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Objectives:  Pharyngeal critical closing pressure (Pcrit) or collapsibility is a major determinant of  obstructive sleep apnea (OSA) and may be used to predict 
the success/failure of  non-continuous positive airway pressure (CPAP) therapies. Since its assessment involves overnight manipulation of  CPAP, we sought to 
validate the peak inspiratory flow during natural sleep (without CPAP) as a simple surrogate measurement of  collapsibility.
Methods:  Fourteen patients with OSA attended overnight polysomnography with pneumotachograph airflow. The middle third of the night (non-rapid eye movement 
sleep [NREM]) was dedicated to assessing Pcrit in passive and active states via abrupt and gradual CPAP pressure drops, respectively. Pcrit is the extrapolated CPAP 
pressure at which flow is zero. Peak and mid-inspiratory flow off CPAP was obtained from all breaths during sleep (excluding arousal) and compared with Pcrit.
Results:  Active Pcrit, measured during NREM sleep, was strongly correlated with both peak and mid-inspiratory flow during NREM sleep (r = −0.71, p < .005 
and r = −0.64, p < .05, respectively), indicating that active pharyngeal collapsibility can be reliably estimated from simple airflow measurements during polysom-
nography. However, there was no significant relationship between passive Pcrit, measured during NREM sleep, and peak or mid-inspiratory flow obtained from 
NREM sleep. Flow measurements during REM sleep were not significantly associated with active or passive Pcrit.
Conclusions:  Our study demonstrates the feasibility of  estimating active Pcrit using flow measurements in patients with OSA. This method may enable 
clinicians to estimate pharyngeal collapsibility without sophisticated equipment and potentially aid in the selection of  patients for non- positive airway pressure 
therapies.
Keywords:  collapsibility, peak inspiratory flow, active Pcrit, sleep apnea.

INTRODUCTION
Obstructive sleep apnea (OSA) is a common disorder charac-
terized by repeated pharyngeal obstruction during sleep1 which 
causes sleep fragmentation2 and sympathetic activitation.3 
Untreated OSA has also been associated with adverse neuro-
cognitive (daytime sleepiness, reduced attention)4–6 and cardio-
vascular complications (hypertension, diabetes, and stroke).4,7,8 
Recent evidence suggests that OSA is caused by the interplay 
of a variety of physiological variables, with pharyngeal collaps-
ibility9–12 playing a prominent role in most patients.

The gold standard measurement for pharyngeal collapsibility 
is the pharyngeal critical pressure (Pcrit).9–21 Pcrit is determined 
by reducing the nasal pressure to various levels during sleep 
and plotting the maximum airflow for each flow-limited breath 
against the associated pressure. Pcrit is defined by the extrap-
olation of this relationship to zero flow. Pcrit can be measured 
in active and (relatively) passive states of pharyngeal muscle 
activity. Active Pcrit is determined by lowering the nasal pres-
sure slowly to allow the dilator muscles time to activate, while 
passive Pcrit is determined by lowering the pressure abruptly 
and measuring flow before muscles have time to activate.22

Assessment of collapsibility by the Pcrit method has sev-
eral problems that limit its applicability. First, complete 

characterization of the pressure–flow relationship (in the 
pressure range where flow is limited) requires the use of spe-
cialized continuous positive airway pressure (CPAP) devices 
that can deliver both positive and negative airway pressures. 
Second, measuring an individual’s Pcrit often requires trained 
experts to perform CPAP drops during overnight sleep studies. 
Consequently, Pcrit is currently only used as a research tool. 
Therefore, there is a need for a simple and reliable assessment 
of pharyngeal collapsibility during sleep.

In this study, we tested the hypothesis that upper airway 
collapsibility can be estimated using airflow measurements 
during natural sleep, without the need for CPAP manipula-
tion. The rationale for this hypothesis is based on the fact that 
any change in the magnitude of the pressure or (x)-intercept 
of the pressure–flow plot, which is Pcrit,13–15 is reflected on 
the flow or (y)-intercept of the pressure–flow plot, which is 
the peak flow at atmospheric pressure. Thus, the y-intercept 
of the pressure–flow plot likely contains similar collapsibil-
ity information as the x-intercept. The advantage of using the 
y-intercept is that it does not require CPAP adjustments, that 
is, it should be equivalent to the peak flow off CPAP. To test 
this hypothesis, peak inspiratory flow for every breath dur-
ing natural sleep (off CPAP) was determined using a specially 

Statement of Significance
Recent evidence suggests that OSA is caused by the interplay of  a variety of  physiological variables; however, pharyngeal collapsibility remains as the key 
contributor in majority of  patients. This is because the alternative therapies may be less likely to succeed in a severely crowded airway, even if  they are 
correctly matched to the structure causing the upper airway collapse. Thus, clinically available methods are needed for quantifying the collapsibility during 
sleep. The contribution of  the proposed research is a clinical methodology for estimating upper airway collapsibility (under active condition). This contribu-
tion is significant because it may ultimately aid in the selection of  patients for alternative therapies, thereby potentially improving quality of  life and health 
outcomes through improved compliance with therapy.
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designed automated algorithm. In addition, the mid-inspira-
tory flow was determined (off CPAP) to examine the effect of 
negative effort dependence.23 Peak and mid-inspiratory flow 
data were pooled and their median values were calculated for 
each patient and compared to separately measured active and 
passive Pcrits (measured during NREM sleep) using tradi-
tional methods.

METHODS

Participants
The current results were obtained by additional analysis of 
data obtained in the course of existing OSA phenotype inves-
tigations.24,25 Briefly, OSA patients (age: 18–60  years) with 
an apnea–hypopnea index (AHI) >10 events/h were invited 
to participate. The exclusion criteria included cardiac disease 
(uncontrolled hypertension or heart failure) or any other serious 
comorbidities and the use of medications known to influence 
sleep or respiration. The study was approved by the Partners 
Institutional Review Board. All participants provided written 
informed consent prior to study enrollment.

Measurements and Equipment
Participants were instrumented for a physiological pol-
ysomnographic study. Electroencephalography (EEG), chin 
electromyography (EMG), and electrooculography (EOG) 
were recorded for sleep staging. Piezoelectric bands around 
the chest and abdomen monitored respiratory movements. 
Electrocardiography (ECG), body position, and arterial oxygen 
saturation (SaO

2
) were also collected. In addition, participants 

wore a sealed nasal mask to facilitate airflow measurement 
(pneumotachograph, Hans-Rudolph, Kansas City, MO). Mask 
pressure was monitored with a pressure transducer (Validyne, 
Northridge, CA) referenced to atmosphere. To confirm flow 
limitation, a small flexible pressure-tipped catheter (Millar 
Instruments, Houston, TX) was inserted through a decon-
gested (oxymetazoline-HCL) and anesthetized (4% lidocaine) 
nostril to measure the epiglottic pressure (Pepi). EEG, EMG, 
EOG, and respiratory movement signals were amplified using 
GRASS amplifiers (Grass Telefactor, West Warwick, RI), and 
all signals were digitized and sampled at 125 Hz (Power1401 
and Spike2, Cambridge Electronic Design, Cambridge, United 
Kingdom).

Severity of OSA and Peak Flow Measurements
The first and last thirds of the study were used to assess peak 
airflow and OSA severity (assessed using the AHI) off CPAP. 
At least 2 hours of data off CPAP in the supine position were 
collected after lights out. Apneas and hypopneas were scored 
using standard American Academy of Sleep Medicine guide-
lines.26 Specifically, hypopneas were scored when there was a 
≥30% reduction in airflow that lasted at least 10 seconds and 
was associated with ≥3% oxygen desaturation and/or an arousal 
(AASM recommended rule 1A). The reported peak and mid-in-
spiratory flow and AHI are the values while participants were in 
supine position and off CPAP. Flow and AHI data from non-rapid 
eye movement sleep (NREM) and REM sleep were analyzed 
separately.

Upper Airway Collapsibility Measurements
The middle third of the night was dedicated to measuring Pcrit 
during NREM sleep. Participants slept supine and breathed 
on a modified CPAP device (Philips-Respironics, Murrysville, 
PA) capable of delivering positive and negative nasal pres-
sures. After stable sleep was achieved, the pressure in the 
mask was increased to the level required to eliminate flow 
limitation, as determined by the airflow pattern and epiglot-
tic pressure signals. CPAP was then reduced under 2 different 
conditions27: (1) The passive condition in which CPAP was 
reduced abruptly for 5 breaths to assess the upper airway col-
lapsibility when the pharyngeal muscles were relatively hypo-
tonic. In total, 214 passive drops from an optimum pressure of 
8.0 (7.0–9.8) cmH

2
O were performed, resulting in 13 (8–16) 

data points per subject (Here and throughout this paper, 
numerical values in parentheses denote interquartile ranges,) 
(2) The active condition in which CPAP was reduced gradu-
ally (<1 cmH

2
O per min) to permit the activation of pharyn-

geal muscles. In total, 64 active drops were performed which 
resulted in 13 (9–14) data points per subject. If awakening 
occurred, CPAP was returned to the optimum level until stable 
sleep resumed.

Upper Airway Collapsibility Analysis
Passive and active Pcrit were calculated using data collected 
during supine NREM sleep.

1)	 Passive upper airway collapsibility: A pressure–flow curve 
was constructed by plotting peak inspiratory flow versus 
mask pressure for each abrupt CPAP drop using linear 
regression. The median peak flow of breaths 3 and 4 was 
recorded for each drop (if flow limited; breaths 1–2 were not 
included due to potential lung volume effects28 and breath 
5 was not included due to increasing muscle activity29). 
Passive collapsibility was quantified by passive Pcrit (x-in-
tercept of the regression). We also recorded the y-intercept 
of the regression line ( V

max
 at atmospheric pressure11,12) to 

see how this value compared with peak flow measurements 
off CPAP during spontaneous breathing (the first and last 
thirds of the night).

b)	 Active upper airway collapsibility: Active Pcrit was deter-
mined as described previously.9,11,12,14,15,22 Briefly, nasal 
pressure was decreased gradually until apnea or awakening 
occurred. At the end of each pressure step, the maximal 
flow of the last 4 flow limited breaths were used to con-
struct the pressure–flow plot. Similar to the passive anal-
ysis described earlier, a linear regression line was fitted to 
these data points. Active collapsibility was quantified by 
active Pcrit (x-intercept of the regression line). Again, V

max
 

at atmospheric pressure11,12 (the y-intercept of the regres-
sion line) was recorded for comparisons to the peak flow off 
CPAP.

Peak and Mid-Inspiratory Flow Analysis
Peak and mid-inspiratory flow measurements were performed 
during supine sleep while patients were off CPAP. The flow cal-
culation was automated as described in the online supplement. 
Briefly, the following steps were performed:
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1)	 The approximate onsets of all breaths were detected auto-
matically from peaks and troughs of the integrated flow 
signal (zero-mean by removing the average flow over a 
9-minute window). The 9-minute interval was used to have 
at least 100 breaths in each window. Although the zero 
flow in the pneumotachograph signal is supposed to be 
the true zero flow, we nevertheless saw some drift and thus 
used the integrated flow signal to find the start and end of 
each breath. Furthermore, this methodology was developed 
with the aim of operating accurately and robustly under the 
condition when there is a variable but unknown DC offset   
(eg, low level of CPAP with small leak, flow measured in 
a bias flow circuit, or electrical drift in the DC baseline). 
Therefore, the presented method can be applied broadly to 
any signal estimating airflow without the need for any sub-
stantial modification.

2)	 Next, breaths that contained expiratory mouth leak (EML; 
Figure  1, a) were detected automatically and removed 
from the analysis during zero flow calculation (see valida-
tion of the EML detection algorithm below). As described 
in the online supplement, EML was detected when there 
was a volume loss during expiration (due to breathing in 
through the nose and out through the mouth). As shown in 
Figure 1 a, the presence of EML leads to inaccurate esti-
mation of true zero flow using step #1 mentioned earlier 
(ie, true zero flow is overestimated, resulting in an under-
estimated peak flow). Indeed, we have been unable at this 
point to develop an automated algorithm for detecting true 
zero flow in the presence of EML that agrees with hand 
detection. Because accurate detection of true zero flow 
is imperative to accurate estimation of peak flow, breaths 
with EML were excluded from the analysis during zero 
flow calculation. Therefore, the zero flow obtained from 
non-EML breaths was considered to be zero flow for EML 
breaths.

A total of 10 677 NREM supine sleep breaths were used to 
validate the EML detection algorithm, from which 1774 
(16.6%) breaths were marked manually as breaths with EML. 
The manual scoring was based on appearance of a rapid 
early reduction in expiratory flow typically accompanying an 
abnormal increase in epiglottic pressure (Figure S2, online 
supplement). The algorithm correctly identified 1687 EML 
breaths and 8617 as non-EML breaths. This resulted in a sen-
sitivity of 96.8% and a specificity of 95.1%. This was a cru-
cial step in the automation process because EML occurred 
on at least 20% of all sleep breaths in 4 subjects and between 
5% and 20% of all sleep breaths in 5 subjects. On average, 
the prevalence of EML was 6.6% (2.6%–20.7%) of all sleep 
breaths.

3)	 Following zero-flow correction (using periods without 
EML), flow was reintegrated and peaks and troughs were 
recalculated. To remove high-frequency artifacts, the flow 
signal was high-pass filtered with a cutoff frequency of 20 
Hz.

4)	 Peak flow was calculated by subtracting the maximum flow 
(ie, first peak detected during inspiration) from the flow at 
the onset of the breath. For EML breath, peak flow was cal-
culated by subtracting the maximal flow from previously 
calculated zero flow (from non-EML breaths). Similarly, 
mid-inspiratory flow was determined by subtracting the 
flow at the middle of inspiration from the flow at the onset 
of the breath.

5)	 Apneas were filled by breaths with zero flow with a dura-
tion equal to a normal respiratory cycle (median T

tot
 outside 

apnea).
6)	 The median of all peak and mid-inspiratory flows dur-

ing supine NREM and, separately, during supine REM 
sleep (excluding breaths during arousals) were calculated 
and termed Vpeak

NREM
, Vpeak

REM
, Vmid

NREM
, and Vmid

REM
, 

respectively.

Statistical Analyses
Data are expressed as the median (interquartile range) unless 
otherwise specified. Pearson’s correlation assessed associa-
tions between peak flow and pharyngeal collapsibility. A linear 
multiple regression (with backward elimination) analysis was 
performed to examine the association between active Pcrit and 
peak flow while including clinical variables such as AHI, per-
cent hypopneas, and nadir SaO

2
 as covariates. Changes in peak 

and mid-inspiratory flow and Pcrit from NREM to REM were 
assessed using Wilcoxon signed-rank test. Value of p < .05 was 
considered as statistically significant.

RESULTS

Patient Characteristics
A total of 14 participants (age: 55 (51–61) years, 5 females) 
with a body mass index of 30.4 (29.2–33.1) kg/m2 were studied 
(Table 1).

Upper Airway Collapsibility
Table 2 shows the passive and active Pcrits determined during 
the middle third of the night. Active Pcrit was ~3 cmH

2
O lower 

Figure 1—Zero flow estimated by averaging the flow signal over a 
period of  time does not represent the true zero flow if  that period 
contains breaths with expiratory mouth leak (EML). (a) Breaths 
with expiratory flow leak. (b) Breaths without expiratory flow leak 
(the mean airflow is an accurate estimate of  true zero flow). Est., 
Estimated.
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than passive Pcrit (−3.5 (−5.0 to −0.9) cmH
2
O versus −0.7 (−2.8 

to 0.1) cmH
2
O, p < .05). V

max
 at atmospheric pressure (y-inter-

cept) was significantly lower in passive than in active condi-
tions (0.09 (0.0–0.19) L/s versus 0.18 (0.10–0.30) L/s, p < .01; 
Table 2).

Example Traces
Figure 2 shows the raw data for 3 representative patients with 
severe OSA. Figure 2a displays a patient with less collapsible 
airway (passive Pcrit = −2.6 cmH

2
O, active Pcrit = −4.4 cmH

2
O) 

and relatively high median peak flow (0.33  L/s). Figure  2b 
shows a patient with moderate collapsibility values (pas-
sive Pcrit  =  −0.7  cmH

2
O, active Pcrit  =  −0.7  cmH

2
O) and a 

lower median peak flow (0.24 L/s, 27% less than first patient). 
Figure 2c shows a patient with high collapsibility values (pas-
sive Pcrit  =  +4.2  cmH

2
O, active Pcrit  =  +0.6  cmH

2
O) and 

a lower median peak flow (0.23  L/s, 30% less than the first 
patient). Despite different collapsibilities, reflected in peak 
flow, all 3 patients had similar severities of OSA (NREM 
Supine AHI = 44, 38 and 32 events/hr) and similar proportion 
of events that were hypopneas rather than apneas (80%, 97%, 
and 79%).

Peak and Mid-Inspiratory Flow Versus Collapsibility in NREM
A significant relationship was found among Vpeak

NREM
, the 

median peak flow obtained when patients were off CPAP, and 
active Pcrit (r  =  −0.71, p < .005; Figure  3, left top panel) 

and between Vpeak
NREM

 and V
max

 at atmospheric pressure 
(y-intercept of the pressure–flow curve; r = 0.77, p < .005; 
Figure 3, right top panel), suggesting that peak flow during 
NREM sleep is a valid estimate of the active collapsibility 
during NREM sleep. A  weaker but still significant correla-
tion was found between Vmid

NREM
, the median mid-inspira-

tory flow obtained when patients were off CPAP, and active 
Pcrit (r  =  −0.64, p < .05; Figure  3, left bottom panel) and 
between Vmid

NREM
 and V

max
 at atmospheric pressure (y-inter-

cept of the pressure–flow curve; r = 0.65, p < .05; Figure 3, 
right bottom panel), indicating that the relationship between 
active Pcrit and flow measurements holds true, despite the 
presence of negative effort dependence. However, there was 
no relationship between Vpeak

NREM
 or Vmid

NREM
 and passive 

Pcrit during NREM sleep (r = −0.007, p = 0.98 and r = −0.1, 
p = .73, respectively; Table 3). This suggests that NREM flow 
measurements are not a measure of collapsibility under hypo-
tonic conditions.

Peak Flow During Selected Periods
In addition to the analysis mentioned earlier in which we took 
all breaths during NREM sleep (excluding breaths associated 
with arousals), we also tested whether the breaths selected 
from certain periods of NREM sleep would improve the corre-
lation between active Pcrit and peak flow. We selected breaths 
from the following periods thought to contain increased phar-
yngeal muscle activity: (1) stable breathing periods30 and (2) 
the last 15 seconds of each respiratory event.31 The correlation 
coefficient in both cases was −0.69 (p < .01), which is similar 
to what we found using all NREM sleep breaths. These data 
suggest that more accurate estimates of active collapsibility 
were not achieved by choosing breaths under these selected 
conditions.

Peak Flow During REM
On the other hand, previous studies21,32 suggest that the mus-
cle activity is low in REM sleep and may better represent the 
hypotonic conditions under which passive Pcrit is determined. 
For this reason, the correlation coefficient between peak and 
mid-inspiratory flow during REM sleep (Vpeak

REM
 and Vmid

REM
, 

Table 1—Participants’ characteristics (N = 14).

Age, years 55(51–61)

M: F 9: 5

Body mass index, kg/m2 30.4 (29.2–33.1)

AHI-Total, events/h 29.8 (15.6–44.1)

AHI-NREM Supine, 
events/h

38.4 (20.5–51.8)

% Hypopnea 75.2 (37.8–90.2)

Average SaO2 (%) 97.5 (96.9–98.3)

Nadir SaO2 (%) 89.5 (88.3–91.8)

ArI- NREM Supine, events/hr 49.9 (37.3–66.2)

TST, minutes 256.0 (199.5–279.8)

NREM1 Sleep (%TST) 30.2 (24.0–35.5)

NREM2 Sleep (%TST) 51.5 (49.4–55.1)

NREM3 Sleep (%TST) 4.5 (0.1–13.5)

REM Sleep (%TST) 12.8 (7.6–17.9)

SE (%) 60.4 (47.4–66.6)

AHI, apnea-hypopnea index; NREM, non-REM sleep; SaO2, oxyhe-
moglobin saturation; TST, total sleep time; SE, sleep efficiency; Pcrit, 
pharyngeal closing pressure (x-intercept of  pressure-flow curve); Arl, 
arousal index.
Data are presented as median (interquartile range) unless otherwise 
specified.

Table 2—Pharyngeal Collapsibility Quantified in Passive and Active 
States (N = 14).

Measure State Median (IQR) Wilcoxon test of 
difference in median  
(z-value, p value)

Pcrit (cmH
2
O) Passive −0.7 (−2.8 to 0.1) (2.3, .012a)

Active −3.5 (−5.0 to −0.9)

V
max

(L/s)
Passive 0.09 (0.0 to 0.19) (2.5, .006 a)

Active 0.18 (0.10 to 0.30)

IQR, interquartile range; Pcrit, pharyngeal closing pressure (x-intercept 
of  pressure-flow curve); V

max
, at atmospheric pressure (y-intercept of  the 

pressure-flow regression line).
a statistically significant.
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Figure 2—Raw data of  3 representative patients with similar apnea–hypopnea index (AHIs) and percent hypopneas but different peak flows 
and Pcrits. (a) An obstructive sleep apnea (OSA) patient with an AHI of  44 events/h, an active Pcrit of  −4.4 cmH2O, and hypopneas that exhib-
ited a mild reduction in peak flow (Vpeak

NREM
 = 0.33 L/s). (b) An OSA patient with an AHI of  38 events/h, an active Pcrit of  −0.7 cmH2O, and 

hypopneas that exhibited a moderate reduction in peak flow (Vpeak
NREM

 = 0.24 L/s). (c) An OSA patient with an AHI of  32 events/h, an active 
Pcrit of  0.6 cmH2O, and hypopneas that exhibited a severe reduction in peak flow (Vpeak

NREM
 = 0.23 L/s, 30% less than patient (a)).
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respectively) and passive Pcrit, obtained during NREM sleep, 
was calculated (Figure  4). Ten patients who had at least 50 
breaths in REM sleep (excluding arousals) were included. As 
shown in Figure  4a, there was a moderate but nonsignificant 

relationship between passive Pcrit and Vpeak
REM

 or Vmid
REM

 
(r = −0.46, p = .18 and r = −0.42, i = .23; Figure 4). Therefore, 
we did not find that passive collapsibility during NREM sleep 
could be estimated by selecting peak flow during REM sleep.

Table 3—Correlation Coefficients Between Peak and Mid-Inspiratory Flow Measurements and Passive Collapsibility Values, AHI, and %Hypopnea.

Measure Vpeak NREM Vmid NREM Vpeak REM
 a Vmid REM

 a

r p r p r p r p

Passive Pcrit −0.007 .98 −0.1 .73 −0.46 .18 −0.42 .22

Active Pcrit −0.71 <.005 −0.64 <.05 −0.22 .54 −0.09 .80

AHI 0.21 .47 −0.19 .52 −0.32 .37 0.38 .27

%Hypopnea 0.05 .87 0.24 .40 −0.05 .91 0.36 .31

a N = 10 (4 excluded patients had <50 breaths in REM sleep); Vpeak
NREM

 is the median peak flow of  all breaths during NREM sleep (excluding during arousal); 
Vmid

NREM
 is the median mid-inspiratory flow of  all breaths during NREM sleep (excluding during arousal); Vpeak

REM
 includes breaths during REM sleep; 

Vmid
REM

 is the median mid-inspiratory flow of  all breaths during REM sleep (excluding during arousal); Pcrit is the pharyngeal closing pressure (x-intercept of  
pressure-flow curve); AHI is the apnea–hypopnea index; %Hypopnea is the number of  hypopneas / total number of  respiratory events (hypopneas + apneas). 
AHI and %Hypopnea were calculated separately in NREM and REM and were correlated with the corresponding Vpeak reported here.

Figure 3—There was a strong correlation between peak flow during supine non-rapid eye movement sleep (NREM) sleep and active phar-
yngeal collapsibility as determined by either the active Pcrit (a) or the active V

max
 (b) (y-intercept of  the pressure-flow graph) during NREM 

sleep. There was a weaker but significant correlation between mid-inspiratory flow during NREM sleep and active pharyngeal collapsibility as 
determined by either the active Pcrit (c) or the active V

max
 (d) (y-intercept of  the pressure-flow graph) during NREM sleep.
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Peak Flow Detects the Increased Collapsibility From NREM 
to REM
In addition to the correlation analysis between Pcrits, 
obtained from NREM sleep, and peak flow during NREM 
and REM sleep, we also wanted to confirm that our peak 
flow measurements detected the anticipated decrease in 
peak flow from NREM to REM sleep, likely, as a result 
of general worsening of sleep apnea in REM.21,30,32–37 
Indeed, a significant reduction in peak flow from NREM 
sleep (Vpeak

NREM
) to REM sleep (Vpeak

REM
) was observed 

(0.32 (0.24–0.42)L/s versus 0.22 (0.18–0.36)L/s, N  =  10, 
p < .02; Figure  5, left panel). However, the reduction in 
mid-inspiratory flow from NREM sleep (Vmid

NREM
) to REM 

sleep (Vmid
REM

) was not significant (0.23 (0.19–0.28)L/s 
versus 0.17 (0.12–0.26)L/s, N = 10, p = .2; Figure 5, right 
panel). Table 4 reports on the clinical measurements (AHI 
and percent hypopnea) and flow measurements (number of 
breaths analyzed, median peak and mid-inspiratory values 
and interquartile ranges) for each participant during NREM 
and REM sleep.

Comparison With Clinical Measurements
It may be argued that the AHI or the percent of the respira-
tory events that were hypopneas (percent hypopnea) ade-
quately reflect the underlying collapsibility. For this reason, 
we calculated the univariate correlation coefficient between 
NREM Pcrit (passive and active) and nadir SaO

2
, NREM 

AHI, and NREM percent hypopnea. The only significant cor-
relation was observed between active Pcrit and nadir SaO

2
 

(r  =  −0.58, p < .05). No other significant relationship was 
observed (0.15 < p < .9), indicating that neither the AHI nor 
the percent hypopnea is a surrogate of passive or active col-
lapsibility. In addition, to examine the correlation between 
active Pcrit and peak flow in the presence of clinical covar-
iates, a multiple linear regression analysis including active 
Pcrit (as the dependent variable), peak flow, nadir SaO

2
, 

AHI, and percent hypopnea was performed. Peak flow was 
the only significant variable (p < .05) after adjusting for clin-
ical covariates. Likewise, the AHI and the percent hypopnea 
did not show any significant relationships with flow metrics 
proposed in this study (p > .05; Table  3), suggesting that 

Figure 4—Peak flow during supine rapid eye movement sleep (REM) sleep and its relationships with passive pharyngeal collapsibility as 
determined by either the passive Pcrit (a) or the passive V

max
 (b) (y-intercept of  the pressure-flow graph) during non-rapid eye movement 

sleep (NREM) sleep. Similarly, there was a nonsignificant relationship between mid-inspiratory flow during supine REM sleep and passive 
pharyngeal collapsibility values as determined by either the passive Pcrit (c) or the passive V

max
 (d) (y-intercept of  the pressure-flow graph) 

during NREM sleep.
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our metrics do not estimate the AHI or the percent hypo-
pnea. The significance of this is that Vpeak

NREM
, Vpeak

REM
, 

Vmid
NREM

, and Vmid
REM

 are continuous measurements of col-
lapsibility and are not meant to predict the AHI (which is 
a frequency measure) and/or percent hypopnea (which is a 
relative frequency measure).

DISCUSSION
The major conclusion of the current study is that active phar-
yngeal collapsibility during NREM sleep, as quantified by the 
active Pcrit, can be estimated from peak airflow measurements 
during NREM sleep.

Upper Airway Collapsibility and Peak Flow
Upper airway collapsibility, as quantified by Pcrit,9–12,14,15,22,27,38 
varies from being quite negative in normal subjects without any 
evidence of reduced airflow12 to being positive in patients with 
obstructive sleep apnea.11 Gleadhill et al. showed that the active 
Pcrit is lowest in snorers, patients with predominantly obstruc-
tive hypopneas, and highest in patients with predominantly 
obstructive apneas9 (hypopneas versus apneas were scored 
using thermistors which is a less accurate than the pneumot-
ach used in our study). Our data demonstrate that in those with 
OSA, the median peak flow during sleep reflects the degree of 
pharyngeal compromise, independent of the AHI, revealed by 
multiple regression analysis.

Poor Correlation Between Collapsibility and Routine  
Clinical Variables
While more severe collapsibility is expressed as a lower peak 
flow, this lower flow does not translate into a greater fre-
quency of respiratory events. Previous studies demonstrated 
that Pcrit explains only 6% of the variation in AHI within 
OSA patients,10 and ~21% of variation in respiratory distur-
bance index within control (NREM respiratory disturbance 
index <10) and OSA patients.39 Also, Younes found that in 

patients with zero V
max

 at atmospheric pressure (positive 
passive Pcrit), AHI could range from 0 to 160 events/h.40 
Similarly, in this study, the AHI did not have any significant 
correlation with the passive or active Pcrit (p >.05). This is 
likely because the AHI is a frequency measure and depend-
ent on respiratory control factors such as arousability and 
chemosensitivity.40

Likewise, the percent of respiratory events that are hypo-
pneas (number of hypopneas/total number of events) was not 
significantly correlated with passive or active collapsibility (p 
> .05). The absence of a correlation is likely because majority 
of events are hypopneas, and hypopneas may reflect a wide 
range of peak flows (30%–90% reduction from baseline). The 
finding that neither AHI nor percent hypopnea reflects the typ-
ical peak flow observed during sleep is illustrated in Figure 2. 
The patient shown in Figure 2a had mild reductions in flow 
along with periods of stable breathing, whereas the patient 
shown in Figure 2b had moderate reductions in flow, and the 
patient shown in Figure  2c had mostly severe reductions in 
flow mixed with apneas. However, all 3 had approximately 
the same AHI and percent hypopneas, despite clearly different 
peak flow profiles and Pcrit values. Thus, peak flow gives a 
more precise and continuous measurement of differences in 
collapsibility than the dichotomous classification of hypo-
pneas versus apneas.

We emphasize that the primary objective of the present study 
was not to correlate collapsibility with routine clinical variables 
including the AHI. This poor correlation is not a specific con-
clusion of this study. However, the absence of a strong correla-
tion indicates that peak flow provides unique information about 
collapsibility (active Pcrit) that is not otherwise available from 
routine clinical variables.

Sleep State Effects
The lack of correlation between NREM peak flow measure-
ments and NREM passive collapsibility (Table  3) suggests 
that the upper airway muscles must be somewhat active during 
NREM sleep. On the other hand, REM sleep is known to be 
associated with lower muscle activity21,32 and therefore might 
better represent the hypotonic conditions under which passive 
Pcrit is determined. However, we observed a nonsignificant 
linear relationship between NREM passive Pcrit and Vpeak

REM
 

(Figure  4). Furthermore, a significant reduction in peak flow 
from NREM to REM sleep was also observed (Figure 5). This 
is in agreement with general increase in OSA severity in REM, 
as suggested by decreased muscle tone,21,30,32 reduced chemo-
sensitivity,33,34 and impaired genioglossus responsiveness to 
negative pressure.35–37 However, whether impaired anatomy is 
also a contributing factor remains unknown, as some studies 
reported similar passive Pcrit in REM and NREM sleep,15,41 
whereas some reported an increase in passive Pcrit (higher col-
lapsibility) in REM sleep.29,42

Although peak flow generally decreases from NREM to REM 
sleep, 3 patients had slightly increased peak flow during REM 
sleep (Table 4: subjects 7, 9, and 14). Subjects 9 and 14 had 
more stable sleep (with respect to AHI) in REM and subject 
7 had a higher AHI in REM sleep. However, all these patients 
had substantial stable breathing during REM sleep with high 

Figure  5—Peak inspiratory flow (left panel) during non-rapid 
movement sleep (NREM) sleep is significantly higher than that 
during rapid movement sleep (REM) sleep. In contrast, the reduc-
tion in mid-inspiratory flow (right panel) from NREM sleep to REM 
sleep is not significant.
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peak flow which affected their average median peak flow. This 
was not detectable with clinical measurements such as AHI or 
percent hypopnea.

It may also be argued that the reduction in peak flow, as a sur-
rogate of active Pcrit, from NREM to REM sleep should be pro-
portionally related to the increase in active Pcrit from NREM 
to REM (higher collapsibility) or similarly the gap between the 
active and the passive Pcrits diminishes in REM sleep. As a 
result, the sleep stage-dependent variations in active Pcrit may 
be captured by determining the peak flow in both REM and 
NREM sleep. However, this cannot be confirmed using the data 
presented in this study and requires further experiments involv-
ing Pcrit measurement in REM sleep.

Automation
In addition to the observed correlation between NREM peak 
flow and active Pcrit, this study also demonstrates that peak 

flow can be quantified automatically. However, one of the 
major obstacles to automated peak flow detection was the 
presence of EML (Figure  1). Therefore, identification and 
removal of EML ensured correctly identifying the start and 
end of each breath.

Clinical Implications
The significance of the findings in this study is that automated 
assessment of peak flow during sleep could be potentially used 
in a clinical setting to estimate the active collapsibility, which 
may ultimately aid in the selection of patients for alternative 
therapies. It is known that OSA is commonly and effectively 
treated with CPAP, which pneumatically keeps the airway open 
during sleep.4 Nonetheless, many patients cannot tolerate CPAP 
or cannot use it on a regular basis for an effective outcome.43 
Alternative therapies, such as oral appliances44 and surgery,45 
are often unpredictable in their efficacy and have a limited 

Table 4—Peak and Mid-Inspiratory Flow Characteristics During Non-REM and REM Sleep.

Subject # NREM REM

AHI %Hypopnea #Breaths Vpeak Vmid AHI %Hypopnea #Breaths Vpeak Vmid

1 39.1 12 1376 0.22  
(0–0.32)

0.14  
(0–0.26)

64.9 25 716 0.11  
(0–0.20)

0.08 
(0–0.14)

2 54.7 29 903 0.26  
(0.15–0.36)

0.18  
(0.06–0.28)

N/A N/A 0 N/A N/A

3 24.3 69 1404 0.31  
(0.27–0.38)

0.24  
(0.19–0.29)

0 N/A 91 0.23  
(0.20–0.26)

0.16 
(0.12–0.19)

4 54.4 95 930 0.23  
(0.17–0.29)

0.19  
(0.12–0.25)

N/A N/A 0 N/A N/A

5 10.5 100 3016 0.46  
(0.41–0.54)

0.40  
(0.36–0.50)

13.0 100 277 0.27  
(0.21–0.34)

0.22 
(0.17–0.30)

6 32.0 79 1766 0.23  
(0.19–0.27)

0.17  
(0.13–0.21)

N/A N/A 0 N/A N/A

7 19.2 73 3295 0.19  
(0.17–0.24)

0.14  
(0.10–0.17)

32.5 23 867 0.21  
(0.15–0.27)

0.15 
(0.10–0.20)

8 37.7 96 991 0.24  
(0.19–0.31)

0.18  
(0.15–0.24)

N/A N/A 0 N/A N/A

9 43.9 80 303 0.33  
(0.27–0.39)

0.25  
(0.17–0.31)

24.0 0 262 0.36  
(0.27–0.45)

0.27 
(0.13–0.37)

10 42.0 30 657 0.42  
(0.20–0.59)

0.22  
(0.05–0.39)

0 N/A 71 0.16  
(0.13–0.17)

0.09 
(0.08–0.09)

11 9.3 55 1265 0.24  
(0.19–0.32)

0.20  
(0.15–0.27)

69.9 27 281 0.18  
(0.05–0.26)

0.11 
(0.03–0.20)

12 64.0 94 1373 0.24  
(0.19–0.30)

0.19  
(0.15–0.25)

60.0 100 50 0.21  
(0.16–0.25)

0.18 
(0.14–0.22)

13 12.8 77 2075 0.54  
(0.42–0.69)

0.42  
(0.29–0.56)

22.0 0 164 0.39  
(0.28–0.63)

0.28 
(0.16–0.46)

14 96.0 32 417 0.34  
(0.10–0.51)

0.30  
(0.08–0.44)

37.5 100 52 0.36  
(0.29–0.50)

0.33 
(0.25–0.46)

NREM, non-rapid movement sleep; REM, rapid movement sleep; AHI, apnea–hypopnea index; %Hypopnea, the number of  hypopneas / total number of  
respiratory events (hypopneas + apneas); #Breaths, number of  breaths analyzed; Vpeak, median peak inspiratory flow during sleep excluding arousals; 
Vmid, mid-inspiratory flow during sleep excluding arousals.
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effect size on the airway anatomy. One important contributing 
factor to the variable response to these alternative therapies may 
be that the airway is too collapsible to be held open by oral 
appliances or removal of tissue. It is known that Pcrit changes 
along a continuum from healthy subjects (negative Pcrit) to 
severe sleep apnea patients (positive Pcrit). As a result it has 
been suggested that patients whose sleep apnea is resolved 
with weight loss demonstrate reduced collapsibility.18 In addi-
tion, responders to uvulopalatopharyngoplasty demonstrated a 
significant reduction of 6.5 cmH

2
O in their active Pcrit.19 This 

study suggests that simple airflow measurements can be used to 
estimate collapsibility and thereby possibly guide therapeutic 
choices. However, more research is needed to demonstrate that 
this is possible.

Limitations
One of the limitations of the current study is that airflow was 
recorded using a pneumotachograph. For a routine polysom-
nography study, flow is estimated by recording nasal pressure. 
Therefore, there is a need to adjust the algorithm to correctly 
identify peak flow using nasal pressure signals. However, we 
believe this is highly feasible. Also, visual detection of arousals 
could lead to inclusion and/or exclusion of some of the mar-
ginal breaths. This could bias the peak flow measurements by 
including breaths during arousal (normally breaths with large 
peak flow) and/or excluding breaths before arousal (depending 
on prearousal condition these breaths may have very low peak 
flows). We attempted to deal with this limitation by calculating 
median peak flow (insensitive to outliers) per subject instead 
of mean peak flow. Alternatively, objective measurements of 
beginning and end of arousals could reduce this bias. Another 
limitation is that peak flow may be variable throughout the night 
as a result of variation in muscle activity and sleep depth (stages 
within NREM). This limitation also applies to the gold standard 
measurement of collapsibility (Pcrit). However, by measuring 
peak flow over many breaths in different sleep stages, a typi-
cal collapsibility for the night is obtained which may actually 
be more representative of the physiology than a Pcrit meas-
urement at one given point in time. The third limitation is that 
this method was tested in a relatively small population of 14 
OSA subjects. However, a robust association between peak flow 
and active Pcrit was observed which speaks to the strength of 
the relationship (Figure 3). Finally, whether the algorithm pre-
sented can discriminate among patients whose active Pcrits are 
positive (eg, +2 cmH2O versus +5 cmH2O) may not be clin-
ically important, as such patients would likely require CPAP 
to open their obstructed airway (ie, they would likely fail non-
CPAP therapies such as oral appliances and oxygen therapy). 
However, this requires further investigation.

CONCLUSION
The current study demonstrates the feasibility of estimating 
pharyngeal collapsibility using peak flow in patients with 
OSA. This method may enable clinicians to automatically esti-
mate pharyngeal collapsibility in a noninvasive manner and 
may ultimately help clinicians select patients for appropriate 
therapy.
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