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Abstract

The severity of obstructive sleep apnea (OSA) is clinically assessed mainly using the apnea-hypopnea
index (AHI). Based on the AHI, patients are classified into four severity groups: non-OSA (AHI<5),
mild (5€AHI<15), moderate (15<AHI<30) and severe OSA (AHI>30). However, these thresholds lack
solid clinical and scientific evidence. We hypothesize that the current AHI thresholds are not optimal
despite their global use and aim to assess this clinical shortcoming by optimizing the thresholds with
respect to the risk of all-cause mortality. We analysed ambulatory polygraphic recordings of 1783
patients with suspected OSA (mean follow-up 18.3 years). We simulated 79079 different threshold
combinations in 100 randomized subgroups of the population and studied the relative risk of all-
cause mortality corresponding to each combination and randomization. The optimal thresholds
were chosen according to three criteria: 1) the hazard ratios increase linearly between severity
groups towards more severe OSA 2) each group includes at least 15% of the study population, 3)
group sizes decrease with increasing OSA severity. The risk of all-cause mortality varied greatly
across simulations; the threshold defining non-OSA group having the largest effect on the hazard
ratios. The AHI threshold combination of 3-9-24 was optimal in most of the subgroups. In conclusion,
the assessment of OSA severity based on the current AHI thresholds is not optimal as several
patients with elevated risk of all-cause mortality are diagnosed to have no OSA. Our novel approach
provides methods for optimizing AHI-based severity classification and the revised thresholds

enhance the prediction of risk of all-cause mortality.

Word count: 250 words

Keywords: Obstructive sleep apnea; survival analysis; all-cause mortality; apnea-hypopnea index;
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Introduction

Obstructive sleep apnea (OSA) is a highly prevalent nocturnal breathing disorder affecting
approximately up to 38% of the adult population with the prevalence being higher in men and
increasing with age (Senaratna et al. 2017). OSA is characterized by repetitive obstructions of the
upper airways, resulting in complete or partial breathing cessations (AASM 1999). These cessations,
called apneas and hypopneas respectively, could result in blood oxygen desaturations and arousals
from sleep (AASM 1999). Furthermore, OSA is associated with an increased likelihood of severe
health consequences such as cardiovascular disease, stroke, and daytime sleepiness (Marin et al.
2005; Somers et al. 2008; Young et al. 2002). Moreover, especially untreated OSA is associated with

an elevated risk of all-cause mortality (Marshall et al. 2014; Punjabi et al. 2009; Young et al. 2008).

The most common parameter used to estimate the severity of OSA and the necessity of treatment
is the apnea-hypopnea index (AHI), which is simply the number of apnea and hypopnea events per
hour of sleep (AASM 1999; Patil et al. 2007). Currently, OSA is diagnosed for patients with an AHI
value larger than or equal to 5 events/hour with associated daytime symptoms. Alternatively, an
AHI value of 215 events/hour is independently sufficient for diagnosis according to the American
Academy of Sleep Medicine (AASM) guidelines (AASM 1999). Based on the value of AHI, patients
suffering from OSA are classified into four severity groups: non-OSA (AHI<5 events/hour), mild OSA
(52AHI<15 events/hour), moderate OSA (15<AHI<30 events/hour), and severe OSA (AHI>30

events/hour) (AASM 1999).

Despite its widespread use, the AHI suffers from several shortcomings and inconsistencies (Kulkas
et al. 2013; Otero et al. 2012; Punjabi 2016; Shahar 2014). First, the thresholds for OSA severity
groups are arbitrary and lack strong clinical evidence (Penzel et al. 2015). Second, the definitions of

hypopnea events counting towards the numerical value of AHI vary significantly affecting
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diagnostics of OSA (Berry et al. 2012; Duce et al. 2015; Iber et al. 2007). Furthermore, the sensitivity
of the diagnostic method used (e.g. inclusion of EEG recording) influences the number of obstructive
events detected. Thus, the AHI of a patient differs depending on the used diagnostic method and
event scoring criteria (Duce et al. 2015; Rapoport 2016). Nevertheless, the AHI thresholds used in
the severity assessment of OSA remain constant across different measurement techniques and

hypopnea definitions.

The current AHI thresholds (5-15-30 events/hour) used for the severity classification of OSA lack
thorough examination and strong clinical evidence; they are simply suggestions that have become
the clinical standard over decades (AASM 1999; Patil et al. 2007; Penzel et al. 2015). Despite the
common use of the AHI thresholds, no comprehensive studies exist on whether the present
classification is optimal for differentiating patients with the highest risk of OSA-related severe health
consequences, such as an increased risk of mortality. Still, treatment decisions are based on these
possibly outdated AHI thresholds and in some healthcare systems, only patients with moderate or

severe OSA receive health insurance- or government-subsidized treatment.

We hypothesize that the current severity classification may not sufficiently reflect the true severity
of OSA. To assess this hypothesis, we simulated numerous combinations (n=79079) of severity
classification thresholds in a large pool of patients (n=1783) with a long-term follow-up (mean
follow-up time of 18.3 years) and studied which threshold combination enables the optimal

classification of disease severity with respect to all-cause mortality.

Methods

A follow-up dataset of 1989 suspected OSA patients collected at Kuopio University Hospital was
used in this study. Based on clinical practice in Kuopio University Hospital during the years 1993-

2003, patients had undergone polygraphic recordings conducted with a custom-made ambulatory
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device recording four channels: airflow (thermistor), abdominal respiratory movements, oxygen
saturation, and sleeping position (Kulkas et al. 2013; Leppéanen et al. 2017). The recordings were
manually reanalysed during the years 2012—-2015 (Leppéanen et al. 2017). In the analyses, hypopneas
were scored using a desaturation threshold of 4% (2007 AASM rule 4A (lber et al. 2007)) Patient
information was collected from patients’ medical records and the causes of death were obtained
from Statistics Finland (Helsinki, Finland). The patients’ medical records included information on
body mass index (BMI), smoking status, age, gender, continuous positive airway pressure (CPAP)
treatment, and comorbidities. Out of the 1989 patients, information on BMI and smoking was
missing from 77 and 174 patients respectively, leading to a total of 206 patients being excluded from
further analysis. The mean follow-up time for the included 1783 patients was 18.3 years. Ethical
permissions were obtained from The Research Ethics Committee of the Hospital District of Northern

Savo, Kuopio, Finland (decision numbers 127/2004 and 24/2013).

In addition to the traditional 5, 15 and 30 events/hour thresholds for mild, moderate and severe
OSA, respectively, patients were reclassified into OSA severity groups using numerous combinations
of simulated thresholds. The simulated thresholds were let to vary from a minimum of 1 event/hour
for mild OSA to a maximum of 80 events/hour for severe OSA. The minimum separation between
threshold values for OSA severity groups was chosen to be 1 event/hour, and all thresholds with 1

event/hour increments were examined leading to a total of 79079 different threshold combinations.

The relationship between all-cause mortality and OSA severity group was assessed using Cox
proportional hazards model adjusted for smoking, BMI, age, gender, CPAP treatment,
cardiovascular disease, diabetes, and occurrence of acute myocardial infarction (AMI). For each
combination of thresholds, non-OSA patients corresponding to the current iteration were used as

the comparison group. Hazard ratios, p-values, and confidence intervals were computed for all the
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severity groups corresponding to each combination of the thresholds. The statistical analyses were

conducted using MATLAB 2018b (The MathWorks Inc., Natick, Massachusetts, United States).

An optimization group was used to optimize the threshold combinations used in severity
classification. Afterwards, a separate validation group was used to test the optimized thresholds.
The validation was done to avoid overfitting and to better generalize the results. The patient
population was split randomly into the two groups, optimization group (n=892) and validation group
(n=891), as follows. First, female patients and patients who were treated with CPAP, had an existing
diagnosis of diabetes or cardiovascular disease, or had suffered an acute myocardial infarction were
grouped into a single group (n=613). These patients were further divided randomly and equally
moved into the optimization and validation groups. This was done to increase the likelihood that
both the optimization and validation groups contained patients with all the adjusting parameters
used in the proportional hazards model. Second, the remaining patients were randomly divided into
the optimization and validation groups such that both groups contained half of the whole
population. After the group division, all the analyses were conducted. This protocol was then
repeated 100 times. Therefore, all the 79079 combinations of thresholds were assessed in 100
different optimization and validation groups leading to the proportional hazards model being

formulated a total of 7907900 times.

For every randomization protocol (n=100), out of all the 79079 combinations of OSA severity

thresholds, a threshold combination was chosen to be optimal if it fulfilled the following criteria:

1) The differences in hazard ratios between mild and moderate and between moderate and
severe OSA are similar (with a margin of £0.02) i.e. the hazard ratios increase linearly
towards more severe OSA. Furthermore, this criterion ensures that the diagnosis of severe

OSA reflects the highest risk of all-cause mortality.
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2) Each OSA severity group includes a minimum of 15% of the whole patient population.
3) The sizes of OSA severity groups decrease towards more severe disease i.e. for the group

sizes: non-OSA>mild OSA>moderate OSA>severe OSA.

Results

The study population (n=1783) consisted of 1361 male and 422 female patients. The mean follow-
up time was 18.3 years, during which 353 patients had died. Out of the population, 766 patients did
not smoke, 480 had quit smoking and 537 were smokers. A total of 366 patients were treated with
CPAP and 102 had suffered an acute myocardial infarction. Cardiovascular disease was diagnosed
for 231 patients and diabetes for 363 patients. The median(range) was 5.7(0.0-148.7) events/hour

for the AHI, 28.4(17.5-63.3) kg/m? for the BMI and 48.2(18.3-81.1) years for the age of patients.

The hazard ratios related to the risk of all-cause mortality of severity groups varied greatly between
different combinations of the thresholds. This effect can be seen in Figure 1, which illustrates the
iterations of different combinations of thresholds and the corresponding hazard ratios and group
sizes in a single optimization group. The main factor determining the magnitude of hazard ratios for
all severity groups was the threshold separating the non-OSA and mild OSA groups. The significance
of this threshold can be seen in Figure 1, as all the numerical values of the hazard ratios increase
significantly as the threshold of mild OSA decreases from the current clinical threshold of 5
events/hour. However, Figure 1 also illustrates that the hazard ratios decrease after decreasing the

thresholds for mild OSA further from 3 events/hour.

Please insert Figure 1 approximately here.

Among the 100 different splits of random optimization and validation sets, the threshold

combination of 3-9-24 events/hour met all the optimization criteria most often (37 times).
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Therefore, the thresholds of 3, 9 and 24 events/hour for mild, moderate, and severe OSA groups,
respectively, were considered optimal. The second most common threshold combinations were 3-
9-23, 3-9-25, and 3-9-26 events/hour all of which appeared 34 times among thresholds fulfilling all
three optimization criteria. For the remainder of the results, the threshold combination of 3-9-24
events/hour is referred to as the new optimized threshold combination. Figure 2 illustrates the
thresholds amongst the 79079 combinations that fulfilled all the three criteria in a single random

optimization group.

Please insert Figure 2 approximately here.

Tables 1 and 2 show the medians of the hazard ratios amongst all 100 validation and optimization
sets. The median of the hazard ratios increased when using the optimized thresholds. In the
validation sets with the current clinical thresholds, the medians of the hazard ratios for mild,
moderate and severe OSA were 1.11 (p=0.50), 1.61 (p=0.05), and 1.64 (p=0.06) respectively. In
contrast, the medians increased to 1.41 (p=0.15), 1.66 (p=0.05) and 1.82 (p=0.03) with the new

thresholds for mild, moderate and severe OSA.

Please insert Table 1, and Table 2 approximately here.

Based on the current clinical diagnostic thresholds (5-15-30 events/hour), 838 patients had no OSA,
469 had mild OSA, 232 had moderate OSA, and 244 patients were diagnosed with severe OSA. With
the optimized threshold combination of 3-9-24 events/hour, 630 patients had no OSA, 459 had mild

OSA, 377 had moderate OSA, and 317 patients had severe OSA.
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Discussion

In this study, we simulated 79079 different combinations of OSA severity classification thresholds
in randomized subgroups (n=100) of the whole study population and assessed the potential of each
combination to differentiate patients having elevated risk of all-cause mortality. The results indicate
that the current clinical OSA severity classification (non-OSA, mild OSA, moderate OSA, and severe
OSA) using the AHI threshold combination of 5-15-30 events/hour is not optimal with respect to all-
cause mortality in our cohort i.e. ambulatory polygraphic recordings of patients with suspected OSA.
Based on the results, using the AHI thresholds of 3-9-24 events/hour could improve the severity
classification. These thresholds better differentiate patients into OSA severity groups ensuring that

increase in OSA severity corresponds to an increase in the risk of all-cause mortality.

The present results suggest that the threshold dividing non-OSA from mild OSA should be lowered.
The hazard ratios of all severity groups increased significantly when decreasing this threshold,
suggesting that patients with AHI between 3 and 5 events/hour also suffer from an elevated risk of
all-cause mortality. The increase in hazard ratios is due to the fact that by lowering the threshold
from 5 to 3 events/hour, patients with an elevated risk of all-cause mortality were classified into
OSA groups instead of the comparison group (i.e. non-OSA group). This, in turn, decreased the
overall risk of all-cause mortality in the comparison group while increasing the relative risk in the
mild, moderate, and severe OSA groups. However, decreasing the threshold value to lower than 3
events/hour decreased the hazard ratio for the mild OSA group. This indicates that patients with a
low risk of all-cause mortality were classified as having mild OSA when the threshold was lower than
3 events/hour. Therefore, in our cohort, the optimal discrimination of non-OSA patients from OSA
patients with respect to all-cause mortality is obtained with the AHI threshold value of 3

events/hour. Furthermore, our results suggest that the thresholds separating mild and moderate
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0OSA, and moderate and severe OSA, should also be lowered to achieve a more linear increase in the

risk of all-cause mortality with increasing OSA severity.

Implementing the optimized OSA severity thresholds could lead to a significant change in OSA
diagnostics and treatment decisions. Currently, the severity thresholds are used to guide treatment
decisions and to convey information to the patients. The thresholds are needed to achieve rigorous
treatment decision guidelines to convince payers of subsidized therapy in healthcare systems and
insurance companies. The use of the proposed threshold combination of 3-9-24 events/hour
increases the number of patients who fall into the moderate-to-severe OSA category. For example,
in our population the number of patients in the moderate-to-severe OSA category increased from
476 (27% of the population) to 694 (39% of the population). This increase would then affect the
treatment decisions as only moderate and severe OSA patients receive health insurance- or
government-subsidized therapy in some healthcare systems. Thus, the number of patients receiving
treatment might increase elevating treatment costs. However, it has been shown that health care
costs of patients with OSA, even before diagnosis, are higher than those of matched individuals
without OSA (Ronald et al. 1999). These elevated costs generally reduce to the level of the healthy
population after treatment of OSA (Albarrak et al. 2005). Thus, lowering the severity thresholds of
OSA could reduce total long-term costs for healthcare systems by reducing the prevalence of various
OSA related comorbidities while improving the overall quality of life of OSA patients. However,
further studies are needed to assess the effect of the lowered diagnostic thresholds on healthcare

utilization and costs.

Across threshold simulations, the hazard ratios for all-cause mortality were strongly dependent on
the threshold values and experienced large fluctuations with different combinations although we

used a large dataset with a long follow-up time. This instability of the hazard ratios for all the severity
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groups across simulations suggests that the AHI may not be the sole factor determining the OSA
severity. Previous studies have shown that patients with a similar numerical AHI value can have very
different severity of individual obstructive events and, therefore, have a completely different
phenotype of OSA altogether (Kulkas et al. 2013; Zinchuk et al. 2018). The AHI denotes only the rate
of obstructive events per hour of sleep and fails to consider the temporal distribution of events,
their duration, or the physiological effects that obstructive events cause. The present results
indicate that the evaluation of OSA severity based solely on the AHI might not be the best approach.
As OSA is a largely heterogeneous disorder, perhaps an individual assessment of patients’ risk
factors, comorbidities, and the characteristics of the disorder alongside the AHI-based classification
might provide a better way to determine the true severity of OSA. Individual risk-based assessment
of patients might enable reliable identification of those patients with an elevated risk of OSA-related
severe health consequences and all-cause mortality as well as those who would benefit the most

from treatment.

The present study has certain limitations. The analysed ambulatory polygraphic data did not include
EEG recording; thus, scoring of arousal-related hypopneas was not possible. The inclusion of EEG
recording increases the number of hypopnea events detected and elevates the AHI values. It could
thus be argued that the optimal thresholds, when EEG is included, would be higher than the
presently proposed thresholds of 3-9-24 events/hour. However, it needs to be noted that when
comparing the AHI values between ambulatory measurements and full polysomnography with EEG
recording, patients with a similar AHI could have a completely different phenotype of OSA (e.g.
different level of hypoxemia or degree of sleep fragmentation). Furthermore, the inclusion of EEG
recording would additionally enable more reliable determination of the total sleep time and thus,

affect the determined AHI values. Further studies are warranted to determine the optimal

12
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thresholds in full polysomnography including a recording of EEG. Most likely, the optimal thresholds

will differ between ambulatory recording and full polysomnography.

Furthermore, all polygraphic recordings were scored using a 4% desaturation threshold for
hypopneas (AASM 2007 rule 4A (lber et al. 2007)) instead of a 3% threshold proposed by AASM in
2012 (Berry et al. 2012). It has been shown that using a 3% desaturation threshold for hypopnea
scoring significantly increases the number of scored hypopnea events leading to an increase in the
AHI (Duce et al. 2015; Myllymaa et al. 2015). Therefore, it is reasonable to assume that the optimal
thresholds, when using the 3% desaturation criterion for hypopnea scoring, would be higher than
the presently suggested combination of 3-9-24 events/hour. Furthermore, it has been suggested
that the OSA severity thresholds should not remain the same between different measurement
techniques and scoring criteria (Hudgel 2016; Rapoport 2016). Therefore, the thresholds suggested
in the present study are valid as such only for patients measured and scored with similar techniques
and criteria as in the present study population. Further studies with a similar simulation approach
are warranted to reliably define the optimal thresholds with different scoring criteria. Additional
studies are also warranted to assess the classification with regards to different outcomes alongside

the risk of all-cause mortality.

In conclusion, the current threshold combination of 5-15-30 events/hour used for OSA severity
classification suffers from major shortcomings in predicting OSA related all-cause mortality. These
thresholds should either be optimized for each scoring criteria and measurement technique or the
classification based solely on the AHI should be complemented with a more comprehensive patient-
specific assessment of the severity of OSA and the related individual risk of comorbidities and

mortality.
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Figure captions

Figure 1. lllustration of the hazard ratios for all-cause mortality and the number of patients in each
OSA severity group corresponding to different combinations of AHI thresholds for diagnosing OSA
severity in a single optimization group. Out of the 79079 combinations, only a limited number of
combinations (n=700) are shown for clarity. The current clinical thresholds (5-15-30) are indicated
with a vertical dotted line and the optimized thresholds (3-9-24) with a vertical dashed line. The
optimal region for the threshold of mild OSA between 3 and 5 events/hour is illustrated with a

shaded area.

Figure 2. lllustration of the combinations of OSA severity thresholds fulfilling the three criteria for
optimal threshold selection in a single optimization group. Corresponding hazard ratios for all-cause
mortality, group sizes and statistical significances of hazard ratios are presented for each OSA
severity group. The suggested combination of thresholds (3-9-24) is indicated with a vertical dashed

line. The optimization was repeated similarly in 100 different randomized optimization groups.

16



Table 1. Medians of the hazard ratios and p-values in the optimization datasets.

5-15-30
Hazard ratios
Med Range Med

p-values
Range

3-9-24
Hazard ratios p-values
Med Range Med Range

Mild OSA
Moderate OSA
Severe OSA
Age (risk/year)
BMI (risk/kgm)
Smoker
Former smoker
Male gender
CPAP
CVvD
Diabetes
AMI

1.13 0.82-1.79 0.56
164 1.12-2.44 0.03
1.72 1.21-3.01 0.03
1.08 1.07-1.10 <0.01
1.03 1.01-1.06 0.02
2.27 1.71-3.42 <0.01
1.09 0.84-1.45 0.58
149 0.96-2.34 0.07
0.71 0.54-0.98 0.07
1.48 1.10-2.00 0.03
1.20 0.93-1.61 0.27
1.56 1.16-2.41 0.05

0.01-0.99
<0.01-0.64
<0.01-0.48
<0.01—<0.01
<0.01-0.62
<0.01—<0.01
0.05-0.99
<0.01-0.82
<0.01-0.9
<0.01-0.62
<0.01-0.96
<0.01-0.54

143 1.01-2.34 0.14 <0.01-0.95
1.64 1.16-2.50 0.04 <0.01-0.55
1.76 1.31-3.72 0.03 <0.01-0.31
1.08 1.07-1.10 <0.01 <0.01—<0.01
1.03 1.01-1.05 0.01 <0.01-0.54
2.29 1.71-3.52 <0.01 <0.01—<0.01
1.10 0.84-146 0.57 0.05-1.00

1.44 0.93-2.37 0.08 <0.01-0.73
0.75 0.54-1.02 0.12 <0.01-0.95
149 1.10-2.02 0.03 <0.01-0.64
1.21 0.92-1.59 0.28 <0.01-0.90
155 1.12-2.38 0.05 <0.01-0.63

The hazard ratios with the current clinical thresholds (5-15-30) and the new optimized thresholds (3-9-24)
were calculated using the Cox proportional hazards model and the medians of hazard ratios and p-values
were calculated from all the randomized optimization sets (n=100). The proportional hazards model was
adjusted for age, body mass index (BMI), smoking status, gender, continuous positive airway pressure
(CPAP) treatment, cardiovascular disease (CVD), diabetes, and occurrence of acute myocardial infarction
(AMI). Age and BMI were used as continuous variables.
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Table 2. Medians of the hazard ratios and p-values in the validation datasets.

5-15-30
Hazard ratios
Med Range Med

p-values
Range

3-9-24
Hazard ratios p-values
Med Range Med Range

Mild OSA
Moderate OSA
Severe OSA
Age (risk/year)
BMI (risk/kgm)
Smoker
Former smoker
Male gender
CPAP
CVvD
Diabetes
AMI

1.11 0.71-1.54 0.50
1.61 0.99-2.47 0.05
1.64 1.00-2.34 0.06
1.08 1.07-1.10 <0.01
1.03 1.01-1.06 0.02
2.33 1.55-3.20 <0.01
1.10 0.80-1.53 0.53
139 0.92-2.29 0.12
0.73 0.51-1.06 0.14
1.49 0.99-2.05 0.05
1.22 0.87-1.60 0.28
1.53 0.92-2.58 0.09

0.04-0.96
<0.01-0.97
<0.01-0.99
<0.01—<0.01
<0.01-0.56
<0.01-0.02
0.04-0.99
<0.01-0.97
<0.01-0.97
<0.01-0.97
0.01-0.98
<0.01-0.99

141 0.85-2.13 0.15 <0.01-0.88
1.66 1.11-2.40 0.05 <0.01-0.68
1.82 0.91-2.62 0.03 <0.01-0.97
1.08 1.06-1.10 <0.01 <0.01—<0.01
1.03 1.01-1.06 0.02 <0.01-0.36
2.34 155-3.23 <0.01 <0.01-0.02
1.10 0.81-1.51 0.53 0.05-0.99

1.39 0.89-2.26 0.14 <0.01-0.94
0.78 0.54-1.11 0.21 0.01-0.99

149 1.00-2.05 0.04 <0.01-0.98
1.19 0.83-1.61 0.34 0.01-0.99

1.53 0.89-2.68 0.10 <0.01-0.95

The hazard ratios with the current clinical thresholds (5-15-30) and the new optimized thresholds (3-9-24)
were calculated using the Cox proportional hazards model and the medians of hazard ratios and p-values
were calculated from all the randomized validation sets (n=100). The proportional hazards model was
adjusted for age, body mass index (BMI), smoking status, gender, continuous positive airway pressure
(CPAP) treatment, cardiovascular disease (CVD), diabetes, and occurrence of acute myocardial infarction
(AMI). Age and BMI were used as continuous variables.
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