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minutes), and the calculation repeated until the entire N-N inter-
val/EDR series were analyzed. 
 For each 1024 window, the product of the coherence and cross-
spectral power was used to calculate the ratio of the sum of the 2 
maximal coherent cross-power peaks in the low-frequency band 
(0.01-0.1 Hz.) to the sum of the 2 maximal peaks in the high-
frequency band (0.1-0.4 Hz.). A preponderance of power in the 
low-frequency band is associated with periodic respiration dur-
ing SDB,7 while excess power in the high-frequency band is as-
sociated with physiologic respiratory sinus arrhythmia and deep 
sleep.24 Inspection of the cardiopulmonary coupling spectrograms 
suggested that the low- and high-frequency coupling regimes had 
only weak correlation with standard sleep staging but did follow 
CAP scoring where low-frequency coupling was associated with 
CAP and high-frequency coupling with non-CAP. We also ob-
served that the ratio of the sum of the 2 maximal peaks in the very 
low-frequency (0-0.01Hz) to the combined power of the 2 maxi-
mal peaks in each of the low- and high-frequency bands could be 
used to estimate wake/REM periods where a preponderance of 
power in the very low-frequency band was associated with wake/
REM periods. Using appropriate thresholds for these power ra-
tios, sleep demonstrating non-CAP, CAP, and wake/REM states 
could be identified. Because sleep stages were scored in 30-sec-
ond epochs and the ECG-derived coherent cross power calculated 
every 2.1 minutes, 30-second linear interpolation between the 
consecutive 2.1-minute measurements was used to calculate spec-
tral power corresponding to each scored epoch. For each of the 3 
sleep states of non-CAP, CAP, and combined wake/REM sleep, 
separate receiver-operator curves were calculated over a range of 
power thresholds, and the thresholds giving the maximum com-
bined sensitivities and specificities for that state were selected as 
optimal for the detection of that state. 
 We first detected non-CAP using power thresholds giving the 
maximal sensitivity and specificity for non-CAP epoch-by-epoch 
detection. Specifically, we required a given minimum high-fre-
quency power (> 0.02 normalized units) and a low-to-high ratio 
below a set value (< 2.0). If an epoch was not detected as non-CAP, 
we next applied CAP-detection criteria, again using thresholds 
giving maximal sensitivities and specificities for epoch-by-ep-
och detection. Here we required a given minimum low-frequency 
power (> 0.2 normalized units) and a low-to-high ratio above a 
set value (> 2.0). Finally, if an epoch was not detected as either 
non-CAP or CAP, we detected wake/REM sleep using thresholds 

giving maximal sensitivity and specificity for its epoch-by-epoch 
detection. For this detection, we required a minimum very low-
frequency power (> 0.05 normalized units) and a minimum ratio 
of very-low to combined low- and high-frequency power (> 0.2). 
A small percentage of epochs (approximately 4%) were not de-
tected as non-CAP, CAP, or wake/REM sleep and were classified 
as “indeterminate.”

Statistical Methods

 Database characteristics are summarized as means, ranges, and 
SD; summary statistics for cardiopulmonary coupling detection of 
state include sensitivity, specificity, and positive predictive value. 
We also quantified the statistical agreement between automated 
ECG-based detections of low- and high-frequency coupled states 
with epoch-by-epoch scorings of standard sleep stages and visual 
scoring of CAP/non-CAP states. To this end, we considered each 
set of methods as "independent scorers" and evaluated "interscor-
er agreement" using the kappa statistic31 (STATA 8, StataCorp LP, 
College Station, Texas). For the comparison between ECG-based 
detection and standard stages, we restricted the calculation to 
stages 2 to 4 because stage 1 is always CAP on visual scoring and 
REM sleep in patients with SDB is indistinguishable physiologi-
cally from CAP. If the agreement between ECG-based detection 
of sleep state with either standard scoring or CAP scoring is high, 
the corresponding kappa value will be closer to 1. If the agree-
ment is low, the corresponding kappa value will be closer to 0.

RESULTS

Data and Subject Characteristics

 Tables 1 and 2 summarize subject and data characteristics. The 
training dataset had 35 polysomnograms that provided a total of 
12,464 minutes of data with 10.5% wake, 14.8% REM, 49.0% 
CAP, and 25.8% non-CAP (visual EEG CAP scoring). The respi-
ratory scoring summary was a mean AHI-4% of 26 ± 18 (range: 
8-76), and a mean AHI-0% (of 46 ± 12 (range: 22-84). Lowest 
sleep oxygen saturation was 74% ± 12%. All patients had obstruc-
tive disease, although 6 showed significant amounts of periodic 
breathing. No patient had dominant or pure central sleep apnea. 
The test dataset also had 35 polysomnograms and provided a total 
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Table 1—Characteristics of Training, Test, and Normative Datasets 

Measure Training set Test set Normative data
Men/women, no. 20/15  28/7 9/6
Age, y 46 ± 12 49 ± 18 27 ± 8*
BMI, kg/m2 28 ± 4 31 ± 5 24 ± 2*
AHI-4%* 26 ± 18 (8-76) 22 ± 7 (0-53) 0*
AHI-0% 46 ± 12 (22-84) 36 ± 16 (13-65) 9 ± 8* (2-23)
Min SaO2 74 ± 12 81 ± 9  94 ± 2*  

Data are presented as mean ± SD (range).
BMI refers to body mass index; AHI-4%, apneas + hypopneas with 
4% desaturation per hour of sleep; AHI-0%,  apneas + hypopneas re-
gardless of desaturation per hour of sleep; Min SaO2,  lowest oxygen 
saturation during sleep. 
*Significantly different from training and test sets, analysis of vari-
ance.

Table 2—Performance of the Electrocardiogram-Based State Esti-
mator

Dataset Visual  Electro- Sensitivity Specificity Positive 
   scoring,% cardiogram   Predictive
   -Detection,%   Value
Training  (24927 epochs)    
 NCAP   25.8 30 0.62 0.81 0.53
 CAP      49 45 0.58 0.68 0.63 
 WR       25.3 21 0.37 0.85 0.45
Test (22922 epochs)    
 NCAP   42.5 53 0.81 0.68 0.65
 CAP      36.8 25 0.40 0.84 0.59
 WR       20.6  18 0.37 0.86 0.41

Visual electroencephalogram-based CAP/NCAP scoring vs elec-
trocardiogram-based detection of cardiopulmonary coupling. CAP 
refers to cyclic alternating pattern during non-rapid eye movement 
(NREM) sleep; NCAP refers to non-CAP during NREM sleep; WR, 
wake or rapid eye movement sleep.
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of 11,461 minutes of data with 6.3% wake, 14.3% REM, 36.8% 
CAP, and 42.5% non-CAP. The respiratory scoring summary was 
a mean AHI-4% of 22 ± 7 (range: 0 - 53) and a mean AHI-0% of 
36 ± 16 (range: 13 - 65). The lowest sleep oxygen saturation was 
81% ± 9%. All patients had obstructive disease. The normative 
dataset was comprised of 15 polysomnograms that provided a to-
tal of 6474 minutes of data with 10.5% wake, 21% REM, 10.2% 
stage 1, 52.1% stage 2, 4.1% stage 3, and 1.9% stage 4. The re-
spiratory scoring summary was a mean AHI-4% of 0 and a mean 
AHI-0% of 9 ± 8 (range: 2-23). Virtually all scored events were of 
the mild flow-limitation type. The lowest sleep oxygen saturation 
was 94% ± 2%.

ECG-Based Cardiopulmonary Coupling Analysis 

SDB Training Dataset

 Visual inspection of the spectrograms revealed that ECG-based 
low- and high-frequency coupling states did not correlate strongly 
with standard sleep stages. For example, both these coupling be-
haviors occurred in studies that had no scored slow-wave sleep. 
Quantitative analyses, however, revealed that these ECG-based 
states did track the course of sleep scoring in the CAP /non-CAP 
domains. Visually scored CAP versus ECG-coupling sleep state 
sensitivities and specificities were as follows: CAP: 58% and 
68%; non-CAP: 62% and 81%; wake/REM: 37% and 85%, re-
spectively (Table 2). Forty-five percent of sleep was detected as 
CAP, 30% as non-CAP, and 21% as wake/REM, with 4% indeter-

minate. Twenty-one REM-sleep fragments (537 minutes from 12 
of the above polysomnograms) were then evaluated separately. 
The cardiopulmonary coupling detector performed consistently 
in detecting REM sleep with overt apneas and hypopneas as low-
frequency coupled sleep CAP (92% of 250 minutes). In contrast, 
when the sole abnormality was flow limitation with arousals, de-
tection dropped to 60% of 287 minutes.

Test Datasets 

SDB Test Database
 
 The ECG-based technique detected clearly separable states of 
high- and low-frequency coupling, with minimal overlap between 
states. Visually scored CAP stage versus ECG-detected coupling 
state sensitivities and specificities were as follows: CAP: 40% 
and 84%, non-CAP: 81% and 68%, and wake/REM: 37% and 
86%, respectively. The percentage of sleep detected as CAP, non-
CAP, and wake/REM was 25%, 53%, and 18%, respectively, with 
3% indeterminate.

Normative dataset

 In this data set, cardiopulmonary analysis detected 17% CAP, 
56% non-CAP, and 19% wake/REM, with 3% classified as inde-
terminate. 

Epoch-by-Epoch Comparison of NREM Sleep-Stage Scoring and 

Figure 7—Spectrographic representation of sleep-disordered breathing treated by positive airway pressure. Left panel shows sustained periodic 
breathing and predominant cyclic alternating pattern (CAP) physiology associated with low-frequency (0.01-0.1Hz) cardiopulmonary coupling (ar-
row) while on positive airway pressure (PAP) alone. Right panel shows that the addition of 100 mL of dead space to PAP using a nonvented oronasal 
mask and additional tubing results in a marked improvement in cardiorespiratory control, evidenced by the emergence of non-CAP activity (arrow) 
with high-frequency (0.01-0.4Hz) cardiopulmonary coupling. The 3 top traces of the figure (from top to bottom) show conventional sleep stages, 
30-second averaged electroencephalogram delta power (µV2/Hz), and CAP and non-CAP sleep state obtained using the electrocardiogram-derived 
cardiopulmonary coupling method. The spectrogram shows the magnitude of the cardiopulmonary coupling at each frequency over the course of the 
study. Black triangles below the spectra indicate individual periodic breathing events. Note that these events correlate with the pathologic, sustained, 
low-frequency cardiopulmonary coupling associated with aroused (CAP) sleep. W refers to wake; R, rapid eye movement sleep; WR, wake or REM; 
Lo/Hi Ratio, low-/high-frequency coupling ratio.

Cardiopulmonary Coupling During Sleep—Thomas et al1156


