Toward Acoustic-Based Normalization of Laryngeal EMG for
Improved Interspeaker Consistency in Muscle-to-Acoustic
Mapping
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SUMMARY: Understanding how intrinsic laryngeal muscle activation relates to vocal output is essential for
advancing experimental voice research. However, intrasubject variability remains a major challenge when
comparing EMG recordings across sessions. To address this, a normalization framework based on acoustic
targets was implemented to improve the consistency of EMG-acoustic relationships across sessions. Signals
from the cricothyroid (CT), thyroarytenoid (TA), and lateral cricoarytenoid (LCA) muscles were collected
across four sessions from a healthy adult performing a set of phonatory and non-phonatory vocal tasks. Muscle
Activation Plots (MAPs) were generated to visualize the relationship between normalized EMG activity and
acoustic outcomes, specifically fundamental frequency (f,) and sound pressure level (SPL). Compared to tra-
ditional peak-based normalization, the proposed method reduced intrasubject variability and improved inter-
session consistency in the EMG-f, relationship, as reflected by an increase in ICC from 0.52 to 0.83 and a
reduction in MAE from 84.87 Hz to 19.23 Hz. These findings represent a step toward more consistent in-
tramuscular EMG normalization and improved interpretation of muscle-specific control strategies in human

voice production.
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INTRODUCTION

Studying laryngeal neuromuscular control is essential for
understanding the biomechanics of voice production, re-
spiration, and airway protection. The larynx is composed
of cartilaginous structures and intrinsic laryngeal muscles
(ILM) that regulate the tension and position of the vocal
folds (VF), facilitating phonation and other fundamental
laryngeal functions. The ILM, including the thyroar-
ytenoid (TA) and cricothyroid (CT), play a primary role in
modulating fundamental frequency (f,)," while the lateral
cricoarytenoid (LCA) and interarytenoid (IA) muscles
primarily contribute to regulating sound pressure level
(SPL) and glottal closure.” The posterior cricoarytenoid
(PCA), in contrast, is the sole abductor of the VF and fa-
cilitates glottal opening.”

Laryngeal muscle activity has been extensively in-
vestigated in animal studies, particularly in canines, to
elucidate the roles of ILM in controlling VF tone and
tension under controlled neurophysiological and
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biomechanical conditions.” ” These studies have shown
that CT activation contributes to VF elongation and in-
creased f,," while TA activation may either raise or lower

f., depending on the level of CT co-activation.”’ Specifi-

cally, TA stiffens the VF and raises f, at low CT levels, but
may reduce f, at high CT activation by lowering tension in
the cover layer. The LCA and TA muscles primarily facil-
itate posterior glottal closure, contributing to phonation
onset.”” When co-activated with the CT, the LCA/IA
complex further stabilizes the glottis under high-strain
conditions, enabling greater f, values.'’

However, limitations have been identified in these stu-
dies, as canine structures are relied upon, which, despite
anatomical similarities, exhibit geometric and mass dis-
tribution differences in ILM compared to humans, and
these differences are considered to potentially influence VF
vibration and the range of achievable £, values.

Computational models have been developed to study how
ILM activations influence phonatory outcomes such as f, and
SPL. The three-mass VF model, for instance, linked muscle
activation to VF adjustments and successfully reproduced
oscillatory behavior consistent with physiological data.'' "
More advanced frameworks, including body-cover and finite
element models,'* ' have enabled simulation of layered VF
structures and muscle coordination under controlled condi-
tions. While these models offer valuable insights into neuro-
muscular control, their interpretability is constrained by
simplifications in muscle properties and limited representation
of intra and intersubject variability.'® *

On the other hand, research on human subjects using in-
tramuscular EMG has been constrained by the technical
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complexity and invasive nature of the procedure. Fine-wire
and multichannel recording methods have been employed to
analyze electrical activity in ILMs during phonatory and non-
phonatory tasks, examining muscle activity in patients with
laryngeal dystonia as well as in healthy individuals.'”" >
Correlations between muscle activation patterns and VF
movement have been observed during speech and nonspeech
gestures, illustrating the complex relationship between neu-
romuscular control and phonatory outcomes.”"”” Specifically,
pitch glides have been shown to strongly recruit the CT
muscle, whose activation increases progressively with £,.”° In
contrast, tasks involving increased loudness or elevated Py,
such as high-intensity vowel phonation, descending /pae/
gestures, or voluntary glottal closure, have been associated
with increased activation of the TA and LCA muscles.”’”*
These findings support the differential contributions of in-
dividual ILMs depending on the acoustic dimension being
modulated, providing a functional rationale for selecting
muscle-specific tasks during normalization procedures.

To compare EMG amplitude across individuals, muscles,
or recording sessions, signal normalization is required due to
anatomical and physiological factors known to significantly
affect EMG amplitude.” Traditionally, intramuscular EMG
normalization for ILM has relied on the maximum EMG
amplitude obtained during a Maximum Voluntary Isometric
Contraction (MVIC).”*" Other studies have employed
average activation values under defined subglottal pressure
conditions to normalize EMG activity”’. However, this ap-
proach presents limitations, primarily due to the lack of a
standardized task capable of consistently eliciting maximal
muscle activation across sessions. Additionally, variability in
/. and subglottal pressure(P,) across sessions or in patholo-
gical subjects can lead to different EMG maximum ampli-
tudes for the same phonatory task, complicating within-
subject comparisons over time.'

In studies involving muscles from other anatomical regions,
alternative techniques, such as force targets or task-specific
normalization procedures, have been used to standardize ef-
fort, often relying on the mean or peak EMG amplitude
during those tasks (Meany,gy or Peaks,y) as normalization
references across sessions.’ ”” However, such mechanical
proxies are not readily available or meaningful for ILMs,
whose function is tightly linked to aerodynamic and acoustic

TABLE 1.

control of voice production. Unlike limb muscles, ILMs do
not generate easily isolated force outputs. Instead, their co-
ordination produces complex vocal outcomes, most notably,
variations in f, and SPL, that are readily measurable and
reflect the functional role of specific muscles during speech
and voice tasks. Therefore, we proposed an alternative nor-
malization approach based on acoustic variables, f, and SPL,
that align with the mechanisms of voiced sound production.
This task-based strategy provides interpretable outcomes of
ILM activity during phonatory tasks involving vocal fold
vibration.

The present study explores the relationship between the
activation of ILM, specifically the CT, TA, and LCA, and
two acoustic features of phonation (fy and SPL). Using in-
tramuscular EMG recordings and acoustic measurements,
this study pursues two main objectives. The first is to address
the challenge of intrasubject variability in ILM activation by
developing an acoustic-based normalization approach for in
vivo human EMG recordings, thereby enabling consistent
comparisons within and across recording sessions for the
same participant. The second objective is to map these nor-
malized EMG patterns to f, and SPL, helping to understand
their functional relationships. This approach establishes a
foundation for future research in vocal physiology and bio-
mechanical modeling, and is well-suited for extension to inter-
subject analyses in subsequent studies.

MATERIALS AND METHODS

Participant demographics and experimental protocol
A 7l-year-old healthy male volunteer with no history of
dysphonia or laryngeal abnormalities participated in the
study. This individual is a professor and a habitual voice user.
Informed consent was obtained from the participant, and the
experimental protocols were approved by the institutional
review board of the Massachusetts General Hospital, Boston.

Before EMG electrode insertion, the participant under-
went training to practice the required phonatory tasks. The
experimental procedure consisted of four separate sessions,
during which the participant performed a total of three
phonatory task sets, along with non-phonatory and com-
bined tasks, as detailed in Table 1.

Experimental protocol. The phonatory tasks are categorized into three sets: sustained vowels, pitch glides, and repeated
syllable tasks, with variations in pitch and loudness conditions indicated. Non-phonatory and combined tasks are also

listed.

Category Task Pitch Loudness

Phonatory Set 1 Sustained vowels /a/, /i/ Low, Habitual, High Comfortable
Habitual Soft, Loud

Phonatory Set 2 Pitch glides on /a/, /i/ Ascending, Descending Comfortable

Phonatory Set 3 Repeated /pae/, /pi/ Low, Habitual, High Loud to Soft

Non-Phonatory
Combined

Cough, Swallow, Throat clear
Vowel + Valsalva maneuver

Habitual Very Loud
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The selection of tasks was guided by their relevance in
prior literature and their ability to elicit distinct patterns of
ILM activation. Phonatory Set 1 involved sustained vowel
productions (/a/ and /i/) lasting 5 s under varying pitch
(low, habitual, high) and loudness (soft, comfortable, loud)
conditions. These tasks are commonly used to assess
steady-state ILM activation across acoustic conditions.™
Phonatory Set 2 consisted of ascending and descending
pitch glides on the same vowels at comfortable loudness,
designed to preferentially activate the CT muscle.”**>*"'
In Phonatory Set 3, repeated syllables (/pae/, /pi/) were
produced at three pitch levels (low, habitual, high), with
either sustained loudness or a progressive reduction from
loud to soft. These syllables were selected to elicit dynamic
TA and LCA activation under vocal effort variations in-
herently driven by changes in P,.”"

Non-phonatory gestures included coughing, swallowing,
throat clearing, and chin tuck. The combined task consisted
of vowel production during a Valsalva maneuver, performed
at habitual pitch and very loud intensity. These high-effort
tasks were selected to elicit maximal activation of ILM,
particularly the TA and LCA, providing reference points for
traditional maximum-based normalization across sessions.”

Data acquisition protocol

To measure muscle activity, bipolar hooked-wire electrode
pairs were inserted into three ILM: two VF adductors (TA
and LCA) and the VF tensor (CT).””Table 2 shows the
muscles recorded in each session, grouped by VF laterality
(left and right). In several sessions, two bipolar electrode
pairs were inserted into the same muscle to assess potential
spatial variation in intramuscular activation. These place-
ments are labeled with numeric identifiers (e.g., TA1 and
TA2) to distinguish separate electrode insertions in the
same muscle during a single session.

In all sessions, pre-sterilized disposable hooked-wire
electrode pairs were inserted into ILM using a 27-gauge, 30
mm-long hypodermic carrier needle (221-28SS-730,
Rhythmlink International LLC). These stainless-steel, en-
amel-insulated wires were 44 gauge (.002” diameter) with
approximately 2 mm of exposed metal at the bent-over (i.e.,

TABLE 2.
Recorded ILM by session, grouped by VF laterality (left
and right). For sessions where the same muscle was
recorded with two bipolar electrode pairs, the place-
ments are differentiated by numbers (e.g., TA1
and TA2).

Session Left Side Muscles Right Side Muscles

1 CT CT, TA, LCA

2 CT, TA1, TA2, LCA CT, TA1, TA2

3 CT, TA1, TA2, CT, TA, LCA
LCA1, LCA2

4 CT1, CT2, TA, LCA CT1, CT2, TA

Note: CT = cricothyroid; TA = thyroarytenoid; LCA = lateral cricoar-
ytenoid.

hooked) ends that extended 2-6 mm from the carrier
needle.

The carrier needles were inserted through the neck skin
at the cricothyroid gap location. When targeting the CT,
the needle was inserted approximately 5 mm lateral to the
neck midline at the cricothyroid gap, angled about 50° from
the sagittal plane, with a penetration depth of about
15 mm. When targeting the TA or LCA, the needle was
inserted at the neck midline at the cricothyroid gap, angled
about 30" from the sagittal plane, and passed lateral to the
cricothyroid membrane without entering the airway (e.g.,
remaining submucosal). After passing through the cri-
cothyroid space, the needle was directed either superiorly
and laterally toward the TA muscle, or directed more
posteriorly, less superiorly, and laterally towards the LCA
muscle, to depths of approximately 20 and 26 mm, re-
spectively.”*°

Hooked-wire electrode placement was estimated using
verification gestures for each targeted muscle. Both the TA
and LCA demonstrated burst activity at phonation onset,””
with the TA having a more sustained increase in activity
throughout glottic closure than the LCA muscle. The CT
muscle placement was verified by significantly increased
activation during high-pitch phonation, little activity
during low-pitch phonation, and the absence of activity
during swallowing, confirming no contamination of the CT
signals with strap muscle activity. Although electrode pla-
cement was guided by anatomical landmarks and stan-
dardized insertion techniques, precise localization of each
electrode pair could not always be confirmed unequi-
vocally. Signal-based criteria for validating electrode co-
localization are described in the following subsections.

Muscle activity was recorded using an 8-channel EMG
system (Bagnoli, Delsys Inc., Natick, MA) with small ex-
pansion springs for attaching the fine wires. Electrical
ground was provided by a 2.5” diameter pad electrode
applied to the dorsal neck at approximately the C6 and C7
vertebrae. The system band-pass filtered the differential
EMG signal from each hooked-wire pair at 20450 Hz and
applied a 1000x gain before digitization at 20 kHz
(Digidata® 1440, Molecular Devices, San Jose, CA).

An omnidirectional acoustic microphone (model
MKE104, manufactured by Sennheiser Electronic GmbH®,
Wennebostel, Germany) was positioned 15 cm from the
lips. Acoustic and EMG signals were synchronously re-
corded and calibrated to physical units: sound pressure in
pascals (Pa) for the microphone and voltage (V) for the
EMG signals.

Signal processing for acoustic and EMG features
Acoustic-based features

Both SPL and f, were computed from 50 ms analysis
windows of the calibrated acoustic signal, with a 25 ms
overlap between consecutive frames. SPL was derived from
the root mean square value of each windowed segment of
the microphone signal, recorded at a distance of 15 cm
from the lips.”’” The f, was extracted using MATLAB’s



4

Journal of Voice, Vol. xx, No. xx, Xxxxx

pitch function, applying the Log-Harmonic Summation
(LHS) method.”

EMG signal processing and electrode identification
The raw EMG signals were first high-pass filtered using a
fourth-order Butterworth filter (10 Hz).”” The filtered sig-
nals were then full-wave rectified and subsequently low-
pass filtered at 8 Hz to obtain the amplitude envelope, as
described in.”* The resulting envelope was segmented into
50 ms windows with 25 ms overlap, and the mean EMG
amplitude was extracted from each segment. These seg-
ments were then synchronized with the corresponding
acoustic windows, producing time-aligned EMG-acoustic
segments.

To identify electrode pairs likely inserted into the same
muscle, cross-correlation was applied to the raw EMG
signals under the assumption that high temporal similarity
indicates spatial proximity and potential crosstalk between
nearby channels.””*’ A cross-correlation threshold of 0.5
was used to infer co-localization within the same muscle.
Additionally, Pearson correlation coefficients (r) were cal-
culated between all pairs of EMG envelopes. A strong
negative correlation with CT activation (r < — 0.5) was
used to help differentiate TA muscle, based on their known
antagonistic roles during pitch modulation.”’*' For LCA
identification, envelope-based correlation was insufficient.
Consequently, qualitative inspection of EMG envelopes
was performed during tasks with stable adductory de-
mand—specifically, /pae/ descending and /ifi/. Channels
exhibiting sustained envelope amplitude with limited
modulation across these tasks were considered re-
presentative of LCA activity.

Normalization procedure
The normalization procedure used in this study was
grounded in the principles of submaximal task-based nor-
malization,””***! based on acoustic targets (f, and SPL).
This approach has been proposed as an alternative to
MVIC techniques for dynamic and task-specific EMG
applications, particularly to reduce intrasubject variability.
Given that each acoustic target may be associated with
different levels of EMG activation, due to varying combi-
nations of subglottal pressure and co-activation of other
ILM, normalization was performed by grouping EMG-
acoustic segments into non-overlapping 1 Hz bins for f,
(CT) and 1 dB bins for SPL (TA and LCA). Within each
bin, the maximum EMG amplitude was extracted to re-
present a pattern of peak EMG amplitudes across the
acoustic range. The corresponding EMG normalization
value was obtained by linearly interpolating between these
peak values and the acoustic target. To this end, phonatory
tasks that elicited the highest activation levels were used for
each muscle.

For the CT muscle, maximum activation was associated
with pitch glide tasks from Phonatory Set 2,”%*""* which
typically produce the highest f, values. In contrast, for the

TA and LCA muscles, both involved in glottal adduction
and P, regulation, maximum activation was associated with
high SPL values,””*’ which are generally achieved during
high-intensity productions such as increasing the loudness
of /pae/ gestures performed in Phonatory Set 3.”° Only
phonatory gestures involving vocal fold vibration were
considered, as these tasks are directly related to voiced
sound production and better reflect the functional role of
ILM during speech.

For comparison purposes, a traditional normalization
approach was also implemented. In this method, each
muscle’s EMG signal was normalized by dividing it by the
maximum amplitude observed within the session, regard-
less of the task. The peak value was selected from the
highest activation measured across all available tasks, in-
cluding both phonatory and non-phonatory conditions,
such as swallowing and Valsalva maneuvers, performed
during that session.”*""*> To ensure the reliability of the
extracted measures, the raw EMG signals were manually
reviewed to confirm that the selected maximum values were
not affected by non-EMG events, such as motion artifacts.
When such artifacts were identified within a trial, that
specific trial was excluded from the normalization process,
while retaining the remaining repetitions of the corre-
sponding task. Both approaches were applied in parallel to
compare proposed normalization outcomes in downstream
analyses, as shown in the Results section.

Muscle-acoustic mapping consistency across
sessions

To assess the repeatability of muscle-acoustic relationships
across sessions, muscle activation plots (MAPs) were gen-
erated using normalized EMG activation values and in-
terpolated acoustic features.'”'' Each MAP represents a
two-dimensional grid of activation for two muscles being
compared, with color-coded values indicating either f, or
SPL. Three configurations were analyzed: (1) CT vs. TA
with £, (2) CT vs. TA with SPL, and (3) LCA vs. CT with
fo. MAPs were computed independently for each session
and for both normalization strategies (traditional and
proposed). To enable cross-session comparison, a shared
activation region was identified within each configuration.
Each session was treated as a repeated measure, yielding
four values per grid point in the overlapping region. MAPs
offer a structured and interpretable framework for evalu-
ating whether normalization strategies preserve consistent
and meaningful activation-acoustic relationships across
sessions.

To evaluate intrasubject variability, pairwise compar-
isons were performed across all combinations of the four
recording sessions (i.e., S1-S2, S1-S3, ..., S3-S4), resulting
in six session pairs. For each pair, acoustic values (f, or
SPL) were extracted from the common MAP region and
compared using Pearson correlation (r), mean absolute
error (MAE), and root mean square error (RMSE). In
addition, global consistency across all sessions was assessed
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FIGURE 1. (Top row) Cross-correlation matrices computed from raw EMG signals. (Bottom row) Pearson correlation matrices computed
from enveloped EMG signals across four recording sessions. Each matrix represents the correlation between electrode pairs placed within ILMs.

using intraclass correlation coefficient (ICC, model 2,1)
and coefficient of variation (CoV).

RESULTS

Correlation-based channel selection

Channel selection was guided by both cross-correlation of
raw EMG signals and Pearson correlation coefficients of
EMG envelopes, in accordance with the thresholds defined in
the EMG signal processing methodology (Section 2.3.2). The
resulting correlation heatmaps are presented in Figure 1. In
the top row, cross-correlation matrices computed from raw
EMG signals revealed spatial patterns that were consistent
across all tasks within each session. Most channel pairs ex-
hibited low correlation (» > 0.1), indicating substantial
functional independence. However, electrode pairs with cor-
relation values exceeding 0.5 were interpreted as co-localized
within the same muscle, reflecting spatial proximity and po-
tential crosstalk. "

The bottom row displays r-value matrices derived from
EMG envelopes recorded during pitch glide descending
tasks across all sessions, capturing co-activation patterns.
A consistent strong negative correlation (r < — 0-.5) was
observed between CT and TA in some electrode pairs
during descending glides, reflecting their well-established
biomechanical antagonism in pitch modulation. This be-
havior was used to distinguish TA from LCA electrodes.

Based on spatial and functional correlation patterns, one
representative CT, TA, and LCA channel triplet was se-
lected per session: rCT-rTA-rLCA (Session 1), ICT-ITA1-
ILCA (Session 2), ICT-rTA-ILCA2 (Session 3), and ICT1-
rCT2-ITA (Session 4).

Acoustic-based EMG normalization

Figure 2 displays the mean of maximum EMG amplitudes
for the CT, TA, and LCA muscles across four recording
sessions and multiple tasks, including both phonatory and
non-phonatory gestures. For traditional normalization, the
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FIGURE 2. Comparative bar plot of mean maximal CT, TA and
LCA muscle activation values from EMG signal envelope data.
The results of each session per phonatory and non-phonatory task
(Valsalva and swallow) are shown.

task yielding the highest EMG value was used as the re-
ference for each muscle. In the case of CT, this corre-
sponded to the pitch glide task (Phonatory Set 2), which
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FIGURE 3. (Top row) Scatterplots showing CT activation as a function of f,, and TA and LCA activation as a function of SPL, obtained
from pitch and loudness variation tasks across the four recording sessions. (Bottom row) Maximum activation values per 1 Hz (for f,) and
1 dB (for SPL) bin. Horizontal lines indicate the interpolated normalization values used for each session: 350 Hz for CT, and 90 dB SPL

for TA and LCA.

consistently elicited high activation levels across sessions.
For TA and LCA, however, the highest amplitudes were
observed during non-phonatory gestures such as coughing
and swallowing.

In contrast, the proposed normalization approach relied
on phonatory tasks: pitch glide was used as the reference
for CT, while descending loudness productions of /pae/ at
low and high pitch (Phonatory Set 3) were used for TA and
LCA, respectively. These phonatory conditions are illu-
strated in Figure 3. The top row displays scatterplots
showing the relationship between EMG activation and
acoustic features: CT activation versus f, in the first
column, and TA and LCA activation versus SPL in the
second and third columns, respectively. The bottom row
shows the discrete profiles of peak EMG activation values,
constructed by grouping EMG-acoustic segments into 1 Hz
bins for CT (first column) and 1 dB bins for TA and LCA
(second and third columns), as described in the Methods
section. For the CT muscle, a consistent increase in EMG
amplitude was observed across sessions as f, increased,
displaying a linear trend up to approximately 200 Hz. Be-
yond this range, a transient decline in activation was noted,
possibly reflecting a register transition, followed by re-
newed increases in amplitude, indicative of a non-linear but
progressively augmenting recruitment pattern at higher f,.
In the case of the TA muscle, a moderate and consistent

increase in activation with SPL was seen across all sessions,
indicating a relatively stable relationship between loudness
and TA engagement. For the LCA muscle, no clear or
consistent trend was found across sessions. Instead, scat-
tered peaks in activation emerged at both low and high
SPL values, with variability in their positions and magni-
tudes across session.

These representations allow identification of the inter-
polated EMG amplitude corresponding to the subject-
specific acoustic reference point used for normalization
across the four sessions. In this case study, as highlighted
by the horizontal dashed lines (Figure 3, Bottom row), the
acoustic targets were set at 350 Hz for the CT muscle and
90dB SPL for the TA and LCA muscles.These acoustic
targets were selected because they represented submaximal
values that were consistently achieved across all sessions,
and due to their frequent use as reference maxima in
computational model predictions. Linear interpolation was
used as a practical approximation, under the assumption
that EMG amplitude varies smoothly across small acoustic
intervals. While nonlinear relationships may exist, linear
interpolation was favored for its simplicity and repeat-
ability.

Although acoustic targets (f, = 350 Hz / SPL = 90 dB)
may vary across individuals, the task-specific associations
are expected to remain consistent due to shared
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FIGURE 4. MAPs with f, showing the relationship between normalized CT and TA muscle activation for each of the four sessions. Data
points were collected from all tasks involving the vowel /a/, including sustained vowels and pitch glides, as well as the /pae/ task. The x-axis
represents TA activation, while the y-axis shows CT activation, with colors indicating f, in Hz (iso-contours indicated for f,).

biomechanical demands, allowing submaximal acoustic
targets to be adjusted to each population type.

Normalization effects on CT and TA with acoustic
mapping

Figure 4 presents MAPs of £, as a function of normalized
CT and TA activation across the four recording sessions.
The data were obtained from tasks involving the vowel /a/,
both in sustained vowels and in pitch glide, in Phonatory
Sets 1 and 2, as well as from /pae/ productions with des-
cending loudness in Phonatory Set 3. The left MAPs were
constructed using the traditional normalization, and the
right ones using the proposed method.

Figure 4b shows that high f, values (250-350 Hz)
were predominantly located in the upper-left quadrant,
where CT activation exceeded 0.6 and TA activation
remained low to moderate ( < 0.5). These effects are
consistent with in vivo observations in canine larynx.*"
In contrast, low f, values (50-150 Hz) were distributed
in the lower-left and lower-right quadrants. The upper-
right quadrant, where both CT and TA were highly
activated, was associated with moderate f, values
(150-250 Hz). These effects are consistent with other
computer model predictions.”***'” The upper-right
quadrant was reached under conditions requiring in-
creased loudness, primarily during /pae/ descending
tasks, where both CT and TA showed high levels of
activation. In the lower region of the MAPs, increases in
TA activation under low CT conditions did not produce
meaningful changes in f,. White regions can also be
observed in the contour plots, particularly more pro-
nounced in Session 2. These areas do not reflect missing
data but represent muscle coordination states that were

not physiologically achieved, possibly due to differences
in the fundamental frequency or loudness levels at-
tained in each session.

Although some inter-session variation was observed,
such as slightly elevated TA activation at high f, in Session
2, the overall spatial distribution of MAPs remained stable
across sessions using the proposed normalization. In con-
trast, MAPs generated with the traditional normalization
method (Figure 4a) exhibited greater variability, with in-
consistent quadrant-level patterns and reduced agreement
between sessions.

These observations were supported by quantitative re-
sults presented in Table 3, with a mean r of 0.87 compared
to 0.73 for the traditional method. Mean value for MAE
was reduced by approximately 73% (from 70.60 Hz to
19.23 Hz), and RMSE decreased by about 72% (from
98.88Hz to 26.98 Hz). CV dropped from 44.62% to
15.48%, and ICC(2,1) increased from 0.52 to 0.83.

Figure 5 presents MAPs of SPL as a function of nor-
malized CT and TA activation across the four sessions,
using the same data as in Figure 4. The left plots use tra-
ditional normalization, while the right plots apply the
proposed method. While the proposed normalization im-
proved intrasubject variability, the resulting SPL patterns
were less sharply defined than in the CT-TA-f, maps. SPL
values above 90 dB tended to appear in regions where both
CT and TA activation reached moderate to high levels,
whereas values below 85dB consistently occurred in the
bottom-left quadrant, where both activations were low,
consistent with prior simulation results reported.” In
contrast, traditional normalization exhibited greater
variability, with less stable contour distributions, particu-
larly in regions of elevated TA activation.
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TABLE 3.

Comparison between the traditional and the new proposed normalization in terms of r-value, MAE, RMSE, ICC and CV

between f, sessions.

Traditional Normalization

New Normalization

Sessions
(r) MAE (Hz) RMSE (Hz) (r) MAE (Hz) RMSE (Hz)

S1 S2 0.87 59.21 75.13 0.88 17.07 25.06
S1 S3 0.77 94.04 131.84 0.85 21.86 27.19
S1 S4 0.89 61.81 88.21 0.91 17.20 22.33
S2 S3 0.49 111.24 156.77 0.83 23.63 33.13
S2 S4 0.82 44.31 67.11 0.88 20.44 26.58
S3 S4 0.53 53.02 74.22 0.84 19.18 25.58
Mean value 0.73 70.60 98.88 0.87 19.23 26.98
ICC(2,1) 0.52 - - 0.83 - -

CV mean (%) 44.62 - - 15.48 - -

As shown in Table 4 the mean r increased from 0.52 to
0.73. Mean MAE was reduced by 55% (from 8.20dB to
3.66dB), and RMSE decreased by over 58% (from
10.68 dB to 4.47 dB). The coefficient of variation dropped
from 41.45% to 19.62%, representing a 52.7% reduction,
and ICC(2,1) improved from 0.51 to 0.76.

Normalization effects on LCA and CT with acoustic
mapping

Figure 6 presents MAPs of f, as a function of normalized
LCA and CT activation across the four recording sessions,
using the same phonatory tasks as in the previous MAPs. As
in earlier configurations, traditional normalization exhibited
greater variability, while the proposed normalization revealed
a notable expansion in the activation range of LCA, though
with slightly lower consistency metrics compared to the CT-
TA configurations. A consistent gradient was observed, with
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£, values increasing primarily along the CT axis, while LCA
activation remained relatively stable. This trend agrees with
what was reported in finite element models.'” High-frequency
regions (f, > 250 Hz) were typically associated with LCA
activation above 0.4, consistent with its proposed stabilizing
role during high-pitch phonation, which has been described in
previous studies.” Notably, in Session 1, reliable MAP con-
struction was not possible due to a failure in LCA signal
acquisition during specific tasks, likely caused by poor elec-
trode contact or insufficient signal amplitude. This prevented
generation of a complete LCA-CT-f, map for that session.
These spatial patterns were supported by the quantitative
results in Table 5. The mean Pearson correlation coefficient
increased from 0.88 to 0.94, reflecting a 6.8% improvement.
The mean MAE decreased by 42.3%, from 35.85Hz to
20.67 Hz, and the mean RMSE was reduced by 44.7%,

from 48.63Hz to 26.88Hz. Additionally, ICC(2,1)
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FIGURE 5. MAPs with SPL showing the relationship between normalized CT and TA muscle activation for each of the four sessions.
Data points were collected from all tasks involving the vowel /a/, including sustained vowels and pitch glides, as well as the /pae/ task. The
x-axis represents TA activation, while the y-axis shows CT activation, with colors indicating SPL in dB (iso-contours indicated for SPL).
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TABLE 4.

Comparison between the traditional and the proposed normalization in terms of r-value, MAE, RMSE, ICC, and CV for SPL

across sessions.

Traditional Normalization

Proposed Normalization

Sessions
(r) MAE (dB) RMSE (dB) (r) MAE (dB) RMSE (dB)

S1 S2 0.77 5.79 7.33 0.85 3.96 4.69
S1 S3 0.48 8.54 10.42 0.75 4.03 4.84
S1 S4 0.58 7.81 9.62 0.72 3.14 3.70
S2 S3 0.10 13.46 17.11 0.54 4.52 5.65
S2 S4 0.30 9.97 12.82 0.60 3.78 4,71
S3 S4 0.89 3.63 4,77 0.93 2.51 3.22
Mean 0.52 8.20 10.68 0.73 3.66 4.47
ICC(2,1) 0.51 - - 0.76 - -
CV (%) 41.45 - - 19.62 - -

increased from 0.744 to 0.869, and the coefficient of var-
iation (CV) dropped from 25.20% to 15.60%, reflecting a
38.1% reduction.

DISCUSSION
Compared to traditional peak-based normalization, the
proposed method produced more consistent spatial pat-

configurations. Instead of relying on arbitrary peak values,
which can vary even within the same participant across
sessions, as observed in this study, the method bases nor-
malization to submaximal muscle activation levels recorded
during tasks and acoustic targets with strong physiological
coupling. By standardizing activation across tasks and
sessions, this approach improves the consistency of EMG
data and enhances its utility in downstream applications,

terns across sessions in all three activation-acoustic MAP including optimization of numerical biomechanical
A) Traditional Normalization
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FIGURE 6. MAPs with f, showing the relationship between normalized LCA and CT muscle activation for each of the four sessions.
Data points were collected from all tasks involving the vowel /a/, including sustained vowels and pitch glides, as well as the /pae/ task. The
x-axis represents CT activation, while the y-axis shows LCA activation, with colors indicating f, in Hz (iso-contours indicated for f).
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TABLE 5.

Comparison between the traditional and the new proposed normalization in terms of r-value, MAE, RMSE, ICC, and CV
between f, sessions for the LCA-CT condition. Only sessions 2 to 4 were included.

Traditional Normalization

New Normalization

Sessions
(r) MAE (Hz) RMSE (Hz) (r) MAE (Hz) RMSE (Hz)

S2 S3 0.8082 41.84 54.63 0.9484 26.03 32.81

S2 S4 0.9295 39.08 54.38 0.9570 18.75 23.24

S3 S4 0.8933 26.65 36.89 0.9291 17.23 24.58

Mean value 0.88 35.85 48.63 0.94 20.67 26.88
ICC(2,1) 0.744 - - 0.869 - -

CV (%) 25.20 - - 15.60 - -

modeling®*’” and machine learning-based regression pipe- maintaining glottal configuration. This interpretation is

lines for estimating voice-related features.'®*** In this
sense, the normalized data may serve as a valuable bridge
between experimental recordings and theoretical modeling
frameworks.

Cross-correlation and r-value analyses were useful tools
for refining channel selection and verifying muscle identity.
In particular, the descending pitch glide task consistently
revealed negative correlations between CT and TA chan-
nels, which aided in reclassifying mislabeled electrodes. For
example, in Session 4 (Figure 1), one channel initially
identified as CT showed stronger correlation patterns with
TA, suggesting a misplacement. Additionally, high cross-
correlation values supported the identification of electrode
pairs inserted in close proximity within the same muscle,
providing useful feedback in a procedure that is often
performed with limited visual guidance.

The association between CT activation and increases in
f, was consistently observed across all sessions (Figure 4),
reinforcing its biomechanical role in VF elongation and
tension control. TA activation was essential under high-
pressure conditions, as reflected in the upper-right quad-
rant of the CT-TA MAPs, which was only reached during
the /pae/ descending loudness task. In this region, moderate
f, values (150-200 Hz) were observed, suggesting that TA
did not drive pitch increases but instead supported pho-
natory stability through its role in achieving complete
glottal closure and enabling higher Py, as reported in pre-
vious studies.” When compared to simulations re-
sults,''>!" the isocontour spacing observed here showed
increased separation between 150 and 200 Hz, and reduced
spacing between 250 and 300 Hz, indicating a less uniform
frequency distribution than that generated by the models.
These differences may be attributed to subject-specific
anatomical characteristics, as well as to the choice of
acoustic reference values used for normalization in this
study.

Although the LCA did not exhibit strong directional
influence over f, trajectories, its persistent activation in
high-pitch contexts likely reflects its consistent adductory
function during phonation, which appears to be less af-
fected by pitch or loudness modulation demands and in-
stead supports a complementary biomechanical role in

consistent with previous findings indicating that LCA
contraction increases glottal closure without significantly
altering vocal fold longitudinal stiffness.””'’ Moreover, the
reduced intrasubject variability observed with the proposed
normalization supports the notion that LCA activity is less
sensitive to task-specific demands. This is further reinforced
by the limited variation in its maximal activation across
both phonatory tasks (Figure 3), especially when compared
to the CT and TA muscles. Such a reduced dynamic range
may underlie the spatial uniformity observed in LCA
MAPs (Figure 6). The spatial organization observed in
these MAPs aligns with physiological expectations re-
garding the functional interplay between the elongator
(CT) and the adductor (LCA) muscles.” These findings also
suggest that SPL may be biomechanically misaligned with
LCA function, indicating that it may not be an adequate
normalization target for this muscle. Alternative strategies
that better reflect its adductory role or coordination with
TA may be needed.

As shown in the MAPs (Figure 5), after normalization,
the SPL surface within the CT-TA activation space dis-
plays an expanded and continuous representation, with
values ranging from approximately 75 to 100dB SPL,
which is well within a physiologically meaningful range
given the microphone distance. The contours show gradual
and consistent increases in SPL with increasing TA and CT
activation, consistent with expected biomechanical re-
lationships.”*’ Although the spatial distribution is less
efficient than with f,,, the normalized map reflects one of the
expected outcomes of the framework: improved continuity
and coverage of the activation space across sessions. The
increased area of valid data points and the smoother con-
tour progression suggest better alignment between muscle
activation and acoustic output.

These findings highlight the potential clinical relevance
of acoustic-based normalization in laryngeal EMG.
Although the protocol is technically demanding and not yet
intended for routine clinical use, it establishes a physiolo-
gically grounded framework that addresses session-to-ses-
sion variability, one of the central limitations of laryngeal
EMG. Accordingly, acoustic-based normalization may
serve as a useful approach for monitoring neuromuscular
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changes over time in clinical populations, for instance, in
pre- and post-therapy or surgical assessments. In future
work, the experimental protocol and proposed method
may also support enhancements to computational models,
making them more physiologically representative and en-
abling non-invasive, routine clinical estimation of lar-
yngeal EMG.

Limitations

The analysis was conducted on a single participant, an
older adult male, which limits the generalization of the
findings. Anatomical and physiological variability across
different populations, including individuals with vocal
pathologies or altered laryngeal function, cannot be ad-
dressed at this point. Caution should therefore be exercised
when extrapolating these results beyond the specific con-
ditions of this case.

In both f, and SPL distributions, some sessions ex-
hibited white regions in the CT-TA activation space,
particularly in the bottom-right quadrant where CT ac-
tivation was low and TA activation exceeded 0.6. This
suggests that high TA activation in isolation may be in-
sufficient to produce phonation." These gaps indicate
that the participant did not consistently reach the same f,
and SPL with combinations of CT, TA, LCA, and P, on
different recording days. This highlights the degree of
intra-subject variability, even when performing standar-
dized phonatory tasks in separate sessions. Such varia-
bility may limit the representation of the full muscle
activation space and should be considered when de-
signing protocols or interpreting EMG data. It should
also be noted that the pitch glide tasks were performed at
a comfortable loudness level, limiting the range of Ps
modulation and the full extent of CT-TA-SPL interac-
tions.

Regarding the LCA muscle activation, the normalization
approach based on SPL was less effective. As shown in
Table 5, only modest improvements were observed in ICC
and variability metrics, compared to the more pronounced
gains seen for CT and TA. These findings suggest that SPL-
based normalization may not be as suitable for LCA
muscle.

Another limitation lies in the use of a fixed acoustic
target as a basis for normalization. While these values were
consistently achieved in this study, they may not be at-
tainable in other populations, particularly in individuals
with reduced vocal capacity. As such, data from additional
participants will be necessary to validate or refine these
reference values and assess the broader applicability of the
method.

Finally, future studies should consider incorporating
pitch glide tasks performed at multiple loudness levels to
better capture frequency variation under different P,. Such
tasks could enrich the representation of muscle activation
patterns and improve the robustness of the normalization
framework.

CONCLUSIONS

This study presents a step toward the standardization of
intramuscular EMG normalization in the larynx by pro-
posing a physiologically grounded method based on in-
terpolated muscle activation at fixed acoustic targets. The
approach demonstrated improved consistency across ses-
sions for CT, TA and LCA muscles, facilitating the MAPs
patterns relative to pitch and loudness.

Although the method was evaluated in repeated sessions
from a single participant, the observed patterns align with
known functional roles of ILM and provide insight into
muscle-specific contributions under varying acoustic condi-
tions. Future studies involving multiple participants and
broader task protocols will be essential to refine this frame-
work and evaluate its applicability across populations. This
work contributes to establishing methodological guidelines
for EMG normalization and supports further investigation
into neuromuscular control strategies in voice production.
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