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Study Objectives: The definition and the criteria for the successful treatment of obstructive sleep apnea vary, depending on the study. This study aimed to
compare different success criteria of non-continuous positive airway pressure (non-CPAP) treatment for obstructive sleep apnea in terms of sleep quality by

using cardiopulmonary coupling.

Methods: We included 98 patients who had been treated with sleep surgery or with a mandibular advancement device at our sleep clinic from January
2011 to March 2013. The success and failure groups were divided by 6 criteria that have been used in the literature. The validity of each of the 6 criteria was

evaluated by cardiopulmonary coupling-based sleep quality.

Results: The parameters of cardiopulmonary coupling indicated that sleep quality improved with non-CPAP treatment: low-frequency coupling decreased
from 57.4% + 17.7% to 46.9% + 16.5%, whereas high-frequency coupling increased from 30.2% + 17.1% to 37.4% + 16.7%. In multiple regression analysis,
only the criterion of a reduction in the apnea-hypopnea index greater than 50% was significantly associated with sleep quality improvement (p = 0.016; 95%
confidence interval, 1.008-1.076 in the high-frequency coupling increment; p = 0.001; 95% confidence interval, 1.025-1.099 in the low-frequency coupling

decrement).

Conclusions: Cardiopulmonary coupling analysis showed that a reduction in the apnea-hypopnea index of more than 50% might be the optimal criterion to

determine the success or failure of non-CPAP treatment in terms of sleep quality.
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INTRODUCTION

Effectively managing obstructive sleep apnea (OSA) is impor-
tant for preventing comorbidities such as hypertension, heart
failure, arrhythmia, coronary artery disease, and stroke.'”
Treatments for OSA have been aimed at decreasing the apnea-
hypopnea index (AHI) to less than 5/h. This reduction can be
achieved by using continuous positive airway pressure (CPAP);
however, the success of CPAP treatment is limited because
patient compliance and long-term acceptance remain low.°
Compliance is better for oral appliances such as the mandibu-
lar advancement device (MAD), but the treatment efficacy is
lower for oral appliances than for CPAP.”® Surgical therapy is
another therapeutic option. It can be curative without using any
device during sleep. However, its efficacy is variable, depend-
ing on the surgical method. There is also an issue of recurrence.

To compare the efficacy of the various types of non-CPAP
therapy, it is necessary to define success by each method. How-
ever, a standardized criterion to define the success of the treat-
ment has not been available, until now. In general, the treatment
outcome of non-CPAP therapy has been assessed by compar-
ing the postoperative and preoperative AHI. The rate of suc-
cessful treatment is calculated by the definition of the success

BRIEF SUMMARY

Current Knowledge/Study Rationale: There is a need to find a
standardized criterion to define the success of non-CPAP treatment
for OSA. This study aimed to compare different success criteria

of non-CPAP treatment for OSA in terms of sleep quality by using
cardiopulmonary coupling.

Study Impact: We propose that a reduction in the AHI greater than
50% may be the optimum value for defining the success of non-
CPAP treatment outcome in terms of CPC-based sleep quality. Well-
designed studies should be performed in the future to prove that
this criterion can be correlated with a satisfactory health outcome in
patients with OSA.

criteria, which varies, depending on the study. We found six
success criteria in the literature. Most criteria were based on
the AHI value (Table 1).2° However, sleep clinicians encoun-
ter patients who state that their quality of sleep improved with
non-CPAP treatment, even though their AHI had not improved.
Therefore, we analyzed each criterion, based on sleep quality,
as assessed by the cardiopulmonary coupling (CPC) technique.
In CPC analyses, heart rate variability and electrocardiogram-
derived respiration are coupled, and their coupling is correlated
with objective sleep quality.®® It has a close relationship with
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Table 1—The criteria of “success,” based on the study definition.

Study Treatment Modality
Sher et al. 1996 UPPP
Liu et al. 2000 MR

Bettega et al. 2000
Verse et al. 2000
Yoshida 2001

Maxillofacial surgery
Tonsillectomy
Oral appliance

Vilaseca et al. 2002 UPPP + GA + HS
Walker et al. 2002 UPPP or dental appliance
Marklund et al. 2004 MAD
Friedman et al. 2005 UPPP
Vicente et al. 2006 TBS + UPPP
Yin et al. 2007 UPPP + GA + HS
Foltan et al. 2007 GA+HM
Lettieri et al. 2011 Oral appliance
Lee etal. 2011 UPPP
Tanyeri et al. 2012 UPPP

Hou et al. 2012 Tongue coblation
Friedman et al. 2012 MAD

Lee etal. 2012 MAD
Gunawardena et al. 2013 Lingualplasty
Lee etal. 2013 MAD

Definition of Success

RDI < 20/h and > 50% reduction
RDI < 10/h

AHI < 15/h and > 50% reduction

AHI < 20/h and > 50% reduction
AHI < 10/h

AHI < 20/h and SSI
> 50% reduction in the Al

AHI < 10/h

AHI < 20/h and > 50% reduction

AHI < 20/h and > 50% reduction and SSI

AHI < 20/h

AHI < 20/h and > 50% reduction

AHI < 5/h, AHI < 10/h and SSI
AHI < 20/h and > 50% reduction
AHI > 50% reduction and SSI

AHI < 20/h and > 50% reduction

AHI < 20/h and > 50% reduction

AHI < 10/h and > 50% reduction

AHI < 15/h and > 50% reduction

> 50% reduction of AHI

AHI, apnea-hypopnea index; Al, apnea index; GA, genioglossus advancement; HM, hypoid myotomy; HS, hyoid suspension; MAD, mandibular advancement
device; MR, mandibular repositioner; RDI, respiratory distress index; SSI, subjective symptom improvement; TBS, tongue base suspension; UPPP,

uvulopalatopharyngoplasty.

the cyclic alternating pattern scoring system.*'*> Furthermore,
in a comparison study using conventional polysomnography
(PSG), CPC was better associated with the basic physiologic
mechanisms of altered sympathetic and parasympathetic ac-
tivity during sleep.*® Successful treatment of OSA has been
associated with an increase in high-frequency coupling (HFC)
and a decrease in low-frequency coupling (LFC).*

In the present study, we analyzed six success criteria with
regard to CPC-based sleep quality, and we attempted to iden-
tify the criteria that are significantly associated with the pa-
rameters of CPC and identify the optimum criterion that can
be used to define treatment success in terms of sleep quality.

METHODS

Patients

Patients were included who were diagnosed with OSA
(AHI > 5/h) by an attended full-night PSG study and were
treated by sleep surgery or by a MAD at our sleep center from
January 2011 to March 2013. Nasal pressure was monitored to
detect respiratory events during PSG. Apnea was defined as
the complete cessation of airflow > 10 s. Hypopnea was de-
fined as a substantial reduction in airflow (> 50%) > 10 s or
a moderate reduction in airflow > 10 s associated with elec-
troencephalographic arousals or oxygen desaturation (> 4%).
This study was approved by the Institutional Review Board
of Seoul National University Bundang (IRB No. B-1308/214-
111). All patients underwent 2 PSG studies: the first study
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was performed before treatment and the second study was
performed > 3 months after treatment. The exclusion criteria
were the following: (1) arrhythmias, (2) artifact encompass-
ing > 20% of the total sleep time of the PSG, (3) total sleep
time < 4 h, and (4) sleep efficiency < 80%.

Criteria of Treatment Success

We conducted key word searches in the PubMed databases
until December 2013. The words used to query the databases
were “OSA,” “efficacy,” and “success.” The reference lists of
relevant publications were manually searched for additional
studies. The search was limited to studies published in Eng-
lish. Studies for CPAP therapy were excluded. Treatment
success was defined by the following 6 criteria used in the lit-
erature: (1) posttreatment AHI < 10/h''*'7; (2) posttreatment
AHI < 20/h*2% (3) reduction in the AHI > 50% and posttreat-
ment AHI < 10/h?’; (4) reduction in the AHI > 50% and post-
treatment AHI < 15/h '2%%; (5) reduction in the AHI > 50% and
posttreatment AHI < 20/h'*13:18:21.23.25.26; apd (6) a reduction in
the AHI > 50%.24%

Cardiopulmonary Coupling Analysis

The CPC was measured by exported single-lead electrocardio-
graphic data using the commercially available PSG software
RemLogic 2.0 CPC analyzer (Embla Systems, San Carlos, CA,
USA). Technical details on how the data are processed have
been described in a previous study.* In brief, the software ex-
tracted the R-R interval series and electrocardiogram-derived
respiration signal from a single-lead electrocardiogram. We
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Table 2—Changes in the sleep-related parameters before and after treatment in patients with obstructive sleep apnea.

Baseline
Polysomnographic index
TST, min 394.5+50.2
WASO, min 57.3+37.0
SE, % 87.7+55
Respiratory arousal, events/h 257171
AHI, events/h 34.3+18.0
Supine AHI, events/h 476 +20.6
Non-supine AHI, events/h 128 £16.0
Al, events/h 19.8 +18.1
Average apnea duration, sec 26.6+87
HI, events/h 145+8.3
ODI, events/h 25.4 +16.7
Minimal oxygen saturation, % 79.8+6.5
Average oxygen saturation, % 95.1+18
Snoring, % 349+19.6
N1, % 149+85
N2, % 50.6 £ 11.2
N3, % 49+64
REM, % 174+ 6.6
Cardiopulmonary coupling index

HFC, % 302171
LFC, % 574 £17.7
VLFC, % 12270
e-LFC, % 422+18.6
Other, % 04+05

With Therapy p value
404.8 +48.3 0.101
473 +31.1 0.009
89.6+9.2 0.840
10.9+£12.0 <0.001
16.3+15.6 <0.001
21.7+19.8 <0.001
7.6+12.1 0.036
6.9+122 <0.001
21.8+10.6 <0.001
94+73 <0.001
115+12.6 <0.001
83.3+6.0 <0.001
956+14 0.002
29.1+£20.0 0.005
10.6 +8.9 <0.001
535+ 10.0 0.021
59+6.0 0.097
19.2+6.2 0.016
374 +£16.7 <0.001
469+ 16.5 <0.001
152+ 84 0.002
315+175 <0.001
05+1.0 0.166

AHI, apnea-hypopnea index; Al, apnea index; e-LFC, elevated low-frequency coupling; HFC, high-frequency coupling; HI, hypopnea index; LFC, low-
frequency coupling; ODI, oxygen demand index; PLM, periodic leg movement; REM, rapid eye movement; SE, sleep efficiency; TST, total sleep time; VLFC,

very-low-frequency coupling; WASO, wake time after sleep onset.

then analyzed the R-R interval series and their associated
electrocardiogram-derived respiration signal by using Fourier-
based techniques to estimate the degree of CPC.** The R-R
interval time series and electrocardiogram-derived respiration
signals were first decomposed into a set of sinusoidal oscilla-
tions with specific amplitudes and phases at each frequency. If
both signals at a given frequency have relatively large oscil-
lation amplitudes, then it is likely that the 2 signals are cou-
pled with each other. This coupling effect can be measured by
computing the cross-spectral power. If 2 oscillations at a given
frequency are synchronized, the synchronizing effect can be
measured by computing the coherence of the signals.* The pa-
rameters of CPC analyses used in the present study were HFC,
LFC, very low-frequency coupling (VLFC), and elevated low-
frequency coupling (e-LFC).

Statistical Analysis

All values are expressed as mean + the standard deviation,
unless otherwise specified. The patients were divided into 2
outcome groups (“success” group and “failure” group), based
on the 6 criteria of success. The paired ¢ test was used to
compare the CPC parameters before and after treatment in
each outcome group. We also performed multiple regression
analyses to determine the optimal criterion of success for
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non-CPAP treatment with regard to CPC-based sleep qual-
ity. A p value < 0.05 was considered statistically significant.
Data analysis was performed using SPSS software, version 18
(SPSS Inc., Chicago, IL).

RESULTS

Ninety-eight patients (33 with sleep surgery and 65 with a
MAD) were included in this study. The surgical treatment pro-
cedures were tonsillectomy, uvulopalatopharyngoplasty, ex-
pansion sphincter pharyngoplasty, tongue base resection, and
genioglossus advancement. There were 85 (86.7%) males and
13 (13.3%) females. Their mean age was 51.5 = 9.9 years (range,
19-74 years) and their mean body mass index was 25.6 + 2.6
kg/m?. Their mean AHI was 34.3 =+ 18.0/h. There were no sig-
nificant differences between the surgery group and the MAD
group in sex, body mass index, and AHI. However, there was
a significant difference in age (45.2 + 6.4 years in the surgery
group and 53.4 = 10.0 years in the MAD group; p < 0.001).

Changes with Non-CPAP Treatment
Table 2 summarizes the PSG findings and CPC parameters
of the non-CPAP treatment. After treatment, there was no
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Table 3—Percentage of patients reported as having a successful outcome, as defined by the different success criteria.

Success Criteria Success
AHI, < 10/h 47
AHI, < 20/h 69
AHI, < 10/h and 50% reduction 44
AHI, < 15/h and 50% reduction 54
AHI, < 20/h and 50% reduction 59
AHI, 50% reduction 65

AHI, apnea-hypopnea index.

Failure Percentage of Success
51 48.0%
29 70.4%
54 44.9%
44 55.1%
39 60.2%
33 66.3%

Table 4—Univariate analysis comparing pretreatment and posttreatment values of the cardiopulmonary coupling parameters in

the success group and failure group, according to the six criteria.

Success Failure

Criteria CPC Baseline  With Therapy p value Baseline ~ With Therapy p value
AHI, <10/h HFC, % 35.9+13.1 432+15.2 <0.001 25.0+18.7 321+£164 0.006
LFC, % 51.0£138 412%13.6 <0.001 63.3+£18.9 52173 <0.001

AHI, < 10/h and 50% reduction ~ HFC, % 3571134 434 +151 <0.001 258+185 326+16.5 0.006
LFC, % 51.7+139  408+13.0 <0.001 62.0 £ 19.1 51.8+175 <0.001

AHI, < 15/h and 50% reduction ~ HFC, % 3351144 424 +£16.0 <0.001 26.1+£19.2 31.3+£156 0.071
LFC, % 54.3+15.0 40.6 £13.1 <0.001 61.1%20.1 545 %171 0.027

AHI, < 20/h HFC, % 3341144 41.1+£16.1 <0.001 227+205 288x+152 0.108
LFC, % 54.3+15.2 419+13.7 <0.001 64.6 £21.0 58.8£16.7 0.130

AHI, < 20/h and 50% reduction ~ HFC, % 335+15.0 42.0+16.3 <0.001 252+18.8 30.5+14.9 0.072
LFC, % 545+15.6 40.8+13.2 <0.001 61.7+19.9 56.1+ 16.8 0.083

AHI, 50% reduction HFC, % 309+£16.7 4111164 <0.001 29.0+17.9 30.3+15.0 0.629
LFC, % 575177 424 +144 <0.001 571179 55.8 £ 16.8 0.642

AHI, apnea-hypopnea index; CPC, cardiopulmonary coupling; HFC, high-frequency coupling; LFC, low-frequency coupling.

significant improvement for total sleep time. However, there
was significant improvement in wake after sleep onset, AHI,
apnea index, hypopnea index, oxygen desaturation index, mini-
mal oxygen saturation, average oxygen saturation, and snoring.

The parameters of CPC analyses also showed significant
changes after treatment. High-frequency coupling and VLFC
significantly increased (p < 0.001 and p = 0.002, respectively),
whereas LFC and e-LFC significantly decreased after non-CPAP
treatment (p < 0.001 for both). In the subgroup analyses, there
was no difference in the pattern of improvement between the sur-
gery group and the MAD group in the PSG and CPC parameters.

The rate of treatment success ranged from 44% to 70%, de-
pending on success criteria (Table 3). The success rate was
highest at 70.4% (69 of 98 patients) when using the criterion
of posttreatment AHI < 20/h, and was lowest at 44.9% (44
of 98 patients) when using the criterion of a reduction in the
AHI > 50% and posttreatment AHI < 10/h.

Changes in HFC and LFC in Success and Failure
Groups Divided by Success Criteria

The pretreatment and posttreatment values of the CPC pa-
rameters (HFC and LFC) were compared between the success
group and the failure group, based on the 6 criteria of treatment
success (Table 4). In the success group, HFC significantly in-
creased and LFC significantly decreased in all 6 criteria. In
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the failure group, we assumed that there would be neither a
significant increase in HFC nor a significant decrease in LFC.
However, even in the failure group, HFC significantly in-
creased in 2 criteria: (1) posttreatment AHI < 10/h (p = 0.006)
and (2) reduction in AHI > 50% and posttreatment AHI < 10/h
(p = 0.06). Low-frequency coupling significantly decreased in
3 criteria: (1) posttreatment AHI < 10/h (p < 0.001); (2) reduc-
tion in AHI > 50% and posttreatment AHI < 10/h (p < 0.001);
and (3) reduction in AHI > 50% and posttreatment AHI < 15/h
(p=10.027). Three criteria were eligible for further analysis be-
cause they showed significant improvements in sleep quality in
the success group but remained unchanged in the failure group.

The Optimum Criteria to Determine Success in CPC-
Based Sleep Quality

After adjusting for age, sex, body mass index, and treatment
modality (surgery or MAD), multiple regression analysis was
performed to identify the optimum criterion to differentiate
the success group from the failure group with regard to CPC-
based sleep quality (Table 5). When applying the criterion
of reduction in the AHI > 50%, the probability of treatment
success significantly increased by 4.1% with a 1% increase
in HFC (adjusted odds ratio, 1.041; 95% confidence inter-
val, 1.008-1.076; p = 0.016), and the probability of treatment
success significantly increased by 6.1% with a 1% decrease
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Table 5—Logistic regression analysis to identify the optimal criterion after adjusting for age, sex, body mass index, and

treatment modality.

Success Criteria CPC Change Crude (95% Cl) p value Adjusted (95% CI) p value
AHI, < 20/h HFC, 1.007 (0.979-1.036) 0.634 1.003 (0.972-1.034) 0.860
LFC,.. 1.025 (0.997-1.053) 0.078 1.022 (0.992-1.054) 0.146
AHI, < 20/h and 50% reduction HFC, 1.013 (0.986-1.040) 0.340 1.010 (0.981-1.040) 0.512
LFC,.. 1.032 (1.005-1.060) 0.021 1.030 (1.001-1.060) 0.040
AHI, 50% reduction HFC, . 1.041 (1.010-1.073) 0.009 1.041 (1.008-1.076) 0.016
LFC,., 1.061(1.027-1.096)  <0.001 1.061 (1.025-1.099) 0.001

95% Cl, 95% confidence interval; AHI; apnea-hypopnea index; CPC, cardiopulmonary coupling; HFC, high-frequency coupling, HFC.

high-frequency

inc?

coupling increment; LFC; low-frequency coupling; LFC,_, low-frequency coupling decrement.

in LFC (adjusted odds ratio, 1.061; 95% confidence interval,
1.025-1.099; p < 0.001). However, the success group was not
differentiated from the failure group in CPC-based sleep qual-
ity when using the remaining 2 criteria: (1) posttreatment
AHI < 20/h; and (2) reduction in the AHI > 50% and posttreat-
ment AHI < 20/h.

DISCUSSION

To the best of our knowledge, there have been no studies to
validate whether previous criteria of success for non-CPAP
treatments are appropriately defined in terms of sleep quality.
Non-CPAP treatments such as sleep surgery and oral appli-
ances are frequently applied to patients with OSA. However,
there are no standardized criteria available to define treatment
success for these non-CPAP treatments. Treatment success or
failure may be evaluated from several aspects. From the per-
spective of comorbidities, success may be defined when the
treatment prevents the occurrence of comorbidities such as
cardiovascular and neurovascular diseases.*® However, im-
provement in the AHI during sleep is commonly used to de-
fine treatment success in practice. The criteria of success vary
according to the study.'”?’ Therefore, the treatment outcome
cannot be directly compared on a common platform between
studies. Our study also showed that the success rate ranged
from 44.9% to 70.4%, according to the criterion applied. Fur-
thermore, each criterion lacks justification to be used as the
determinant for success or failure in treatment outcome.

In the present study, we analyzed six different criteria
for success in terms of sleep quality, which was assessed by
CPC analyses. The combination of heart rate variability and
electrocardiogram-derived respiration produces HFC (0.1-0.4
Hz), LFC (0.01-0.1Hz), VLFC (0.001-0.01 Hz), and e-LFC.%**
High-frequency coupling is associated with the breath-to-
breath stability of the tidal volume and physiologic respiratory
sinus arrhythmia. Therefore, it is a reliable biomarker of stable
and consolidated sleep. On the other hand, LFC is correlated
with the breath-to-breath cycle fluctuation of the tidal volume
and cyclic variation in heart rate, and thus reflects unstable
and fragmented sleep.” Therefore, when sleep quality im-
proves with successful treatment, HFC is increased and LFC
is decreased.

Success and failure groups have been divided by the defini-
tion determined by the author of each criterion. Sher et al.'’
defined the most commonly used criterion of surgical success
as a reduction in the AHI greater than 50% and posttreat-
ment AHI less than 20/h. Other investigators have recently
proposed to narrow the criterion to a posttreatment AHI less
than 5/h or 10/h.3> However, we found that a reduction in the
AHI less than 50% was sufficient to indicate the success of
non-CPAP therapy in terms of sleep quality. We hypothesized
that HFC and LFC would both improve in the success group
and remain unchanged in the failure group. Based on the CPC
change, three of the six criteria (posttreatment AHI < 20/h;
reduction in the AHI > 50% and posttreatment AHI < 20/h;
and reduction in the AHI > 50%) supported our hypothesis,
whereas the remaining criteria failed to meet our hypothesis.
High-frequency coupling and LFC even improved in the fail-
ure group. On the other hand, after adjusting for age, sex, body
mass index, and treatment modality, multivariate analyses
showed that only one criterion—a reduction in the AHI greater
than 50%—could significantly differentiate the success group
from the failure group. When applying this criterion, the suc-
cess rate significantly increased by the HFC increment, and it
significantly increased by the LFC decrement. Therefore, we
concluded that a reduction in the AHI less than 50% might be
the optimum criterion when defining the success of treatment
outcome in terms of CPC-based sleep quality.

Our study has some limitations. First, the criterion of AHI
less than 50% is highly associated with hypoxemia after therapy.
We do not believe that this criterion was ideal, but at least thera-
peutic approaches that fulfilled this criterion may be regarded
as successful in terms of CPC-based sleep quality. A random-
ized control trial should be performed in the future to prove that
this criterion can be correlated with a satisfactory health out-
come in patients with OSA. Second, we included only sleep sur-
gery and oral appliances as the non-CPAP treatments, although
we were aware that there are other treatment modalities such
as behavioral therapy, bariatric surgery, and pharmacological
therapy. However, the two types of treatment we selected in our
study are the most frequent treatment modalities besides CPAP.
Third, the two treatment modalities were regarded together
rather than separately. This study was not aimed to compare
between sleep surgery and oral appliances, but to identify the
optimum criterion that can be used objectively to differentiate
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success from failure by using CPC analyses. Furthermore, pre-
vious studies for both treatment modalities used similar criteria
of success.!*!#2326:27 However, further studies in a larger number
of patients are needed to identify the optimum criterion of suc-
cess that is specific to a treatment.

CONCLUSION

The present study is the first trial to identify the optimal criteria
of success in the non-CPAP treatment of OSA. The CPC analy-
ses were used as an objective method to assess sleep quality.
Treatment success or failure was re-evaluated in terms of CPC-
based sleep quality. Our study showed that the criterion of a
reduction in the AHI greater than 50% was the most appropri-
ate criterion to differentiate success from failure in terms of
sleep quality. A uniform definition of treatment success should
be established for non-CPAP therapy for OSA. Further studies
should be performed to validate the criteria of success in terms
of co-morbidities and in terms of sleep quality.

ABBREVIATIONS

AHI, apnea-hypopnea index

Al, apnea index

CPAP, continuous positive airway

CPC, cardiopulmonary coupling

e-LFC, elevated low-frequency coupling
GA, genioglossus advancement

HFC, high-frequency coupling

HFC, , high-frequency coupling increment
HM, hypoid myotomy

HS, hyoid suspension

LFC, low-frequency coupling

LFC, . low-frequency coupling decrement
MAD, mandibular advancement device
MR, mandibular repositioner

ODI, oxygen demand index

OSA, obstructive sleep apnea

PLM, periodic leg movement

PSG, polysomnography

RDI, respiratory distress index

REM, rapid eye movement

SE, sleep efficiency

SSI, subjective symptom improvement
TBS, tongue base suspension

TST, total sleep time

UPPP, uvulopalatopharyngoplasty
VLEFC, very low-frequency coupling
WASO, wake time after sleep onset
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