studies.' """

RFF' (ST) = 39.86 x loglo(;}; ) (1)

Previous work has suggested that RFF measures may be
sensitive to changes in baseline levels of laryngeal tension
due to increases in laryngeal muscle activation. Specifically,
when estimates of laryngeal tension increase, RFF
decreases, particularly in cycles nearest the voiceless conso-
nant [ie, offset cycle 10 and onset cycle 1; 2]. When com-
pared to speakers with typical voices, speakers with voice
disorders that are characterized by increased laryngeal ten-
sion, such as vocal hyperfunction,''®'” laryngeal dysto-
nia,”’ and Parkinson’s disease,'>'” have all demonstrated
decreased RFF. A previous study also found that, following
successful voice therapy, individuals with vocal hyperfunc-
tion showed increases in RFF that trended toward the RFF
values of individuals with typical voices.'® Furthermore,
when speakers with typical voices are instructed to speak
with increased levels of vocal effort, RFF decreases.””
Vocal effort is defined as an individual’s self-perception of
the level of exertion needed to produce a response to a given
communication scenario.”' Increased levels of vocal effort
are often observed in individuals with voice disorders char-
acterized by increases in laryngeal tension,'® suggesting that
vocal effort may be associated with increases in laryngeal
tension.”*? This sensitivity to changes in estimates of laryn-
geal tension makes RFF a potential acoustic measure for
the assessment of voice disorders.

Despite an association between RFF and laryngeal ten-
sion, the physiological mechanisms behind RFF remain rel-
atively unknown. It has been proposed that changes in
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FIGURE 1. Example of a typical relative fundamental frequency
(RFF) pattern for ten offset and ten onset cycles. RFF is calculated
using Equation 1. Offset cycle 1 and onset cycle 10 are the refer-
ence cycles for RFF offset and onset, respectively.
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cycle-by-cycle f, during voicing transitions are due to a
combination of changes in transient tension, vocal fold
abduction, and aerodynamic forces.*'**** Laryngeal ten-
sion is thought to temporarily increase throughout the pro-
duction of a voiceless consonant, causing an increase in f,
immediately prior to and following the voiceless conso-
nant.” In contrast, the abduction of the vocal folds during
voicing offset is thought to decrease f,, * In theory, then, this
combination of increased tension and abduction results in a
small net decrease in RFF offset, as shown in Figure 1. Dur-
ing the release of the voiceless consonant and the subsequent
onset of voicing, it has been hypothesized that high rates of
airflow cause rapid adduction and increases in f, >’ Thus,
the combination of increased tension and increased airflow
contribute to the large increase in RFF during voicing onset
as shown in Figure 1.

This theoretical framework for the physiological mecha-
nisms behind RFF may also be used to explain decreases in
RFF due to increases in baseline levels of laryngeal tension.
In a study that found that RFF in speakers with vocal
hyperfunction is lower than in speakers with typical voices,
the authors reasoned that the individuals with vocal hyper-
function had a restricted ability to further increase the level
of tension in the laryngeal muscles during the offset and
onset of voicing.! Thus, when evaluating the combined
interactions between tension, abduction, and aerodynamic
forces, there would be a smaller increase in f;, due to the
baseline tension, thus lowering both RFF offset and onset.

Although this physiological framework may explain typi-
cal RFF offset and onset patterns, these patterns are most
often observed after averaging RFF values across multiple
utterances. Yet RFF may vary within a speaker substan-
tially. A previous study recommended that an average of six
utterances be used for stable RFF estimates.”’ This within-
speaker variability limits the clinical feasibility of RFF as a

reliable acoustic measure of laryngeal tension. Thus, it is
important to understand which factors contribute to RFF
variability across individual utterances. Although previous
studies have shown that phonemic context and stress type
have an effect on RFF and should be consistent during
recordings,'"'**"*" even identical utterances produced by
the same speaker in succession may demonstrate variability.

Recently, modeling has been used to further investi-
gate the physiological mechanisms behind RFF, which
may help explain the variability across phonetically iden-
tical utterances. Serry, Stepp, and Peterson’’ employed
two models to examine the physics behind phonation off-
set. They first used a simple impact oscillator model as a
proxy for the vocal folds to demonstrate that the system
fo was higher when the model folds were colliding with
one another than when they were sufficiently abducted
such that collision no longer occurred. Collision of the
impact oscillator was modeled as an additional spring
stiffness for the masses in contact, such that, during the
collision regime, there was a greater overall stiffness of
the vocal folds than during the non-collision regime,
when system stiffness comprised only of the vibrating
vocal fold material.®! Thus, as the vocal folds abduct
during voicing offset and transition from the collision
regime to the non-collision regime, there is a transient
decrease in the stiffness of the system, which causes a
decrease in f,.

Following the simple impact oscillator model, Serry,
Stepp, and Peterson’’ then performed a numerical investiga-
tion using the body-cover model,*” wherein the vocal folds
were modeled as three masses connected via springs and
dampers to model tissue viscoelasticity: two impact oscilla-
tor masses served as the vocal fold cover and were con-
nected to a third body mass. This numerical work further
showed that decreases in RFF were correlated with the tran-
sient drop in collision forces following the end of vocal fold
contact.”’

If the timing between the end of vocal fold contact and
the final voicing cycle used in RFF measures varies across
utterances in a single speaker, this may partially explain the
documented within-speaker RFF variability. Though previ-
ous studies rarely report intraspeaker timing variability
across identical utterances, one previous study showed that
the time between the end of vocal fold contact and the end
of voicing varied within speaker across tokens of /ifi/ and
/iti/ by as much as 40 ms, corresponding to several voicing
cycles depending on the £, of the speaker.” With a variable
time between the end of vocal fold contact and a given offset
cycle, the decrease in overall system stiffness resulting from
transitioning from the collision regime to the non-collision
regime would have a variable amount of impact on RFF
from utterance to utterance. For example, RFF cycle 10 of
one utterance may correspond to the cycle immediately fol-
lowing the end of vocal fold contact, whereas RFF cycle 10
of another utterance may correspond to the fifth cycle fol-
lowing the end of vocal fold contact. If the relationship
between the timing of the end of vocal fold contact and the
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decrease in RFF offset is valid, then comparing RFF cycle
10 values between these two utterances would likely result
in large variability. Furthermore, if RFF was calculated by
aligning offset cycles based on a set duration away from the
end of vocal fold contact instead of by aligning offset cycles
based on the final phonation cycle, and a subsequent
decrease in the within-speaker variability of RFF occurred,
this would provide empirical evidence supporting the rela-
tionship between the end of vocal fold contact and RFF off-
set as proposed by these models.”’

The purpose of this study was to investigate and validate
the theoretical relationship between the end of vocal fold
contact and RFF offset by answering two research ques-
tions. First, how does aligning RFF offset based on a set
duration away from the last point of vocal fold contact
affect within-speaker variability in the final RFF cycle when
compared to traditional RFF that is always aligned based
on the end of voicing, irrespective of when vocal fold con-
tact ceased? Based on the framework of the vocal fold mod-
els employed in,”' we hypothesized that aligning RFF offset
based on the last point of vocal fold contact instead of the
end of phonation would result in decreased within-speaker
variability in the final offset RFF cycle as a result of a more
consistent effect from the transient decrease in system stift-
ness across all utterances. Second, does this novel method of
calculating RFF show the same sensitivity to changes in
vocal effort as traditional RFF has shown in previous stud-
ies? This research question was used to confirm the validity
of the novel RFF method. We hypothesized that both meth-
ods of calculating RFF would demonstrate a similar
decrease in RFF when individuals were instructed to speak
with increased levels of vocal effort.

METHODS

Participants

A total of 45 young adult speakers with typical voices (24
female, 21 male; M = 21.9 years, SD = 3.5 years) were
recruited for this study. Twenty of the 45 participants were
cisgender. Gender data were not available for the other 25
participants. All participants were native speakers of Ameri-
can English, were non-smokers, reported no history of voice
disorders or laryngeal abnormalities, and passed a hearing
screening indicating typical hearing. The hearing screening
presented monaural pulsed tones at a range of frequencies
between 125 Hz to 8000 Hz. Participants were considered to
have typical hearing if all tones could be detected at 25 dB
HL. All individuals completed written consent under the
guidelines of the Boston University Institutional Review
Board.

Data collection

All participants were seated in a sound-treated booth for the
duration of the experiment. A directional headset micro-
phone was placed on each participant, 45° from the midline
of the vermillion and 7 cm from the corner of the lips.

Participants were instructed to produce a series of vowel-
voiceless consonant-vowel (/ifi/) utterances under endos-
copy, performed by a certified speech-language pathologist.
These /ifi/ utterances were produced with no vocal effort
and with maximum vocal effort. For each recording, partici-
pants were trained using a metronome (65 beats per minute)
to produce seven to eight /ifi/ utterances at a time. Record-
ings at each effort condition were performed twice, for an
approximate total of 14 to 16 /ifi/ utterances per effort con-
dition. For no vocal effort recordings, participants were
instructed to speak with their typical voice. For effort
recordings, participants were given the following cue: “Now
we would like you to increase your effort during your speech
as if you are trying to create tension in your voice as if you
are trying to push your air out. Try to maintain the same
volume while increasing your effort.” Participants were also
instructed to maintain a comfortable speaking rate and
pitch, as well as a typical vocal volume across all recordings.
The maximum vocal effort condition was defined as “as
much effort as you can, while still maintaining a voice.”
Participants practiced producing utterances with the experi-
menter in order to verify appropriate rate and vocal effort,
as well as consistent speaking rate, pitch, and volume for
each condition.

During the production of /ifi/ utterances, endoscopic
video data were collected via a flexible nasal endoscope
(Pentax, Model FNL-10RP3, 3.5-mm) by a certified speech-
language pathologist. If the participant expressed discom-
fort during the initial insertion through the nasal passages, a
pediatric nasal endoscope was used instead (Pentax, Model
FNL-7RP3, 2.4-mm). Endoscopic video images of the vocal
folds were recorded at a frame rate of 1 kHz, which has
been shown to be a suitable frame rate for capturing abduc-
tory kinematics while maintaining an adequate level of
lighting.”* The endoscope was attached to a camera (FAST-
CAM Mini AX100l; Model 540K-C-16GB; 256 x 256 pix-
els) with a 40-mm optical lens adapter. Constant xenon
light was used for imaging (300 W KayPentax Model
7162B) and video images were acquired using Photron Fast-
cam Viewer software (v.3.6.6). Recordings were triggered
using a custom MATLAB algorithm to automatically time-
align the video images with the microphone signals.

Videoendoscopic data analysis

Videoendoscopic data of the vocal folds were used to deter-
mine timing parameters for the offset and subsequent onset
of voicing for each /ifi/ utterance. Only voicing offset was
considered in the current study. Three trained technicians
manually inspected videoendoscopic data to estimate the
time during vocal fold abduction when the vocal folds
ceased to collide (ie, “last point of contact”). For utterances
in which technicians were unable to identify this time point
(eg, if the glottis was obstructed or the endoscopic image
was too dark or blurry), the utterance was omitted from fur-
ther analysis (see Utterance Rejection Criteria).
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Each of the three technicians were trained to mark the
time point corresponding cessation of vocal fold collision by
performing markings on the small set of videoendoscopic
data comprised of /ifi/ utterances from three speakers not
included in the current study. Interrater reliability for vocal
fold contact marking was calculated between technicians
using a two-way intraclass correlation (ICC) analysis. The
average interrater reliability was determined to be ICC
(2,1) = 0.85. Technicians repeated markings on this training
set in a separate session to determine intrarater reliability,
which was calculated as ICC (2,1) = 0.99, 0.98, and 0.99 for
the three raters. These results indicate good interrater reli-
ability and excellent intrarater reliability.*”

RFF methods
Semi-automated RFF algorithms’® were adapted to auto-
matically calculate the locations of individual voicing cycles
during voicing offset. The final voicing cycle identified by
the RFF algorithms was considered to be the time during
vocal fold abduction that the vocal folds ceased vibration
(ie, “last voicing cycle). The visually-identified last point of
contact and the voicing cycles from each voicing offset were
then used to calculate RFF via two methods as detailed
below. These two methods varied in the criteria used to
determine which voicing cycle was considered the “final
RFF cycle.” Figure 2 shows a schematic of each method.
“Vocal Fold Contact RFF” used the last point of vocal
fold contact to determine which cycle of voicing corre-
sponded to the final RFF cycle. In this method, all individ-
ual utterances were aligned based on the last point of vocal
fold contact, which was a variable distance away from the
end of phonation. Specifically, the final RFF cycle was
determined as the fifth cycle following the last point of vocal
fold contact. The fifth cycle was used, because it was found
that, on average, the last point of vocal fold contact and the
last point of voicing were five cycles apart. In instances in
which there were not five cycles following the last point of
vocal fold contact, the utterance was omitted for both RFF
methods (see Utterance Rejection Criteria). The final RFF
cycle was normalized into ST using a reference cycle, which

Time Point 0.069s Before Last Point of
Last Voicing Cycle VF Contact
1

Traditional RFF
Final RFF Cycle
(Last Point of Voicing)

Vocal Fold Contact RFF
Final RFF Cycle
(Five Full Cycles After VF Contact)

FIGURE 2. Example of identifying the cycles used in Vocal Fold
Contact RFF and Traditional RFF to calculate final RFF cycle
values in a vowel preceding a voiceless consonant.

Reference Cycle
(both methods)

was calculated as the first full cycle immediately preceding
the point in time that corresponded to 0.069s before the last
cycle of voicing. This duration corresponded to the average
time of ten voicing cycles across all participants in the
dataset.

“Traditional RFF” was the same as RFF methods found
in previous literature [eg,'], wherein the final RFF cycle was
considered to be the final cycle of voicing (as determined by
the automated RFF algorithm in the current study), which
was a variable distance away from the end of vocal fold con-
tact. Thus, on average, Vocal Fold Contact RFF and Tradi-
tional RFF should use the same cycle as the final RFF cycle,
though individual utterances may exhibit variability. Specifi-
cally, the final RFF cycle in Vocal Fold Contact RFF may
occur earlier in the voicing offset than the final RFF cycle in
Traditional RFF, which is always the final cycle of voicing.
The final RFF cycle in Traditional RFF was normalized in
ST using the same reference cycle as in Vocal Fold Contact
RFF to maintain consistency between methods. On average,
this should result in 10 total RFF cycles, corresponding to
RFF methods from previous literature.

Following RFF calculations via both methods, the
within-participant standard deviations (SDs) and means of
the final RFF cycle values were calculated for both methods
and for both effort conditions. The SDs of the final RFF
cycle values were used to evaluate the first research question
and provide empirical evidence to support the relationship
proposed in.*' The means of the final RFF cycle values
were used to evaluate the second research question and vali-
date that both methods are similarly sensitive to changes in
vocal effort.

Utterance rejection criteria

During data analysis, individual utterances were rejected for
a number of reasons. First, utterances were rejected if the
endoscopic videos were unusable, and the last point of con-
tact could not be properly estimated. This may have
occurred if the video was too dark or blurry, or if the speak-
er’s epiglottis covered the vocal folds and a clear image was
not obtained. Second, utterances with physiologically
invalid RFF values using either method were rejected. Phys-
iologically invalid RFF values were defined using the same
parameters as in previously reported automated RFF
algorithms.*®*’ Third, utterances with less than five voicing
cycles following the last point of contact were rejected. This
is because Vocal Fold Contact RFF requires five complete
voicing cycles. In order to maintain an identical dataset
across methods, these utterances were rejected for both
Vocal Fold Contact RFF and Traditional RFF measures
such that differences in SDs and means between methods
would not be the result of a decrease in the number of usable
utterances. Finally, in instances in which utterance rejection
resulted in a speaker with less than two usable utterances in
either effort condition, the individual was removed prior to
statistical analysis, as SDs and means were not able to be
calculated for these speakers.
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Statistical analysis

All statistical analysis was completed in Minitab with an a
priori significance level of P < 0.05. Two repeated-measures
analyses of variance (ANOVAs) were performed with final
RFF cycle SD and mean as the outcome variables. “RFF
method” and “effort condition” were set as fixed factors
and participant was set as a random factor. The interaction
effect between RFF method and effort condition was also
evaluated. Partial eta-squared (npz) values were calculated
and qualitatively interpreted to determine small, medium,
or large effect sizes for significant factors.*®

RESULTS

Utterance rejection

Prior to utterance rejection, a total of 1289 utterances were
recorded across all 45 speakers. Of these initial utterances,
270 were rejected due to unusable videos, 34 were rejected
due to physiologically invalid RFF values, and 352 were
rejected because there were less than five cycles following
the last point of contact. This resulted in a final total of 633
utterances. A total of 10 participants were rejected from sta-
tistical analysis due to a lack of usable utterances. This
resulted in a final N = 35 speakers with an average of 8.5
(standard deviation = 4.0) usable utterances per effort con-
dition. The average RFF patterns across all 35 speakers for
both effort conditions using both methods are shown in
Figure 3. Only the final RFF cycle was used for statistical
analysis.

Within-speaker final RFF cycle SDs and means

The results of the ANOVA investigating within-speaker
final RFF cycle SDs are shown in Table 1. Participant (P <
0.01) and RFF method (P < 0.01) had statistically signifi-
cant effects on final RFF cycle SDs. Participant had a large
effect size (np2 = 0.40) and RFF method had a medium

———— No Effort VF Contact RFF

15 == ohe == No Effort Traditional RFF ‘o-- >
——@— Max Effort VF Contact RFF -
~ =@ == MaxEffort Traditional Contact RFF

Relative Fundamental Frequency
(ST)

Relative Fundamental Frequency Cycle

FIGURE 3. Relative fundamental frequency (RFF) patterns
(measured in semitones) averaged across all 35 participants for
both effort conditions (no effort and maximum effort) using both
methods (Vocal Fold Contact RFF and Traditional RFF). Indi-
vidual utterances were aligned by the Final RFF Cycle (RFFgL
~nap) and calculated for all preceding cycles up to the reference
cycle. VF Contact RFF, vocal fold contact RFF.

TABLE 1.

Analysis of Variance Results for Final Relative Funda-
mental Frequency (RFF) Cycle Standard Deviations, with
Participant as a Random Factor, and RFF Method, Effort
Condition, and the Interaction Between RFF Method and
Effort Condition as Fixed Factors

Factor df F-value P-value n,> Effect
Size
Participant 34 2.01 <0.01 0.40 Large
RFF method 1 2797 <0.01 0.22 Medium
Effort condition 1 0.29 059 -— —
Method x Condition 1 0.11 0.75 - —

Notes: Dashes indicate non-significant findings.
Abbreviations: df, degrees of freedom; npz, partial eta squared value for
evaluation of effect size.

effect size (np2 =0.22), with Vocal Fold Contact RFF result-
ing in smaller SDs than Traditional RFF. Effort condition
and the interaction between RFF method and effort condi-
tion did not have statistically significant effects on final
RFF cycle SDs. Average within-speaker final RFF cycle
SD and 95% confidence intervals as a function of RFF
method and effort condition are shown in Figure 4.

The results of the ANOVA investigating within-speaker
final RFF cycle means are shown in Table 2. Participant (P
< 0.01), effort condition (P < 0.01), and RFF method
(P = 0.04) had statistically significant effects on final RFF
cycle means. Participant had a large effect size (np2 =0.72),
effort condition had a medium effect size (np2 =0.20; corre-
sponding to a decrease in final RFF cycle means for maxi-
mum effort), and RFF method had a small effect size

* k%

1.8« l l
&
:(‘.:_U‘ 14 = ?
[m —_—
©
c
8
2 0.6=

No Effort Max Effort No Effort Max Effort

VF Contact RFF Traditional RFF

FIGURE 4. Average and 95% confidence intervals for the final
cycle relative fundamental frequency (RFF) standard deviation (in
semitones) as a function of RFF method and effort condition. ***
indicates a statistically significant difference of (P < 0.05). VF
Contact RFF, vocal fold contact RFF.
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TABLE 2.

Analysis of Variance Results for the Final Relative Fun-
damental Frequency (RFF) Cycle Means, with Participant
as a Random Factor, and RFF Method, Effort Condition,
and the Interaction Between RFF Method and Effort
Condition as Fixed Factors

Factor df F-value P-value n,” Effect
Size
Participant 34 7.71 <0.01 0.72 Large
RFF method 1 4.55 0.04 0.04 Small
Effort condition 1 25.74 <0.01 0.20 Medium
Method x Condition 1 0.03 0.86 — —

Notes: Dashes indicate non-significant findings.
Abbreviations: df, degrees of freedom; npz, partial eta squared value for
evaluation of effect size.

(np2 = 0.04; corresponding to a decrease in final RFF cycle
means for Traditional RFF). The interaction between RFF
method and effort condition did not have a statistically sig-
nificant effect on final RFF cycle means. Average within-
speaker final RFF cycle means and confidence intervals as a
function of RFF method and effort condition are shown in
Figure 5.

DISCUSSION

Vocal fold contact RFF decreases variability

When calculating RFF based on the time at which vocal
fold contact ended, RFF variability decreased when com-
pared to the traditional method of calculating RFF
(Figure 4). Final RFF cycle SDs decreased by an average of

*%k%
0= l l
05 —
[
—r— ®
-1.0 = — —_——
% — ® e
() l(/_) -15= ®
E ~ e
| I
20 = *k*%k —t
I
*%%
25=

L] L] L] L]
No Effort Max Effort No Effort Max Effort

VF Contact RFF Traditional RFF

FIGURE 5. Average and 95% confidence intervals for the final
cycle relative fundamental frequency (RFF) means (in semitones)
as a function of RFF method and effort condition. *** indicates a
statistically significant difference of (P < 0.05). VF Contact RFF,
vocal fold contact RFF.

37.9% for the no effort condition and 33.0% for the maxi-
mum effort condition. This supports our hypothesis for the
first research question, which sought to investigate how
aligning RFF offset based on the last point of vocal fold
contact would affect within-speaker variability in the final
RFF cycle when compared to traditional RFF aligned to
the end of voicing. The research question was based on the
relationship proposed by,”' which suggested that the
decrease in typical RFF offset patterns may be due, in part,
to the decrease in the collision forces of the vocal folds dur-
ing abduction, causing a decrease in system stiffness. The
results of the current study suggest that standardizing the
time between the end of vocal fold contact and the cycle at
which RFF is measured across individual utterances
decreases RFF variability, thereby supporting the relation-
ship proposed in.*' Additionally, since effort condition did
not have a statistically significant effect on within-speaker
SDs, it is likely that this relationship holds true regardless of
changes in vocal effort.

Vocal fold contact RFF decreases with increased
vocal effort

RFF means were significantly lower for the maximum vocal
effort condition when compared to the no vocal effort con-
dition. This indicates that RFF means decreased when
speakers with typical voices were instructed to increase their
vocal effort (Figure 5), which aligns with previous work
that showed that RFF measures decrease when estimates of
laryngeal tension increase.” There was also no significant
interaction effect between RFF Method and Condition,
demonstrating that there was a decrease in RFF means
across effort condition for both methods of calculating
RFF. This supports our hypothesis for the second research
question, which stated that both Vocal Fold Contact RFF
and Traditional RFF would show a decrease in RFF means
when individuals increased their vocal effort. The results of
the current study indicate that the new method of RFF,
Vocal Fold Contact RFF, successfully demonstrates sensi-
tivity to changes in vocal effort.

Despite both RFF methods showing sensitivity to
changes in vocal effort, RFF method had a small, but statis-
tically significant effect on RFF mean. Vocal Fold Contact
RFF resulted in statistically significantly higher RFF means
than Traditional RFF. Further, the average change in RFF
means between effort conditions when using Vocal Fold
Contact RFF (0.64 ST) was somewhat smaller than when
using Traditional RFF (0.69 ST). A smaller change in Vocal
Fold Contact RFF is expected, given that, in some utteran-
ces, the final cycle used for Vocal Fold Contact RFF may
have occurred earlier in the offset vowel than the final cycle
used for Traditional RFF, which is always the final voicing
cycle. These earlier cycles are closer to the steady-state refer-
ence cycle and have been shown to be less sensitive to
changes in vocal effort.” This effect could mask subtle
changes in RFF, such as the small decrease in RFF
observed when individuals speak with mild levels of effort.”
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However, RFF Method exhibited only a small effect size
(np2 = .04°%;) and the average difference between effort con-
ditions was marginal (0.05 ST). This difference is unlikely to
have a meaningful impact on measures made with Vocal
Fold Contact RFF. For example, in a study that calculated
RFF in individuals with vocal hyperfunction before and
after voice therapy, RFF offset cycle 10 changed by an aver-
age of 0.50 ST,"” a difference that is unlikely to be masked
by using Vocal Fold Contact RFF. Therefore, in addition
to validating the physiological mechanisms behind RFF
patterns, Vocal Fold Contact RFF shows potential as an
acoustic measure that is sensitive to changes in estimates of
laryngeal tension.

Study limitations and future work

Although the decreased variability in RFF offset when
using Vocal Fold Contact RFF supports the theory that
deceases in RFF offset may be due to a decrease in collision
forces at the end of vocal fold contact, there are a few limita-
tions to this study that should be acknowledged. Laryngeal
images were captured at 1000 Hz to maximize the level of
light in the images. However, this means that, depending on
the f, of the speaker, the exact point at which vocal fold
contact ended may have been masked by the limited number
of frames per cycle. Thus, the time point that was marked as
the end of vocal fold contact for each utterance was an esti-
mate of the exact time point. An increased framerate may
improve the accuracy of this estimate, but the end of vocal
fold contact was only used to determine which full cycle to
mark as the final RFF cycle. Male speakers have an average
fo of 85 to 180 Hz, whereas female speakers have an average
£ of 165 to 255 Hz.” Even at the highest average female f,,
a sampling rate of 1000 Hz results in each frame represent-
ing approximately one fourth of a single cycle. As a result,
increasing the framerate would have very little effect on
cycle selection.

Differences in average f, across speakers may also intro-
duce variability to measures of RFF. Speakers with a lower
fo will have larger cycle lengths, resulting in RFF measures
over a longer period of time than within speakers with a
higher f,. As a result, it may be better to investigate RFF
within speakers with similar average f,. However, because
both methods used to calculate RFF in the current study
are affected by this variability, it is unlikely that differences
in the cycle lengths which RFF is calculated have a signifi-
cant effect on the results of this study.

Another methodological limitation of the study is that
calculating Vocal Fold Contact RFF requires five complete
cycles following the end of vocal fold contact. Any utterance
that did not have five complete cycles following the end of
vocal fold contact was excluded from both Vocal Fold Con-
tact RFF and Traditional RFF calculations in order to
avoid rejection bias that would favor one method over the
other. Five complete cycles were chosen, because, on aver-
age, the end of vocal fold contact occurred five cycles before
the last voicing cycle, meaning that the average final RFF

cycle was the same for Vocal Fold Contact RFF and Tradi-
tional RFF methods. However, this methodological deci-
sion meant that the 36% of all utterances were rejected. This
also meant that 10 of the 45 speakers did not have enough
usable utterances to calculate means and SDs and were
excluded from statistical analysis. Future work should
investigate the impact of removing the five cycle rejection
criteria in order to reduce the amount of data that would be
rejected. Regardless, despite the loss of data in the current
study, subsequent analyses were conducted on a total of 35
speakers, which is larger than previous studies that demon-
strated changes in RFF when 12 speakers with typical voi-
ces were instructed to speak with increased effort.””
Additionally, even after utterance rejection, each speaker
had an average of 8.5 utterances per condition, which is
larger than the recommended number of six utterances for
stable RFF measures.”’ Given that the utterances used were
the same for both methods of RFF calculation, the reduc-
tion of data likely did not meaningfully affect the results of
the study.

The current study utilized a novel method of calculating
RFF via alignment by the end of vocal fold contact, which
required the use of endoscopy. Despite a decrease in RFF
variability, the reliance on endoscopic inspection of the
vocal folds to calculate RFF is not clinically feasible.
However, the current study incorporated Vocal Fold Con-
tact RFF specifically to investigate the relationship
between the end of vocal fold collision and voicing offset
to better understand the physiological mechanisms behind
RFF offset patterns in an experimental setting. Clinical
feasibility was not considered when developing the
method of Vocal Fold Contact RFF. Future work should
investigate the potential to estimate the end of vocal fold
contact directly from the acoustic signal, such that Vocal
Fold Contact RFF may be calculated without the use of
endoscopy.

The speakers in this study were individuals with typical
voices who were instructed to speak with increased vocal
effort, instead of individuals with voice disorders character-
ized by excessive laryngeal tension. Furthermore, although
participants were given identical instructions, they may
have used different levels of vocal effort during the maxi-
mum effort condition. It is possible that the relationship
between the end of vocal fold contact and the decrease in
RFF offset is different between individuals with typical voi-
ces speaking with increased vocal effort and individuals
with voice disorders characterized by excessive laryngeal
tension. Thus, the results of this study may not be applicable
to all speakers. Future studies should investigate this by
designing a similar study that investigates Vocal Fold Con-
tact RFF in individuals with voice disorders characterized
by excessive laryngeal tension.

Finally, the vocal fold model of*' specifically investigated
changes to RFF during voicing offset. Prior to the start of
this study, a similar model had not been developed to inves-
tigate voicing onset, so the current study focused only on
voicing offset. As future modeling work explores changes in
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RFF during voicing onset, these models should subse-
quently be validated by a similar study.

CONCLUSION

When aligning utterances based on the end of vocal fold con-
tact during abduction, there is a decrease in within-speaker
variability of RFF offset measures. This supports the theory
that decreases in RFF during voicing offset are due to the
reduction in system stiffness when the vocal folds cease to con-
tact during vibration. The results of this study provide impor-
tant information about the physiological mechanisms behind
RFF and may help improve the feasibility of RFF as an
acoustic measure for estimating changes in laryngeal tension.
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