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Abstract
Study Objectives:  The presence of flow limitation during sleep is associated with adverse health consequences independent of obstructive sleep apnea (OSA) 

severity (apnea-hypopnea index, AHI), but remains extremely challenging to quantify. Here we present a unique library and an accompanying automated method 

that we apply to investigate flow limitation during sleep.

Methods:  A library of 117,871 breaths (N = 40 participants) were visually classified (certain flow limitation, possible flow limitation, normal) using airflow shape and 

physiological signals (ventilatory drive per intra-esophageal diaphragm EMG). An ordinal regression model was developed to quantify flow limitation certainty using 

flow-shape features (e.g. flattening, scooping); breath-by-breath agreement (Cohen’s ƙ); and overnight flow limitation frequency (R2, %breaths in certain or possible 

categories during sleep) were compared against visual scoring. Subsequent application examined flow limitation frequency during arousals and stable breathing, and 

associations with ventilatory drive.

Results:  The model (23 features) assessed flow limitation with good agreement (breath-by-breath ƙ = 0.572, p < 0.001) and minimal error (overnight flow limitation 

frequency R2 = 0.86, error = 7.2%). Flow limitation frequency was largely independent of AHI (R2 = 0.16) and varied widely within individuals with OSA (74[32–95]%breaths, 

mean[range], AHI > 15/h, N = 22). Flow limitation was unexpectedly frequent but variable during arousals (40[5–85]%breaths) and stable breathing (58[12–91]%breaths), and 

was associated with elevated ventilatory drive (R2 = 0.26–0.29; R2 < 0.01 AHI v. drive).

Conclusions:  Our method enables quantification of flow limitation frequency, a key aspect of obstructive sleep-disordered breathing that is independent of the 

AHI and often unavailable. Flow limitation frequency varies widely between individuals, is prevalent during arousals and stable breathing, and reveals elevated 

ventilatory drive.

Clinical trial registration: The current observational physiology study does not qualify as a clinical trial.

Key words:   airflow obstruction; inspiratory flow limitation; upper airway resistance syndrome; diaphragm EMG; polysomnography; phenotype; classification; 

automated

Statement of Significance

Flow limitation during sleep is the defining feature of obstructive sleep-disordered breathing, yet—due to lack of expert consensus and automated methods—is 

routinely absent from clinical reports. Here we developed a library of physiologically informed, visually classified breaths from which we developed an automated 

flow-shape model to (1) quantify the certainty of flow limitation for any breath and (2) measure overnight flow limitation frequency. We found that frequent flow 

limitation can occur despite low apnea-hypopnea index (AHI); pronounced flow limitation also was observed during arousals and stable breathing. Flow limitation 

but not AHI detected elevated respiratory drive/effort. Our approach provides a much-needed means to objectively quantify the frequency of obstructive sleep-

disordered breathing that is otherwise unreported.
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Introduction

Pharyngeal inspiratory flow limitation (or airflow obstruction), 
characterized by a failure of airflow to reach the intended levels 
based on neural drive, is the defining feature of obstructive 
sleep-disordered breathing [1, 2]. Episodic flow limitation 
that leads to reduced airflow manifests as obstructive apneas 
and hypopneas and is routinely quantified using the apnea-
hypopnea index (AHI). Yet the AHI does not capture the form of 
obstructive sleep-disordered breathing that is typically accom-
panied by sustained flow limitation and increased ventilatory 
effort or drive to breathe rather than episodic hypoventilation 
(apneas/hypopneas) [3, 4]. Research has recently highlighted 
that the AHI is not strongly associated with sleep-disordered 
breathing symptoms or outcomes, and accumulating evidence 
suggests that the frequency of flow limitation may play a key 
role [5–13]. However, there is no widely available clinically ap-
plicable way to objectively and automatically measure the fre-
quency of flow limitation during sleep.

There is active interest in the development of noninvasive 
methods to automatically detect inspiratory flow limitation, 
particularly using the flow “shape” of individual breaths [1, 
14–23]. While several approaches have emerged [14–23], major 
limitations include (1) the use of expert training data that is 
not guided by physiological signals that inform whether ven-
tilation (flow) meets intended levels (drive) and (2) the lack of 
algorithm accessibility. On the other hand, our prior method 
using direct physiological measurement of flow:drive [2] did 
not leverage human expertise to guide classification. At pre-
sent, there is no available method to classify flow limitation 
that is based on a combination of visual interpretation and 
gold standard invasive physiological information. Such a 
method is needed to automatically and objectively measure 
the frequency of flow limitation during sleep, and thereby 
supplant the current use of subjective, time-consuming clin-
ical scoring [1, 24, 25].

Accordingly, the current study sought to provide an auto-
mated method to detect flow limitation during sleep. To achieve 
this goal, we developed a unique library of 100,000+ breaths visu-
ally scored as certain flow limitation, possible flow limitation, 
or normal based on the observed airflow shape, gold standard 
physiological signals (calibrated airflow and ventilatory drive by 
intra-esophageal diaphragm EMG), and other contemporaneous 
polysomnographic information. Subsequently, we developed an 
objective flow-shape-based multivariable ordinal logistic regres-
sion model to calculate the certainty of flow limitation of indi-
vidual breaths, which can be readily translated for clinical use. 
First, the method was validated by assessing scoring agreement 
at a breath level (kappa coefficient) and the extent to which the 
method captures flow limitation frequency on a patient-level 
(coefficient of determination and mean absolute error). We also 
quantified the importance of including visual scoring and exam-
ined the threshold levels of physiological obstruction (flow:drive) 
that was visually classified as flow limited. Second, we deter-
mined the extent to which the method provides unique infor-
mation beyond the AHI. Third, in patients with obstructive sleep 
apnea (OSA), we applied the method to examine the prevalence 
of flow limitation during arousals and stable breathing periods 
when respiratory mechanics are often thought to be minimally 
compromised. We also assessed whether the measure is capable 
of detecting elevated ventilatory drive independent of AHI.

Methods

Subjects

Participants with suspected or diagnosed sleep apnea were 
enrolled in a single night physiology study examining ventila-
tion and ventilatory drive (intra-esophageal diaphragm EMG). 
Exclusion criteria included severe comorbidities (heart failure 
[i.e. ejection fraction < 45%], lung diseases [forced expiratory 
ratio < 65% or resting pulse oxygen saturation < 94% at rest], 
known kidney disease [eGFR < 50 mL/min/1.73m2], neuromus-
cular diseases, and neurodegenerative diseases), central sleep 
apnea (greater than 50% of events), pregnancy, and medica-
tions known to stimulate or depress respiration (including 
acetazolamide, theophylline, opioids, benzodiazepines, and bar-
biturates). A total of 43 participants were enrolled: N = 1 refused 
intraesophageal catheter after the consent, N = 1 had a strong 
gag reflex and did not tolerate catheter placement, and N  =  1 
patient was not studied without continuous positive airway 
pressure (CPAP) connected, leaving 40 participants for ana-
lysis. The study was approved by the Partners Human Research 
Committee. Patients signed written informed consent before 
participation.

Equipment

In addition to routine polysomnographic signals (electroen
chephalography, electrocardiography, thoracoabdominal move-
ments, and oximetry), airflow was measured with a pneumotach 
(Hans Rudolf, Shawnee, KS; Validyne Engineering, Northbridge, 
CA) via a sealed oronasal mask (AirFit small, Resmed Inc., 
San Diego, CA). The ventilatory drive was measured via multi-
channel intra-esophageal diaphragm EMG (Maquet Getinge 
Group, Wayne, NJ), placed such that the central electrodes pro-
vided the strongest signals; EMG deflections (rms, peak minus 
pre-inspiratory baseline) were calibrated to units of L/min using 
wakefulness data [2]. In 17 participants, nasal pressure was 
measured via nasal cannula (Hudson RCI Over-the-ear, Teleflex, 
Morrisville, NC; referenced to mask pressure to reveal the trans-
nare pressure difference seen clinically). In 40 participants, 
esophageal pressure measurements (Millar, Inc., Houston, TX) 
were also made; the pressure sensor was first advanced into the 
stomach, then withdrawn back to the esophagus as determined 
by negative inspiratory deflections, and further withdrawn an-
other ~5 cm).

Visual scoring

A single experienced sleep technician (TG) scored all available 
breaths according to the following protocol.

Protocol for visual scoring. We developed a visual scoring 
protocol to classify individual breaths as exhibiting certain 
flow limitation (certain FL); possible flow limitation (possible 
FL); or normal flow. The scoring protocol used primary 
criteria based on (1) expert human assessment of flow 
shape combined with (2) an objective measure describing 
the ratio of ventilation to ventilatory drive (termed flow:drive 
[2]) and (3) where necessary, secondary criteria based on 
associative contextual information (e.g. EEG, SpO2, etc.). This 
approach was designed to overcome measurement noise in 
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any individual physiological signal. Table 1 summarises the 
scoring guidelines. See Supplement for full details.

Visual scoring platform.  We developed custom software (written 
in MATLAB) to facilitate visual breath-by-breath scoring 
according to the protocol described in the previous paragraph 
(Figure S1) of all breaths, irrespective of sleep staging and 
clinical scoring. Accordingly, flow limitation was scored in 
“Wake” when present (e.g. during 30-second Wake epochs that 
included transitional sleep).

In addition to the three defined breath types (certain FL, pos-
sible FL, or normal), the scorer could also classify a breath as 
being of poor signal quality (e.g. movement, noise, etc.). Such 
breaths were excluded from further analysis in this study.

Inter-scorer agreement

A second expert (SL) independently assessed and scored 100 con-
secutive breaths from each third of each study using the same 
protocol and custom scoring software described in the previous 
section. This process was intended to test the independent appli-
cation of the developed protocol, and assess if scoring was con-
sistent between scorers, both within and across patients.

Novel objective flow-shape model of flow limitation

Following the visual classification of all breaths, we subse-
quently developed a simplified regression model using airflow 
shape features to predict these categories that could be readily 
shared with future investigators.

Flow shape measures and feature transformations.  Model 
development was based on 85 candidate pneumotachograph-
derived flow shape measures (features) described previously 

[2]. In brief, flow signals were downsampled to 25 Hz (AASM 
minimum recommended) to provide generalizability. For each 
breath, multiple features were quantified that captured (1) 
flattening; (2) scooping, or the deviation away from normal 
rounded contour; (3) asymmetry; (4) timing and volume ratio 
measures; and (5) futtering and spectral properties. To capture 
potential non-linearity between flow-shape features and flow 
limitation, transformed versions (squared and square-root) of 
the flow-shape features were made. The transformed versions 
together with the untransformed version of all flow-shape 
features were available for model selection (called “feature 
terms”).

Model development and feature selection

Ordinal logistic regression was used to predict the three visu-
ally scored flow limitation categories (certain flow limitation, 
possible flow limitation, normal; dependent variable) using the 
feature terms (continuous independent variables). For the selec-
tion of feature terms, a stepwise algorithm (sequential forward 
floating search [26, 27]) was used to efficiently add feature terms 
to incrementally improve model performance (minimum incre-
ment in Cohen’s Kappa of ƙ = 0.005). Logistic regression cutoffs 
were determined by maximizing sensitivity plus specificity [28].

Cross-validation

A leave-one-participant-out cross-validation procedure (entire 
process including feature selection) was performed to provide 
additional conservative performance results (breath-level agree-
ment, and patient-level associations). Specifically, all model 
predictions for a given participant were determined using a 
modified version of the model developed with the participant’s 
data held out.

Table 1.  Visual assessment of flow limitation

Physiological flow:drive categorization

Normal (>80%) Mild (50%–80%) Moderate (30%–50%) Severe (<30%)

Flow shape  
categorization

Normal Normal Normal* or  
Possible FL†

Possible FL Certain FL
Sinusoidal or representative of wakefulness 

breath shapes
Mild Normal* or  

Possible FL†

Possible FL Possible* or  
Certain† FL

Certain FL
A slight element of flattening, scooping,  

shaving, or fluttering
Moderate Possible FL Possible* or  

Certain† FL
Certain FL Certain FL

<80% of the intended breath volume  
is achieved

Severe Certain FL Certain FL Certain FL Certain FL
<50% of the intended breath volume  

is achieved

*Without relevant associative criteria, described below.
†With relevant associative criteria.

FL, flow limitation. To support visual classification based on the raw airflow traces, scorers had access to calculated values of flow:drive ratio per diaphragm EMG (50% 

indicates ventilation was half the intended value based on the neural ventilatory drive) and, in addition, values of ventilation (L/min), processed diaphragm EMG 

traces (µV), estimated flow:drive per published flow shape model [2], and the option to display esophageal pressure traces (cmH2O). Secondary criteria, that is, asso-

ciative information was used as categorical modifiers in borderline cases (e.g. snoring, arousal desaturation, flow shape, neighboring signals, see Supplement for 

details). Associative criteria included: prolonged inspiratory time, relative to total breath time; strong snoring signal overlaying pressure (snore amplitude >20% of 

the flow amplitude); EEG suggestive of respiratory effort-related arousal (e.g. sub-clinical arousal); SpO2 desaturation (>2%) suggestive of sub-eupneic ventilation; un-

usually shaped breaths (i.e. not characteristic of normal flow shape); and expiratory obstruction.

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab170#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab170#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab170#supplementary-data
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Analysis of nasal pressure

The above model was also applied to estimate flow limitation 
using linearized (two-thirds power transform) nasal pressure 
derived flow shapes (subset of N = 17 participants) for additional 
validation.

Frequency of flow limitation breaths

All breaths during sleep (including all sleep stages, scored events, 
and scored arousals) were considered for the measurement of 
“flow-limitation frequency.” Two measures were considered: (1) 
frequency of “certain” flow limitation and (2) frequency of “pos-
sible + certain” flow limitation, expressed as a percentage of the 
total number of breaths analyzed. Breaths during obstructive 
apneas (where flow is absent and shape information is unavail-
able) were automatically considered as certain flow-limited for 
this analysis. These measures were calculated separately using 
pneumotach and nasal pressure data.

In additional analyses, we calculated the frequency of flow 
limitation during (1) arousals and (2) during stable breathing 
(periods of sleep > 3  min duration without scored respiratory 
events or arousals).

Arousal breaths were scored based on standard AASM guide-
lines, that is, >3 s duration abrupt shift in EEG frequency (beta, 
alpha, theta, but not spindles) with two exceptions optimized for 
physiological assessment: arousals had no maximal duration, and 
arousals that were observed within 10 s of prior arousal were not 
removed (In this way, periods of sleep without arousal markings 
could be considered free from arousals.). For analysis of arousals, 
however, we emphasize that breaths within epochs of wake were 
removed (i.e. for long arousals in sleep that ultimately led to wake, 
only the breaths within the sleep epochs were included.

Statistical analysis

All statistical analyses were performed using MATLAB Statistics 
Toolbox. p  <  0.05 was considered statistically significant. 
Average values are presented as mean ± SD, or mean[range] as 
appropriate.

Main analysis for individual breath classification.  Cohen’s Kappa 
was used to quantify the overall breath-by-breath agreement 
between flow shape model categories of flow limitation (3-class 
prediction) and visual-scored flow limitation categories (3-class 
standard). A  value of 0 represents chance agreement and 1 
represents perfect classification; we sought a value exceeding 
0.4 (moderate agreement).

We also report accuracy for two-group discrimination (cer-
tain flow limitation v. normal), that is, the sum of correct pre-
dictions over total predictions with the possible flow limitation 
category omitted.

Main analysis for frequency of flow limitation assessment.  
Linear regression R2 values were used to compare flow-shape 
estimates (independent variable in assessment) versus visual 
scoring measures (dependent variable in assessment) of flow 
limitation frequency during sleep; a value ≥ 0.5 was considered 
a strong association. Co-primary measures (“certain,” “possible 
+ certain”) were based on pneumotach flow shape (p  <  0.025 
used as the significance level for multiplicity). An absolute error 
was quantified by mean absolute value, with the goal of a value 
below 15%.

To confirm clinical translatability, the above analyses were re-
peated using the nasal pressure signal. Specifically, flow shapes 
derived from nasal pressure were applied to the existing model 
to classify flow limitation (for comparison with visual scoring).

Table 2.  Participant characteristics

Characteristics Comparison to gold standards (N = 40) Nasal pressure v. pneumotach (N = 17)

Demographics
  Age (years) 57 ± 9 59 ± 9
  Sex (M:F) 24:16 11:6
  Race (Black:White:Asian:Other) 12:27:0:1 3:14:0:0
  Body mass index (kg/m2) 32.5 ± 6.6 31.8 ± 7.5
  Neck circumference (cm) 41.4 ± 4.9 41 ± 5.2
  Currently treated (CPAP:oral appliance:untreated) 15:2:23 2:1:14
Polysomnography
  OSA severity (normal:moderate-to-severe) 18:22 12:5
  Apnea-hypopnea index, total (events/h) 29.2 ± 26.4 15.4 ± 15.7
  Apnea-hypopnea index, non-REM (events/h) 28.7 ± 27.1 14.5 ± 16.1
    Central events, non-REM (% respiratory events) 0.2 ± 0.8 0.5 ± 1.2
    Hypopneas, non-REM (% respiratory events) 66.0 ± 29.9 80.3 ± 21.7
    Arousal index, non-REM (events/h) 49.5 ± 23.9 42.7 ± 18.4
  Total sleep time (min) 241 ± 93 249 ± 80
    Sleep time, spontaneous breathing* (min) 164 ± 95 209 ± 83
  Non-REM 1 (% total sleep time) 37 ± 21 37 ± 23
  Non-REM 2 (% total sleep time) 48 ± 17 46 ± 18
  Non-REM 3 (% total sleep time) 6 ± 7 8 ± 10
  REM (% total sleep time) 9 ± 8 9 ± 9

*Reflects the sleep time available for analysis without physiological tests.

Values are mean ± S.D. OSA severity classes defined as normal or mild OSA (apnea-hypopnea index, AHI < 15); moderate-to-severe OSA (AHI ≥ 15 events/h). CPAP, 

continuous positive airway pressure; OSA, obstructive sleep apnea; REM, rapid-eye-movement sleep; AHI, apnea-hypopnea index. Note the lower AHI in the nasal 

pressure subset was not by design.
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Results
Participant characteristics are described in Table 2.

Interscorer agreement

117,871 breaths were classified from 40 patients during wake-
fulness and sleep. The second expert human assessor inde-
pendently scored 12,005 breaths (~10% of all processed breaths). 
Agreement between the two expert assessors for the 40 patients 
was excellent (ƙ = 0.74 pooled breaths, Table S1; patient average 
ƙ = 0.66 ± 0.15; mean ± SD).

Relationship between physiological severity and 
visual classification

Physiological measurement of obstruction severity.  The relationship 
between visual classification and gold-standard physiological 
measurement of flow:drive by diaphragm EMG is shown in 
Figure 1A. Average flow:drive fell progressively with increasing 
categorical classification of certainty of flow limitation (mean ± 
SD: 106 ± 22%, 78 ± 21%, and 46 ± 19% for normal, possible flow 

limitation, and certain flow limitation categories, respectively). 
Threshold physiological obstruction levels for each category of 
flow limitation are provided in Figure 1.

Novel objective flow-shape model of flow limitation

A 3-class ordinal logistic regression model combined 23 airflow 
shape measures to classify breaths based on flow limitation cer-
tainty (normal, possible, or certain flow limitation; Table S2 for 
full regression model). The model illustrated moderate agree-
ment between flow shapes and visual scoring (prior to cross-
validation: ƙ  =  0.572, 2-class accuracy  =  94.3%, Table S3). The 
continuous model output (probability of flow limitation, certain 
+ possible) for all breaths in each class (normal, possible, or cer-
tain are shown in Figure 1B. Example breaths in each class are 
shown with accompanying objective probability scores (Figure 2).

Cross-validation. After cross-validation, the predictive 
classification performance of the model applied to pneumotach 
flow data remained moderate (ƙ = 0.529, 2-class accuracy = 92.4%, 
Table S4). Application of the model to nasal pressure data 

Figure 1.  Histograms illustrating differences in breaths from each visually scored flow-limitation category (gray, certain flow limitation; “Certain FL,” N = 29,080; orange, 

possible flow limitation “Possible FL,” N = 39,053; yellow, “Normal,” N = 49,738). Differences between categories are shown for (A) physiologically measured airflow ob-

struction severity (flow:drive per diaphragm EMG) where lower values indicate more severe obstruction and (B) novel flow shape model developed in the current study 

to estimate the probability of flow limitation (23-feature ordinal logistic regression model). Note clear group separation between certain flow limitations and normal 

categories (gray v. yellow). Optimal thresholds to separate certain from possible, and possible from normal in (A) were 58% and 86%, respectively (2-class threshold 

separating certain from normal: 70%), and in (B) were 50% and 95.7% (2-class threshold: 75%). Greater x-axis distance in (B) represents a higher log-odds score based 

on the linear combination of features in the regression model; 12%, 50%, and 88% probability is equivalent to log-odds of flow limitation of −2, 0, and +2, respectively.

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab170#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab170#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab170#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab170#supplementary-data
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yielded moderate cross-validated performance (ƙ = 0.442, 2-class 
accuracy = 88.2%, respectively, Table S5).

Benefit of informed visual scoring over physiological 
measurement

To examine whether visual scoring provided an incrementally 
stronger association with airflow shapes than that afforded by 
physiologically measured obstruction severity (using diaphragm 
EMG) alone, we used ordinal regression to associate flow shapes 
with flow:drive-based categories (cutoffs set to maintain proportions 
per visual scoring). Agreement between flow:drive and flow shapes 
was considerably weaker (ƙ = 0.379, 2-class accuracy = 86.3%, Table 
S6) than for the model linking informed visual scoring to flow 
shapes (compare with ƙ = 0.572 above); note the difference in ƙ is 
taken to reflect the visual scoring contribution to the agreement.

Patient-level validation: frequency of flow limitation

For each participant, we examined the frequency of flow limi-
tation during sleep. Model-estimated flow limitation frequency 
(certain + possible) during sleep compared favorably with meas-
ures obtained from visual scoring (Figure 3A, R2 = 0.86, p < 0.025, 
error  =  7.2%). Results were also strong when defining the fre-
quency of flow limitation using certain only breaths (Figure 3B, 
p  <  0.025). Results after cross-validation remained strong (see 
Online Supplement, Figure S3, p < 0.025 for both).

Results were not meaningfully weaker with the use of nasal 
pressure in place of pneumotach ventilation to calculate flow 
shapes (Figure S4). Similarly, nasal pressure results remained 
strong after cross-validation (Figure S5).

Relationship between flow limitation and AHI

As expected, more severe flow limitation (objective flow shape 
scoring) was associated with a greater frequency of respiratory 
events (AHI, Figure 4A). Note however the broad range of sever-
ities of flow limitation for any given AHI. On average, in patients 
with moderate to severe OSA (AHI > 15 events/h), patients exhib-
ited flow limitation (certain + possible) during sleep for 74[32–
95]% (mean[range]) of the night, with 39[5–79]% of sleep certainly 
flow limited (based on objective flow shape scoring, Figure 4B). 
Proportions of flow-limited breaths were lowest during wake-
fulness (Figure 4C) and highest during obstructive hypopneas 
(Figure 4D), as expected. The prevalence of flow limitation breaths 
was similar between visual and objective scoring (Figure 4B–D).

Assessment of flow limitation in arousals and stable 
breathing

Here we seek to provide novel physiological insight into the 
prevalence of flow limitation during arousals and stable 
breathing in OSA and examine relationships with OSA severity.

Arousals are known to restore airflow following respira-
tory events in patients with sleep apnea, but in many cases, 

Figure 2.  Example pneumotach flow traces for breaths visually scored as normal, possible flow limitation “Possible FL,” and certain flow limitation “Certain FL” for an 

individual patient. Figures for other patients are provided in the Online Supplement and are intended to provide a resource upon which readers can use to calibrate 

visual scoring of flow limitation across centers. Numbers accompanying each breath illustrate the flow shape model-estimated percent probability of flow limitation 

(ordinal logistic regression model). The figure illustrates the continuum of certainty in flow limitation from Normal to Possible to Certain flow limitation categories; 

breaths at the top are rounded, while those lower on the page exhibited greater flattening and scooping illustrating that the intended airflow is lower than the achieved 

level. Note also the heterogeneity in shapes for breaths within this single subject.

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab170#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab170#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab170#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab170#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab170#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab170#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab170#supplementary-data
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the airway can remain flow limited. Figure 5A shows examples 
without and with flow limitation during hypopnea-related 
arousals. On average, in patients with OSA, flow-limitation was 
observed surprisingly frequently during arousals (certain + pos-
sible: 40[5–85]%, certain: 14[1–45]%), Figure 5B; greater levels of 
flow limitation during arousals were seen in those with more 
severe OSA (per higher AHI, Figure 5C). However, there was sub-
stantial heterogeneity in whether arousals were flow limited 
or not between participants (Figure 5D, contrast top row v. 
bottom row).

Likewise, stable breathing in patients with OSA is often 
thought to reflect a time with improved airway mechanics, 
however severe flow limitation is often observed [3, 29]. Figure 
6A shows examples without and with flow limitation during 
stable breathing in OSA patients. Flow-limitation was observed 

surprisingly frequently during stable breathing (certain + pos-
sible: 58[12–91]%, certain: 28[2–64]%, Figure 6B); greater levels 
of flow limitation during stable breathing were typically ob-
served with more severe OSA (Figure 6C). However, there was 
substantial heterogeneity in whether stable breathing was flow 
limited or not between participants (Figure 6D, contrast top row 
v. bottom row).

Flow limitation breath frequency as a measure of 
elevated respiratory effort

We demonstrated that greater flow limitation breath frequency 
is associated with median overnight levels of neural ventilatory 
drive (calibrated diaphragm EMG in %eupnea; certain + possible: 
R2 = 0.29, p < 0.01) and esophageal pressure swings (cmH2O; certain 

Figure 3.  Frequency of flow limitation during sleep. Comparison between visual scoring and flow shape model measurements. The figure shows analysis based on 

pneumotach flow data prior to cross-validation. (A) The correlation between proportions of sleep breaths categorized as possible + certain flow limitation by the flow 

shape model versus visual scoring (after cross-validation R2 = 0.76). (B) Analysis repeated for certain flow limitation (after cross-validation R2 = 0.53). FL, flow limitation; 

R2, coefficient of determination; Error, mean absolute error.

Figure 4.  (A) Relationship between flow limitation frequency during sleep (flow shape model, “objective”) and the apnea-hypopnea index (AHI; black dots show certain 

flow limitation, R2 = 0.33, p < 0.001; orange dots show certain + possible flow limitation, R2 = 0.16, p < 0.05). Data from all participants are shown (N = 40). Flow limitation 

frequency is shown for both flow shape model (“objective”) and visual scoring (“visual”) measurements during: (B) Sleep, (C) Wake, and (D) Obstructive Hypopneas. 

Stacked bars in panels B–D show group mean results from participants with obstructive sleep apnea (OSA, AHI > 15 events/h). As expected, we find that the majority of 

breaths during sleep in patients with OSA are flow limited. Also confirming methodological validity: most breaths during wake were scored as not flow limited (panel 

C, see Online Supplement Figure S6 for results in non-OSA) and most breaths within obstructive hypopneas were scored as flow limited (panel D).

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab170#supplementary-data
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+ possible: R2 = 0.26, p < 0.01). In contrast, we observed no relation-
ship between AHI and drive (R2 < 0.01, p = 0.7) or esophageal pres-
sures (R2 < 0.01, p = 0.9). See Supplement Figures S7 and S8.

Discussion
The current study presents a unique library containing 
physiologically informed visually scored polysomnographic 
data describing the certainty of pharyngeal airflow obstruc-
tion (“flow limitation”) on a breath-by-breath basis. Our ap-
proach overcame inherent limitations of classification based 
on visual inspection alone [14, 16, 19, 22, 23, 30, 31] or from 
physiological signals without the benefit of visual oversight 
[2, 16, 20, 32, 33]. We then leveraged this library to develop 
a translatable means to automatically and objectively label 
individual breaths with a quantitative likelihood of flow 
limitation (agreement ƙ  =  0.57, 2-class accuracy  =  94%). The 
use of the method to quantify the prevalence of flow limita-
tion within participants (flow limitation breath frequency) 

demonstrated minimal error as compared to physiologically 
informed visual classification (R2 = 0.86, error = 7.2%, certain + 
possible). The same model remained similarly effective using 
the clinical airflow surrogate (linearized nasal pressure, also 
R2 = 0.86, error = 13.4%, certain + possible), confirming clinical 
applicability. Across patients, flow limitation frequency was 
only modestly associated with sleep apnea disease severity 
(R2 = 0.16 v. AHI), highlighting that the measure provides dis-
tinct information that is otherwise unavailable. The use of a 
means to objectively quantify flow limitation may facilitate 
more advanced diagnostic phenotyping and ready identifica-
tion of patients with symptomatic sleep-disordered breathing 
that is not manifest as periodic apneas/hypopneas.

Flow limitation resource library

Visually scored physiologically informed airflow obstruction.  Our 
visual scoring protocol incorporates physiological data and 
therefore provides a unique “library” for the development of 
model-based flow limitation detection. There are several key 

Figure 5.  Flow limitation frequency during arousals. (A) Representative airflow recordings from two participants, showing (top) arousal breaths without flow limitation, 

and (bottom) arousal breaths with flow limitation. (B) Stacked bar chart showing the group mean flow limitation frequency during arousals. (C) Scatter plot showing 

the relationship between flow limitation frequency during arousals and the apnea-hypopnea index (AHI; orange dots show certain + possible flow limitation, R2 = 0.14, 

p < 0.05; black dots show certain flow limitation, R2 = 0.3, p < 0.001). (D) Stacked bar charts for example individual participants; note that some individuals with similar 

AHI exhibit remarkably different levels of flow limitation during arousals. Certain flow limitation = black, possible flow limitation = orange, and normal = yellow. 

Objective flow-shape model scoring (O) and visual scoring (V).

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab170#supplementary-data
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differences between our visual scoring and previous visual 
scoring methods [14, 16, 22, 23, 30, 31, 34]. No previous visual 
scoring methods have utilized gold standard flow-limitation 
signals to indicate how close flow is to intended flow (i.e. drive) 
to aide classification. Some studies used measures of epiglottic/
esophageal pressures to support visual scoring [22, 23] some 
fully published classification models that others can apply to 
airflow signals [22]; others used multiple features acknowledging 
the heterogeneity in the manifestation of flow limitation across 
subjects [14, 15, 23, 35]; however, no study met each of these 
criteria to present a robust translatable model. Our method 
was strengthened by adopting the following: (1) the entire flow 
shape, including both inspiratory and expiratory components 
are incorporated in our method; (2) our protocol includes an 
intermediate category (possible flow limitation) to acknowledge 
the inherent nature of uncertainty in interpreting a continuum 
of obstruction and borderline cases; and (3) scorers gained 
unique expertise in recognizing how airflow shape reveals 
airflow obstruction through comprehensive early review of 

physiological signals and advanced training under experienced 
physiologists. The analysis also confirmed robustness and 
validity. Scorers demonstrated excellent interscorer agreement 
(ƙ = 0.74), exceeding all model performance measures. We also 
found that associations between visual scoring and airflow 
shapes were stronger than those between physiological signals 
(flow:drive ratio) and airflow shapes, illustrating that visual 
scoring improved upon the available physiological information.

Library of flow-limited breaths as a resource. Currently, there is 
no consensus among experts as to what level of flow shape 
derangement should be classified as flow limitation clinically 
[1]. Thus, a major additional objective of our study was to 
provide a library of breaths with various levels of flow limitation 
as a means to calibrate interpretation of flow limitation across 
clinical and academic centers internationally. Figure 2 shows 
a series of breaths—for a single participant—classified as 
normal, possible flow limitation, and certain flow limitation, 
with their accompanying objective probabilities of flow 

Figure 6.  Flow limitation frequency during “stable breathing” (continuous period of >3 min of uninterrupted breathing during sleep, without arousal or scored respira-

tory event). (A) Representative airflow recordings from two participants, showing (top) stable breathing period without flow limitation, and (bottom) stable breathing 

period with flow limitation. (B) Stacked bar chart showing the group mean flow limitation frequency during periods of stable breathing. (C) Scatter plot showing the 

relationship between flow limitation frequency during stable breathing and the apnea-hypopnea index (AHI; orange dots show certain + possible flow limitation, 

R2 = 0.12, p < 0.05; black dots show certain flow limitation, R2 = 0.26, p < 0.001). (D) Stacked bar charts for example individual participants; note that some individuals 

with similar AHI exhibit remarkably different levels of flow limitation during stable breathing. Certain flow limitation = black, possible flow limitation = orange, and 

normal = yellow. Objective flow-shape model scoring (O) and visual scoring (V).
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limitation (model output). A comprehensive library of traces is 
provided in the Supplement (pneumotach in Appendix A, nasal 
pressure v. pneumotach in Appendix B). For each participant, 
the library illustrates the spectrum of increasing certainty of 
airflow obstruction, with the corresponding derangement of 
airflow shape. These data reveal that the nature of obstruction 
appears heterogeneous across patients (hence requirement 
for multiple features in final models beyond flattening and 
scooping [2]) and that breaths often appear near-rounded upon 
initial inspection but upon detailed review reveal patterns 
indicating obstruction. A careful review of this library may be 
useful in training clinicians, investigators, and technicians to 
recognize the range of flow characteristics associated with 
flow limitation and the degree of abnormality considered 
normal v. flow-limited. Finally, current advances in machine 
learning suggest that this library may also prove useful in 
training new models that aim to reduce subjectivity while 
continuing to provide insight into clinical flow limitation and 
its sequalae.

Novel insights

What threshold levels of obstruction appear flow limited?  Prior to 
the current study, we lacked a means to use airflow shapes 
to objectively classify whether a breath was obstructed (flow 
limited). Notably, prior work provided a method to estimate the 
severity of airflow obstruction (flow:drive, a continuous variable 
capturing neuromechanical conductance) continuously using 
airflow shape; however, this method did not use input from 
human visual scoring (which we now know strengthens 
the model). It was also unclear how to use the measure to 
assess flow limitation frequency (a desired clinical parameter 
[25, 36, 37]), as the threshold physiological deficit (airflow 
obstruction) that is manifest clinically (per visual analysis of 
airflow shapes) was undefined. As part of the current study, 
we found that: airflow obstruction is typically classified as 
possibly flow limited when flow:drive ratio falls below 86%, 
that is, when drive rises by one-sixth without an increased 
airflow. While this derangement may sound minimal we 
note that (1) this threshold is similar to a 2 cmH2O increase 
in esophageal pressure swings from a 10  cmH2O baseline, 
double the 1  cmH2O threshold used previously [32, 38, 39], 
(2) visual inspection of traces in this class reveals clear flow 
abnormalities. Airflow obstruction is scored as certainly flow 
limited (v. possible or normal) when flow:drive ratio falls below 
a 58% threshold. Thus, periods of certain flow limitation may 
be interpreted to exhibit at least doubled respiratory drive/
effort levels (note drive rises with obstruction more than flow 
falls, due to chemoreflex compensation [3, 40]). For binary 
classification, airflow obstruction is scored as flow limited 
(certain v. normal) when airflow was at or below 70% of the 
intended level, consistent with clinical scoring of hypopneas 
(30% reduction in airflow [41]).

Unique information beyond  AHI. Our objective patient-level 
measures of flow limitation frequency provide information 
that is not routinely available. First, we emphasize that flow 
limitation frequency was only modestly associated with disease 
severity as measured by the AHI (Figure 6) in our study of 
patients with suspected or diagnosed OSA. Notably, the vast 

majority of participants referred for evaluation of OSA but 
without moderate-severe OSA in our study (N = 16/18) exhibited 
flow limitation (certain + possible) for a clinically meaningful 
duration (>30% of total sleep time; per prior definition of upper 
airway resistance syndrome [24, 25]): a third of these participants 
exhibited certain flow limitation (N = 6/18) for over 30% of total 
sleep time. On the other hand, about a third (N = 8/22) of OSA 
patients did not have certain flow limitation for over 30% of 
total sleep time. Thus, higher AHI does not necessarily indicate 
increased flow limitation frequency (or greater risk of any flow-
limitation specific sequelae). Second, in additional analysis, 
we demonstrated that greater flow limitation frequency is 
associated with (median) overnight levels of neural drive and 
intrathoracic pressure swings (Supplemental Figures S7 and 
S8); by contrast, we observed no relationship between AHI  
and drive or intrathoracic pressures, confirming the notion that 
measurement of flow limitation may capture unique clinically 
relevant information.

Insight into flow limitation during arousals and stable breathing. 
Application of our method demonstrated that—in patients with 
OSA—flow limitation (certain or possible) is surprisingly prevalent 
(81[36–100]% of breaths, mean[range]), and is also common 
during arousals (40[5–85]%) and stable breathing (58[12–91]%), 
with a wide variety across patients. These data demonstrate 
that some (but not all) participants exhibit substantial flow 
limitation during their arousal-related recovery periods; notably, 
failure to fully recover between events is associated with 
adverse outcomes [42] and maybe a distinct phenotype. Some 
participants exhibit substantial flow limitation during stable 
breathing periods, that is, when breathing is conventionally 
assumed to no longer require medical intervention, while others 
appear to achieve stable breathing with minimal flow limitation. 
It is now possible to examine the implications for sleep apnea 
sequalae through further investigation.

Clinical implications

Currently, there is a major clinical need for a noninvasive auto-
mated method to quantify the frequency of flow-limitation 
(airflow obstruction) for the purposes of detecting obstructive 
sleep-disordered breathing in patients without overt OSA, as well 
as for providing insight into OSA phenotypes (e.g. higher vs. lower 
ventilatory drive/effort). It is understood that both the symp-
toms and sequalae of sleep-disordered breathing are not fully 
captured by the frequency of respiratory events (AHI) [43–45]. In 
particular, there are numerous symptomatic individuals who ex-
hibit unrecognized flow limitation for a substantial proportion of 
the night [8, 46–48] who may benefit from treatment [5–11]. The 
corollary is that many patients currently diagnosed (using AHI) 
may not have a phenotype of sleep-disordered breathing that 
has a major impact on daytime function or outcomes. A  large 
body of accumulated evidence now points to an independent 
role for flow limitation in the adverse outcomes of pharyngeal 
obstruction, independent of event frequency. Measures of flow 
limitation have been associated with hypertension and sleepi-
ness independent of the AHI [5–11, 37, 49]. Surgical treatment to 
address flow limitation in children and adults has been effective 
at relieving symptoms [8, 9]. CPAP treatment of flow limitation in 
pregnancy can improve preeclampsia [10].

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab170#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab170#supplementary-data
https://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab170#supplementary-data
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The current study provides a validated, automated, open-
source method to classify flow limitation objectively from 
polysomnographic airflow, overcoming the prior lack of suitable 
techniques [1], to potentially enable flow limitation to be rou-
tinely assessed clinically. Our method requires no visual scoring, 
does not require especially high sampling rates by design (25 Hz 
per AASM minimum requirement [41]), and applies with equiva-
lent validity (similar error) in pneumotach flow and unfiltered 
nasal pressure. We caution that high pass filtering should not 
be applied to airflow signals due to baseline distortion that in-
herently conflates inspiration and expiration and warps the ob-
served airflow shapes required for analysis.

Our work will facilitate trials of interventions in symptom-
atic patients without markedly elevated AHI levels, or patient 
groups where negative intrathoracic pressure swings may be 
pertinent (children, women, pregnancy, comorbid asthma [50], 
or heart failure [51, 52]), since an objective measure of flow limi-
tation frequency is needed to provide study endpoints. Our work 
also provides a means to analyze cohort studies investigating 
links between flow limitation and outcomes in adults.

A further major goal of our work is to provide a means to clas-
sify events with versus without flow limitation, which has im-
plications for the classification of obstructive/central hypopneas 
(central hypopneas are notably defined by the absence of flow 
limitation). The clinical impact of other novel phenotypes, such 
as “high AHI with minimal flow limitation” (may respond poorly 
to existing anatomical interventions) [53–55] or “frequent flow 
limitation during arousals” (may be at heightened risk of ad-
verse outcomes) [42] is also promising and warrants further in-
vestigation. Clinical measurement of flow limitation may also 
have application in the discrimination between obstructive and 
central hypoventilation disorders.

Limitations

We considered several limitations. (1) Airflow shape analysis 
inherently requires reasonable quality of (nasal pressure) air-
flow signals; thus, our algorithm (and others) will not apply 
to excessively smoothed, excessively distorted (baseline-drift 
“corrected”), clipped, or noisy data. However, effort was made 
to ensure our work was generalizable by using airflow signals 
downsampled to 25 Hz. (2) While our model was developed using 
pneumotachograph airflow signals data, we emphasize that we 
used features that are not affected by the method of measuring 
airflow (pneumotach v. nasal pressure), and the measures per-
formed well in secondary testing using concurrent measures 
of nasal pressure. (3) Although we sought to avoid the need to 
calibrate our method on an individual basis, it is possible that 
individual calibration could optimize flow limitation detection. 
To examine this possibility, we used each participant’s wake-
fulness flow limitation scores (median probability) to adjust all 
their overnight results (linear shift of logit[probability] such that 
the median wake value was equal to the study average of 0.25). 
Notably, there was no improvement in agreement (ƙ = 0.552 v. 
0.572 without the procedure), see Supplement—Assessment 
of individualized calibration. (4) We intentionally used airflow 
shape analysis alone for the maximal translatability of our work. 
While other information is also likely to improve flow limita-
tion prediction (snoring sounds, inductance plethysmography 
paradox), these signals are subject to marked cross-platform 
heterogeneity (microphone vs. accelerometer, sensor position; 

true inductance vs. piezo-electric, filtering settings) that must 
be handled before multi-signal methods can be used across 
platforms. (5) The definition of flow limitation used in the cur-
rent study is intentionally broad to encapsulate the remarkable 
heterogeneity of ways in which pharyngeal airflow obstruction 
is visible as a non-rounded airflow shape (including flattening, 
scooping, jaggedness, fluttering, see the library in Supplement); 
thus the application of our method to detect a narrower def-
inition based on flatness alone would not be appropriate. (6) 
Due to resource constraints, our second independent scorer as-
sessed a subset of breaths from each of the participants’ data. 
The subset (a concatenation of breaths from three separate 
time periods per study) was carefully considered and aimed to 
capture a broad range of breaths and variability that may exist 
across the study duration.

Conclusion
The current study developed a library of physiologically in-
formed, visually interpreted airflow shape data from which 
we present an automated objective means to calculate cer-
tainty and frequency of flow-limitation during sleep. Our ap-
proach enables quantification of an aspect of sleep-disordered 
breathing that is otherwise neglected in the clinical evaluation 
of sleep-disordered breathing where esophageal catheteriza-
tion is unfeasible. We showed that flow limitation frequency is 
only modestly associated with AHI, captures the elevated neural 
drive and ventilatory effort, and is surprisingly frequent during 
periods of stable breathing and arousals in many patients.

Supplementary Material
Supplementary material is available at SLEEP online.
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