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Intended Purposes of the AHI

Defining Disease - Separating Normal from Disease

Assessing Severity (Mild/Moderate/Severe)

Predicting Outcomes

Predicting Adherence to Therapy

Predicting Effectiveness of Therapy



Figure retrieved from https://www.dom.pitt.edu/PACCM/research/PI/atwood.html

AHI and Daytime Sleepiness



AHI – Concept and Limitations

Ventilatory
Disturbance
(Root Cause)

Immediate
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Respiratory Events

Hypoxia
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Sleep Disruption
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Neurocognitive Impairment
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Metabolic Dysfunction

Inflammation, etc

AHI=events with fixed 
combinations of



AHI – Fixed Combination of
Ventilatory, Hypoxic and Arousal Burdens

Ventilatory

Hypoxic

Arousal



Deconstructing the AHI

Ventilatory

Hypoxic

ArousalArea under/above 
desaturation curve
Azarbarzin et. al. Eur Heart J 
2019

Arousal Intensity
Shahrbabaki et. al. Eur Heart J 2021

EEG Macrostructure (ORP)
Younes

EEG Microstructure (ΔSWAK)
Parekh

Ventilatory Burden



Hypoxic Burden
Associated with cardiovascular mortality in Sleep Heart Health Study (Azarbarzin et. al, 2019)

Automated 
Hypoxic Burden

N = 80
ICC = 0.89

Survival

Night-Night Reproducibility



Arousal Burden – Single Metric

Arousal Index 

Cumulative duration of arousal events / total sleep time
(Shahrbabaki et. al.)

Sleep Depth
Macrostructure

Odds ratio product (ORP and ORP9)

Microstructure
Slow-wave activity surrounding K-complexes (∆SWAK)

(Parekh et. al. Sleep, 2019)



Ventilatory Burden

Describes overnight breath-by-breath changes in Flow

Based on Nasal Cannula (used in many epidemiologic datasets)
but can use alternatives.

Automated

Can provide either a single metric or a distribution.



Ventilatory Burden

Detrended
Flow

Insp  Exp

Mean Mid-breath Flow

Parekh et. al. AJRCCM, 2021

Impute zero-amplitude breath 
from apneas

FL    FL FL FL FL FL FL FL100%

Normalization of Amplitude



Ventilatory Burden

Event

Overnight 
Ventilatory Distribution

Event

Ventilatory
Burden

100



Summary So Far
Ventilatory

Hypoxic

Arousal

1. Separate AHI into Ventilatory,
Hypoxic and Arousal Burdens

2. Evaluate different combinations of burdens for each outcome, etc.
Single Metrics – Conventional Statistics (eg multiple linear regression)

Ventilatory Burden (% breaths<50%)
Hypoxic Burden (summary integral)
Arousal Burden (arousal index, ΔSWAK, etc)

Multiple Metrics – AI (eg neural net on distributions)
Ventilatory Burden (distribution of breath sizes)
Hypoxic Burden (distribution of hypopnea desaturations)
Arousal Burden (distribution of ORP deciles)





Using constituents of AHI

Define presence of “abnormality”

In combination, assess relationship to outcomes

Go Beyond the AHI

Objective



Normative Range of Ventilatory Burden

EPISONO “Normal” Cohort

São Paulo Epidemiological Study (N = 1,042)

Subset of “Normal” subjects (N = 100)

No known diagnosis of sleep disorders or sleep complaints (AHI3A < 5/hr.)
ESS < 10
Mean Age: 31 ± 9 yrs., 67% female

Santos-Silva R et. al. Sleep Med, 2009
Palombini L et. al. Sleep, 2013



Normative Range of Ventilatory Burden

95th percentile

N = 100



Normative Range of Ventilatory Burden

DAYFUN “Normal” Cohort

Healthy Volunteers (N = 22)
New York Area
Regular sleep/wake schedule
Not on any drugs or receiving treatment for any medical conditions

Young L et. al. Sleep, 2013



Normative Range of Ventilatory Burden

95th percentile
DAYFUN

EPISONO



Dose-Response Relationship 

X
- 4 cmH2O

DAYFUN “OSA” Cohort



Dose-Response Relationship 



Test-retest Reliability
Convenience Sample with Consecutive Night Polysomnography (Sharma et. al, 2018, AJRCCM)

In-lab (N = 70)
At-home (N = 135)

ICC (AHI) = 0.77



Relationship between AHI and VB



Ventilatory Burden and CV-related Mortality
Sleep Heart Health Study

Multi-center community-based prospective study
Total of 6,441 men and women aged 40 years and older
PSG data available from N=5,804 

Followed for long-term outcomes
CV-mortality (mean follow up 6.7 years)
All-cause mortality (mean follow up 8.2 years)



Ventilatory Burden and CV-related Mortality
Sleep Heart Health Study

At-home PSG including EEG
Airflow measured using Thermistor
Chest wall and abdomen movement (RIP)

Both airflow and RIP signals used to evaluate apneas and hypopneas

No Nasal Cannula/Pressure Transducer System Signal



Derive Flow from Volume
EPISONO Cohort of Healthy Normals

Sample-by-Sample correlation 0.83 ± 0.1 (N = 100)

Identical Ventilatory Distribution (histogram) and VB

FlowRIP

Flow

FlowRIP derived from Volume



FlowRIP

SpO2

Thor

Abdo

Therm

Surrogate of Nasal Cannula Flow



Ventilatory Burden and CV-related Mortality

AHI4

AHI4 +

+

0.60

0.61

0.62

0.61

0.65



Ventilatory Burden and All-cause Mortality

AHI4

AHI4+

+

0.59

0.61

0.61

0.61

0.63



Ventilatory Burden and Mortality

Adjusted Survival Curves from the Cox Regression Models

All-cause Mortality CV-Mortality



VB  = 22% VB  = 37%

VB  = 28% VB  = 49%

ESS = 10ESS = 5

ESS = 14 ESS = 19

Ventilatory Distribution as opposed to VB
4 subjects with AHI4 = 24/hr.



Physiology guided AI

Alternative to 4 class model proposed by Randerath et. al.

Stages
(Risk Profile)

1

2

3

4

ORP



Sleep Apnea Probability of Sleepiness (SAPs)
Sleep Heart Health Study (SHHS)

Machine Learned model to classify likelihood of sleepiness

Predictors
Ventilatory

Distribution of breath sizes (entire histogram)
Hypoxic

Automated Hypoxic Burden
Arousal

∆SWAK + ORP

Outcome
Sleepiness (ESS >=10 vs. ESS < 10)



Sleep Apnea Probability of Sleepiness (SAPs)

Very Deep Sleep
Large Amplitude Breaths
Drowsy Awake
Hypoxic Burden
Hypopneic Breaths
“Normal” breaths
…
…
…
…

N=4,698 (approx. 30% sleepy)



Sleep Apnea Probability of Sleepiness (SAPs)
Extend model to larger datasets

Sleep Heart Health Study (SHHS)
Osteoporotic Fractures in Men Study (MrOS)
Multi-Ethnic Study of Atherosclerosis (MESA)

Predictors
Ventilatory

Distribution of breath sizes (entire histogram)
Hypoxic

Automated Hypoxic Burden
Arousal

Arousal Index

Outcome
Sleepiness (ESS >=10 vs. ESS < 10)

Combined dataset 
N = 8,863
70% training
30% testing



Sleep Apnea Probability of Sleepiness (SAPs)

“Apnea” (small breaths)
Hypoxic Burden
“Normal” breaths
Arousal Index*
…
…
…
…

N=8,863



SAPs and change in sleepiness with CPAP
Can baseline SAPs predict improvement in sleepiness with treatment? 

In sleepy subjects (ESS > 10)
Higher baseline SAPs → Greater improvement in sleepiness with 3 month CPAP

Low probability 
of sleepiness

High probability 
of sleepiness



Sleep Apnea Probability of All-cause Mortality (SAPcv)

Sleep Heart Health Study

Machine Learned model to predict all-cause mortality*

Predictors
Ventilatory

Distribution of breath sizes (entire histogram)
Hypoxic

Automated Hypoxic Burden
Arousal

ORP

Outcome
Death from any cause including CVD



Sleep Apnea Probability of Mortality (SAPcv)

Hypoxic Burden
Drowsy Awake
Very Deep Sleep
Large breaths
…
…
…
…

N=4,698



So far…

N=8,990 subjects

VB and ventilatory distribution are described underlying ventilatory disturbances
Objective and Automated 

Biologically Plausible, good test-retest reliability

When combined with arousal/hypoxic burden
Better prediction/classification 
than AHI (implicit combination)



Road Ahead…A Physiology Guided Explainable AI for Sleep Apnea

Prediction of survival profiles

Improve Robustness

Other Data + Datasets
Validation on Clinical Population

Missing Data
Stacked AI/ML models

Raw Signals

ECG

PPG

Stage Sleep Apnea
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Ventilatory Burden and CV-related Mortality

Available data from the SHHS Cohort



RIPFlow

SpO2

Thor

Abdo
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