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Abstract

Ventilatory instability may play an important role in the pathogenesis of obstructive sleep apnea.
We hypothesized that the influence of ventilatory instability in this disorder would vary depending
on the underlying collapsibility of the upper airway. To test this hypothesis, we correlated loop
gain with apnea—hypopnea index during supine, nonrapid eye movement sleep in three groups of
patients with obstructive sleep apnea based on pharyngeal closing pressure: negative pressure
group (pharyngeal closing pressure less than —1 cm H,0), atmospheric pressure group (between —
1 and +1 cm H,0), and positive pressure group (greater than +1 cm H,O). Loop gain was
measured by sequentially increasing proportional assist ventilation until periodic breathing
developed, which occurred in 24 of 25 subjects. Mean loop gain for all three groups was 0.37 +
0.11. A significant correlation was found between loop gain and apnea—hypopnea index in the
atmospheric group only (r = 0.88, p = 0.0016). We conclude that loop gain has a substantial
impact on apnea severity in certain patients with sleep apnea, particularly those with a pharyngeal
closing pressure near atmospheric.
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Obstructive sleep apnea (OSA) may be due to several factors, each of which contributes
more or less to the disorder in a given patient. A major factor in most patients is a small
pharyngeal airway (1-3). However, airway anatomy differs considerably amongst patients
with OSA and fails to explain much of the variance in apnea—hypopnea index (AHI) (1, 4—
7). One explanation for this may be the influence of ventilatory control instability. Reports
have suggested that ventilatory control is less stable in OSA (8-10). This too, however,
varies among patients, and many appear to have normal ventilatory control despite OSA.
Thus, the purpose of this study was to determine whether ventilatory instability is an
important feature in OSA, and if so in which patients this is the case.
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We hypothesized that the contribution of ventilatory instability would vary between patients
depending on the predisposition to upper airway collapse. Specifically, in patients with
either favorable anatomy or markedly poor anatomy, ventilatory instability may be a less
influential factor. We base this on the well-described interaction between airway caliber and
ventilatory stability. In general, fluctuations in ventilation/respiratory drive (due to
ventilatory instability) are associated with reciprocal fluctuations in airway resistance; the
airway dilates during peak ventilation and narrows at the nadir (11-15). If adequate
narrowing occurs, obstructive apnea or hypopnea may result. Hence, among other things, the
determinants of pharyngeal obstruction include (1) the initial predisposition to upper airway
collapse (anatomy), and (2) the magnitude of reduction in respiratory drive during unstable
breathing (ventilatory instability) (16—19). Some patients may exhibit such a marked
predisposition to collapse that ventilatory instability has little effect on upper airway
obstruction. Likewise, obstruction may not occur in patients with a minimally collapsible
airway until ventilatory control becomes highly unstable. Although previous studies
examining this question have confirmed the causal relationship between ventilatory
instability and upper airway obstruction, they were performed under conditions of marked
ventilatory instability (hypoxia-induced periodic breathing) in predominantly normal
subjects (13—15). This does not address whether less severe ventilatory instability is
important in actual patients with OSA, or in whom such instability is likely to be a
contributing factor (given that the risk for ventilatory instability-induced upper airway
collapse may differ depending on the predisposition to airway obstruction). Thus, we asked
two questions: Does the level of ventilatory instability we find in OSA have an association
with apnea severity? Is this association different between different anatomic groups?

To answer these questions, we made three measurements during supine, nonrapid eye
movement (NREM) sleep in a group of patients with OSA: AHI, loop gain (a measure of
ventilatory instability; see below), and pharyngeal closing pressure (Pcrit, a measure of
airway collapsibility). Some results from this study have been previously reported in abstract
form (20).

A more detailed account of Methods is provided in the online supplement.

To achieve a range of pharyngeal collapsibilities, subjects with snoring were recruited from
the community, and patients with known OSA were recruited from the clinical sleep
laboratory at Brigham and Women's Hospital (Boston, MA). Forty-four subjects were
enrolled in the study.

Baseline Polysomnography

A standard montage for sleep staging, arousals, and respiratory monitoring was used to
classify the severity of disordered breathing. Apneas and hypopneas were scored according
to more recently described research criteria (21), and AHI was calculated from supine,
NREM sleep only.

Pharyngeal Closing Pressure

Flow, airway pressure, and polysomnography signals were recorded. Subjects breathed
through a nasal mask connected via a bidirectional valve to a ventilator capable of delivering
either continuous positive or negative pressure. Using a previously described technique (22),
Pcrit was determined by periodically lowering continuous positive airway pressure (CPAP)
for three breaths from an optimum level (holding pressure) to sequentially lower levels until
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zero flow occurred. Peak flow from the third breath after a pressure drop was plotted against
mask pressure and fit using a linear regression equation. The X intercept of this equation
(zero crossing) was taken as the Pcrit. Only flow-limited breaths were used to construct the
linear regression plot, with flow limitation being defined as a characteristic peak—plateau
(negative effort dependence) or obvious flattening in inspiratory airflow. These criteria were
previously validated in 12 subjects with epiglottic pressure measurements (23) (see the
online supplement for details of this validation procedure). Each subject was placed into one
of three prespecified groups based on Pcrit: negative group (Pcrit less than —1 cm H,0),
atmospheric group (Pcrit between —1 and +1 cm H,0), and positive group (Pcrit greater than
+1 cm H,0).

Loop gain is an engineering term that describes the stability of a system (mechanical,
electrical, physiological) controlled by negative feedback loops. In the case of respiration,
loop gain represents the gain, or sensitivity, of the negative feedback |oop that controls
ventilation. Mathematically, it is defined as the ratio of a corrective response (e.g.,
hyperpnea) to a disturbance (e.g., apnea). If the corrective response is greater in magnitude
than the disturbance (loop gain greater than 1), then small perturbations (e.g., noise entering
the chemical feedback loop) have the potential to grow into self-sustaining oscillations (until
saturating nonlinearities prevent further growth). A loop gain of less than 1 (e.g., 0.5), on the
other hand, produces decaying oscillations, the magnitude and duration of which depend on
the strength of the perturbation. Moreover, decaying oscillations may become sustained if
reinforced by “destabilizing factors,” such as airway dilation at the peak of oscillation and/or
pharyngeal occlusion at the nadir. Loop gain of the respiratory system can be measured
during sleep in humans by using a proportional assist ventilator (PAV) (9, 24, 25).

To measure loop gain, respiratory and polysomnography signals were recorded as described
previously. Subjects breathed through a nasal mask connected to a PAV, which is capable of
delivering ventilatory assistance in proportion to respiratory effort (26, 27). Loop gain was
measured by the technique described by Younes and coworkers (9). Briefly, with subjects in
supine NREM sleep, the percentage of PAV was increased to discrete levels for 3 minutes at
a time in an effort to induce periodic breathing. At each level in which periodic breathing
did not develop, the percent assistance was reduced to zero for one breath to determine the
tidal volume (Vt) amplification factor (VTAF), which is the measure of how much PAV
support is being provided at that level (Figure 1). Loop gain was calculated as the reciprocal
of the amplification factor needed to induce periodic breathing. Periodic breathing was
defined as four or more cycles of crescendo—decrescendo breathing (nadir tidal volume less
than 50% of peak Vt) with a period of 2090 seconds.

Statistical Methods

RESULTS

Mean values of measured variables were compared between the three groups using one-way
analysis of variance followed by a Tukey test when appropriate. The relationships between
loop gain versus AHI and Pcrit versus AHI were tested by Pearson product moment
correlation.

Baseline Polysomnography

Full data sets were collected on 25 subjects. Mean duration of monitored supine, NREM
sleep for AHI determination was 238 + 83 minutes. All subjects enrolled from the
community with a history of snoring had an AHI greater than 20 episodes/hour in the supine
position, constituting polysomnographic evidence of OSA during supine sleep. For the entire
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group, AHI was 51.8 + 31.8 episodes/hour. AHI was significantly different between the
negative and positive Pcrit groups only (p < 0.05) (Table 1). There was no difference
between groups in age, sex, BMI, or mean loop gain. Disordered breathing events in the
negative Pcrit group consisted almost exclusively of hypopneas (98 + 2.8% hypopneas),
whereas 86 + 22.5% of events were scored as hypopneas in the atmospheric Pcrit group,
followed by 62 + 37.7% in the positive Pcrit group. Virtually all events not classified as
hypopneas were obstructive apneas.

An example of PAV-induced periodic breathing is shown in Figure 2. Twenty-four of 25
subjects developed periodic breathing on PAV, yielding a mean loop gain for all three
groups of 0.37 £ 0.11. Loop gain was not significantly different between any of the groups
(p =0.23) (Table 1). Loop gain correlated positively with AHI for the group as a whole
(Figure 3A), but this relationship did not reach statistical significance (r = 0.36, p = 0.076).
However, we found a strong correlation between loop gain and AHI in the atmospheric Pcrit
group (r =0.88, p =0.0016) (Figure 4B), that was not evident in the other two groups
(Figures 4A and 4C). End-tidal CO, differed slightly between the positive and atmospheric
Pcrit groups (Table 1), but did not correlate with the level of loop gain (r = 0.02, p = 0.90).

Pharyngeal Closing Pressure

Raw data used for Pcrit determination are provided in Figure 5, which demonstrates a peak—
plateau flow pattern (characteristic of negative effort dependence) in the third breath after a
reduction in mask pressure. Mean Pcrit values for the individual groups are shown in Table
1 and were significantly different between all three groups (p < 0.05). The slopes of the
pressure—flow relationship, however, were almost identical between the groups (Table 1).
Pcrit in all subjects combined was —0.01 + 2.1 cm H,O and demonstrated a significant
positive correlation with AHI (r = 0.66, p = 0.0003) (Figure 3B).

DISCUSSION

The major purpose of this study was to examine the role of ventilatory instability (in the
context of airway collapsibility) in patients with OSA. Specifically, we hypothesized that the
correlation between ventilatory instability and apnea severity may vary in different anatomic
groups due to differences in the risk for ventilatory instability-induced upper airway
collapse. We found a strong correlation between loop gain and AHI in patients with a Pcrit
near atmospheric pressure, suggesting that this group may be highly susceptible to changes
in ventilatory instability. Outside this range, however, the existing levels of ventilatory
instability were not associated with apnea severity, indicating that ventilatory control had
relatively little influence on the number of apneas in these patients.

It is also worth noting that, consistent with several previous studies (8—10), we found that
ventilatory instability alone in patients with OSA is not sufficient to produce periodic
breathing. None of our patients cycled in the absence of upper airway obstruction (on CPAP
alone). Therefore, our data do not address the question of how a highly unstable control
system might affect OSA. It is possible that further destabilization in ventilatory control
might worsen apnea severity in all three subgroups, but we did not find such high levels of
instability in this study.

Relationship between Ventilatory Instability and OSA

Previous studies have shown that ventilatory control is less stable in patients with OSA,
suggesting that this may be a pathophysiologic factor (8—10). However, there is considerable
evidence that the effect of ventilatory instability in producing upper airway obstruction is
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highly dependent on the underlying predisposition to pharyngeal collapse (13—19). Thus, the
extent to which ventilatory instability is pathophysiologically important in any given
individual may relate to the anatomic properties of the airway. For instance, individuals with
a less collapsible airway may require greater instability to produce obstruction, whereas
relatively little instability (or none at all) may be needed if airway collapsibility is high. Our
experiment is thus an extension of the previous studies (8—10) measuring ventilatory control
in OSA in that we attempted to define certain anatomic groups highly susceptible to the
influences of ventilatory instability.

There have been several studies demonstrating a direct cause-and-effect relationship
between ventilatory instability and upper airway obstruction. The mechanism relates to an
interaction between ventilatory drive/stability and upper airway patency. In general,
stimulation of the respiratory system leads to pharyngeal muscle recruitment and dilation
(16, 17, 28-42), whereas reduction leads to narrowing (16-19). Thus, ventilatory instability,
which is associated with fluctuations in respiratory drive, is also associated with fluctuations
in airway caliber (13—-15). One difficulty in relating these previous studies to the mechanism
of OSA is that they were performed under conditions of extreme ventilatory instability
(hypoxia-induced periodic breathing) in patients without preexisting OSA, although a few
did have obstructive hypopneas. Such a high degree of instability is generally not seen in
OSA. Thus, they do not address the question of whether more modest increases in
ventilatory instability are influential in actual OSA patients. Our findings suggest that
ventilatory instability, at the levels we find in OSA, is associated with more severe apnea in
a particular subgroup of patients.

Why Might Ventilatory Instability Correlate Better with Apnea Severity in Patients with an
Atmospheric Pcrit?

The pressure—flow relationships in Figure 6 provide a conceptual model for our explanation.
The solid linesin each graph are the actual mean pressure—flow relationships (obtained
during CPAP-induced pharyngeal muscle hypotonia) for each of the three Pcrit groups,
whereas the dotted lines represent the theoretical shift due to pharyngeal muscle activation.
A number of studies have shown that the predominant effect of muscle activation is a shift
in closing pressure to more negative values, with little effect on airway stiffness (43-45).
Consequently, the dashed lines are drawn with the same slope as the solid lines.

Figure 6A displays the pressure—flow relationship for the atmospheric Pcrit group. The solid
line intersects the X axis at 0.40 cm H,O (A}), indicating that the pressure surrounding the
pharyngeal lumen is slightly higher than atmospheric pressure. Insofar as the Pcrit depicted
here is similar to that during the relative hypotonia of sleep, we can assume that the upper
airway closes (or at least is near closure) after sleep onset in these patients. As a result,
chemical stimuli begin increasing along with respiratory effort, which produce activation of
the pharyngeal muscles and a leftward shift in the pressure—flow line (Aj). In these patients,
because the closing pressure is near zero, muscle activation leads to airway opening and the
reestablishment of flow (A3). What happens subsequently depends in part on loop gain. If
loop gain is low (i.e., ventilatory drive fluctuates minimally), stable breathing may result
(e.g., snoring), provided that the new level of flow is sufficient to prevent arousal. If loop
gain is elevated (i.e., ventilatory drive fluctuates widely), on the other hand, breathing may
become unstable because of the substantial difference in airway patency and flow between
the low drive condition (A1) and the high drive condition (A3). Thus, cyclic upper airway
obstruction occurs.

The situation may be different in patients with a less collapsible airway. In Figure 6B, the
airway does not collapse until —2.62 cm H,O of suction pressure is applied. Thus, flow is
likely to be maintained after sleep onset in these patients (B;), yielding less build-up in
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chemical drive and possibly less shift in the pressure—flow curve (B;). Again, what happens
after the increase in flow (B3) may depend on loop gain. If loop gain is low, relatively few
events may occur over the course of the night. If loop gain is high, unstable breathing may
result. However, loop gain would likely need to be more elevated in this group (versus the
atmospheric group) to have an effect on the incidence of pharyngeal obstructions, given that
the airway is less susceptible to collapse when ventilatory drive fluctuates between high (B3)
and low (B) levels.

Last, in Figure 6C the airway is highly collapsible (Pcrit is above 2 cm H,0). In accordance
with the same sequence described above, sleep onset leads to airway closure (C;) and a large
build-up in chemical drive. Here, however, muscle recruitment (C) may not produce an
adequate mechanical dilation of the upper airway (or the dilation is minimal, C3) because of
the high collapsing pressure. Arousal must occur (or occurs before airway dilation) for flow
to resume. Subsequent sleep is again followed by airway collapse, and the cycle repeats
itself. In this situation, OSA is inevitable regardless of the loop gain. Moreover, ventilatory
instability may have little to do with the AHI, the latter being mostly a reflection of
anatomic insufficiency and arousal responses.

Methodologic Limitations

There are a number of potential limitations in our methods. First, the veracity of loop gain
measurement on the basis of PAV, and the effects of CPAP/PAV on ventilatory control
variables, have been reviewed extensively (9) and are not repeated here.

Second, to facilitate sustained sleep, data on downstream (epiglottic/esophageal) pressure
was not collected during Pcrit determination. Downstream pressure is commonly used to
define flow-limited breaths (progressive increase in respiratory effort without increase in
flow), which are necessary for accurate determination of Pcrit. We believe our methodology
was acceptable for the following reasons: (1) a conservative definition of flow limitation
was used that tends to under-call flow-limited breaths (46); (2) nasal pressure was reduced
for only three breaths at a time, allowing us to collect a large number of pressure—flow
points near Pcrit without arousal/awakening; and (3) our ability to accurately measure Pcrit
in the absence of downstream pressure was validated in 12 subjects (23).

Third, the VTAF method, which is used for loop gain determination, may be inaccurate if
tidal volume varies considerably. However, in NREM sleep, our subjects had a relatively
stable breathing pattern with only occasional low-amplitude variations in tidal volume,
which were more random than periodic. Even as PAV was increased, the cycle amplitude
did not appear graded with the level of PAV (until the point at which periodic breathing
occurred, in which case there was an obvious change in breathing pattern). We also
measured at least 3—5 VTAFs for each level of assistance in which periodic breathing did
not occur, and the three preceding breaths before a single breath reduction in PAV were
averaged for the assisted tidal volume (numerator in the VTAF calculation, VTAF = assisted
Vr/unassisted Vr). As a result, we believe the VTAF measurement was an accurate reflection
of PAV amplification of loop gain. Moreover, with the investigator blinded to the previous
loop gain value, we remeasured loop gain in four subjects on a separate night under the same
experimental conditions and found similar results. In two of the subjects, loop gain changed
from 0.33 to 0.36 and from 0.30 to 0.28 between nights, and it did not change at all in the
other two. Thus, there is little between-night variability in loop gain.

Last, there are relatively few subjects in each group, which raises the possibility of a Type II
error. As no previous data were available at the start of our study, the sample size was
calculated after preliminary data were obtained in the atmospheric Pcrit group. We estimated
a correlation coefficient of 0.85 between loop gain and AHI, because the initial coefficient
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from our data was high. To test the hypothesis of a correlation of 0.85 versus 0.0, a two-
sided hypothesis test with a = 0.05 and power = 0.80 would require eight subjects in each
group. Thus, eight subjects were studied in each Pcrit group (nine in the atmospheric group).

Conclusions

Our findings suggest that ventilatory instability has a greater effect on apnea severity in
certain patients with OSA depending on the collapsibility of the airway. The most sensitive
group appears to include those in whom the airway is susceptible to collapse, but not so
collapsible that obstruction is inevitable. These data highlight the heterogeneous nature of
OSA as well as the limitations of predicting apnea severity from anatomic or ventilatory
instability measures alone. Identification of patients in whom ventilatory instability plays a
role in OSA has potential therapeutic implications, as nonmechanical therapy may be useful
in these patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Example of two tidal volume (Vr) amplification measurements (VTAFs) made at the level
of proportional assist ventilation (PAV) immediately preceding periodic breathing. PAV is
reduced to zero for one breath, yielding a single “unassisted breath” (arrows). The three
breaths preceding PAV reduction are averaged for the “assisted Vr.” VTAF, which is the
amount by which PAYV increases the subject's intrinsic loop gain, is calculated as the ratio of
assisted Vr to unassisted Vr. When PAYV is increased 10% above the existing level (at time
6,310-100 seconds after the end of this recording), periodic breathing begins, indicating that
the loop gain on PAV (LGy,y) as shown is close to 1 (LGp,y = 1). The subject's intrinsic
loop gain, that is, loop gain in the absence of PAV (LGjprinsic)» Which is the variable of
interest, is calculated as the reciprocal of VTAF based on the following relation: LG,y = 1
= LGinyinsic X VTAF. Here, the VTAF immediately preceding an LG,y of 1 (periodic
breathing) is 3.24 (measured from the values shown), yielding an LGjpinsic of 0.31. Pmask
= mask pressure (cm H,O); flow (L/second); Vr = tidal volume (L); time (seconds).
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Figure2.

PAV-induced periodic breathing. Sleep state remained stable during cycling in this subject.
The respiratory pattern is typical crescendo—decrescendo, indicative of a high loop gain
state. Cycle length is 50 seconds. EEG = electroencephalography; Pmask = mask pressure
(cm H,0); flow (L/second); Vr = tidal volume (L); time (seconds).
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Figure 3.
(A) Correlation between loop gain and AHI (apnea—hypopnea index) for all subjects. (B)
Correlation between Pcrit (pharyngeal closing pressure) and AHI for all subjects.
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Loop gain versus AHI for the three Pcrit groups: (A) negative Pcrit group (Pcrit less than —1
cm H,0); (B) atmospheric Pcrit group (Pcrit between —1 and +1 cm H»O); (C) positive Pcrit
group (Pcrit greater than +1 cm H,0O).
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Figure5.

Pharyngeal closing pressure was measured by dropping mask pressure (Pmask) abruptly for
three breaths at a time. Negative effort dependence (peak—plateau flow pattern) is evidence
that these drop-down breaths were flow limited (arrows). The pharynx is completely
occluded (zero flow) at time 2,375 seconds, when mask pressure is 1 cm H»O (zero flow
breaths were excluded from the Pcrit linear regression equation). EEG =
electroencephalography; Vr = tidal volume (L); flow (L/second); Pmask = mask pressure
(cm H,0O); time (seconds).
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Figure6.

Actual pressure—flow relationships (solid line) for each of the three Pcrit groups under
hypotonic conditions. Dashed lines represent the theoretical effect of muscle activation. (A)
Atmospheric Pcrit group. With sleep onset, airway closure occurs (A1), leading to a large
build-up in chemical drive that activates pharyngeal muscles. Muscle activation exerts a
dilating force on the airway (A,), which reestablishes airflow (A3). If loop gain is low,
stable breathing results. If loop gain is increased, breathing may become unstable—recurrent
cycling occurs. (B) Negative Pcrit group. Here, airflow persists after sleep onset (B). If
adequate ventilation cannot be maintained, the build-up in ventilatory drive recruits airway
muscles and dilates the airway (B, B3). Again, if loop gain is low, cycling with recurrent
obstruction does not occur. If loop gain is high, fluctuations in breathing may occur.
However, the risk of upper airway collapse for a given loop gain (or, for a given amount of
fluctuation in ventilatory drive) is less, and it is likely that loop gain needs to be highly
elevated before an association with AHI is seen. (C) Positive Pcrit group. The airway closes
at sleep onset (C;) due to a net collapsing force on the pharynx. Increases in chemical drive,
while producing a large dilating force (C,), are ineffective at opening the airway (C3), and
arousal is necessary to reestablish flow. In this condition, ventilatory instability cannot be
responsible for cycling, given that repeated airway closure and arousal are inevitable despite
a high or low loop gain.

Am J Respir Crit Care Med. Author manuscript; available in PMC 2013 December 12.



1duosnuely Joyiny Vd-HIN 1duosnuey Joyiny Vd-HIN

1duosnuep Joyiny Vd-HIN

Wellman et al.

TABLE 1

PATIENT CHARACTERISTICS

Page 16

Negative Pcrit (n = 8)

Atmospheric Pcrit (n =9)

Positive Pcrit (n = 8)

Age, yr

Sex

BMI, kg/m?
AHI, episodes/h

Percent hypopneas
Pcrit, cm H,O

Pressure-flow slope, ml/s/cm H,O
Loop gain, dimensionless

Petcopy, mm Hg

Optimum CPAP, cm H20

47+66 449497
AM/A4F 4M/5F
338+79 31.9+7.4
30.6+ 8.8 523+30.6
98+2.38 86225

*
—2:62+1.13 0.40 + 030
69.9 % 23.5 68.1+15.6
036=0.11 033 %0.06
41.8+24 420+2.1
89+34 87+17

45.1%£11.5
6 M/2F
34.1+9.7

*
78.8 £31.5

*
62 £37.7

*
2.13£0.69 a

67.5+24.4
0.42+£0.13

394+ 1‘3Jr

*
13.4+3.0 1

Definition of abbreviations: AHI = apnea-hypopnea index; BMI = body mass index; CPAP = continuous positive airway pressure; F = female; M =
male; Pcrit = pharyngeal closing pressure; PetC(2 = end-tidal carbon dioxide.

Percent hypopneas was calculated as number of hypopneas divided by the total number of events (episodes per hour). All values represent means +

SD.

*

p < 0.05 compared with negative Pcrit group.

+

p < 0.05 compared with atmospheric Pcrit group.
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