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ABSTRACT (249 out of 250 words)

The discharge patterns of genioglossus motor units during breathing have been well
characterized in previous studies; but their localisation and territories are not known. In
this study, we used two newly-developed intramuscular multi-channel electrodes to
estimate the territories of genioglossus motor units in the anterior and posterior regions
of the muscle. Seven healthy males participated. Each electrode contained 15 bipolar
channels, separated by 1 mm, and was inserted percutaneously below the chin,
perpendicular to the skin, to a depth of 36 mm. Single motor unit activity was recorded
with subjects awake, supine and breathing quietly through a nasal mask for 180 s. Motor
unit territories were estimated from the spike-triggered averages of the
electromyographic signal from each channel. A total of 30 motor units were identified:
22 expiratory tonic, 1 expiratory phasic, 2 tonic, 3 inspiratory tonic, and 2 inspiratory
phasic. Motor units appeared to be clustered based on unit type, with peak activities for
expiratory units predominantly located in the anterior and superficial fibers of
genioglossus, and inspiratory units in the posterior region. Of these motor unit types,
expiratory tonic units had the largest estimated territory, a mean 11.3 mm (SD 1.9).
Estimated territories of inspiratory motor units ranged from 3 to 6 mm. In accordance
with the distribution of motor unit types, the estimated territory of genioglossus motor
units varied along the sagittal plane, decreasing from anterior to posterior. Our findings
suggest that genioglossus motor units have large territories relative to the cross-

sectional size of the muscle.

Key Words: Respiratory, upper airway, breathing, tongue.

NEW AND NOTEWORTHY (61 out of 75 words)

In this study, we used a new multi-channel intramuscular electrode to address a
fundamental property of human genioglossus motor units. We describe the territory of
genioglossus motor units in the anterior and posterior regions of the muscle and show a
decrease in territory size from anterior to posterior and that expiratory-related motor

units have larger estimated territories than inspiratory-related motor units.



INTRODUCTION

The tongue is an important structure in the upper airway as it is involved in regulation
of airflow through the pharynx during breathing (2, 3, 11, 12, 22, 28). In humans, it is
comprised of four intrinsic muscles, which alter the shape and effect the movement of
the tongue blade, and four extrinsic muscles that control the position of the tongue in the
upper airway. Of the extrinsic muscles, the genioglossus is the most studied as it forms
a large portion of the base of the tongue (31) and, as the primary protruder of the tongue
(23), it also facilitates the dilation and/or prevents the collapse of the upper airway

during inspiration.

Several studies have characterized human genioglossus motor unit behavior
during breathing (e.g. 1, 24, 32); using intramuscular electromyographic (EMG)
recordings to show distinct populations of units that discharge tonically or phasically
during different stages of the respiratory cycle. However, information relating to the
spatial distribution of the different types of genioglossus motor units and the size of
their territories (i.e. the electrophysiological cross-section occupied by the muscle fibres
innervated by a single motoneuron (29)) is lacking. There is some electrophysiological
evidence from multi-unit EMG recordings which suggests that phasic activity is
localized in the genioglossus (9). This view is supported by two studies that show the
genioglossus exhibits focal movements during breathing (8) and is composed of oblique
(deep relative to the skin) and horizontal (superficial) compartments that are innervated
by separate branches of the hypoglossal nerve (19). Nevertheless, the extent to which
localized activity is possible will depend largely on the size of the motor units’

territories.

Assessing motor unit territories in human muscles has been difficult. Previous
techniques that measure the spread of action potentials across the muscle fibers were
either developed for larger and more accessible limb muscles (6, 15, 33) or required
constant activation of a low threshold motor unit (29). In the present study, we
investigated genioglossus motor units using a new multi-electrode array embedded on a
thin film-like structure (20). This arrangement allowed unbiased sampling of single
motor unit activity over a relatively large area, spanning both the horizontal and oblique
fibers of the genioglossus, without restricting the movement or activation of the tongue

during normal breathing. The aim of this study was to describe in humans the



distribution of motor unit types in the anterior and posterior regions of the human

genioglossus and to estimate the size of their territories.

METHODS
Seven healthy males with a mean age of 38.4 (SD 11.6) (range 26-62 years) participated

in these experiments. Their body mass index ranged from 20.0 — 26.2 kg/m? and apnea—
hypopnea index ranged from 0 — 8.0 events/hr sleep. Subjects gave their informed
consent in writing. All procedures were approved by the Human Research Ethics
Committee at the University of New South Wales and conducted in accordance with the

Declaration of Helsinki (2008).

Experimental Setup

Experiments were conducted with the subject supine and breathing quietly through a
nasal mask (Fig. 1). Subjects had their mouths closed and remained awake throughout
the study. To standardize the head and neck position across participants, the head was
supported underneath by a memory-foam pillow and oriented based on two angular
measurements: (i) the angle formed by a line drawn from the lateral angle of the eye to
the tragus of the ear and horizontal was confined to between 72° — 85° and, (ii) the
angle formed by a line connecting the tragus to the spinous process of the C7 vertebrae

and horizontal was kept between 37° — 48° (as described in 17).

Respiratory airflow, which was integrated online to obtain tidal volume, was
recorded from a pneumotachometer (3700 series, Hans-Rudolph Inc, Kansas City,
USA) and differential pressure transducer (DP45-16, Validyne Engineering Corp.,
Northridge, USA) connected to the nasal mask.

EMG activity of the genioglossus was recorded using two custom thin-film
electrode arrays (see 20). Each electrode array contained 16 oval-shaped, platinum
recording surfaces (140 ym x 40 pm) mounted linearly on a thin film with inter-
electrode distances of 1 mm (Fig. 1A). EMG activities were recorded with a bipolar
configuration with the deepest electrode used as the reference, producing 15 channels
per array. A ground plate electrode was placed on the left shoulder. For the flat, fan-
shaped genioglossus, both electrode arrays were positioned across the muscle fibers and
in the sagittal plane. Using a 25 gauge hypodermic needle, an anterior electrode array

was inserted perpendicular to the skin ~10 mm below the inner border of the mental



protuberance of the chin and ~3 mm lateral to the midline (Fig. 1B); the approximate
center of the left genioglossus in the coronal plane (9). The second, posterior electrode
array was inserted ~20 mm below the inner border of the mental protuberance. No
discomfort or pain was reported during or after insertion. The tips of the needles were
inserted to the maximum depth of 38 mm. Therefore, the deepest EMG channel was
approximately 36 mm from the skin’s surface after accounting for a 1 mm bevel and the
position of the reference channel. Ultrasound measurements (Philips iU22, C8-5 [5-
8MHz] transducer) were made prior to insertion to estimate the depth of the electrodes,
with the ultrasound probe held perpendicular to and with minimal pressure against the

skin.

Data were acquired with a multi-channel amplifier (EMGUSB2,
OT-Bioelettronica, Torino, Italy), band-pass filtered (100 — 4,400 Hz), amplified
(%x2,000 — x10,000), and sampled at 10,240 Hz using a 12-bit analogue-to-digital
converter and stored on computer for analysis. Some channels were designated as
faulty, either by the manufacturer prior to the study or if the EMG signal was dominated

by electrical noise.

Motor unit classification

Raw EMG signals recorded during 180 seconds of quiet breathing were decomposed
using EMGLAB (18) to identify individual motor unit action potentials in the
genioglossus. Briefly, EMGLAB uses a template matching algorithm to automatically
detect motor units based on the shape of the motor unit action potentials. In this study,
each channel was decomposed separately. Since the waveform shape of a motor unit
action potential may change over time, signals were analysed in intervals of ~2 s with
increments of 0.5 s. Automatic decomposition was applied first. The accuracy of the
algorithm was then verified manually by an investigator using EMGLAB’s graphical
interface to (1) inspect the series of discharges of a single motor unit and (i1) to subtract
the motor unit’s template waveform from the raw EMG signal to create a residual
signal. This process was repeated for each motor unit identified from the same channel
until the residual signal, after all motor unit templates were subtracted, was comparable
in power to the baseline noise of the raw signal, indicating all motor unit activity had

been accounted for. In cases where it appeared that the same motor unit was detected in



adjacent channels (see Fig. 2), their discharge patterns were compared to determine

whether these adjacent motor units were unique from the first unit.
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Figure 1. Experimental setup.

A. Each electrode array was mounted on a U-shaped filament (20 um thick) that had a total length of
68.1 mm. A needle was used to insert the electrode array into the genioglossus with the recording part of
the filament (420 um wide) positioned outside of the needle and a narrower (100 um wide) guiding
portion threaded through the needle. The electrode array contained 15 bipolar channels, spaced 1 mm
apart, and a reference channel (R). B. Needle insertion points. The anterior electrode was inserted
perpendicular to the skin 10 mm below the mental protuberance of the chin. The ground electrode was
placed on the left shoulder. C. An ultrasound image depicting the depth and location of both electrode
arrays in the genioglossus. Graduated lines indicate the depths of each channel with the reference
electrode represented by the circle.

Motor units were then classified into one of five types based on their discharge
pattern during the respiratory cycle (24). Purely fonic units exhibited no clear
modulation in instantaneous discharge frequency during breathing. Inspiratory or
expiratory tonic units discharged continuously but modulated their discharge rate so that
peaks occurred during inspiration or expiration, respectively. Inspiratory or expiratory
phasic units were only activated during one phase of the respiratory cycle, and were

classified based on whether their peak activity occurred during inspiration or expiration.



Four motor units were identified that displayed sporadic bursts of activity that did not

correlate with respiratory activity and were excluded from further analysis.

Measurements and Analysis

Classified motor unit data were exported from EMGLAB to Spike2 (v7.12, Cambridge
Electronic Design, Cambridge, UK) and measured using a custom script. To illustrate
the activation pattern and peak discharge frequencies of genioglossus motor units during
breathing, a time and frequency plot was constructed from data averaged across three
consecutive breaths, with discharge times expressed relative to the onset of inspiratory
flow (26). The onset times of phasic units were measured at the first spike discharge for
each breath, and the onset discharge frequencies were calculated as the instantaneous
frequency from the first inter-spike interval. The onset times of inspiratory and
expiratory tonic units were measured at the first increase in discharge rate above the
tonic discharge frequency, which also corresponded to the onset discharge frequency.
Offset times for phasic units were calculated at the last spike discharge for each breath
and, for inspiratory and expiratory tonic units, when the increased discharge rate
returned to the tonic discharge frequency. Peak discharge frequencies were determined

from a moving average (200 ms window) of the instantaneous discharge frequency.

To determine the dispersion of electrical activity throughout the muscle for a
motor unit, averages of the raw EMG signals for both anterior and posterior electrodes
were triggered from the motor unit’s discharge times over 180 s, producing 30 (15
anterior, 15 posterior) spike-triggered average waveforms of 35 ms duration (10 ms pre-
trigger). Spike-triggered averages between the anterior and posterior electrodes were
used to determine whether a motor unit spans these two regions of the muscle. The
territory of a motor unit in the sagittal plane (measured as the electrophysiological
cross-sectional territory in millimeters) was estimated using only the 15 triggered
averages from one electrode, the same electrode array from which the unit was
recorded. With an inter-electrode distance of 1 mm, the territory of the motor unit was
calculated as one less than the total number of consecutive channels with peaks that
exceeded the pre-trigger baseline mean by 4 SD (15). In 7 out of 30 motor units, the
spike-triggered averages produced peaks in non-adjacent channels that crossed the 4-SD
threshold. For these units, if the shape of the averaged waveform was considered to

resemble a motor unit action potential, as verified visually by three of the study’s



investigators, then it was included in the total territory of the motor unit. Peak-to-peak
amplitudes of the spike-triggered averages were normalized as a percentage of the

maximum amplitude across all channels. This process was repeated for each motor unit.

As this is primarily a descriptive study no formal statistical analyses were
planned. However, a Student’s t-test was used to compare territory size between the
expiratory and inspiratory motor units (SigmaPlot 12.0). Motor unit territories for the

motor units are reported as means (SD).

RESULTS

Genioglossus muscle activity was recorded during quiet breathing in 6 out of 7
participants. For the remaining subject, bursts of motor unit activity were present during
a voluntary swallow, but no clear muscle activity was observed during quiet breathing.
A typical example of raw EMG recordings is shown for an individual participant in

Fig. 2. For this participant, a single motor unit can be seen across several adjacent

anterior channels while a different motor unit is visible in the posterior channels.

A total of 30 motor units were identified across participants based on their shape
and discharge pattern, with an average of 2347.8 (SD 1562.8) spike discharges per
motor unit and a range of 486 — 4655 spikes. The mean motor unit yield per participant
was 5.0 (2.6) (range 2-9 units) for the 6 participants. Fig. 3 shows the onset times and
discharge frequencies for all motor units relative to inspiratory time. A large proportion
of the motor units were classified as expiratory; with 22 expiratory tonic units and 1
expiratory phasic unit. The majority (16 out of 22) of expiratory tonic units were
recruited during late inspiration, with the earliest increase in discharge rate occurring at
65.5% of inspiratory time. The mean tonic frequency for all expiratory tonic units was
15.7 Hz (SD 4.8), which increased to 17.4 Hz (SD 5.1) at the onset of recruitment and
reached a peak of 23.3 Hz (SD 5.5) during expiration. The mean offset frequency was
18.3 Hz (SD 4.4). The remaining units were classified as being 2 tonic units, 3
inspiratory tonic units, and 2 inspiratory phasic units. Of the 23 expiratory motor units,
twenty (87%) were recorded from the anterior electrodes. All five inspiratory motor

units were recorded from the posterior electrodes.
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Figure 2. Raw Data.

Individual participant data of anterior and posterior electromyographic (EMQ) signals in the genioglossus
during quiet breathing. Increases in lung volume and a positive airflow represent periods of inspiration. A
single expiratory phasic motor unit (MU-A4) was recorded from the 4th anterior EMG channel with its
instantaneous discharge frequency shown in the top trace. A separate expiratory tonic unit (MU-P10) was
recorded simultaneously from the 10th posterior EMG channel, and its discharge frequency is shown in
the second trace. Channel 1 was the deepest recording for the anterior and posterior electrode arrays, at an
estimated depth of 13 mm and 11 mm, respectively, in the genioglossus. All EMG channels were
optimized along the y-axis and faulty channels have been removed. * = 0.05 mV and * = 0.02 mV ranges.
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Figure 3. Time and frequency plots.

The activation patterns for all motor units (A) were averaged over 3 typical breaths. Motor units were
clustered based on unit type and then ordered from top to bottom based on the slowest onset times relative
to inspiration. Vertical dashed lines mark the beginning and end of inspiration. Phasic motor units are
shown in the top 3 traces. The length of each thick horizontal line indicates the period of activation for
phasic motor units or the period of modulation for inspiratory and expiratory tonic units. The color of
each thick line represents the peak discharge frequency, and its timing is indicated by the black circle.
Onset and offset discharge frequencies are indicated by colored circles. Thin horizontal lines show the
tonic discharge frequency for motor units that were active throughout the respiratory cycle. The color
legend shows frequency bands with an exclusive low range and an inclusive high range. Data from A was
split to show motor units recorded from the anterior (B) or posterior (C) electrodes.

Motor unit territories

The spike-triggered averages for two expiratory motor units are shown in Fig. 4. The
expiratory tonic unit in Fig. 4A was recorded in the anterior electrode and had a large
territory, spanning 14 channels with a territory of 13 mm. Several posterior channels,
which were inserted 10 mm parallel to the anterior electrodes, also showed peaks that
crossed the 4-SD threshold in the spike-triggered averages. In contrast, the expiratory
phasic unit in Fig. 4B had a smaller territory of 7 mm anteriorly in the genioglossus
with no peaks that crossed the 4-SD threshold in the triggered averages for the posterior

channels.
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Figure 4. Spike-triggered averages.

Two motor units with their action potentials superimposed in the left panels and the averaged
electromyographic (EMG) signals triggered from each motor unit’s spike discharge shown on the right
(35 ms epochs, 10 ms pre-trigger). In A, an expiratory tonic unit was extracted from thel3th anterior
channel (peak-to-peak amplitude: 0.07 mV), and in B, an expiratory phasic unit was extracted from the
3rd anterior channel (peak-to-peak amplitude: 0.49 mV), as shown by the dashed boxes. Channel 1 was
deepest in the genioglossus relative to the skin. The scale for the y-axis has been optimized for all
channels. The maximum peak-to-peak amplitudes across EMG channels on the posterior electrode were
0.01 mV in A and 0.02 mV in B. Horizontal bars indicate £4 SD from the pre-trigger mean. Channels
with peaks that crossed the 4-SD threshold are indicated by an asterisk and faulty channels are shown in

grey.

The territories of all 30 motor units are shown in Fig. SA. Half of the motor
units had significant peaks in the spike-triggered averages in both anterior and posterior
electrodes. The mean territory for motor units recorded in the anterior electrodes was
11.3 mm (SD 1.9). Motor units recorded from the posterior electrodes had a mean
territory of 6.5 mm (SD 2.2). Coincidently, the mean territory for expiratory tonic units
was also 11.3 mm (SD 1.9), while the single expiratory phasic unit had a territory of
7 mm. The combined phasic and tonic expiratory units had territories that were
significantly larger (11.1 mm (SD 2.1), range 7-14 mm) than the five inspiratory motor
units (5.2 mm (SD 1.3), range 3 to 6 mm ), (p <0.001).
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Figure 5. Motor unit territories.

A. Normalized peak-to-peak amplitudes of the spike-triggered averages. For each motor unit, the anterior
(4, left) and posterior (P, right) electrode arrays have been paired together with territory sizes shown
below. The territory was determined using only channels from the same electrode array from which the
unit was recorded. The color legend shows amplitude bands with an exclusive low range and an inclusive
high range; th = threshold (4 SD from the baseline mean), n.s. = non-significant data below threshold.
The size of the territory may be underestimated in some cases due to faulty channels or electrode
coverage. B. Relative depth of the maximum peak-to-peak amplitude for each motor unit. The superficial
border of the genioglossus (arrow), i.e. closest to the skin, was estimated from ultrasound measurements.
Data are shown spread out along the x-axis to reveal overlapping data points. Increments of 1mm along
the y-axis correspond to the inter-electrode distance. @ = expiratory tonic, []= expiratory phasic,

A = tonic, < = all inspiratory.

Fig. 5B shows the spatial distribution of the peak activity for each motor unit in

the genioglossus. Motor units appeared to be clustered based on unit type. Expiratory

tonic units were located in the superficial fibers and predominantly in the anterior

region of the muscle. The single expiratory phasic unit’s peak activity was also recorded

in the anterior region of genioglossus but from deeper muscle fibers. Peak activities for

inspiratory motor units were located posteriorly and primarily in the deeper fibers of

genioglossus.

12



Estimated territory size relative to peak activity is shown for each motor unit in
Fig. 6 with data centered on the channel with the greatest amplitude. Raw data for
expiratory tonic and all inspiratory motor units show no consistent trend between low
and higher amplitude motor units and estimated territory size (Fig. 6A). When
amplitude was normalized to maximum, expiratory tonic units showed a large
variability in the decrease in amplitude from the peak (Fig. 6B). This variability in
amplitude was not obvious in inspiratory motor units. The horizontal dashed line in Fig.
6B shows a more conservative estimate of territory based on a significance level set at
>20% of maximum for normalized peak-to-peak amplitudes (e.g. 13), resulting in an
adjusted mean of 3.7 mm (SD 2.4) for expiratory tonic units and an adjusted range of 1

— 2 mm for inspiratory units.
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Figure 6. Estimated territory size relative to peak amplitude.

Data from expiratory tonic and inspiratory motor units showing the peak-to-peak amplitudes from only
the spike-triggered averages that contained peaks that crossed the 4-SD threshold. In A, the data are
centered on the channel with the greatest activity for each motor unit at 0 mm, with the gradient from
deep to superficial channels moving from left to right. In B, data were normalized to the maximum
amplitude for each channel. Note: there was 1 expiratory tonic unit in B that only had 1 point greater than
20% of maximum amplitude; for this motor unit, territory was calculated as 0.5 mm in the adjusted mean
territory.
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DISCUSSION

In this study, we used a recently developed electrode to address a fundamental property
of motor units. We describe the electrophysiological cross-sectional distribution and
territory of 30 genioglossus motor units using a multi-channel intramuscular electrode
(20). At the low levels of genioglossus activation recorded during quiet breathing,
expiratory-related motor units were recorded predominantly from the anterior region of
the muscle whereas inspiratory-related motor units were recorded from the posterior
region. Generally, genioglossus motor units had large territories relative to the cross-
sectional size of the muscle, with many motor units spanning the entire length of the
multi-channel electrode. Of the motor unit types, expiratory tonic units had the largest

average territories, more than double the territory of each of the inspiratory motor unit.

Our main finding shows that the estimated territory of genioglossus motor units
varies along the sagittal plane, being smaller in the posterior of the muscle. This is in
contrast to the increasing gradient for muscle fiber diameter in the same direction (27),
which would normally predict larger territories for the posterior genioglossus given a
uniform innervation ratio. It is not clear whether this difference in territory size is
related to the functional roles of the genioglossus to dilate the upper airway during
breathing and in non-respiratory tasks such as tongue protrusion and speech; but, it does
give rise to the potential for task-dependent localized activity. Certainly, the clustering
of inspiratory motor units, which had smaller estimated territories, in the posterior
region of the genioglossus allows for the small (~1 mm) and focal movements observed
in healthy individuals during quiet breathing (4, 8, 17). Moreover, only half the motor
units had spike-triggered averages that crossed the 4-SD threshold in both anterior and
posterior electrodes, suggesting that not all genioglossus fibers extend the length of the
muscle. This observation is supported by indirect evidence that show differences in the
proportion of type Il muscle fibers in the anterior and posterior regions (27), as well as
dual bands of motor end plates in the horizontal compartment that run across the muscle
fibers (19). It is also possible that, for the motor units that did not span both regions of
genioglossus, the muscle fibers fan out in the transverse plane away from the posterior
electrodes leading to a reduced signal to noise ratio when triggering from motor units

recorded in the anterior electrode (Fig. 4).

14



Anteriorly, the larger motor unit territories were not confined to the oblique and
horizontal compartment boundaries of the muscle (19). In fact, it appears that most
anterior motor units had territories that spanned the entire cross-section of the muscle
when compared to previous estimates of average muscle thickness that range between
10 — 12 mm measured with ultrasonography (9, 24). This arrangement has obvious
benefits for contractions that involve gross movements, such as tongue protrusion or
opposing gravity when supine, but it may facilitate coordination of airway dilation as is
observed in some individuals who show en bloc movements of the whole tongue during

quiet breathing (4).

Although genioglossus motor unit territories were large compared to the total
cross-sectional dimensions of the muscle, their absolute sizes fell within the normal
range (2 — 15 mm) reported for healthy muscles of the upper and lower limbs (6, 14, 16,
29, 30). Undoubtedly, the differences in methodology used to determine territory size
here, i.e. spike-triggered averages with peaks greater than 4 SD from baseline noise,
compared with the pre-determined, amplitude-based thresholds used in previous studies
has contributed to the discrepancy in the relative size of motor unit territories. Héroux et
al. (15) similarly reported larger longitudinal territories in the medial gastrocnemius
when employing the method of 4 SD from baseline noise for assessing territory size.
When genioglossus motor units were evaluated using a criterion of greater than 20% of
maximum amplitude across channels, territories for inspiratory and expiratory units
were reduced to approximately a third of their estimated size. For the genioglossus, we
favor the baseline-noise approach for two reasons. First, Fig. 6B shows a lot of
variability in the amplitude of expiratory tonic units along the electrode array, which
means choosing an amplitude threshold, arbitrarily set at 20% of maximum in this
study, can be difficult, as small changes in the threshold level would lead to large
changes in territory size for each motor unit. The second reason is due to a lack of
correlation between the peak amplitude of genioglossus motor units and the size of their
estimated territories (Fig. 7). This is in contrast to limb muscles where there is a positive
linear relationship between maximum amplitude and territory size (6); albeit a
correlation derived from the averages of 5 different muscles. It is worth noting that
regardless of the method used to measure territories, the apparent difference in territory

size between expiratory and inspiratory motor units still holds.
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Figure 7. Correlation between peak amplitude and estimated territory size.

Data are shown for all 30 motor units. The relationships between peak amplitude and territory are shown
with territory size calculated based on spike-triggered averages with peaks exceeding +4 SD from
baseline noise (left panel) or with peaks-to-peak amplitudes that were greater than 20% of the maximum
across all channels (right panel).

The composition of genioglossus motor unit types in healthy individuals varies
considerably between studies. Using a standardized experimental protocol with
participants supine, breathing quietly through a nasal mask, and needles inserted
percutaneously below the chin, previous studies have reported inspiratory-related
activity in as low as 47% and up to 80% of the population of recorded motor units (21,
24,25, 34). Expiratory-related activity in these same studies varied between 7% and
29% of recorded motor units. In the present study, there was a larger proportion of
expiratory (77%) than inspiratory (17%) motor units. However, the discharge patterns
of these motor units were similar to previous studies. For example, peak frequencies for
inspiratory tonic units were generally higher than inspiratory phasic units (Fig. 3). Also,
the mean tonic and peak frequencies of expiratory tonic units were both comparable to
previous findings (24, 25, 34). There are two possible reasons for the high proportion of
expiratory motor units in this study. Using the multi-channel electrode we were able to
sample over a large cross section of the genioglossus. It appears that the peak activities
for expiratory tonic units were near the superficial border of the genioglossus (Fig. 5B)
whereas previous studies using monopolar needle or wire recordings avoid this region

and target the mid to deep fibers of the muscle. The other possibility is that the

16



monopolar recording technique involves locating an active region of the muscle to
study, which may have prompted experimenters to selectively position the needle near
inspiratory-modulated motor units. Though, when sampling over a larger area of the
genioglossus, intramuscular wire electrodes record predominantly inspiratory EMG
activity in healthy individuals (7, 9, 10). In addition, it is unlikely that the electrodes
recorded activity from the more superficial muscle, geniohyoid, which had mainly tonic
or no activity in 95% of sites sampled during quiet breathing (5). While three expiratory
tonic units had their peak activities estimated to be below the superficial border of the
genioglossus (Fig. 5B), the size of their territories suggest they were most likely
genioglossus motor units as their territories extended well beyond the physical boundary

of the geniohyoid.

Due to the delicate nature of these thin film multi-channel electrodes, a few
channels in each electrode array were faulty with the signal dominated by electrical
noise (Fig. 5A). This tended to occur in the channels near the edges of the electrode
arrays, which meant that motor unit territories may have been slightly underestimated
across all unit types. Faulty channels also appeared in the middle of several posterior
electrodes. For expiratory tonic units, this did not affect the calculation of territory size
since measurements were based on the spike-triggered averages of the anterior
electrodes from which they were recorded. For inspiratory motor units, however, a
series of faulty channels on the posterior electrodes may have affected the true size of
their territories. Indeed, it appears in Fig. 6 that inspiratory motor unit territories should
be larger if the distribution of their normalized amplitudes were symmetrical about the
peak. This may be the case for the single inspiratory unit that had its peak amplitude on
the right side of its curve nearest the faulty channels. However, for the remaining four
inspiratory units, it seem unlikely that their territories would be much larger than
reported here since their normalized amplitudes were approaching zero (between 0.2%
and 1.2% of maximum) next to the faulty channels and their peaks were located in the

deepest channels near the physical boundary of the muscle.

In summary, this study estimated the territories of human genioglossus motor
units in the anterior and posterior regions of the muscle using a special electrode with
multiple recording sites. Genioglossus motor units had large territories with some units

spanning the entire cross-section of the muscle. Motor unit territories were larger
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anteriorly than posteriorly, in line with the large proportion of expiratory units recorded
in the anterior electrodes whose territories were more than double the size of posterior
inspiratory units. This difference in territory size provides the potential for a more

precise and localized motor control of the genioglossus.
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FIGURE LEGENDS
Figure 1. Experimental setup.

A. Each electrode array was mounted on a U-shaped filament (20 um thick) that had a
total length of 68.1 mm. A needle was used to insert the electrode array into the
genioglossus with the recording part of the filament (420 um wide) positioned outside
of the needle and a narrower (100 um wide) guiding portion threaded through the
needle. The electrode array contained 15 bipolar channels, spaced 1 mm apart, and a
reference channel (R). B. Needle insertion points. The anterior electrode was inserted
perpendicular to the skin 10 mm below the mental protuberance of the chin. The ground
electrode was placed on the left shoulder. C. An ultrasound image depicting the depth
and location of both electrode arrays in the genioglossus. Graduated lines indicate the

depths of each channel with the reference electrode represented by the circle.

Figure 2. Raw Data.

Individual participant data of anterior and posterior electromyographic (EMG) signals in
the genioglossus during quiet breathing. Increases in lung volume and a positive airflow
represent periods of inspiration. A single expiratory phasic motor unit (MU-A4) was
recorded from the 4th anterior EMG channel with its instantaneous discharge frequency
shown in the top trace. A separate expiratory tonic unit (MU-P10) was recorded
simultaneously from the 10th posterior EMG channel, and its discharge frequency is
shown in the second trace. Channel 1 was the deepest recording for the anterior and
posterior electrode arrays, at an estimated depth of 13 mm and 11 mm, respectively, in
the genioglossus. All EMG channels were optimized along the y-axis and faulty

channels have been removed. * =0.05 mV and * = 0.02 mV ranges.

Figure 3. Time and frequency plots.

The activation patterns for all motor units (A) were averaged over 3 typical breaths.
Motor units were clustered based on unit type and then ordered from top to bottom
based on the slowest onset times relative to inspiration. Vertical dashed lines mark the
beginning and end of inspiration. Phasic motor units are shown in the top 3 traces. The
length of each thick horizontal line indicates the period of activation for phasic motor
units or the period of modulation for inspiratory and expiratory tonic units. The color of
each thick line represents the peak discharge frequency, and its timing is indicated by

the black circle. Onset and offset discharge frequencies are indicated by colored circles.
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Thin horizontal lines show the tonic discharge frequency for motor units that were
active throughout the respiratory cycle. The color legend shows frequency bands with
an exclusive low range and an inclusive high range. Data from A was split to show

motor units recorded from the anterior (B) or posterior (C) electrodes.

Figure 4. Spike-triggered averages.

Two motor units with their action potentials superimposed in the left panels and the
averaged electromyographic (EMG) signals triggered from each motor unit’s spike
discharge shown on the right (35 ms epochs, 10 ms pre-trigger). In A, an expiratory
tonic unit was extracted from thel3th anterior channel (peak-to-peak amplitude:
0.07 mV), and in B, an expiratory phasic unit was extracted from the 3rd anterior
channel (peak-to-peak amplitude: 0.49 mV), as shown by the dashed boxes. Channel 1
was deepest in the genioglossus relative to the skin. The scale for the y-axis has been
optimized for all channels. The maximum peak-to-peak amplitudes across EMG
channels on the posterior electrode were 0.01 mV in A and 0.02 mV in B. Horizontal
bars indicate +4 SD from the pre-trigger mean. Channels with peaks that crossed the 4-

SD threshold are indicated by an asterisk and faulty channels are shown in grey.

Figure 5. Motor unit territories.

A. Normalized peak-to-peak amplitudes of the spike-triggered averages. For each motor
unit, the anterior (4, left) and posterior (P, right) electrode arrays have been paired
together with territory sizes shown below. The territory was determined using only
channels from the same electrode array from which the unit was recorded. The color
legend shows amplitude bands with an exclusive low range and an inclusive high range;
th = threshold (4 SD from the baseline mean), n.s. = non-significant data below
threshold. The size of the territory may be underestimated in some cases due to faulty
channels or electrode coverage. B. Relative depth of the maximum peak-to-peak
amplitude for each motor unit. The superficial border of the genioglossus (arrow), i.e.
closest to the skin, was estimated from ultrasound measurements. Data are shown
spread out along the x-axis to reveal overlapping data points. Increments of Imm along
the y-axis correspond to the inter-electrode distance. @ = expiratory tonic,

O = expiratory phasic, A = tonic, < = all inspiratory.
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Figure 6. Estimated territory size relative to peak amplitude.

Data from expiratory tonic and inspiratory motor units showing the peak-to-peak
amplitudes from only the spike-triggered averages that contained peaks that crossed the
4-SD threshold. In A, the data are centered on the channel with the greatest activity for
each motor unit at 0 mm, with the gradient from deep to superficial channels moving
from left to right. In B, data were normalized to the maximum amplitude for each
channel. Note: there was 1 expiratory tonic unit in B that only had 1 point greater than
20% of maximum amplitude; for this motor unit, territory was calculated as 0.5 mm in

the adjusted mean territory.

Figure 7. Correlation between peak amplitude and estimated territory size.

Data are shown for all 30 motor units. The relationships between peak amplitude and
territory are shown with territory size calculated based on spike-triggered averages with
peaks exceeding +4 SD from baseline noise (left panel) or with peaks-to-peak
amplitudes that were greater than 20% of the maximum across all channels (right

panel).
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