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Abstract

Upper airway dilator muscles are phasically activated during respiration. We assessed the
interaction between central respiratory drive and local (mechanoreceptive) influences upon
genioglossal (GG) activity throughout inspiration. GGgp and airway mechanics were measured
in 16 awake subjects during baseline spontaneous breathing, increased central respiratory drive
(inspiratory resistive loading; IRL), and decreased respiratory drive (hypocapnic negative pressure
ventilation), both prior to and following dense upper airway topical anesthesia. Negative epiglottic
pressure (Pepi) was significantly correlated with GGgmg across inspiration (i.e. within breaths).
Both passive ventilation and IRL led to significant decreases in the sensitivity of the relationship
between GGgmg and Pep; (slope GGema Vs Pepi), but yielded no change in the relationship
(correlation) between GGgpmg and Pepj. During negative pressure ventilation, pharyngeal
resistance increased modestly, but significantly. Anesthesia in all conditions led to decrements in
phasic GGgmg, increases in pharyngeal resistance, and decrease in the relationship between Pep;
and GGgmg. We conclude that both central output to the GG and local reflex mediated activation
are important in maintaining upper airway patency.
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1. Introdution

There is substantial evidence in both animals and humans that the activity of the
genioglossus muscle (GG) plays an important role in maintaining airway patency (Mathew
et al., 1982a,b; Van Lunteran and Strohl, 1986; Mezzanotte et al., 1992; Horner, 1996;
Kobayashi et al., 1996; Schwartz et al., 1996). Therefore, it is important to understand the
stimuli that control the activation of this muscle. The GG can potentially be activated from
at least four sources: (i) the brainstem respiratory pattern generator (Bianchi et al., 1995);
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(ii) voluntary contraction (Mezzanotte et al., 1996a,b; Corfield et al., 1998); (iii)
chemoreceptive reflexes (Onal et al., 1981a,b; Gauda et al., 1994; Shea et al., 1999); and (iv)
mechanoreceptive reflexes (Mathew et al., 1982a,b; Horner, 1996; Malhotra et al., 2000a,b).
Each of the last three could exert its influence via effects on either the brainstem respiratory
pattern generating neurons or via direct effects on the hypoglossal motorneurons (i.e.
bypassing pattern generating neurons).

The interactions between these different pathways in the activation of the GG are currently
incompletely understood. Under most conditions, the GG is phasically activated during
inspiration. That central respiratory pattern generating neurons play a role is demonstrated
by GG activation 50-150 ms prior to inspiratory airflow on each breath (i.e. ‘pre-
activation’), thus preparing the upper airway for the negative pressure generated by the
diaphragm (Strohl et al., 1980; Gottfried et al., 1983; Hudgel and Harasick, 1990; Hudgel et
al., 1993). The various different influences on central pattern generator activity such as
behavioral effects and other pre-motor inputs to the hypoglossal nucleus are also poorly
characterized in humans. The source of the activation during inspiration is similarly
uncertain, but could be principally driven by mechanoreceptive reflexes from the upper
airway which function to preserve airway patency in the face of collapsing forces (Berry et
al., 1997; Malhotra et al., 2000a,b). We have recently reported that mechanoreceptive
reflexes importantly contribute to the inspiratory phasic activation of the GG, likely on a
moment to moment basis throughout inspiration (Akahoshi et al., 2001). We observed
increased GG activation in response to the relatively small negative pressure changes which
occur during normal tidal breathing (White et al., 1998; Malhotra et al., 2000a,b; Akahoshi
et al., 2001) and the large range of negative pressures which occur during inspiratory
resistive loading (IRL) and negative pressure ventilation (Malhotra et al., 2000b).
Additionally, we and others have reported that the genioglossal activation both during basal
breathing and in response to negative pressure pulses can be substantially reduced by dense
topical anesthesia, suggesting that mucosal receptors mediate the afferent limb of this reflex
(Horner et al., 1991b; White et al., 1998; Fogel et al., 2000).

The aim of the present study was to assess the interaction between central respiratory drive
and mechanoreceptive influences in controlling upper airway dilator muscle activity on a
moment to moment basis throughout inspiration. To address this, we (a) increased central
respiratory drive as well as the pharyngeal negative pressure stimulus using inspiratory
resistive loading; (b) decreased central respiratory drive and increased the airway pressure
stimulus using hypocapnic negative pressure mechanical ventilation; and (c) reduced the
mechanoreceptive stimuli using topical airway anesthesia during spontaneous breathing in
each of the previously described conditions. We hypothesized that mechanoreceptive
reflexes are the principal influence on phasic GG activation, and thus the relationship
between airway pressure and GG activation will be minimally affected by alterations in
central respiratory drive. In other words, we expected that the slope of the relationship
between airway pressure and GG activation across inspiration would be similar during
spontaneous breathing, loaded breathing and hypocapnic mechanical ventilation. However,
if central respiratory drive is the overriding influence on phasic GG activation, then the
slope of the relationship between airway pressure and GG activation should decrease with
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hypocapnic mechanical ventilation and increase with loaded breathing. Finally, respiratory
phasic activation of GG would be expected to be abolished by a combination of passive
mechanical ventilation (reduces central respiratory GG activation) and dense upper airway
anesthesia (reduces local mechanoreceptive mechanisms).

2. Methods

2.1. Subjects

Sixteen healthy volunteers (nine males) without sleep complaints were studied. The mean
age was 25.7 + 1.2 (SEM) years and mean body mass index 21.7 + 0.42 kg/m?2. Informed
consent was obtained from each subject, with the protocol having the prior approval of the
Human Subjects Committee of the Brigham and Women’s Hospital.

2.2. Equipment and techniques

All studies were performed during wakefulness (eyes open as confirmed by video camera) in
the supine posture. Subjects lay within a negative pressure ventilator (Iron Lung, Series J;
Emerson, MA), which was activated only for the mechanical ventilation condition (see
below).

2.2.1. Airway mechanics—Subjects wore a nasal mask (Healthdyne Technologies,
Marietta, GA) connected to a two-way valve partitioning inspiration and expiration.
Inspiratory flow was determined with a pneumotachometer (Fleish, Inc., Lausanne,
Switzerland) and differential pressure transducer (Validyne Corp., Northridge, CA),
calibrated with a rotameter. Subjects were instructed to breathe exclusively through the nose
and were carefully monitored by video camera to ensure that the mouth was completely
closed. Mask leak was detected from a perforated catheter surrounding the mask-face
interface which continuously sampled for CO,. In addition, end tidal Pco, (PETco,) Was
monitored from the mask using an infrared analyzer (Capnograph Monitor, BCI, Waukesha,
WI).

Pressures were monitored in the mask with an open catheter attached to a pressure
transducer (Validyne Corp.) and in the airway at the level of the choanae and the epiglottis
using pressure-tipped catheters (MPC-500, Millar, Houston, Texas). One nostril was
decongested (oxymetazoline HCI) and anesthetized (lidocaine HCI), and the Millar catheters
were inserted through this nostril and localized at the choanae and epiglottis. Prior to
insertion, all three pressure signals were calibrated simultaneously in a rigid cylinder using a
standard water manometer. These three signals plus flow were demonstrated to be without
amplitude or phase lags at up to 2 Hz.

2.2.2. Muscle activation—The GGgy g was measured with a pair of unipolar
intramuscular electrodes referenced to a single ground, thus producing a bipolar recording.
Two stainless steel Teflon-coated 36-gauge wire electrodes were inserted 15-20 mm into the
body of the genioglossal muscle 3 mm lateral to the frenulum of the tongue on each side,
using a 25-gauge needle, which was quickly removed, leaving the wires in place. This
technique has been used previously in our laboratory (Wheatley et al., 1993).
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The raw EMG was amplified (Grass Instruments, Quincy, MA), band pass filtered (between
30 and 10 000 Hz), rectified, and electronically integrated on a moving-time-average (MTA)
basis with a time constant of 100 ms (CWE, Inc., Ardmore, PA). The EMG was quantified
as a percent of maximal activation. To define maximal muscle EMG activity subjects
performed three maneuvers: each subject maximally inspired against an occluded inspiratory
line, maximally protruded the tongue against the back of the teeth, and swallowed. Each of
these maneuvers was performed several times with the maximal value recorded (from any
maneuver) being called 100%. Electrical zero was then determined, with subsequent muscle
activity being quantified as a percentage of maximal activation for that individual.

2.2.3. Inspiratory resistive loading—Resistance was added to inspiration using a
specially designed variable resistance device, placed distal to the inspiratory valve.
Inspiration could be loaded to any desired level by varying the effective caliber of the
inspiratory pathway. The baseline resistance of the system was 2.5 cmH,O/L/sec at a flow
of 1 L/sec. The variable inspiratory resistance device consisted of a water-filled latex
balloon with a wall thickness of 0.15 mm, mounted on a 6.0 mm outer diameter tube, which
was centered within the inspiratory pathway tube (12.4 mm inner diameter). This balloon
could be inflated using a graduated syringe. As the balloon was distended it filled more of
the tube’s caliber and effectively reduced the cross-sectional area available for airflow
(Pillar et al., 1997). In this experiment, one level of load was used (25 cm H,O/L/sec) and
was applied for three consecutive breaths and was removed for a minimum of 30 sec prior to
the next load application.

2.2.4. Mechanical ventilation (‘lron lung”)—Subjects were studied while supine with
the head outside and body within a negative pressure ventilator (Iron Lung; Series J;
Emerson, MA). The ventilator was switched on only for specific parts of the experiment (see
protocol below). This device was lightly sealed around the neck with a flexible twisted
nylon sheet while an external piston created negative pressure around the chest and
abdominal wall thus assisting ventilation. The iron lung could be adjusted to achieve the
desired upper airway pressure and breathing frequency, so that passivity was achieved. All
subjects required some initial coaching to enable passive mechanical ventilation. This
involved asking the subjects to remain completely relaxed and providing feedback on a
breath-by-breath basis to achieve consistent timing and shapes of the pressure and flow
traces. Recordings were stopped when there was departure from this passive pattern until
adequate passivity could be achieved, or the experiment was terminated. Data were collected
only during steady-state conditions as judged by the investigator during data acquisition. In
order to achieve the desired passive ventilation subjects were hyperventilated (PETco, 10
mmHg below eucapnia).

2.2.5. Anesthesia—Nasopharyngeal anesthesia was accomplished with nebulized 4%
lidocaine HCI applied to both nasal passages until a cotton-tipped swab could be inserted
with minimal detection. The oropharynx was then anesthetized until there was both
complete loss of the gag reflex and the subjective sensation of difficulty swallowing,
demonstrating effective laryngeal and upper airway anesthesia. All studies performed under
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anesthesia were completed in less than 30 min, due to the short duration of action of
lidocaine.

2.3. Protocol

Each subject reported to the laboratory having fasted for at least 4 h. The pressure catheters
and intramuscular EMG wires were inserted first. Subjects then lay inside the ‘iron lung’
ventilator while a nasal mask was attached. Subjects then lay with their eyes open in the
supine posture and acclimated to the equipment. Determination of maximal GGgpg was
performed next. Thereafter, each subject was studied in three conditions prior to anesthesia.
Initially basal breathing (at least 5 min) was recorded. Subsequently inspiratory resistive
loading was performed, with the load being applied following at least five consecutive
breaths without a swallow. The load remained in place for three breaths. If the subject
swallowed during loading, this sequence was excluded from analysis. Thereafter, the
inspiratory resistance balloon was deflated for 5-15 breaths (at least 30 sec and a return to
basal breathing pattern) before applying another load. The inflation and deflation of the
balloon took place during expiration. In each subject, the load was applied three times. Next,
the “iron lung’ ventilator was turned on. Subjects in the iron lung were instructed to ‘relax
and let the machine breathe for them’. Often, it required 5-10 min of breath-by-breath
feedback until satisfactory passivity could be established as evidenced by the uniformity of
the airway pressure and flow waveforms with complete synchronization with the ventilator
cycle. An additional post-hoc test of passivity included the elimination of the pre-activation
of the GG before the onset of airflow (see Section 3). When passive ventilation was
achieved, all signals were recorded for 5 min. Finally subjects underwent dense topical nasal
and pharyngeal anesthesia, as described above. When satisfactory anesthesia had been
achieved (see above), the protocol outlined above was repeated

2.4. Data recordings and analyses

Signals (GGgmc [raw and moving time average], airway pressure [mask, choanal,
epiglottic], and inspiratory flow) were recorded on a 16-channel Grass model 78 polygraph
(Grass Instruments, Quincy, MA) and on computer (digitized at 125 Hz) using signal-
averaging software (Spike 2; Cambridge Electronic Design, Ltd., Cambridge, UK).

For each condition, a single breath profile was generated for each signal by averaging all
breaths which were aligned to the onset of inspiratory airflow. From each averaged breath
the following variables were determined: peak negative pressure (at the levels of choanae
and epiglottis), peak flow, tonic GGgpmg (level of activation during expiration), and peak
phasic GGgmg (peak activation during inspiration). Pharyngeal resistance (Rppa, choanae to
epiglottis) was calculated at peak inspiratory flow.

2.5. Statistical analyses

All statistical analyses were performed with commercially available software (Excel 97,
Microsoft; and SigmaStat + Sigmaplot, SPSS, Chicago). Standard linear regression analyses
were performed to determine the slope and correlation between epiglottic negative pressure
and GGgpmc on a within breath basis from the signal averaged breath in each condition.
Comparisons were performed between the three pre-anesthesia conditions and between pre-
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and post-anesthesia conditions using repeated measures ANOVA, or, ANOVA on ranks
(Kruskal-Wallis) whenever the data were not normally distributed. Only if the ANOVA
found significance (main effect) was this followed by post-hoc Tukey test to determine the
groups with significant differences. When comparisons involved all six conditions (pre- and
post-anesthesia plus spontaneous breathing vs IRL vs IL), two-way ANOVA (2 x 3) was
used, whereas when three conditions were compared (e.g. pre-anesthesia BB vs IRL vs IL),
one-way ANOVA was used. Thus the two-way ANOVA tested for anesthetic effects,
breathing condition effects, and interaction effects. For all analyses, alpha was set at 0.05.
Results are presented as means = SEM.

3. Results

Complete data sets were obtained in all subjects. Raw data from two of the conditions are
shown in Fig. 1. Airway mechanics and muscle activation in all three conditions pre- and
post-anesthesia are shown in Table 1. Ventilation and tidal volume were preserved during
IRL when compared to spontaneous breathing, indicating that central respiratory drive
increased in this condition. In the negative pressure ventilation condition, to facilitate
passive ventilation, the subjects were slightly hyperventilated. As a result, tidal volume and
minute ventilation were significantly greater than during spontaneous breathing, and
PETco, (not shown in table) decreased from 40.3 + 0.7 to 29.7 + 0.8 mmHg (P < 0.05). Fig.
2 demonstrates raw data from one subject, illustrating that during spontaneous breathing
there was pre-activation of the GG (i.e. EMG increases prior to the onset of inspiratory
flow), while during negative pressure ventilation the GGgpyg increases minimally prior to
flow. The peak GGgp\ g is greater during passive breathing as the negative pharyngeal
pressure reached was greater than during spontaneous breathing. This attenuation of pre-
activation provides indirect evidence of decreased output of the central respiratory pattern
generator to this muscle, or at least a substantial modification of the relationship between
central respiratory drive and GGgpc.

Peak phasic GGgp increased significantly during both passive ventilation and IRL, in
association with the increasingly negative epiglottic pressures (P < 0.05 for Tukey post-hoc
test following significant ANOVA results, see Table 1). There were no changes in tonic GG
activation between the three conditions pre-anesthesia (ANOVA, P =ns). In all three
conditions, anesthesia was associated with a significant reduction in peak phasic GGgmg
(Fig. 3, Table 1). However, even with passive ventilation and dense topical anesthesia, GG
activity remained at least minimally phasic (Table 1).

In all conditions pre-anesthesia, there was a tight and significant correlation between
negative epiglottic pressure and GGgpmg (P < 0.05, Table 2). In all conditions, anesthesia led
to a decrement in the tightness of the correlation (coefficient) between Pgpj and GGgmg, and
a reduced sensitivity of GGgpg to increasingly negative Pep; (as assessed by the GGgmg/
Pepi slope). Individual examples are shown in Fig. 4 (spontaneous breathing, passive
ventilation, and breathing during loading). For the group as a whole (under all conditions),
the average correlation coefficient (R) between GGgmg and Pepi decreased from 0.80 + 0.03
pre-anesthesia to 0.71 + 0.03 post-anesthesia (P < 0.05). Data for each condition are
provided in Table 2. The slope of the GGgma/Pepi relationship (Table 2) decreased
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significantly with both resistive loading and mechanical ventilation, from 1.78 +
0.4%max/cmH-,0 during spontaneous breathing to 1.09 + 0.3 during passive ventilation and
to 0.59 + 0.1%max/cmH,0 during IRL (P < 0.05 for both, comparison with basal breathing
pre-anesthesia by Tukey post-hoc test following significant ANOVA result). The y intercept
of the GGgmg/Pepi plot represents the GGgme just prior to inspiration (after pre-activation,
if present). As can be seen, these values tended to be higher than those of tonic GGgpmg
(Table 1). As the method of determination for tonic GGgp and y-intercept were different
(i.e. signal averaging vs regression analysis), direct comparison of these values would be
invalid and therefore was not attempted. However, none of the differences in the y intercept
values across the various conditions was significant (ANOVA, P = ns, see Table 2).

Pharyngeal resistance pre-anesthesia increased from spontaneous breathing to passive
ventilation (0.93 £ 0.3-1.52 + 0.4 cmH,0/L/sec, P < 0.05 for Tukey post-hoc test following
significant ANOVA result), and further during loaded breathing, although this latter
increment was of borderline statistical significance (1.87 £ 0.68, P = 0.06, Fig. 5). In
addition, in all conditions, pharyngeal resistance increased significantly following anesthesia
(Table 1, Fig. 5, P < 0.05). Finally, for all comparisons where two-way ANOVA was used,
no important interaction between the anesthetic effects and the breathing condition effects
(spontaneous, IL, IRL) were observed (P = ns for all).

4. Discussion

The findings of this study improve our understanding of the variables controlling the
activation of the genioglossus muscle. First, we found a robust relationship between
pharyngeal negative pressure and GGgpg across a breath in all pre-anesthesia conditions.
GG activity also increased in conditions with increasing negative epiglottic pressure (i.e.
passive ventilation and inspiratory resistive loading). These data support our previous
observations that negative epiglottic pressure drives GG activation on a moment to moment
basis within breaths. Second, the fact that GG activation as well as the correlations between
GGgme to negative pharyngeal pressure decreased in all conditions with topical anesthesia,
suggests that the pharyngeal pressure-induced GG activation is mediated through a topical
(mucosal) receptor. Third, pharyngeal resistance significantly increased with both a
reduction of central output to the GG (passive ventilation) and local activation (topical
anesthesia) suggesting that both mechanisms are important in maintaining UA patency.
Fourth, the sensitivity of GG to changes in pharyngeal pressure decreased both when central
output to the GG was diminished (during passive ventilation) and when it was augmented
(during loading). We do not have a clear explanation for this, but speculate that genioglossal
activity is carefully modulated to protect airway patency. When central drive is high (IRL),
less local activation is required to protect the airway and thus the GGgpmg/Pepi slope falls.
During negative pressure ventilation, the peak GGgpmg increased, but the slope fell yielding
a small increment in airflow resistance. Thus the muscle activity was modulated to primarily
protect pharyngeal patency in the face of falling central respiratory output. Finally, the
observation that even with passive ventilation (low central output to the GG) and dense
topical anesthesia (minimal local effect of Pepj), GG activity remained substantially phasic,
suggests that additional yet unrecognized factors may control the activation of this muscle.
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In all conditions prior to anesthesia we found a tight and significant correlation between
negative epiglottic pressure and GGgpmg. This is supportive of previous observations of the
link between GGgme and Pepj via a reflex response to rapid pulses of negative pressure
(Mathew et al., 1982a,b; Horner et al., 1991a,b; Wheatley et al., 1993). This relationship has
also been observed more recently also during slowly generated airway negative pressure
during passive ventilation (Akahoshi et al., 2001). However, this previous study did not
report a variable GGgma/Pepi slope depending on the condition as was clearly observed in
our protocol. This is likely a product of the fact that in the previous study most testing was
completed in the iron lung (negative pressure ventilator) with no inspiratory resistive
loading procedure. Thus this prior study did not test the range of conditions that were used
in the present study. However, both studies indicate a strong association between negative
pressure and muscle activation across a breath.

The three conditions (pre-anesthesia) we chose to study to further examine this relationship
(GG/Pgpi) included baseline spontaneous breathing, and two interventions which we believe
have opposite effects on the output of the central respiratory pattern generator. Negative
pressure ventilation of a passive subject, especially during hypocapnia, likely turns down the
output of the central respiratory pattern generator. This is evidenced by both a reduction in
diaphragmatic surface EMG (as we have reported recently) (Akahoshi et al., 2001), and by a
reduction in pre-activation of the GG (Fig. 2). On the other hand, inspiratory resistive
loading assumedly increased the central respiratory output to the pump muscles as
ventilation was preserved despite breathing against an added load (Table 1). That
diaphragmatic EMG increases with IRL during wakefulness has also been previously
reported (Strohl et al., 1980; Hudgel et al., 1987). We do not know with certainty that this
increased output of the central respiratory pattern generator to the diaphragm also increases
the output to the GG muscle, although the output to these muscles are likely linked as part of
a common central respiratory complex (Strohl et al., 1980; Oliven et al., 1989). With both
increased and decreased central output we observed increased peak phasic GG activation
(Fig. 3), and decreased GGgma/Pepi Slope. The overall increased activation appears to be a
result of increasingly negative epiglottic pressure in these two conditions, as in both there
was a tight and significant linear correlation between Pepj and GGgmg across inspiration,
and in both the Pgp; was significantly more negative than baseline (Table 1). However, the
sensitivity of GG to Pgpj decreased both when central output to the GG was diminished
(during mechanical ventilation) and when it was augmented (during loading). We do not
have a clear explanation for this variable slope. One potential explanation is that in the
normal physiological range of central respiratory output, the largest number of hypoglossal
motoneurons are close to their threshold for depolarization. When the central stimulus is
smaller (mechanical ventilation), there is a need for a greater local stimulus to activate the
GG i.e. the slope of GGgma/Pepi is smaller. On the other hand, when the central respiratory
output is large (i.e. with loading), it could be that many neurons have already depolarized
such that GG sensitivity (i.e. slope GGgma/Pepi) is reduced. However, this concept is highly
speculative.

The tonic GGgg (Table 1) and the y intercept of the GGgme/Pepi line (Table 2) did not
change significantly between the various conditions. This further emphasizes that the
different GGPeak we observed results from differences in the sensitivity of GG to Pep;. The
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GGgmg just prior to inspiration (y-intercept of GGgme/Pepi relationship) was somewhat
higher than the tonic GGgp g, possibly due to pre-activation. One might expect diminished
pre-activation during passive ventilation, leading to smaller differences between the y-
intercept and the tonic GGgp. However, neither the differences in the y-intercept values
nor those in tonic GG in the various conditions reached statistical significance. The slight
differences in these values (y intercept vs tonic GGgpmg) may also in part be explained by
methodological differences, since the y intercept values were obtained by statistical
regression analysis, while the tonic GGgpg was determined by signal averaging. Finally,
further work is clearly needed to understand the variables influencing this tonic activity.

Regardless of the explanation for the reduced sensitivity of GG to Pepj with altering central
respiratory output, it seems that the consequence is increased pharyngeal resistance. The
significant increase in pharyngeal resistance with passive ventilation implies that
preactivation and possibly also ongoing central activation of the GG across inspiration are
important in maintaining pharyngeal patency. The decreased GGgmg/Pepi slope in this
condition implies inadequate compensation by local mechanisms in the absence of central
ones, and therefore, pharyngeal resistance increased. Although one might predict that a load-
induced increment in central pattern generator activity would increase genioglossus
activation and therefore preserve pharyngeal patency, the concomitant increase in pump
muscle activity also serves to substantially increase pharyngeal negative pressure [the lowest
in this study (7.6 = 0.7, Table 1)]. With IRL, the central output is likely increased, but
pharyngeal resistance tended to increase in response to the substantially increased
pharyngeal collapsing pressure. Thus, a reduced GGgpmg/Pepi slope and quite negative
pharyngeal pressures in the IRL condition, resulted in increased pharyngeal resistance
despite the high output from the central pattern generator.

An alternative argument could be made that the combined local and central genioglossal
control mechanisms serve to protect airway patency. Under all conditions studied, there
were modest changes in pharyngeal resistance despite substantial changes in airway negative
pressure. As with any physiological system, one would not expect a perfect maintenance of
the variable being examined when challenged by forces that would tend to compromise it.
There has to be some error signal. In the case of pharyngeal resistance, this value rose
slightly when central respiratory output was diminished (negative pressure ventilation), but
was maintained within a physiologically acceptable range. With IRL, airway negative
pressure increased substantially, but again, there was little change in resistance. Thus airway
patency is largely protected despite substantial changes in the mechanisms controlling
dilator muscle activity. Thus local and central mechanisms work in concert to yield adequate
muscle activation to maintain patency.

Our observation that nasal and pharyngeal anesthesia leads to a decrement in both
genioglossus activation as well as its responsiveness to negative pressure is consistent with
prior literature (Horner et al., 1991b; White et al., 1998; Fogel et al., 2000). These data
strongly suggest that local mucosal receptors in the upper airway importantly influence
genioglossal activity in normal subjects. With anesthesia, both muscle activation (EMG/Pgp;
slope) and the correlation between GGgm and Pep significantly decreased. The functional
importance of these local receptor mechanisms is quite clear, as pharyngeal airflow
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resistance increased significantly following local anesthesia (Fig. 5). Thus when one of the
pharyngeal dilator muscle control mechanisms is reduced or eliminated, the ability to protect
the airway deteriorates which speaks to the need for several potentially redundant control
systems.

Finally, the observation that despite passive ventilation (decreased central respiratory
neuronal output) and dense topical anesthesia (reduced local control), phasic GG activity
was still observed, can be explained in one of three ways. First, it could be that ventilation
was not completely passive with the iron lung. We believe this is an unlikely explanation as
individuals with no pre-activation at all, still demonstrated phasic GG activity. Second, it
could be that the topical anesthesia did not completely eliminate the local mechanoreceptors
that mediate the GGgv —Pepi activity. Although each subject, during anesthesia,
completely lost his/her gag reflex as well as subjective sensation, incomplete anesthesia is a
distinct possibility. Some combination of incomplete anesthesia and incompletely passive
ventilation may also explain this finding. Third, the possibility exists that mechanisms other
than negative epiglottic pressure and central respiratory pattern-generating neurons may
drive GG activation. Subglottic receptors or muscle spindle-driven muscle activation
represent two possibilities (Horner et al., 1991a,b).

Our study has several potential limitations. First, the use of dense topical pharyngeal
anesthesia may not solely influence mucosal mechanoreceptors. As other receptors (flow,
temperature, CO,) have been suggested in the upper airway, they would also presumably
have been anesthetized. Furthermore, we cannot anatomically localize the region within the
upper airway responsible for the observed results. However, others have reported that
primarily nasal and laryngeal receptors are responsible for the negative pressure reflex
(Horner et al., 1991b). As the goal of this study was to separate central from local
mechanisms controlling phasic activation of the GG muscle and not receptor localization,
we believe that total pharyngeal topical anesthesia was a reasonable approach. Second,
although each subject during anesthesia completely lost his/her gag-reflex as well as topical
sensation, incomplete anesthesia is likely. However, the level of anesthesia achieved was
sufficient to yield interpretable results even if complete anesthesia was not accomplished.
Third, we acknowledge that our definition of passive ventilation is not optimal, as we could
not directly measure the output of the respiratory pattern generator, and we did not
quantitatively assess diaphragmatic activity which can be difficult in humans. It is thus
possible that some subjects were entrained to the iron lung breathing in total synchrony with
it, but were not completely passive. However, the reduction in or elimination of GG pre-
activation does suggest that ventilation was passive or at least that the phase relationship
between the output of the central pattern generator and GG activation had changed
substantially. In addition, we have previously reported the loss of surface diaphragm activity
in this passive ventilation model (Akahoshi et al., 2001). As a result, our failure to
accomplish complete pharyngeal anesthesia and/or completely eliminate premotor input to
the genioglossus could make data interpretation difficult. However, quite consistent results
were obtained in the three conditions, both before and after anesthesia. Therefore, we
believe the complexity of our observations represents the reality of an intricately modulated
motor control system and not data variability due to inadequate methodology.
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Fourth, as the study was performed during wakefulness we could not eliminate some
voluntary activation of the GG. We did, however, try to maximally eliminate voluntary
effects by having the subjects relaxed in the bed. In addition, we did not distinguish between
several possible sources of ‘central drive’ such as the primary pattern generator,
chemoreceptors or vagal influences and thus lumped them all under the rubric of “central
respiratory drive’. We recognize that this represents an oversimplification of ventilatory
control. However, our desire was to dissociate mechanoreceptive (local) muscle activation
from all central mechanisms. We did not try to separate the various sources of central drive.
Fifth, it should be noted that we have determined wakefulness based on video-monitoring
documenting that the subject has his/her eyes open. Due to the lack of EEG recordings, we
cannot rule out that some brief periods of microsleep occurred. However, we visually
inspected all of the data for unexplained variability and found no time periods where sleep
or micro-sleep episodes were likely impacting the recorded variables. Finally we monitored
only one upper airway muscle and can therefore not address how others might have
behaved. It seems quite probable that these muscles do behave somewhat differently as we
have previously observed no phasic activation of the tensor palatini (a tonic muscle) across a
breath. However, we speculate that inspiratory phasic pharyngeal dilators likely behave
relatively similarly to the genioglossus.

In conclusion, we believe our study confirms that epiglottic negative pressure drives GG
activation via local reflex mechanisms, independent of central respiratory influences.
However the sensitivity of the GG to this negative pressure appears to be highest during
normal ventilation, and decreases when the output of the central respiratory pattern
generator is either increased or decreased. This suggests that the combination of both
pathways of GG activation are required to maintain UA patency. Finally, our results also
indicate that additional yet unrecognized factors may be important in the control of upper
airway muscles.
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SPONTANEOUS BREATHING PASSIVE BREATHING

Fig. 1.

Dgpicted are raw data from the polygraphic recording. The passive breathing condition (on
the right) is remarkable for the more negative epiglottic pressures, the greater genioglossus
EMG activity and the loss of pre-activation when compared with spontaneous (on the left).
The loss of pre-activation is more easily appreciated in Fig. 2. [raw electromyogram in
arbitary units, GGMTA: moving time average genioglossus electromyogram in %maximum
unit (an increase in activity is in a downward direction on this tracing), Pmask: mask
pressure in cmH,O, Pcho: choanal pressure in cmH0, Pey;: epiglottic pressure in cmH,0].
Only inspiratory values can be seen due to the one way valve used in the breathing
apparatus.
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Raw data example of the loss of pre-activation in changing from spontaneous breathing to

iron lung passive breathing. Note the clear increase in GG activity prior to the onset of

inspiratory flow in the spontaneous but not the passive breathing example. The peak GGgpmg
is higher in the passive example due to the more negative pharyngeal pressure generated by

the ventilator as compared with spontaneous breathing.
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GGEMG Peak Phasic in Various Conditions
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Peak phasic GGgpg increased significantly with both mechanical ventilation and IRL as
compared with spontaneous breathing. In all three conditions, anesthesia was associated
with a significant reduction in peak phasic GGgpmg. * = P < 0.05 pre- vs post-anesthesia; T =
P < 0.05 spontaneous vs negative pressure ventilation; 8 = P < 0.05 spontaneous vs IRL.
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Pre-anesthesia in three different subjects
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During spontaneous breathing, this individual showed a decline in both the slope and the R
value for the GG/Pep; relationship following anesthesia. During passive ventilation, this
example illustrates a loss of the GG/Pep; relationship (based on both R value and slope)
following anesthesia. During loaded breathing, dense topical anesthesia led to a substantial
decline in the slope of the GG/Pep relationship although the R value was preserved in this

individual.
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Pharyngeal Resistance in Various Conditions
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Fig. 5.

In all three conditions, (spontaneous breathing, negative pressure ventilation and IRL), there
was an increase in pharyngeal resistance following dense topical anesthesia. * = P < 0.05
pre- vs post-anesthesia; § = P < 0.05 spontaneous vs negative pressure (passive) ventilation.
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