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Abbreviations: AHI=apnea/hypopnea index; CPAP=continuous
positive airway pressure; NREM=nonrapid eye movement;
Pcrit=critical pressure; Pds=pressure downstream to the collapsible
segment; Pesoph=esophageal pressure; Pin=pressure within the
segment; Pn=nasal mask pressure; Pout=pressure outside collaps¬
ible segment; Pus=pressure upstream to the collapsible segment;
RUS=resistance of portion of tube upstream to site of collapse;
UARS=upper airway resistance syndrome; UPPP=uvulopala¬
topharyngoplasty; Vimax=maximal inspiratory flow; Vmax= maxi¬
mal flow

/"Obstructive sleep apnea is a disorder characterized
^* by pharyngeal collapse and occlusion during
sleep. The disorder affects between 2% and 5% ofthe
middle-aged population1 and is associated with signif¬
icant morbidity and mortality.2 The mechanism re¬

sponsible for pharyngeal collapse during sleep remains
uncertain. Investigators have identified both anatomic
factors3"6 and neuromuscular control factors7"10 that
may lead to increased pharyngeal collapsibility during
sleep in patients with obstructive sleep apnea.

Although our understanding of the factors respon¬
sible for pharyngeal collapse during sleep is limited,
treatments have been developed to oppose pharyngeal
collapse during sleep in patients with obstructive sleep
apnea. One such treatment, nasal continuous positive
airway pressure (nasal CPAP), is often prescribed to
offset the increase in pharyngeal collapsibility during
sleep.11,12 When an appropriate level of nasal CPAP is
prescribed, this treatment is highly effective at open¬
ing the pharynx during sleep regardless of the mech¬
anism for elevated pharyngeal collapsibility. Patient
compliance with nasal CPAP, however, is variable. Up
to 35% ofpatients receiving nasal CPAP discontinue its
use, and those who continue treatment do not use it
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consistently.13"15 Therefore, other effective treatments
are needed for obstructive sleep apnea to complement
or replace nasal CPAP in patients who do not tolerate
its use.

Many treatments are known to improve the sever¬

ity of obstructive sleep apnea. These treatments in¬
clude the following: weight loss,16"18 protriptyline,19'20
uvulopalatopharyngoplasty,21"23 tongue-retaining de¬
vices,24,25 mandibular advancement devices26'27 and
surgery,28 and electrical stimulation of the pharyngeal
muscles.29,30 While each of these treatments offsets an
increase in pharyngeal collapsibility during sleep, none
of these treatments is universally effective in the
manner of nasal CPAP. Furthermore, we are often
unable to predict the effect of a treatment on the se¬

verity of obstructive sleep apnea in a specific patient.
The development of a practical method for predicting
the effect of a treatment on the severity of obstructive
sleep apnea in a specific patient might guide the clini¬
cian's choice from the various alternatives to nasal
CPAP.
To guide the clinician in selecting treatment for

obstructive sleep apnea, we consider the relationship
between obstructive sleep apnea and pharyngeal col¬
lapsibility. Current evidence suggests that pharyngeal
collapsibility varies along a continuum from health (low
collapsibility) to disease (high collapsibility). A primary
goal of any therapy, therefore, is to decrease pharyn¬
geal collapsibility to levels known to be associated with
normal breathing patterns during sleep. Our approach
will be to establish a quantitative basis for treating sleep
apnea depending on both the degree to which pha¬
ryngeal collapsibility is elevated in a patient and the
amount by which it is reduced with a specific treat¬
ment. To accomplish this, a physiologic basis for mea¬
suring pharyngeal collapsibility will be provided; the
pharyngeal collapsibility of individuals with varying
levels of pharyngeal airway obstruction during sleep
willbe examined; andthe relationship between changes
in pharyngeal collapsibility and changes in the severity
ofobstructive sleep apnea will be elucidated. From this
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Figure 1. This figure illustrates the model of
a rigid tube with a collapsible segment inter¬
posed within a sealed box. In A, the pressure
within the collapsible segment (Pin) and the
pressure outside the collapsible segment
within the box (Pout) are identified. In B,
Pout= +10 cm H2O and the pressure upstream
to the collapsible segment (Pus) equals +5 cm
H2O. Because Pin (+5 cm H2O) is less than
Pout, the collapsible segment remains col¬
lapsed and occluded. Parts C and D illustrate
the addition of +15 cm H2O pressure to the
upstream side of the collapsible segment
(Pus). In IC, the pressure within the tube
downstream to the collapsible segment (Pds)
is +9 cm H2O (<Pcrit, the critical pressure of
the collapsible segment) and the collapsible
segment collapses or flutters to maintain the
intraluminal pressure at its downstream end at
+10 cm H20 (Pcrit). In ID, Pds is +11 cm H20
(>Pcrit) and the collapsible segment is widely
open. See text for further discussion.

analysis, we will develop a method to treat obstructive
sleep apnea by reducing pharyngeal collapsibility
"quantitatively." Throughout the discussion, we will
attempt to identify deficits in our knowledge and to

suggest potentially fruitful opportunities for clinical
investigation. Finally, we will demonstrate how pha¬
ryngeal collapsibility can be measured in a clinical
sleep laboratory using nasal CPAP.

Flow Through Collapsible Tubes: The Model
The study of pharyngeal collapsibility in obstructive

sleep apnea has benefited from earlier research on

other systems of collapsible biological tubes. Collaps¬
ible tubes are important biological conduits and their
function modulates many physiologic events in man.

Well-recognized examples include collapse of central
veins entering the right atrium,31 collapse of intratho¬
racic airways on forced exhalation,32,33 collapse of the
nasal alae at high inspiratory airflows,34 collapse of
pulmonary capillaries in lung zones 1 and 2, and
collapse of subendocardial capillaries at high levels of
left ventricular end-diastolic pressure.36 Explanations
ofthe behavior of these varied biological conduits have
been proposed using a simple model of flow through
collapsible tubes. In recent years, this model has also
been applied to the pharyngeal airway. Using the
model, investigators have quantified differences in

pharyngeal collapsibility during sleep among normal
subjects, snorers, and patients with obstructive sleep
hypopnea and apnea. Moreover, the model has been
used to study the relationship between changes in

pharyngeal collapsibility and changes in the severity of
obstructive sleep apnea. The simplicity of the model
makes it a potentially useful clinical tool for improving
utilization of the many treatment alternatives to nasal
CPAP.
The subject of flow through collapsible tubes has

been discussed in a clearly written review by Green.37

In this discussion of the subject, we have adapted his
approach to the purpose of describing the pharyngeal
airway as a collapsible tube. The model (Fig 1A) con¬

sists of a tube passing through a sealed box. The tube
is characterized by two rigid segments with a collaps¬
ible segment interposed between, within the box. The
pressure in the box outside the collapsible segment is
constant (Pout). In this discussion, we will assume that
the segment within the box is so collapsible that
whenever the pressure within the segment (Pin) falls
below Pout, the segment collapses. Conversely, when¬
ever the Pin exceeds the Pout, the segment opens.
Thus, the Pin at the moment of collapse (Pin') is equal
to the Pout. The Pin' is also known as the critical
pressure (Pcrit) of the segment. Therefore, for the
collapsible segment of this tube Pcrit=Pout.
Now consider the effect ofPout on flow through the

collapsible segment. In Figure IB, we have set the
pressure within the box at +10 cm H2O (Pout=+10)
and applied a pressure of +5 cm H2O upstream to the
collapsible segment (Pus=+5). Under these conditions
(Pin<Pout, +5< + 10), the segment remains occluded
and there is no flow through the tube. There can be no
flow as long as the Pus is below Pcrit (+10 cm H2O).
We will refer to the circumstance of Pus<Pcrit as

condition 1. This condition is analogous to zone 1 ofthe
pulmonary vasculature of West et al.35

Let us now examine the effect of an increase in Pus
to a level above Pcrit (+15 cm H2O, Fig IC). Because
the Pus exceeds Pcrit, the collapsible segment opens
and flow begins. In this example, let us assume that the
pressure immediately downstream to the collapsible
segment (Pds) remains below Pcrit (+9 cm H2O).
Under these circumstances, the downstream end of
the collapsible segment collapses or flutters to main¬
tain its intraluminal pressure at +10 cm H2O. The
reason for this phenomenon can be understood intu¬
itively. If the intraluminal pressure at the site of

1078 Impact of Basic Research on Tomorrow's Medicine

Downloaded From: http://journal.publications.chestnet.org/pdfaccess.ashx?url=/data/journals/chest/21737/ on 06/24/2017



collapse were to exceed +10 cm H2O (Pcrit) and the
site opened widely, the intraluminal pressure at the site
would fall to below Pcrit because ofthe lower pressure
in the rigid segment immediately downstream. The
decrease in intraluminal pressure at the site to below
Pcrit would cause it to collapse and the flow to cease.

Cessation of the flow would cause the pressure at the
site to become +15 cm H2O (Pus), the site would re¬

open, and the sequence would begin again. Thus, when
Pds is less than Pcrit, the downstream end of the col¬
lapsible segment collapses or flutters.
How does collapse of the collapsible segment affect

flow through the tube? Collapse of the segment fixes
the pressure at its downstream end at Pcrit. Therefore,
the pressure gradient driving flow through the tube
becomes fixed at Pus-Pcrit and remains independent
of changes in Pds (Pcrit is the effective downstream
pressure for flow as long as Pds<Pcrit). Because the
pressure gradient driving flow is fixed, flow also
becomes fixed and does not exceed a maximal level
(Vmax) even if Pds falls further. The Vmax of the col¬
lapsible segment is given by the following equation:

Vmax=(Pus Pcrit)/Rus equation (a)
where Rus is the resistance of the portion of the tube
upstream to the site ofcollapse. Because collapse ofthe
collapsible segment limits flow through the tube at
Vmax, it is termed the flow-limiting site (FLS). There¬
fore, when Pus exceeds Pcrit and Pds is less than Pcrit,
collapse of the FLS fixes flow through the tube at
Vmax. This circumstance will be referred to as condi¬
tion 2. This condition is analogous to zone 2 of the
pulmonary vasculature of West et al.35
Now consider the influence of alterations in Pus on

the level ofVmax under model conditions 1 and 2. The
relationship between Pus and Vmax for our model is
illustrated in Figure 2. As long as Pus is less than +10
cm H2O, there is no flow (condition 1, Figure IB).
When the Pus exceeds +10 cm H2O (the Pcrit ofthe
collapsible segment), Vmax increases linearly with Pus
(condition 2, Figure IC). From equation (a), the Pus
at 0 flow is Pcrit and the slope of the relationship be¬
tween Vmax and Pus is 1/Rus.

Finally, let us examine the effect of increasing Pds
above Pcrit on flow through the tube. In Figure ID, the
pressure downstream from the collapsible segment is
increased to +11 cm H2O. Because the pressure
throughout the collapsible segment is now greater than
the Pcrit, the collapsible segment will open widely.
There will be no flow limitation (as in condition 2) and
the flow through the tube will be determined from the
following equation:

V=(Pus-Pds)/R equation (b)
where R is the resistance of the entire tube between

Vmax
Slope =

p

condition * 1 ?10^
Pus

condition *2

Pcrit

Figure 2. This figure demonstrates the effect of progressively in¬
creasing the pressure upstream to the collapsible segment (Pus, Figs
1B+C) on maximal flow through the tube (Vmax). Until the Pus
exceeds +10 cm H2O (Pcrit), the tube remains collapsed and
occluded (condition 1). Above +10 cm H2O, Vmax and Pus are

linearly related with a slope of 1/Rus as long as the pressure down¬
stream from the collapsible segment is less than Pcrit (condition 2).

the upstream and downstream reference points. We
will refer to this circumstance as condition 3. This
condition is analogous to zone 3 of the pulmonary
vasculature of West et al.35

The Pharyngeal Airway as a Collapsible Tube

The advantage ofmodeling the pharyngeal airway as

a collapsible tube is that the model can be used to ex¬

amine the factors causing airflow obstruction even

though the precise mechanisms are not fully under¬
stood. At present, much remains to be learned about
the interactions of the pharyngeal muscles that main¬
tain the pharyngeal airway patency during sleep. Nev¬
ertheless, if the pressure-flow relationships of the
pharyngeal airway are described empirically by a sim¬
ple model, then that model can be used to organize
our thinking and to predict pharyngeal airway func¬
tion, regardless ofthe physiologic mechanisms respon¬
sible. Although at first glance, the upper airway does
not resemble a tube running through a box, its
pressure-flow relationships are remarkably similar to
those ofthe model that we have presented. In the fol¬
lowing discussion, we encourage the reader to focus on

the similarity between empirically observed flow through
the pharyngeal airway during sleep and that predicted by
the model of flow through collapsible tubes.
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Figure 3. This figure illustrates the progressive obstruction ofthe
pharyngeal airway of a patient with sleep apnea during sleep. In A,
the airway is open during wakefulness. Collapse begins at the level
of the nasopharynx and oropharynx (B) and progresses to include
the hypopharynx (C). The collapsed pharyngeal airway resembles
the collapsible segment ofthe model in condition 1 (Fig IB).

Similarities Between Pharyngeal Airway Obstruction
and the Model
The pharyngeal airway of man during sleep dem¬

onstrates three distinct levels of patency that parallel
the three conditions of the model of flow-through
collapsible tubes discussed above. Individuals with
obstructive sleep apnea have a pharyngeal airway that
is completely occluded during sleep. The appearance
of the human airway during an obstructive apnea is il¬
lustrated in Figure 3 by three midsagittal views of the
pharyngeal airway of a patient with obstructive sleep
apnea. Figure 3A illustrates his patent pharyngeal air¬
way during wakefulness. Figures 3B and 3C demon¬
strate the progressive collapse ofhis pharyngeal airway
during sleep. The appearance of the completely oc¬

cluded pharyngeal airway in Figure 3C resembles the
appearance ofthe collapsible segment ofthe model in
condition 1 (Fig IB). Unlike subjects with obstructive
apnea, individuals who snore have a pharyngeal airway
that collapses and flutters with inspiration during sleep.
The fluttering of the airway, snoring, or obstructive

hypopnea, is associated with the limitation of inspira¬
tory flow38 and closely resembles model condition 2
(Fig IC). In contrast to the preceding two groups who
demonstrate complete and partial pharyngeal airway
obstruction during sleep, individuals who breathe
normally during sleep have a pharyngeal airway that is
widely patent like a collapsible tube under condition 3
(Fig ID). Thus, obstructive sleep apnea, snoring, and
obstructive hypopnea, and normal breathing resemble
the three levels of patency in collapsible tubes.
To understand the behavior of the pharyngeal

airway during obstructive apnea, let us compare the
airflow patterns of the pharynx to those of the model.
If the pharyngeal airway during obstructive apnea re¬

sembles condition 1 ofthe model (Fig IB), then it be¬
haves like a collapsible tube when Pus is less than Pcrit.
For the pharyngeal airway during inspiration, Pus is
atmospheric pressure. Therefore, the Pcrit of the
pharyngeal airway during obstructive apnea must be
greater than atmospheric pressure. What are the
determinants of the Pcrit of the pharyngeal airway?
Referring back to the model, we observe that the Pcrit
is equal to the Pout, the pressure surrounding the
collapsible segment ofthe tube. To apply this model to
the pharyngeal airway, we can think ofthe pharyngeal
airway wall as a thin, very collapsible mucosal mem¬
brane (ignoring its muscle mass). The Pout of the
pharyngeal airway consists of the pressures exerted on
the airway by the pharyngeal muscle (resulting from its
mass and the pressure resulting from its contraction)
and the tissues surrounding the pharyngeal airway.
Therefore, the pharyngeal airway Pcrit is a pressure
that is equal to the pressure exerted on the pharyngeal
airway by these same structures. Because the Pcrit is
equal to the pressures tending to collapse the airway,
it is an index of pharyngeal airway collapsibility (the
greater the Pcrit, the more collapsible the airway).
Thus, during obstructive apnea, the airway is occluded
because the Pcrit of the pharyngeal airway is greater
than atmospheric pressure. The pharyngeal airway is
too collapsible to remain open at atmospheric pressure.

Modeling the Response to Nasal CPAP in
Obstructive Sleep Apnea
Now let us examine the effect of an increase in na¬

sal pressure (Pn, analogous to Pus) above the pharyn¬
geal Pcrit in a patient with an obstructive apnea. When
we raise the Pn from atmospheric pressure to a pres¬
sure above the pharyngeal Pcrit, the pharyngeal airway
is no longer occluded and airflow resumes when the
patient inspires. If Pn is slightly above Pcrit, the pres¬
sure downstream from the collapsible segment of the
pharynx (laryngeal pressure) will fall below Pcrit dur¬
ing inspiration. Under these conditions, as the patient
inspires, collapse of the pharynx will lead to flow lim-

1080 Impact of Basic Research on Tomorrow's Medicine

Downloaded From: http://journal.publications.chestnet.org/pdfaccess.ashx?url=/data/journals/chest/21737/ on 06/24/2017



o
CM

E

500 -,
~ 400
\ 300
E 200
w 100

§ °
^ -100 -!

.| -200
-300

20

10

0

-10

-20

-30

-40

14

12
10
8

^<W»w^« *"W «.Wws

500
400
300
200
100

0
-100
-200
-300

20

10

0

-10

-20

-30

-40

14

12
10

8
6
4

2
0

B

! t

12
10

8
6
4

2
0

':^AT\/ ':h-ATV~

USJS^

-10

-20

-30

-40

12

10

8

6

4

2

0

-10

-20

-30

-40

hM^J

Time (seconds)
Figure 4. This figure demonstrates the nasal airflow, esophageal pressure (Pesoph), and nasal mask
pressure (Pn) of an obstructive sleep apnea patient during sleep as Pn is progressively increased. With in¬
creasing Pn, the patient's pharyngeal airway progresses from complete apnea without inspiratory flow
(condition 1, A), to hypopnea/snoring with progressively higher levels of maximal inspiratory flow (con¬
dition 2, B through D), to complete airway patency (condition 3, E). The arrows in B through D identify
maximal inspiratory flow at each level of Pn for the coordinates plotted in Figure 5. See text for further
discussion.

itation manifested as snoring or hypopnea (condition
2). If Pn is high enough, the downstream laryngeal
pressure will not fall below Pcrit during inspiration.
Consequently, airflow will occur as the patient inspires
without pharyngeal collapse or flow limitation (condi¬
tion 3). Therefore, when the Pn is raised above Pcrit
in a patient with obstructive apnea, the degree of air¬
flow obstruction (condition 2 or condition 3) depends
on the difference between Pn and Pcrit.
When obstructive sleep apnea patients sleep with

nasal CPAP, inspiratory airflow patterns are qualita¬
tively similar to those predicted from the model above.
Figure 4 demonstrates the recordings of the airflow,
esophageal pressure (Pesoph), and Pn for one supine
obstructive sleep apnea patient as the Pn is progres¬
sively increased during stage 2 sleep. Notice the
absence of inspiratory airflow (Fig AA) when the Pn is
below a threshold level (Pcrit, condition 1). When the
Pn is raised above the Pcrit, inspiratory airflow is

present, but becomes limited to a maximal level
(Vjmax), independent of the continued decrease of
downstream laryngeal pressure (reflected in Pesoph,
Figs 4B through D). The dissociation of inspiratory
airflow from Pesoph suggests that laryngeal pressure
has fallen below the pharyngeal Pcrit (condition 2).
Finally, at higher levels of Pn, inspiratory flow and
downstream pressure parallel each other (Fig 4E). This

suggests that at higher levels of Pn, the laryngeal
pressure does not fall below Pcrit during inspiration,
and inspiratory flow limitation does not occur (condi¬
tion 3). Therefore, as Pn is increased during sleep in
a patient with obstructive sleep apnea, the upper air¬
way passes through the three levels of patency ob¬
served in a collapsible tube.
The response of inspiratory airflow to nasal CPAP

administration can be examined in more detail to de¬
fine a relationship of V^rnax to Pn for the obstructive
sleep apnea patient (similar to the relationship ofVmax
to Pus in the model, Fig 2). Smith and associates39 ex¬

amined the relationship of Vimax to Pn in six patients
with obstructive sleep apnea. They consistently ob¬
served a linear relationship between Vimax and Pn that
intercepted the x-axis at Pcrit (defined as the value of
Pn at Vimax=0, Fig 5). Thus, in obstructive sleep ap¬
nea patients, the pressure-flow relationships of the
pharyngeal airway are similar to those of a simple col¬
lapsible tube and can be used to define a Pcrit in ob¬
structive apnea that is greater than atmospheric pres¬
sure.

Pcrit and the Spectrum of Pharyngeal Collapsibility
Using the model of a simple collapsible tube, we can

also predict the pressure-flow relationships of the
normal pharyngeal airway during sleep. In contrast to
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Figure 5. This figure demonstrates the relationship between
maximal inspiratory flow (Vimax) and nasal mask pressure (Pn) for
the breaths identified with arrows in Figure AB through D. Above
the pharyngeal critical pressure (Pcrit) of +1.2 cm H20, Pn and
Vimax are linearly related. The relationship of Vimax to PN in this
figure is similar to the relationship of Vmax to Pus in Figure 2.

obstructive sleep apnea patients, normal individuals
have patent pharyngeal airways without inspiratory
flow limitation during sleep. In other words, at atmo¬

spheric pressure, their pharyngeal airways are in con¬

dition 3. If the pharyngeal airway of normal individu¬
als also behaves like a collapsible tube, then the Pcrit
of their airway must be substantially below atmo¬

spheric pressure. To test this hypothesis, Schwartz and
associates40 decreased the nasal pressure of normal
individuals during sleep. Normal subjects slept in su-
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Figure 6. This figure demonstrates the relationship of maximal
inspiratory flow (Vimax) to nasal mask pressure (Pn) for a normal
subject during NREM sleep. The plot contains data from several
experimental trials (progressive reductions of nasal mask pressure).
Each point represents a mean value of Vimax (with SD bars) for
several breaths at a particular Pn- Open symbols represent samples
from stage 2 sleep, while closed symbols represent samples from
slow-wave sleep. The relationship of Vimax to Pn in this figure is
the same as the relationship of Vimax to Pn in Figure 5 and Vmax
to Pus in Figure 2 (reprinted with permission40).

pine position while wearing a nasal mask attached to a

vacuum source. The PN was progressively lowered
during nonrapid eye movement (NREM) sleep while
inspiratory flow, PN, and Pesoph were measured. With
progressive lowering ofPN, each subject demonstrated
snoring (inspiratory flow limitation, condition 2). Fig¬
ure 6 demonstrates a plot ofVimax against PN for one
of the normal subjects. As PN was decreased, Vimax
decreased in a linear fashion until it fell to zero as the
PN approached the Pcrit ofthe pharyngeal airway (-9
cm H2O). Below Pcrit, there was no inspiratory airflow
(condition 1) and the normal individual resembled a

patient with obstructive sleep apnea (Fig 7). For the
group of normal subjects, the Pcrit was -13.5±3.4 cm
H2O. Therefore, similar to the pharyngeal airway in
obstructive sleep apnea, the pressure-flow relation¬
ships ofthe normal pharyngeal airway can be predicted
by a model of flow through a collapsible tube. The two

airways differ only in the values of their Pcrit: Pcrit in

patients with obstructive sleep apnea being greater
than atmospheric pressure (a more collapsible pha¬
ryngeal airway) and Pcrit in normal subjects being
subatmospheric (a less collapsible pharyngeal airway).
How can differences in Pcrit explain the varied de¬

grees of pharyngeal obstruction during sleep? From
the work of Schwartz and associates,40 individuals with
a Pcrit of below -8 cm H2O have normal inspiratory
airflow during sleep. As Pcrit increases above -8 cm
H2O, airway pressures fall below Pcrit during inspira¬
tion causing pharyngeal collapse and flow limitation.
Under conditions of flow limitation, Vimax varies
directly with PN-Pcrit (equation [a], PN=atmospheric
pressure). As Pcrit increases, PN-Pcrit decreases and
Vimax decreases until it becomes zero at Pn=Pcrit
(Pcrit=atmospheric pressure). Therefore, the clinical
progression from normal airflow to snoring, obstructive
hypopnea, and apnea should be paralleled by a pro¬
gressive rise in Pcrit. Figure 8 demonstrates the values
of Pcrit determined for normal individuals40 and for
groups of snorers, obstructive sleep hypopnea patients,
and obstructive sleep apnea patients 41,42 From these
data, it is evident that a spectrum of Pcrit values exists
beginning with obstructive sleep apnea patients whose
values of Pcrit are at or above atmospheric pressure,
followed by patients with obstructive hypopnea whose
Pcrit values range from atmospheric pressure to -4 cm
H2O, followed by snorers with values between -4 cm
H2O and -8 cm H2O and normal individuals with val¬
ues below -8 cm H2O. Thus, increasing degrees of
pharyngeal obstruction during sleep result when in¬

creasing (less subatmospheric) values of Pcrit progres¬
sively limit the level of maximal flow through the
pharynx during sleep.

If the correlation between increasing levels of pha¬
ryngeal Pcrit and increasing levels of sleep-related
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Figure 7. This figure demonstrates obstruc¬
tive apnea during the stage 2 sleep of a normal
subject (Fig 6) when -10 cm H2O pressure is
applied by nasal mask (Pn). Despite the pres¬
ence of inspiratory effort (Peso), inspiratory
airflow (Flow, Thermistor) is absent. L. EOG
and R. EOG=left and right eleetro-oculogram;
EMG=submental surface electromyogram;
ECG=electrocardiogram; C3-A2 and C3-
Oi=EEG leads; Peso=esophageal pressure;
Sa02=oxyhemoglobin saturation; flow=airflow
(inspiration downward); Pn=nasal mask pres¬
sure (reprinted with permission40).

airflow obstruction holds true, then we should be able
to predict the pharyngeal Pcrit in a newly described
syndrome ofairway obstruction during sleep. Since the
characterization of Pcrit in snorers and patients with
obstructive sleep hypopnea by Gleadhill and associ¬
ates,42 Guilleminault and associates43 have described
the upper airway resistance syndrome (UARS). The
UARS combines clinical features of both snoring and
obstructive sleep hypopnea. Like patients who snore,
patients with UARS demonstrate mild inspiratory flow
limitation during sleep without recurrent oxyhemoglo¬
bin desaturation. Like patients with obstructive sleep
hypopnea, patients with UARS experience sleep frag¬
mentation and daytime sleepiness that resolves with
nasal CPAP use. Because inspiratory airflow is only
mildly reduced in the UARS, we would predict a Pcrit
near that of snorers (-6 cm H2O). Nevertheless,
patients arouse recurrently suggesting a level of Pcrit

closer to patients with obstructive hypopnea (-2 cm
H2O). We postulate that the range of Pcrit for patients
with UARS is -2 cm H2O to -6 cm H2O, intermedi¬
ate between that ofsnorers and that ofpatients with the
sleep hypopnea syndrome. Although the Pcrit in
patients with UARS has not yet been determined, its
measurement would contribute to our understanding
of the spectrum of pharyngeal collapsibility from
health to disease.

Pcrit and Therapy for Obstructive Sleep Apnea

From the discussion of the pharyngeal airway as a

collapsible tube, normal individuals have a differential
of at least 8 cm H2O between Pn (atmospheric pres¬
sure) and pharyngeal Pcrit (<-8 cm H2O). As the dif¬
ferential between Pn and Pcrit decreases with increas¬
ing Pcrit, inspiratory flow limitation develops and
Vimax decreases causing snoring, obstructive hypop-

CHEST / 110 / 4 / OCTOBER, 1996 1083

Downloaded From: http://journal.publications.chestnet.org/pdfaccess.ashx?url=/data/journals/chest/21737/ on 06/24/2017



CRIT

(cm H20)

OH

-4^

-sH

-12

-16

-20

T i

i?

NORMAL

|_

OBSTRUCTIVE OBSTRUCTIVE
HYPOPNEA APNEA

*D<0.01

Figure 8. This figure compares the values of pharyngeal Pcrit for
normal subjects, snorers, and patients with obstructive hypopnea
and obstructive apnea. The data are presented as both individual
values and as means±SD for the four groups. Note the progressive
increase in the mean pharyngeal Pcrit with increasing levels of
pharyngeal collapsibility and airway obstruction (reprinted with
permission from Schwartz AR, Smith PL, Kashima HK, et al. Res¬
piratory function ofthe upper airways. In: Murray JF, Nadel JA, eds.
Textbook of respiratory medicine. 2nd ed. Philadelphia: WB
Saunders, 1994; 1451-70).

nea, and obstructive apnea. In contrast, we predict that
airflow obstruction will be abolished and levels of in¬
spiratory airflow will return to normal in obstructive
sleep apnea, when a pressure differential of 8 cm H2O
between Pn and pharyngeal Pcrit is reestablished.
Therefore, effective therapy ofobstructive sleep apnea
requires that a sufficient gradient from Pn to the site
of pharyngeal collapse be achieved.
The reestablishment of the normal pressure gradi¬

ent between Pn and pharyngeal Pcrit can be accom¬

plished by one oftwo means. First, Pn can be increased
to a level of 8 cm H2O above Pcrit using nasal CPAP.
Because Pcrit in hypopneic and apneic individuals
usually lies between -4 and +4 cm H2O (Fig 8), nasal
pressures between +4 and +12cm H2O usuallyprovide
adequate relief of pharyngeal airway obstruction.44,45
Alternatively, the differential between Pn and Pcrit can
be widened by decreasing the Pcrit. Thus, it should be
possible to eliminate the sleep fragmentation of ob¬
structive sleep apnea (hypopnea) with treatments that
decrease Pcrit to below -4 cm H2O and to eliminate
snoring with treatments that decrease Pcrit to below -8
cm H2O. Studies ofthe effects of uvulopalatopharyn¬
goplasty (UPPP) and weight loss on Pcrit support the
concept that a change in the severity of obstructive

sleep apnea accompanies a reduction in Pcrit below
these threshold levels.46'47

Schwartz and associates46 examined the relationship
between Pcrit and the response to UPPP. UPPP is a

surgical procedure designed to alleviate pharyngeal
obstruction during sleep by the removal of tissue at the
level of the velopharynx and oropharynx.21"23 It has
long been recognized that the response of pharyngeal
obstruction to UPPP is quite variable. Although some

patients experience a marked reduction in the fre¬
quency of their disordered breathing events (apnea/
hypopnea index, AHI), others are unaffected by the
procedure. To determine whether a therapeutic re¬

sponse to UPPP is dependent on a reduction in pha¬
ryngeal Pcrit, the preoperative and postoperative Pcrit
of 13 patients who underwent UPPP for obstructive
sleep apnea was determined. Of the 13 patients, 6 re¬

sponded favorably to UPPP with a mean reduction in
AHI of 84% while 7 patients were classified as nonre¬

sponders. Figure 9 demonstrates that responders to
UPPP could not be differentiated from nonresponders
by their preoperative Pcrit (-0.8 ±3.0 and 1.1 ±1.6,
respectively). Following UPPP, patients who re¬

sponded demonstrated a mean decrease of their Pcrit
of 6.5 cm H2O. Moreover, patients whose pharyngeal
Pcrit decreased to below -4 cm H2O following UPPP
reduced their AHI to a normal level. In contrast, non¬

responders had no significant change in Pcrit following
UPPP. Thus, patients who respond to UPPP demon¬
strate a change in pharyngeal collapsibility manifested
as a change in Pcrit. The study also supports the
hypothesis that an effective treatment for obstructive
hypopnea and apnea must decrease the Pcrit to near

-4 cm H2O, the level separating patients with obstruc¬
tive hypopnea from those with asymptomatic snoring
(Fig 8).

Research into the effect of weight reduction on

pharyngeal collapsibility has modified our approach to

weight reduction for the treatment ofobstructive sleep
apnea. Weight loss is known to reduce the AHI in ob¬
structive sleep apnea patients.16"18 In 15 moderately
obese patients with moderate to severe obstructive
sleep apnea, Smith and associates17 demonstrated a

45% reduction in the NREM sleep AHI following a9%
body weight loss. Patients varied widely, however, in
their responses to weight loss. Some patients com¬

pletely eliminated their disordered breathing while
others remained unchanged. Because weight loss is
often difficult to achieve and it does not consistently
reduce the AHI, physicians have not used weight loss
as a primary treatment for obstructive sleep apnea.
To better understand the relationship among weight

loss, airway collapsibility, and the frequency of disor¬
dered breathing events, Schwartz and associates47
studied the effect ofweight loss on the pharyngeal Pcrit
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of patients with moderate to severe obstructive sleep
apnea. They found that each patient who lost weight
demonstrated a decrease in Pcrit, and that the change
in Pcrit was roughly correlated with the amount of
weight lost (Fig 10). For the group of 13 patients who
lost a mean 17% of their body weight, Pcrit decreased
by 5 cm H2O. In contrast, 13 patients who did not lose
weight demonstrated little change in Pcrit. From these
findings, they concluded that weight loss affects ob¬
structive sleep apnea by reducing the collapsibility of
the pharyngeal airway roughly in proportion to the
amount of weight lost.

If weight loss consistently reduces the collapsibility
of the pharyngeal airway, why is the response of the
AHI to weight loss so variable? The answer emerges as

we examine the relationship between Pcrit and AHI
(Fig 11). Those patients with the greatest reduction in
AHI began with low values ofpharyngeal Pcrit that fell
below -4 cm H2O after weight loss. Patients whose
AHI did not fall significantly began with higher values
of Pcrit that remained substantially above -4 cm H2O
after weight loss. From these findings, it is clear that
two principal factors, the initial pharyngeal Pcrit and
the amount of weight lost, determine the therapeutic
response to weight loss in patients with obstructive
sleep apnea.
From the study ofSchwartz and associates,47we may

conclude that the response to a given decrease in body
weight depends largely on the initial value of Pcrit. A
loss of 10% body weight (a change in body mass index
of 3 to 4 kg/m2 in a patient with an initial body mass

index of 35 kg/m2) should produce a decrease in Pcrit
of 2 to 4 cm H2O (Fig 10). If a patient's initial Pcrit is
-2 cm H2O, then this amount of weight loss should
result in a Pcrit of -4 to -6 cm H20. The resulting
value of Pcrit is in the range of asymptomatic snoring
and the patient should experience an improvement in
his or her symptoms. In contrast, if the same patient's
initial Pcrit was +4 cm H2O, a loss of30% body weight
(10 to 12 kg/m2, Fig 10) would be required to achieve
the same result. Recognizing the difficulty in achieving
this weight loss, one may conclude that the patient will
probably not benefit clinically from a weight loss pro¬
gram as the sole treatment for obstructive sleep apnea.

In the studies of weight loss and UPPP, we observe
two principles that should guide the clinician in treat¬
ing obstructive sleep apnea. First, a decrease in Pcrit
is necessary to treat obstructive sleep apnea success¬

fully without nasal CPAP. Second, a decrease in AHI
to normal levels can be expected when the Pcrit
decreases to below -4 cm H2O. These observations
suggest that to apply a treatment for obstructive sleep
apnea effectively, we must know how much Pcrit falls
in response to the treatment. Depending on the mag¬
nitude of this decrease in Pcrit, the response of a par-
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Non-REM DBR
(episodes/hr)
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$.
V . pre-UPP

O post-UPP
-15 -10 -5 0 5 10

Pcrit (cmH20)
Figure 9. This figure demonstrates the relationship between the
disordered breathing rate (DBR, synonymous with AHI) and Pcrit
for 13 patients who underwent UPPP. A line connects pre-UPPP
and post-UPPP symbols for each patient. Consistent reductions in
Pcrit and DBR were seen only in responders. Reductions in Pcrit
to below -4 cm H2O resulted in complete resolution of sleep dis¬
ordered breathing (reprinted with permission46).

ticular patient to the treatment can be predicted based
on the patient's pretreatment value of Pcrit. This
knowledge will enable clinicians to offer their patients
greater certainty about treatment response and to ef¬
fectively combine treatments to decrease a patient's
Pcrit to below -4 cm H2O. In this way, quantifying
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Figure 10. This figure demonstrates the relationship between the
change in weight (represented by body mass index) and the change
in Pcrit for 26 patients with obstructive sleep apnea/hypopnea. Pa¬
tients who lost weight demonstrated a rough correlation between
the amount of weight loss and the change in Pcrit (p=0.056). The
usual care group did not lose weight (reprinted with permission47).
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Figure 11. This figure demonstrates the relationship between
NREM DBR (DBR=disordered breathing rate, synonymous with
AHI) and Pcrit in a group of weight loss and nonweight loss (usual
care) patients with obstructive sleep apnea/hypopnea. A line con¬

necting preintervention and postintervention symbols for each pa¬
tient is shown. For weight loss patients, reductions in Pcrit to be¬
low -4 cm H2O resulted in complete resolution of sleep-disordered
breathing (reprinted with permission47).

pharyngeal collapsibility can help to select from the
many treatments available for patients with obstructive
sleep apnea.

Pcrit, the Clinician, and Clinical Investigation
To use a quantitative approach to the treatment of

obstructive sleep apnea, the measurement of a pa¬
tient's pharyngeal Pcrit must become part of the rou¬

tine clinical evaluation. Using nasal CPAP, a clinical
estimate of Pcrit can be easily made in every sleep
laboratory. Although measuring the Pcrit precisely re¬

quires the quantitative measurement ofVjmax, PN, and
inspiratory effort (Figs 4 and 5), approximating the
Pcrit can be done simply and is often sufficient for
clinical decision making. An approximation of Pcrit
begins with the clinical sleep study. During a clinical
sleep study, if a patient lying supine demonstrates only
obstructive hypopnea in stage 2 sleep, then his Pcrit
will be in the range of 0 cm H20 to -4 cm H20. If a
patient has obstructive apnea present during stage 2
sleep, then his Pcrit will be above 0 cm H20. For such

patients, the Pcrit can be approximated during a nasal
CPAP study by including the PN among the monitored
parameters of the polygraph tracing. When PN is be¬
low Pcrit, the pharyngeal airway is occluded and there
is no fluctuation of mask pressure with respiration (Fig
4A). When the PN is raised above Pcrit and respiratory
airflow begins, mask pressure fluctuates with respira¬
tion (Fig 4B). By raising the PN in 1 to 2 cm H20 in¬
crements during stage 2 sleep, the Pcrit ofthe airway
can be established between the last PN at which mask
pressure does not fluctuate with respiration and the
first PN at which the fluctuations are apparent. The
simplicity of this approach should make an approxi¬
mation of Pcrit available to most sleep clinicians.
The clinical investigator will assume an important

role in acquiring data about the effect of specific
interventions on pharyngeal Pcrit. For example, Meu-
rice and associates48 have compared the Pcrit with the
mouth closed to the Pcrit with the mouth open in
normal sleeping subjects and found a 4 cm H20
increase in Pcrit (increased pharyngeal collapsibility)
with the mouth open. Similar investigations are needed
on a variety of treatments for obstructive sleep apnea.
At present, little is known about the effects ofprotrip¬
tyline, oral devices, and surgical mandibular advance¬
ment on the Pcrit of patients with obstructive sleep
apnea. Furthermore, although we routinely advise pa¬
tients to avoid alcohol and sedative hypnotics before
sleep, little is known about the effects of alcohol and
benzodiazepines on Pcrit. By routinely measuring the
change in Pcrit as an outcome parameter in a variety
of therapeutic trials, clinical investigators can accumu¬

late the data needed to facilitate this change in
approach to the management of obstructive sleep
apnea.
Adding the pharyngeal Pcrit to the list of measured

outcomes will also increase the sensitivity of therapeu¬
tic trials. At present, the outcomes that we accept for
demonstrating a treatment's clinical efficacy are a re¬

duction in the frequency of disordered breathing
events, an improvement in oxygenation, and an im¬
provement in sleep architecture. With these outcomes,
only therapies that reduce Pcrit to near -4 cm H20, the
level needed to convert hypopnea to snoring, will
demonstrate efficacy. By unknowingly selecting pa¬
tients with high pretreatment values of Pcrit, or by
testing treatments that decrease Pcrit modestly (but
may be well tolerated and combine well with other
treatments), clinical researchers may not recognize the
full potential ofanew treatment. Measurement ofPcrit
before and after treatment will provide a quantitative
assessment ofthe effect ofthe treatment on pharyngeal
collapsibility, the basic problem for obstructive sleep
apnea patients.

In summary, we have applied a model of flow
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through collapsible tubes to the pharyngeal airway of
man and introduced a parameter, the Pcrit, that
quantifies pharyngeal collapsibility. We have demon¬
strated a spectrum of Pcrit between normal subjects
and patients with obstructive sleep apnea and an

appropriate change in Pcrit with a response to treat¬
ment. Finally, we have shown how the Pcrit can be
used to predict a patient's response to treatment and
how to approximate the Pcrit clinically. The pharyngeal
Pcrit, first used to investigate the pathophysiologic
state of pharyngeal airflow, may now afford new

opportunities for both clinicians and clinical investiga¬
tors in the field of obstructive sleep apnea.
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