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Abstract
Obstructive sleep apnea (OSA) is two to three times more common in men as in women. The
mechanisms leading to this difference are currently unclear but could include gender differences in
respiratory stability [loop gain (LG)] or upper airway collapsibility [pharyngeal critical closing
pressure (Pcrit)]. The aim of this study was to compare LG and Pcrit between men and women
with OSA to determine whether the factors contributing to apnea are similar between genders. The
first group of 11 men and 11 women were matched for OSA severity (mean ± SE apnea-hypopnea
index = 43.8 ± 6.1 and 44.1 ± 6.6 events/h). The second group of 12 men and 12 women were
matched for body mass index (BMI; 31.6 ± 1.9 and 31.3 ± 1.8 kg/m2, respectively). All
measurements were made during stable supine non-rapid eye movement sleep. LG was determined
using a proportional assist ventilator. Pcrit was measured by progressively dropping the
continuous positive airway pressure level for three to five breaths until airway collapse. Apnea-
hypopnea index-matched women had a higher BMI than men (38.0 ± 2.4 vs. 30.0 ± 1.9 kg/m2; P =
0.03), but LG and Pcrit were similar between men and women (LG: 0.37 ± 0.02 and 0.37 ± 0.02,
respectively, P = 0.92; Pcrit: 0.35 ± 0.62 and –0.18 ± 0.87, respectively, P = 0.63). In the BMI-
matched subgroup, women had less severe OSA during non-rapid eye movement sleep (30.9 ± 7.4
vs. 52.5 ± 8.1 events/h; P = 0.04) and lower Pcrit (–2.01 ± 0.62 vs. 1.16 ± 0.83 cmH2O; P =
0.005). However, LG was not significantly different between genders (0.38 ± 0.02 vs. 0.33 ± 0.03;
P = 0.14). These results suggest that women may be protected from developing OSA by having a
less collapsible upper airway for any given degree of obesity.
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OBSTRUCTIVE SLEEP APNEA (OSA) is a disorder characterized by repetitive upper airway collapse
during sleep that affects ~4% of adult men and 2% of adult women (48). In addition to the
gender difference in prevalence, women with OSA have higher body mass indexes (BMIs)
than men with equal-severity OSA (12, 31), suggesting that the pathophysiology of OSA
may differ between genders. The pathophysiology of OSA is incompletely understood;
however, it appears to involve aspects of both upper airway collapsibility and respiratory
control stability (8, 45).
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There are multiple variables that contribute to airway collapsibility and respiratory control
stability. Airway collapsibility is likely influenced by anatomical factors, such as bony and
soft tissue structures as well as airway length, but also by physiological factors such as
upper airway dilator muscle activity (24). Similarly, respiratory stability is determined by
gas-exchange efficiency, circulatory delays to central and peripheral chemoreceptors,
chemoresponsiveness, and potentially by respiratory neural memories such as respiratory
after-discharge or long-term facilitation (20). Many of these variables have been compared
between men and women in an attempt to explain the male predominance in this disorder (1,
5, 6, 14–17, 22–29, 33, 34, 37–39, 44, 49). Although studies have reported gender
differences in some of these variables (24, 28, 29, 39, 49), it is important to note that each
variable measured is only one contributor to overall upper airway collapsibility or
respiratory control stability. In this study, we wished to compare global measurements of
both respiratory control stability and upper airway collapsibility in men and women with
OSA to determine whether differences exist and whether the factors contributing to sleep
apnea are similar in the two genders.

To assess respiratory control stability, we measured the loop gain (LG) of the respiratory
system. LG is a measure of an individual’s susceptibility to periodic breathing and
incorporates all of the factors involved in determining the respiratory control system
stability previously mentioned. LG is quantified as the ratio of the ventilatory response to a
disturbance (47). If LG is < 1, the ventilatory response will be smaller than the initial
disturbance and so ventilation will become stable after a few oscillatory cycles. However, if
LG is ≥ 1, the response will be equally large (if LG = 1) or larger (if LG > 1) than the initial
disturbance, and hence periodic breathing will develop. Recently, Younes et al. (47)
developed a method for estimating an individual’s LG by artificially increasing the response
to a disturbance using a proportional assist ventilator (PAV). The amount the response needs
to be amplified to induce periodic breathing is inversely proportional to the patient’s
intrinsic LG. We utilized this technique to measure respiratory control stability in men and
women with a range of severity of OSA.

We chose to assess airway collapsibility by measuring the pharyngeal critical closing
pressure (Pcrit) (4). This is the nasal pressure below which the upper airway collapses and
takes into consideration many anatomical and physiological factors. Sforza and colleagues
(36) have previously compared Pcrit between men and women with equally severe OSA
using a technique where upper airway dilator muscles are active. These authors reported
that, although the women were more obese than men, Pcrit was more negative in women
(suggesting a more stable upper airway due to either better anatomy or more effective action
of the upper airway dilator muscles). We hypothesized that, for women to have equally
severe OSA but a less collapsible airway, they should have a more unstable respiratory
controller than men. This hypothesis was tested in the present study by measuring both the
Pcrit and LG in men and women with equally severe OSA. However, if LG is an important
contributor to apnea-hypopnea index (AHI), then it may be difficult to identify a gender
difference in AHI-matched individuals. We therefore also compared LG and Pcrit in a group
of BMI-matched men and women. In this group of subjects, we hypothesized that women
would have less severe OSA than men and therefore both lower LG and/or Pcrit due to prior
reports that both LG and Pcrit are lower in patients with mild to moderate OSA compared
with severe OSA (10, 11, 47). The results of some of the subjects reported in this study were
also included in another study conducted in our laboratory (40).
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METHODS
Subjects

Forty-nine adults (26 men) were recruited and participated in this study. Subjects had either
previously been diagnosed with OSA (n = 23), were overweight snorers who were
considered likely to have OSA (n = 16), or were unlikely to have OSA (n = 10). No subject
smoked or had respiratory disease or a confounding sleep disorder. Nine subjects were
taking antihypertensive medications at the time of the study, and four were on oral
hypoglycemic agents. No subject was taking any antidepressant or other medications. All
subjects gave written, informed consent before participation in this study, which was
approved by the Human Research Committee of the Brigham and Women’s Hospital.

Protocol
This protocol is comprised of three studies that were performed on 2 or 3 nights in a random
order. The first study was an overnight polysomnography without continuous positive
airway pressure (CPAP) for determination of current apnea severity. The second and third
studies involved measurement of the LG and Pcrit during non-rapid eye movement (NREM)
sleep in the supine position. If possible, both LG and Pcrit were determined on the same
night. However, if there was insufficient sleep to obtain both measurements on the same
night, then the subject returned on a third night to obtain the remaining data. The details of
each of the three studies are described below.

Study 1: baseline polysomnography
A full-night polysomnography without CPAP was performed according to the standard
laboratory protocol. Sleep was measured with four electroencephalograms, left and right
electroocculogram, and submental electromyogram. Respiration was monitored by
measurement of nasal pressure (PTAF2, Pro-Tech Services, Woodinville, WA), oronasal
airflow (nasal-oral thermistor), arterial oxygen saturation (model 930 Pulse-Oximeter,
Respironics, Murrysville, PA), and chest plus abdominal wall motion (piezo-electric bands).
A tracheal microphone was used to monitor snoring. Body position and bilateral anterior
tibialis electromyogram were also continuously recorded. Recording began between 2200
and 0000 and finished between 0500 and 0700. Subjects were instructed to sleep in the
supine body position as much as possible. Data were acquired on Alice data acquisition
software (Alice 3 or Alice Host, Respironics), and all studies were scored by a single
technician in the standard manner (30), with arousals and respiratory events being scored
according to the American Academy of Sleep Medicine guidelines (2, 3). The single
technician was blinded to any Pcrit/LG data that had been collected. Subjects were
considered to have OSA if the AHI was >15 events/h.

Studies 2 and 3: equipment and measurements
For both the measurement of Pcrit and LG, the subjects were fitted with a nasal mask (Gel
Mask, Respironics) attached to a heated pneumotachograph (model 3700A, Hans Rudolf,
Kansas City, MO) and a differential pressure transducer (Validyne, Northbridge, CA) for
measurement of inspiratory flow. This signal was integrated for measurement of tidal
volume (VT). The pneumotachograph was then connected to a leak valve and then to the
ventilator used in each study (details below). Mask pressure and CO2 were continuously
measured, as were the electrocardiogram and arterial oxygen saturation. Two channels of
electroencephalograms (C3-A2, O2-A1), left and right electroocculogram, and submental
electromyogram were recorded for sleep staging. During LG measurements, the additional
signals from the PAV of estimated inspiratory flow, volume, and pressure were recorded.
All signals were recorded on a 16-channel Grass model 78 polygraph (Grass Instruments,
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Astro Med, West Warwick, RI). Selected signals (inspiratory flow; VT; mask pressure; PAV
of inspiratory flow, volume, and pressure; CO2; arterial oxygen saturation;
electroencephalogram; electrocardiogram) were simultaneously recorded on a personal
computer using an analog-to-digital converter (1401 plus, Cambridge Electronic Design,
Cambridge, UK) and data acquisition software (Spike 2, version 3.19, Cambridge Electronic
Design).

Protocol: Pcrit measurement
For the measurement of Pcrit, a modified CPAP device that could deliver both positive and
negative airway pressure (Respironics) was connected to the mask. The airway pressure was
initially set at the subject’s prescribed CPAP level or at 4 cmH2O if the subject had not
undergone a prior CPAP titration study. After sleep onset, the CPAP level was increased to
abolish respiratory events and to normalize the inspiratory flow profile (no flow limitation).
This level was used as the holding pressure for each subject. Once 5 min of stable NREM
sleep (stage 2 or higher) had been achieved at the holding pressure, CPAP was abruptly
reduced by 1–2 cmH2O during expiration and was held at this level for three to five breaths.
The pressure was then returned to the holding pressure for 1 min before being dropped a
further 1–2 cmH2O for another three to five breaths. This process of progressively dropping
CPAP for three to five breaths every minute continued until obstructive apnea occurred
during the reduction in CPAP. If arousal occurred during any pressure drop, the CPAP was
returned to the holding pressure until stable sleep returned. The entire procedure of
progressively dropping CPAP until obstruction was repeated two to five times in each
subject.

Data analysis: Pcrit
The third to fifth breaths during a drop in CPAP were used for calculation of Pcrit only if the
breaths appeared to be flow limited in shape (7) and were not associated with arousal from
sleep or complete apnea. A breath was considered to be flow limited in shape if there was
flattening or a plateau of flow throughout inspiration (7). The first and second breaths in a
pressure drop were not used for analysis because the maximum flow does not stabilize until
the third breath after reduction of CPAP (4). For all flow-limited breaths, mask pressure was
plotted against maximum inspiratory flow, and linear regression was used to interpolate the
pressure at which zero flow occurred. The measurement of Pcrit without direct measurement
of respiratory effort (and therefore flow limitation) has been previously validated in seven
patients with OSA and five healthy controls (19) in whom Pcrit was determined with the
scorer blinded and not blinded to respiratory drive (epiglottic pressure).

Protocol: LG measurement
A PAV (BiPAP Vision, model 582059, Respironics) was attached to the mask for the
measurement of LG. The PAV provides both a constant expiratory pressure and a variable
inspiratory pressure that is proportionate to the subject’s respiratory drive. If the subject
takes a large breath, they will receive a large pressure support. However, if they take a small
breath, they will only receive a small amount of pressure during inspiration. Thus PAV can
be used to amplify the subjects’ fluctuations in respiratory drive and, given there is a delay
in the feedback circuit (due to gas exchange, circulation time to chemoreceptors, etc.) PAV
can induce periodic breathing. The amount the subjects’ intrinsic respiratory drive needs to
be amplified to induce periodic breathing is inversely proportional to their intrinsic LG (47).
The protocol for measurement of LG is very similar to that originally described by Younes
and colleagues (47) and is outlined below. The ventilator was set in the PAV/T Custom
mode with the backup rate set at 0 breaths/min and the initial settings being volume assist
(elastance component) = 12 cmH2O/l, flow assist (resistance component) = 4 cmH2O·l–1·s,
and %assist = 0. With 0% assist, the inspiratory and expiratory positive airway pressure
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(EPAP) are the same (i.e., CPAP). The EPAP level was initially set at the subject’s
prescribed CPAP level or at 4 cmH2O if the subject had not undergone a prior CPAP
titration study. After sleep onset, the EPAP was increased to abolish respiratory events and
to normalize the flow profile in the same manner as described for Pcrit measurement. When
the subject was in stable NREM sleep (>5 min stage 2 or deeper), the %assist was gradually
increased (10% increments every 20–30 s) to 60%. The %assist was then increased more
gradually (5% every 30–60 s) until small cyclical oscillations in breathing were observed
following an increase in %assist. After stable breathing resumed at this level of %assist, the
VT amplification factor (VTAF) was determined by dropping the %assist to 0% for one
breath and dividing the VT with no assist by the average VT over the last three breaths during
assisted breathing (VTAF = assisted VT/unassisted VT). VTAF measurement was repeated
several times at each level of assist, with each repeat separated by at least 30 s of stable
breathing. The %assist was then increased in 5% increments until sustained periodic
breathing developed (defined as 4 or more cycles of waxing and waning VT with the nadir
VT being <50% of the peak VT with a cycle length of 20–90 s). VTAF was recalculated after
every increase in %assist. If 100% assist was reached without periodic breathing, the
volume-assist component was increased until periodic breathing began or volume runaway
occurred (see Ref. 46 for review). If at any time the subject developed flow or volume
runaway, the level of assist was reduced by 5% and the component (flow or volume assist)
that did not reach runaway was increased before the %assist was again increased. If at any
time the subject briefly aroused, the %assist was held constant until at least 60 s of stable
sleep and breathing had occurred. If full awakening occurred, the %assist was reduced to 0
or 10% until stable sleep (>5 min stage 2 or higher) resumed.

Data analysis: LG measurement
Each subject’s intrinsic LG was calculated in the standard manner (47) as the inverse of the
average VTAF measured two to six times at the level of assist immediately before the
development of periodic breathing (LG = 1/average VTAF). If arousals occurred during
periodic breathing (this occurred in only 1 subject), then the VTAF was averaged at the
highest level of assist without arousals (because it is unclear whether periodic breathing
would still have existed without arousals), and LG was assumed to be less than the inverse
of this VTAF. Similarly, if periodic breathing was not induced, the LG was assigned a value
less than the inverse of the highest VTAF obtained. For statistical comparisons, the LG was
assumed to be equal to this value in these individuals. An example of periodic breathing
induced with proportional assist ventilation is shown in Fig. 1.

Statistical analysis
Statistical comparisons were performed with SigmaStat software (version 3.0, SPSS,
Chicago, IL). All comparisons between genders were performed with paired, two-tailed
Student’s t-tests with pairing based on BMI or AHI as appropriate. Linear regression was
used to calculate Pcrit-adjusted AHI. All values are means ± SE, and P < 0.05 was
considered significant.

RESULTS
Thirteen subjects failed to sleep sufficiently to obtain all of the required data, and another
subject dropped out, leaving 35 subjects (16 men) in whom all data were obtained. Of the 35
subjects with complete data, 11 men and 11 women were well matched for severity of OSA
(AHI within 5 events/h; Table 1) and 12 men and 12 women were well matched for BMI
(within 2 kg/m2; Table 2).
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Pcrit and LG in men and women matched for AHI
The AHI-matched women were significantly heavier than men (Table 1). There was no
gender difference in OSA severity when separated into rapid eye movement or NREM sleep,
or when restricted to the supine body position (Table 1). The type of respiratory events
(obstructive/central/mixed apnea or hypopnea) were also not different between genders
(Table 1). During stable NREM sleep on therapeutic CPAP, the AHI-matched men and
women did not differ in terms of minute ventilation (8.2 ± 0.7 and 7.6 ± 0.4 l/min,
respectively; P = 0.48), VT (0.52 ± 0.03 and 0.49 ± 0.02 liter, respectively; P = 0.45),
breathing frequency (17.3 ± 1.9 and 15.6 ± 0.7 breaths/min, respectively; P = 0.40), or end-
tidal CO2 (40.8 ± 1.7 and 39.7 ± 1.1 Torr, respectively; P = 0.61). Neither mean (0.31 ± 0.02
and 0.33 ± 0.04 l/s, P = 0.76) nor peak inspiratory flow (0.45 ± 0.03 and 0.44 ± 0.02 l/s, P =
0.74) differed between genders.

Pcrit in the AHI-matched men and women did not differ between genders (0.35 ± 0.62
cmH2O in men vs. –0.18 ± 0.87 cmH2O in women, P = 0.63; Fig. 2). In four subjects (3
women), periodic breathing could not be induced, and thus a LG value of less than the
reciprocal of the highest VTAF was obtained. These subjects are indicated in Fig. 2 (see
legend). No gender difference existed in LG in the men and women with equally severe
OSA (0.372 ± 0.02 vs. 0.368 ± 0.02, respectively, P = 0.92; Fig. 2).

Pcrit and LG in men and women matched for BMI
The BMI-matched men and women were similarly aged; however, the women had less
severe OSA than men in NREM sleep and in the supine position (Table 2). The women in
this comparison also had fewer obstructive apneas and a trend (P = 0.055) to fewer mixed
apneas (Table 2). The BMI-matched men and women had similar resting respiratory
characteristics during stable NREM sleep; minute ventilation (8.1 ± 0.6 and 6.8 ± 0.4 l/min,
respectively; P = 0.10), VT (0.52 ± 0.03 and 0.46 ± 0.02 liter, respectively; P = 0.08),
breathing frequency (15.3 ± 0.8 and 14.9 ± 0.9 breaths/min, respectively; P = 0.70), end-
tidal CO2 (40.7 ± 1.6 and 38.9 ± 0.8 Torr, respectively; P = 0.34), mean inspiratory flow
(0.31 ± 0.02 and 0.29 ± 0.04 l/s, respectively; P = 0.67), and peak inspiratory flow (0.46 ±
0.03 and 0.39 ± 0.02 l/s, respectively; P = 0.09).

LG could not be determined precisely in five subjects in this comparison (4 women), and
therefore a less than value for LG was used. LG did not differ in men and women matched
for BMI (0.33 ± 0.03 in men and 0.38 ± 0.02 in women, P = 0.14; Fig. 3). Pcrit was
significantly lower in women than in BMI-matched men (–2.01 ± 0.62 and 1.16 ± 0.83
cmH2O, respectively, P = 0.005; Fig. 3). To explore gender effects on AHI independent of
Pcrit, the Pcrit-adjusted AHI was computed for the BMI-matched men and women by
regressing AHI on Pcrit. No significant difference was found between men and women
(adjusted AHI = 41.4 ± 5.4 and 42.1 ± 6.1 events/h, respectively, P = 0.93). This suggests
that, after accounting for potential differences in BMI, the only effect of gender on AHI
occurs via effects on Pcrit.

The difference in Pcrit between genders appeared to persist over the full range of BMIs
studied (Fig. 4). In multivariate regression using all 35 subjects, every 1 kg/m2 increase was
associated with a 0.17-cmH2O increase in Pcrit (P = 0.006), whereas female gender was
associated with a 2.01-cmH2O decrease in Pcrit (P = 0.043). A BMI-by-gender interaction
term was nonsignificant (P = 0.94), supporting the hypothesis that the gender effect on Pcrit
is constant across the range of BMI studied. In other words, female gender was equivalent to
a 11.7-kg/m2 reduction in BMI.
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DISCUSSION
In this study, we have measured two variables (respiratory control stability and upper airway
collapsibility) that we believe are major contributors to the pathogenesis of OSA to
determine whether the factors contributing to OSA are the same in men and women. The
main findings were that the stability of the respiratory controller and the passive
collapsibility of the upper airway did not differ between men and women with equally
severe OSA but that the upper airway was more collapsible in men than in equally
overweight/obese women. Although the difference in LG was not significantly different
between the BMI-matched men and women, this comparison was underpowered (see
below). However, we do not believe that LG contributed to the gender difference in AHI
between BMI-matched men and women because the Pcrit-adjusted AHIs were near identical
between genders. Of note, the difference in Pcrit between genders appeared to persist across
the full range of BMIs studied (Fig. 4). How Pcrit contributes to the severity of OSA is
unclear, and whether the relationship between Pcrit and AHI is the same between genders is
unknown, yet it is a fairly weak relationship (r = 0.23, 0.51, and 0.66) when both genders are
considered (35, 36, 40). However, our findings would suggest that gender differences in
Pcrit are a possible mechanism for the male predisposition to airway collapse during sleep.

Gender and airway collapsibility
Several previous studies have investigated gender differences in airway collapsibility and
respiratory control in an attempt to explain the male predisposition to OSA. Sforza et al. (36)
compared the Pcrit between 89 men and 17 women with equally severe OSA from a clinic
population. The women in this comparison were significantly heavier than the men but had
significantly lower Pcrit (1.6 vs. 2.2 cmH2O). This finding differs from the AHI-matched
comparison in the present study. However, the magnitude of the difference between genders
is very similar at 0.53 cmH2O. Given the standard deviation and number of subjects in the
present study, power calculations indicate that we did not have sufficient power to detect
such a small difference (0.53 cmH2O) in Pcrit between the AHI-matched men and women.
Thus it is possible that the lack of a gender difference in Pcrit found in the current
comparison of equally severe men and women is a result of a type II error. It is important to
note that the techniques for Pcrit measurement in the study by Sforza et al. (36) differed
from the present study in that the upper airway muscle activity was not minimal in the
Sforza et al. study. Therefore, the differences in findings between these studies may be
interpreted to indicate that the effectiveness of the upper airway muscles in reducing the
collapsibility of the airway is greater in women than in men. This, however, is not supported
by the study of Younes (45) where the compensatory effectiveness is reported to be similar
in men and women.

The difference in Pcrit was more marked and statistically significant when comparing BMI-
matched men and women (3.2 cmH2O). Previously, Pcrit has been reported to differ
between individuals with the upper airway resistance syndrome and mild to moderate OSA
by 2.4 cmH2O (11), suggesting that the difference observed between BMI-matched men and
women in the present study is likely physiologically important. Pcrit has also been compared
between healthy men and women without OSA (34). In this study, Rowley and colleagues
measured Pcrit in a similar manner to the present study, with drops in airway pressure being
applied to the nose for two breaths during sleep. Between the negative pressure breaths, the
subjects in the study of Rowley and colleagues breathed at atmospheric pressure rather than
having CPAP, as in the present study. The eight men and eight women who Rowley and
colleagues studied had similar BMIs and age, and the Pcrit was not different between
genders. This is surprising based on the observations in the present study that the gender
difference in airway collapsibility appeared to be relatively constant over the range of BMIs
studied (Fig. 4). Clearly, there were fewer subjects in the present study at the lower end of
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the BMI range, and thus we may have been underpowered. However, it is possible that the
subjects in the study of Rowley and colleagues had greater activation of the upper airway
dilator muscles (because they were not studied on CPAP), resulting in more negative closing
pressures than would have been the case had upper airway dilator muscles been passive.
This effect may have been more pronounced in the slightly heavier men (BMI = 26.3 and
23.8 kg/m2 in the men and women). Further evidence supporting the idea that healthy young
nonobese men have a more collapsible upper airway than women is provided by a study of
inspiratory resistive loading during sleep in which Pillar and colleagues (28) reported that
men had larger increases in airway resistance and more flow limitation than women during
resistive load application. Importantly, upper airway muscle activity was measured in this
study and was not found to be different between genders during stable sleep or resistive
loading. Further studies are needed to assess the collapsibility of the upper airway and the
effect of upper airway dilator muscles on collapsibility in men and women across the full
range of BMI.

Respiratory control in men and women and OSA
Respiration has been found to be less stable in severe OSA patients than in individuals with
less severe OSA (47) and healthy controls (13), and so respiratory stability has been
proposed as an important contributor to OSA pathogenesis. Thus the finding in the present
study that a measure of respiratory control stability (LG) is not different between men and
women with either equally severe OSA or equal BMIs is important because it indicates that
respiratory control stability contributes to OSA similarly in men and women. Given this
negative finding, it is important to assess whether there was sufficient power to detect
physiologically important differences in LG. We believe that a difference in LG of 0.1 is
physiologically relevant, given that the difference between severe and mild/moderate OSA
has been previously reported to be 0.16 (47). With the standard deviation measured in this
study, we could detect a difference of this magnitude between the 11 men and 11 women
who were matched for AHI with 88% power and an α = 0.05. Thus the lack of a gender
difference in the LG measured in this comparison is unlikely to be due to a type II statistical
error. However, a difference in LG of 0.1 between BMI-matched men and women could
only be detected with 68% power. It is therefore possible that the lack of a gender difference
in LG between BMI-matched men and women may have been the result of a type II error.
Our laboratory has previously shown that respiratory stability is not different between young
healthy men and women without OSA (41), providing further evidence that LG is not
different between genders. Interestingly, periodic breathing could not be induced in 6 of 19
women but only 1 of the 16 men in the present study. This may indicate that a subtle gender
difference exists in respiratory control that was not detected by the LG measurement, or this
may simply reflect different arousal thresholds between genders.

Although a number of investigators have assessed the impact of gender on sleep apnea
pathogenesis (1, 5, 6, 14–17, 22–29, 33, 34, 37–39, 44, 49), only a few studies have
attempted to combine multiple variables in clinical sleep apnea populations. In one recent
study, Younes (45) reported that men (n = 66) had more severe OSA than women (n = 16)
after controlling for airway mechanics but that this difference did not persist after correction
for baseline flow and ventilatory demand, suggesting that differences in OSA severity were
likely related to ventilatory drive differences rather than control mechanisms. In the present
study of either AHI- or BMI-matched men and women, no differences were observed in
baseline flow, ventilatory demand, or LG. Although methodological differences between
these two studies preclude rigorous conclusions, we would hypothesize that the higher BMI
seen clinically in women with OSA likely results in upper airway collapsibility that more
closely resembles men. Clearly, further research is required to verify this suggestion.
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There are methodological issues in this study that deserve comment. First, in most subjects,
the three measurements (AHI, LG, and Pcrit) were obtained on separate study nights.
Although we restricted subjects to the supine body position for Pcrit and LG measures and
requested subjects to sleep supine during the polysomnography, it is still possible that the
severity of OSA, upper airway collapsibility, or respiratory control stability varied between
nights and contributed to the variability of our measurements. This was, however,
unavoidable, given the time required to make accurate measures of each variable of interest.
Second, the women studied varied in terms of their menstrual status (8 premenopausal and
11 postmenopausal). The prevalence of OSA changes across menopause, and it is also
possible that the pathogenic mechanisms resulting in OSA vary between pre- and
postmenopausal women. This may have increased the variability of our measurements in
women and made it more difficult to identify gender differences. Third, there are likely
factors (such as upper airway dilator muscle activity and lung volume) that contribute to
airway collapsibility in natural sleep that were altered by CPAP in the measurement of Pcrit
in this study. Therefore, the measured Pcrit may differ from the actual airway collapsibility
that occurs during normal sleep. However, we do not have any reason to suspect that this
effect would be different between genders. Fourth, although measurement of LG includes
many variables that contribute to overall respiratory stability, there are factors that would
normally contribute to respiratory stability/instability during sleep that were excluded in our
measurement. LG was measured during stable sleep without arousals, such that variable
arousal thresholds and ventilatory responses to arousal did not confound our measurement.
However, the ventilatory changes associated with arousal have been shown with modeling
studies to destabilize breathing (21), and thus arousal may be an important variable that was
not included in this study. Also, there is a prior report of a gender difference in the
hypocapnic-apneic threshold (49), which when combined with the increased ventilatory
response to arousal in men (17, 18) may make men more prone to ventilatory instability
following arousal from sleep. Clearly, this effect was not measured in our LG measurement
of respiratory stability. Finally, upper airway collapsibility was excluded from the current
measurements of respiratory stability by studying the patients on EPAP sufficient to
maintain airway patency. It is possible, if not likely, that central respiratory instability and
upper airway collapsibility act synergistically in contributing to OSA severity. Further work
is required to determine how these variables interact. In addition, recent data from our
laboratory suggests that respiratory stability may only importantly contribute to OSA
severity in individuals with Pcrit close to atmospheric pressure (40). By studying individuals
with a range of collapsibility, we may have made it difficult to identify gender differences in
LG that importantly contribute to the gender difference in OSA severity.

In conclusion, this study demonstrated that men have a more positive pharyngeal Pcrit and
more severe OSA than women who are matched for BMI. The difference in Pcrit appeared
to completely explain the difference in AHI between BMI-matched men and women. In
addition, the difference in Pcrit appeared to persist across a wide range of BMIs. Respiratory
control stability did not differ between either BMI- or AHI-matched men and women. These
findings suggest that women are less prone to OSA than men because of an anatomically
more stable upper airway, not because of a more stable respiratory control system.
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Fig. 1.
An example of periodic breathing induced by proportional assist ventilation in a female
patient with obstructive sleep apnea [apnea-hypopnea index (AHI) = 23 events/h]. The
patient had stable breathing at 100% assist with volume assist = 16 cmH2O/l and flow assist
= 4 cmH2O·l–1·s–1 for 3 min before tidal volume (VT) amplification factor was measured by
dropping the %assist to 0% for 1 breath (solid arrow). After this disturbance to ventilation,
sustained periodic breathing developed. There was no sign of electroencephalogram (EEG)
arousal during cyclical breathing, as indicated by inset. Pmask, mask pressure.
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Fig. 2.
Pharyngeal critical closing pressure (Pcrit; top) and loop gain (bottom) in 11 men and 11
women matched for severity of obstructive sleep apnea (within 5 events/h). Individual and
group means (±SE) are presented. Subjects identified by horizontal bars and shaded symbols
are individuals who did not develop periodic breathing, and thus their loop gain may be
lower than the value indicated. There were no significant differences between genders in
either variable.
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Fig. 3.
Pcrit (top) and loop gain (bottom) in 12 men and 12 women with obstructive sleep apnea
who were matched for body mass index (BMI; within 2 kg/m2). Individual and group means
(±SE) are presented. Subjects identified by horizontal error bars and shaded symbols are
individuals who did not develop periodic breathing, and thus their loop gain may be lower
than the value indicated. *P = 0.005.
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Fig. 4.
Relationship between Pcrit and BMI in all 35 subjects studied (16 men and 19 women).
Although gender and BMI were both independently significantly associated with Pcrit (P =
0.043 and 0.006, respectively), an interaction term was not (P = 0.94), indicating that the
gender effect on Pcrit is constant across the range of BMI studied.
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Table 1

Subject characteristics in men and women matched for OSA severity

Men Women

Age, yr 45.1±2.2 47.8±3.1

BMI*, kg/m2 30.0±1.9 38.0±2.4

Total AHI, events/h 43.8±6.1 44.1±6.6

NREM AHI, events/h 46.7±7.3 43.1±7.4

REM AHI, events/h 52.9±6.3 60.4±4.5

Supine AHI, events/h 50.4±8.1 47.2±7.9

Obstructive AI, events/h 13.9±6.1 6.0±2.8

Central AI, events/h 0.2±0.1 0.5±0.2

Mixed AI, events/h 0.7±0.4 0.4±0.4

Hypopnea index, events/h 29.1±3.1 36.0±5.2

Values are means ± SE. Age, body mass index (BMI), and apnea-hypopnea index (AHI) measured in total sleep non-rapid eye movement (NREM)
sleep, rapid eye movement (REM) sleep, and sleep while only in the supine body position, obstructive apnea index (Obstructive AI), central apnea
index (Central AI), mixed apnea index (Mixed AI), and hypopnea index in 11 men and 11 women with OSA.

*
P < 0.05, different between genders.
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Table 2

Subject characteristics in men and women matched for BMI

Men Women

Age, yr 44.8±1.9 45.6±3.2

BMI, kg/m2 31.3±1.8 31.6±1.9

Total AHI†, events/h 49.4±7.6 32.9±7.3

NREM AHI*, events/h 52.5±8.1 30.9±7.4

REM AHI, events/h 49.8±6.5 50.7±9.2

Supine AHI*, events/h 56.7±9.4 32.5±7.0

Obstructive AI*, events/h 15.2±5.8 2.8±1.1

Central AI, events/h 0.2±0.1 0.3±0.2

Mixed AI, events/h 0.8±0.3 0.03±0.02

Hypopnea index, events/h 33.2±4.6 28.6±6.3

Values are means ± SE. Anthropometric and sleep-related variables in 12 men and 12 women matched for BMI. See Table 1 for definition of
terms.

*
P < 0.05, different between genders.

†
P = 0.09.
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