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SLEEP DISORDERED BREATHING

Mild Airflow Limitation during N2 Sleep Increases K-complex Frequency and
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Study Objectives: To determine the effects of mild airflow limitation on K-complex frequency and morphology and electroencephalogram (EEG) spectral power.
Methods: Transient reductions in continuous positive airway pressure (CPAP) during stable N2 sleep were performed to induce mild airflow limitation in 20
patients with obstructive sleep apnea (OSA) and 10 healthy controls aged 44 + 13 y. EEG at C3 and airflow were measured in 1-min windows to quantify
K-complex properties and EEG spectral power immediately before and during transient reductions in CPAP. The frequency and morphology (amplitude and
latency of P200, N550 and N900 components) of K-complexes and EEG spectral power were compared between conditions.

Results: During mild airflow limitation (18% reduction in peak inspiratory airflow from baseline, 0.38 + 0.11 versus 0.31 £ 0.1 L/sec) insufficient to cause
American Academy of Sleep Medicine-defined cortical arousal, K-complex frequency (9.5 + 4.5 versus 13.7 6.4 per min, P < 0.01), N550 amplitude (25 £ 3
versus 27 = 3 4V, P < 0.01) and EEG spectral power (delta: 147 + 48 versus 230 £ 99 pV?, P < 0.01 and theta bands: 31 £ 14 versus 34 + 13 pV?, P < 0.01)
significantly increased whereas beta band power decreased (14 + 5 versus 11 £ 4 pV?, P < 0.01) compared to the preceding non flow-limited period on CPAP.

K-complex frequency, morphology, and timing did not differ between patients and controls.

Conclusion: Mild airflow limitation increases K-complex frequency, N550 amplitude, and spectral power of delta and theta bands. In addition to providing
mechanistic insight into the role of mild airflow limitation on K-complex characteristics and EEG activity, these findings may have important implications for
respiratory conditions in which airflow limitation during sleep is common (e.g., snoring and OSA).
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Significance

K-complexes are ubiquitous features of non-REM sleep and may serve seemingly disparate roles (arousal phenomenon vs. sleep promotion) depending
on the prevailing conditions. The findings of the current study in which we developed an automated signal-processing tool to detect K-complexes, show
that modest reductions in airflow as occur during flow limitation in snoring and mild sleep apnea increase the presence of K-complexes by ~40%, the
amplitude of the largest negative deflection component (N550) and slow EEG activity in people with and without sleep apnea to a similar extent. Whether
these changes contribute to next day consequences or are protective requires further investigation.

INTRODUCTION

Restrictions to airflow through the upper airway despite ongoing
respiratory effort (airflow limitation) are common components
of snoring'? and sleep disordered breathing.? Airflow limitation
is also associated with adverse health consequences including
impaired left ventricular filling, stroke volume, and cardiac
output.*® Increased effort to breathe against an obstructed or
flow-limited upper airway can trigger cortical electroencepha-
logram (EEG) arousals, disrupt sleep, and cause daytime sleep-
iness.>* Moreover, airflow limitation can reduce deep sleep,
even at mild levels insufficient to cause American Academy of
Sleep Medicine (AASM)-defined cortical arousals.'

Varying degrees of airflow limitation are also hallmark fea-
tures of the most common sleep related breathing disorder, ob-
structive sleep apnea (OSA). OSA is characterized by repetitive
narrowing and closure of the upper airway during sleep, resulting
in sleep fragmentation and intermittent hypoxemia."' Untreated
OSA is associated with major health consequences including
increased risk of cardiovascular mortality, stroke, and heart at-
tack.””* However, the precise cause/s of sleepiness due to OSA
are incompletely understood and are likely to be multifactorial.

Cortical arousals are often preceded by K-complexes, which
are definitive markers of N2 sleep, characterized by an ini-
tial brief positive deflection in the EEG signal followed by a
slower, larger negative deflection and a final positive peak.'s '
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K-complexes are also associated with changes in EEG spec-
tral power of the delta band.'*'*" Thus, K-complexes may have
seemingly paradoxical functional roles. Specifically, a K-com-
plex can reflect an arousal phenomenon,” a sleep-protective
effect,'®?! or a sleep-promoting response to sensory stimuli.??
Whether K-complexes in the absence of AASM-defined cortical
arousals are associated with next-day consequences remains
unknown. However, although K-complexes were not specifi-
cally quantified, an earlier study in which auditory stimuli
were delivered during sleep without causing visible cortical
arousal (K-complexes elicited in raw examples) did produce
daytime sleepiness and impaired mood upon awakening.”
Indeed, ensemble-averaging EEG signals to multiple time-
locked stimuli (e.g., auditory tone or respiratory occlusion)
during nonrapid eye movement (NREM) sleep produces a char-
acteristic K-complex waveform comprising P200, N350, N550,
and P900 components.''6243 These characteristic compo-
nents reflect the arrival of the sensory information at the cortex
and subsequent sensory processing. The large negative deflec-
tion occurring at approximately 550 msec after stimulus onset
(N550) is considered to be a key component of the K-complex.
N550 is absent or significantly reduced in response to sensory
stimuli in which K-complexes cannot be elicited.?>27:30-3435
The amplitude of the N550 component and elicitation rate
of K-complexes are increased after sleep deprivation and in
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recovering alcoholics to auditory stimuli.***” Conversely, N550
amplitude and the frequency of K-complexes in response to
brief occlusions to breathing are reduced in adults with mild-
moderate OSA patients compared to healthy controls.*®** Simi-
larly, K-complex elicitation rates and the N350 component to
respiratory stimuli is reduced in children with OSA.*** These
findings are consistent with blunted respiratory sensation and/
or an increased respiratory threshold for arousal in OSA.*°

However, it remains unclear whether mild airflow limita-
tion in the absence of AASM-defined cortical arousal affects
the elicitation rate of K-complexes, K-complex morphology and
timing, and EEG spectral power. Accordingly, the current study
aimed to determine the effects of mild airflow limitation on K-
complex frequency, K-complex morphology and timing, and
EEG spectral power. Secondary aims were to compare K-com-
plex characteristics between patients with OSA versus non-OSA
controls and to investigate potential temporal changes in K-com-
plex frequency during a 1-min period of mild flow limitation. Fi-
nally, given that airflow limitation from upper airway narrowing
is greater during inspiration, we also aimed to determine if the
elicitation rate of K-complexes differs between inspiration com-
pared to expiration. We hypothesized that mild airflow limitation
would increase K-complex frequency and EEG spectral power
of the delta band, and alter K-complex morphology (N550). We
also hypothesized that K-complex frequency would be less in
patients with OSA versus controls, during expiration versus
inspiration, and that potential temporal changes in K-complex
frequency during a 1-min period of mild flow limitation would
occur with changes in the degree of airflow limitation.

METHODS

Subjects

Data were acquired from a subsample of participants who par-
ticipated in a larger study investigating the causes of OSA.* In
the current investigation, none of the findings of which have
been published previously, data were obtained from 20 patients
with OSA patients who had been compliant with continuous
positive airway pressure (CPAP) therapy for at least 3 mo and
10 healthy controls matched for age and sex. Half of the pa-
tients had OSA of moderate severity with an apnea-hypopnea
index (AHI) greater than 15 but less than 30 events per hour
of sleep. The remainder had severe OSA (AHI > 30 events per
hour of sleep). Other than having OSA, all participants were
healthy and were not taking any medications known to affect
sleep. The study was approved by the Partners Healthcare In-
stitutional Review Board and participants provided informed
written consent to participate.

Measurements and Equipment
Electroencephalograms (EEG), electrooculograms, and sur-
face submentalis electromyograms were used for sleep staging
and scoring arousals according to standard criteria.””*' EEG
signals were recorded at C3/A2 and O2/A1 and were sampled
at 250 Hz. The C3/A2 channel was used for further processing
of the EEG signal.”

A CPAP mask (Gel Mask; Philips Respironics, Murrysville,
PA) was attached to a pneumotachograph (model 3700A; Hans
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Rudolf Inc., Kansas City, MO) and differential pressure trans-
ducers (Validyne Corporation, Northbridge, CA) to measure
airflow and mask pressure (Pmask). An epiglottic pressure
(Pepi) catheter (model MCP-500; Millar, Houston, TX) was
placed 1 to 2 cm below the base of tongue. The catheter was
taped to the nostril and passed through a port in the CPAP mask.

Protocol

The protocol for this study has been previously reported.*’
Briefly, following a standard full night in-laboratory polysom-
nography (PSG) to quantify the AHI, participants were studied
on a separate night in the sleep physiology laboratory in the
supine position. Patients with OSA were studied on their pre-
scribed therapeutic CPAP and the control subjects received
at least 4 cmH,O. If required, these pressures were increased
during sleep to eliminate any sign of inspiratory airflow limi-
tation (defined as a > 1 cmH,O increase in Pepi without any
increase in airflow). During stable NREM sleep, transient re-
ductions in CPAP for up to 3 min were applied to induce upper
airway collapse and varying degrees of airflow limitation
using a modified CPAP device (Philips Respironics).

Data Analysis

Event Selection

During stable N2 sleep, 1-min windows of EEG (C3/A2), air-
flow, mask, and epiglottic pressure data before and during the
first 1 min of each transient reduction in CPAP were extracted.
Only data in these windows that were free of arousals, apneas,
and movement artifacts were selected for further processing.
Figure 1 shows an example of the segments of data analyzed
before and during a CPAP reduction in one individual.

K-complex Detection and Component Definitions

K-complexes are typically visually identified as a large am-
plitude waveform with a negative deflection immediately fol-
lowed by a positive component lasting > 0.5 sec."” In this study,
K-complexes were automatically detected using a custom-
designed signal-processing module (see Figure 2 and Table 1)
that we developed in MATLAB (version 8, The MathWorks,
Natick, MA, USA). The K-complex detection involved:

1. Identification of a large negative amplitude deflection
followed by a positive component on the EEG. Peak-
to-peak voltage criteria for K-complexes vary between
studies.'>!¢ Thus, in this study we examined three peak-
to-peak amplitude thresholds (g) of 50, 75, and 100
(uV). Only K-complexes with peak-to-peak amplitude
greater than € were selected.

2. The mean EEG amplitude in each 1-min segment used
for analysis was calculated to establish the baseline
EEG. This was used to calculate the timing and various
components of each K-complex. Specific timing
and baseline crossing criteria are defined in Table 1.
Only K-complexes lasting greater than 0.5 sec were
extracted for analysis."”

Figure 2 shows an example of a detected K-complex and the key
components used in its detection. The detected K-complexes were
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then visually verified for quality control. The number of K-com-
plexes during the 60 sec on therapeutic CPAP was compared to
the adjacent flow-limited 60-sec periods using these tools. Each
60-sec period was also divided into three nonoverlapping 20-sec
segments to assess the distribution of K-complexes throughout
each 60-sec period and compared between conditions.

Ensemble-Averaged K-complex Waveforms

To characterize K-complex morphology, each individual K-com-
plex was aligned (time zero, Figure 2) and averaged to generate
a grand mean K-complex waveform for each participant during
each condition (nonflow-limited and flow-limited breathing).
Amplitude and latency of each K-complex component (P200,
N550, and P900) were then defined (Figure 2). The amplitude
of each K-complex component was calculated with respect to
the preceding baseline period (Figure 2). Data for € = 50 pV are
reported throughout the manuscript unless stated otherwise.

Respiratory Parameters and Distribution of K-complexes

Breath timing (inspiration and expiration), peak inspiratory
flow (PIF), minute ventilation (7%), Pmask, and Pepi were cal-
culated using custom-designed automated tools (see supple-
mental material for details). The distribution

power (uV?). Spectral analysis was performed using standard
subroutines of MATLAB (version 8, MathWorks).

Statistical Analysis

Statistical analyses were performed using GraphPad Prism
(version 6.0f for Mac OSX, GraphPad Software, La Jolla, CA,
USA). The number of K-complexes in each condition (nonflow-
limited versus flow-limited breathing) and respiratory parame-
ters were compared using paired Student #-tests. Paired Student
t-tests were also used to compare power spectral density in
different frequency bands of the EEG signal during baseline
versus the flow-limited condition.

One-way analysis of variance (ANOVA) was applied to assess
potential differences in participant characteristics (age, body
mass index, AHI, number of selected CPAP drops) between
healthy controls and groups with moderate and severe OSA and
to compare the number of K-complexes and PIF in the three
nonoverlapping 20-sec segments during the baseline and CPAP
reduction conditions. Two-way ANOVA was applied to examine
potential differences in K-complex frequency and EEG spectral
power between groups (controls, patients with moderate and se-
vere OSA) and conditions (before and during CPAP reductions).

of K-complexes commencing during inspi-
ration versus those occurring during expira-
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was used to calculate the power spectra of
the EEG. Frequency bands were defined as
delta (0.5-4 Hz), theta (4—-8 Hz), alpha (8—12
Hz), beta (12-32 Hz), and gamma (32—-60 Hz).
Spectral power was expressed as absolute

Figure 1—An example of a reduction in continuous positive airway pressure (CPAP) during
N2 sleep. Mask pressure (Pmask), airflow (flow) and electroencephalographic (EEG) signals
at C3/A2 channel in 1-min windows (dashed vertical lines) before and during the CPAP
reduction were extracted for further processing.

First intersection point between baseline and EEG waveform from t4-600 to t1 (msec).

Second intersection point between baseline and EEG waveform from t1-600 to t1 (msec). If there is no second intersection,
start-point is defined as the maxima of EEG segment from to-(600+to-t1) to to (Mmsec).

First intersection between the baseline and EEG waveform (from t, to t, + 500 msec). If there is no intersection, end point
is defined as the maxima of EEG segment from t, to t, + 500 (msec).

Table 1—Definition of K-complex components.
Component  Location  Description
N550 t1 Maxima of EEG waveform.
P900 t2 Minima of EEG waveform.
Align-point to
Start ts
P200 ts Minima of EEG segment from t to to.
End te
EEG, electroencephalographic.
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Figure 2—Detection of K-complexes and their properties. (A) K-complexes were detected according to a peak-to-peak amplitude threshold (€) as shown
by the red and green stars on the electroencephalography (EEG) channel. Green stars on the flow signal reflect the automatic detection of the onset of
inspiration and red stars reflect the start of expiration. (B) K-complex component detection. Baseline was calculated as the mean of EEG amplitude during
the 1-min window on continuous positive airway pressure (horizontal dashed line). The point at which K-complexes were aligned for ensemble averaging
is highlighted (align point) as are the start (red dot) and end points (last green dot). P200 is the minima of the EEG waveform between the start point and
the align point. N550 and P900 are maxima (black vertical dashed arrow) and minima of the detected K-complex. Only K-complexes that lasted = 0.5 s
*(T) and where the peak-to-peak amplitude was = € (red vertical dashed arrow) were selected for analysis. € was set to 50, 75, and 100 WV, respectively.

Table 2—Participant characteristics.

Controls Moderate OSA Severe OSA P
Age, years 39+12 46+ 14 48 +12 0.26
Sex ™/ 3F ™/ 3F ™/ 3F -
BMI 27+3 315 367 <0.001
AHI 4+2 183 70 £ 30 <0.0001
# CPAP drops 5+2 4+3 4+2 0.53
CPAP compliance, hours N/A 58+12 6.1+14 0.72

# CPAP drops = the average number of reductions in CPAP analyzed per subject. n = 10 in each group. Data are mean + standard deviation. AHI, apnea-

hypopnea index; BMI, body mass index; CPAP, continuous positive airway pressure; OSA, obstructive sleep apnea.

Results are presented as mean + standard deviation. A value of
P < 0.05 was considered statistically significant.

RESULTS

Artifact-free data were analyzed from a total of 171 CPAP
drops in the 30 participants studied. Patients and controls were
well-matched for age and sex. There were no significant dif-
ferences in the number of CPAP reductions analyzed between
groups. Body mass index and AHI were higher in the OSA pa-
tients compared to the healthy controls. Objective CPAP com-
pliance was high in the OSA patients (Table 2).

Stimulus Characteristics

By design, there was a significant reduction in Pmask during
CPAP reductions, resulting in a modest 18% reduction in PIF
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from the therapeutic CPAP level. Pepi and ¥ in the 1-min
windows during CPAP reductions were also modestly reduced
compared to baseline period immediately preceding each drop
(Table 3). Reductions in PIF between healthy controls and
the groups with moderate and severe OSA were not different
(P > 0.8). CPAP holding pressures and the change in CPAP
required to produce mild airflow limitation were higher in the
OSA patients compared to controls (Table 3).

K-complex Frequency and EEG Power during Mild Airflow
Limitation

K-complex elicitation rates during CPAP reductions increased
by more than 40% compared to the preceding period, regard-
less of the threshold (g) used for K-complex detection (Figure 3).
The total power of the EEG signal significantly increased during
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Table 3—Stimulus characteristics.
Pmask (cmH;0) Pepi (cmH.0) PIF (L/s) Ve (L/min)
Total (n = 30)
Baseline 87140 -15+07 0.38 £ 0.11 10.6+34
Mild airflow limitation 27+27 -25+18 0.31£0.11 8.6+3.1
Difference 6.1+2.12 11+£14¢° 0.07 £0.072 20+202
Controls (n = 10)
Baseline 45+0.8b¢ -13+07 0.37 £0.08 96+15
Mild airflow limitation 0.1+1.6°¢ -21+16 0.30 £ 0.06 79+£19
Difference 4.4 +1.420¢ 0.8+1.02 0.06 £ 0.092 16+1.9°
Moderate OSA (n = 10)
Baseline 95+27° -1.7+£09 0.39+0.13 10.7 £ 3.6
Mild airflow limitation 32+1.8° -29+17 0.31+£0.15 80+35
Difference 6.3+ 1.730 12+1.8° 0.08 £0.07° 27177
Severe OSA (n =10)
Baseline 11.9+3.1¢ -15+£08 0.39+£0.12 1.2+37
Mild airflow limitation 47+19° -26+20 0.31+£0.11 96+35
Difference 7.242.33¢ 11+14° 0.08 £0.10° 16+22°
n = 30 participants. Data are mean + standard deviation. Baseline = during the holding continuous positive airway pressure (CPAP) prior to the transient
reduction in CPAP. @Differences between baseline and mild airflow limitation P < 0.05. °Differences between the control and moderate OSA group,
P <107, °Differences between control and severe OSA group, P < 10°. OSA, obstructive sleep apnea; Pepi, epiglottic pressure, PIF, peak inspiratory flow;
Pmask, mask pressure; Ve, minute ventilation.

the CPAP reductions compared to the nonflow-limited period
on CPAP (Figure 4A). The power of delta and theta bands sig-
nificantly increased (Figures 4A and 4B) whereas the power
of beta bands significantly decreased (Figure 4C) during the
flow-limited periods compared to baseline. There were no sig-
nificant differences in the power of the alpha or gamma bands
between conditions.

K-complex Components during Mild Airflow Limitation

N550 amplitude increased during the flow-limited condition
versus baseline (Table 4). There were no other differences K-
complex morphology or timing for the other waveform compo-
nents before versus during CPAP reductions (Table 4). Figure 5
shows an example of changes in grand mean K-complex wave-
forms from a representative participant during the flow-limited
periods compared to baseline.

The Effect of Respiratory Phase on K-complex Elicitation
K-complexes were randomly distributed throughout the respi-
ratory cycle. The number of K-complexes during inspiration
and expiration were similar (~50% + 10%), regardless of the
threshold (¢) for K-complex detection used (P > 0.1). Indeed,
there was no significant difference in the number of K-com-
plexes during inspiration (%) between 1-min windows before
verses during the CPAP reductions (53 + 8 versus 51 + 13,
P =0.48; 52 + 16 versus 46 + 15, P = 0.11; and 54 + 18 versus
42 + 20, P =0.06 for € = 50, 75, and 100 puV, respectively).

Distribution of K-complexes during Mild Airflow Limitation

PIF and K-complex frequency were stable during the 1-min
period on CPAP when separated into three 20-sec segments,
P > 0.8 (Figure 6). Conversely, PIF significantly increased
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Figure 3—K-complex frequency (number/minute) at baseline and during
mild airflow limitation, with different detection thresholds ¢ = 50, 75, and
100 pV. Data are mean and standard deviation. *P < 107

over time during the 1-min windows of mild airflow limita-
tion (Figure 6A) and K-complex frequency decreased during
the last 20 sec following the reduction in CPAP in conjunction
with the increase in PIF (Figure 6B).

OSA Versus Controls

Table 5 shows that K-complex frequency (regardless of the
threshold (¢) for K-complex detection used) and spectral
power (total, delta, and theta bands) significantly increased in
the healthy controls and patients with moderately severe OSA
during airflow limitation compared to baseline, P < 0.05. A
similar pattern was observed in the patients with severe OSA.
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Figure 4—Power spectral density of the electroencephalography signal at C3/A2 at baseline and during flow-limitation. *P < 0.01 and *P < 10~*. NS, not

Table 4—Amplitude and latency of K-complex components.

Baseline Mild Flow Limitation
Latency (ms) Amplitude (pV) Latency (ms) Amplitude (pV)

Total (n = 30)

P200 -37+37 102 =31+ 21 10+2

N550 71+36 25+3 101 £45 27 +3°

P900 598 + 176 9+3 558 + 151 9+3
Controls (n = 10)

P200 -31+28 10+2 -30+20 10+1

N550 61+ 31 24+3 101 £45 26 £

P900 614 + 216 812 540 + 132 812
Moderate OSA (n = 10)

P200 -43 + 51 10+2 -22+8 9+2

N550 7745 25+ 102 £ 46 21+2

P900 630+ 183 1M+ 618 + 90 10+
Severe OSA (n =10)

P200 -38+33 9+3 -39+ 27 10+2

N550 74+ 35 25+3 101 +£48 27+5

P900 552 + 131 10+£3 523 + 203 M+4

Baseline = during the holding continuous positive airway pressure (CPAP) prior to the transient reduction in CPAP. Latencies were calculated with
reference to the align-point (time zero as shown in Figure 2). K-complex detection was performed with € = 50 uV threshold. n = 30 participants. Data are

mean + standard deviation. 2Significant difference between baseline and mild airflow limitation.

Conversely, the spectral power of beta band was significantly
reduced in the healthy controls and patients with moderately
severe OSA. Spectral power of alpha and gamma bands did not
change between conditions in controls or patient groups. There
were no significant differences in K-complex morphology or
timing and EEG power of all bands between healthy controls
and patient groups with moderate and severe OSA, during base-
line or airflow limitation conditions (Tables 4 and 5), P > 0.5.

DISCUSSION

The main finding of this study is that mild airflow limitation
(insufficient to cause AASM-defined cortical arousal) is as-
sociated with an approximately 40% increase in K-complex
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frequency, suggesting that it may affect sleep quality, as de-
scribed in the following paragraphs. In addition, we also found
that: (1) EEG spectral power (total, delta, and theta bands) in-
crease while power of the beta band decreases, (2) the ampli-
tude of averaged K-complex waveform at N550 increases, (3)
K-complexes are equally distributed during inspiration and
expiration, and (4) these changes occur to a similar extent re-
gardless of the presence or absence of OSA or its severity.

Increased K-complex Frequency and EEG Power during Mild
Airflow Limitation and Potential Implications

K-complexes are generated by synchronous cortical ac-
tivity and can occur spontaneously or in response to
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sensory stimuli.®#-* Increased K-complex frequency occurs
in disorders associated with sleep fragmentation and increased
arousals, such as insomnia,® restless legs syndrome,* and
after a night of sleep fragmentation in healthy individuals.*’
It remains unclear whether increased K-complex frequency in
response to mild airflow limitation leads to daytime conse-
quences. However, Martin and colleagues showed that 1 night
of induced sleep fragmentation by auditory stimuli, with non-
visible cortical arousals (raw examples show the presence of
elicited K-complexes) leads to daytime sleepi-

Consistent with a sleep promotion role, delta EEG power
increases immediately following a K-complex in N2 sleep.®
Black and colleagues characterized EEG spectral power asso-
ciated with increased breathing effort during abrupt increase
in negative esophageal pressure in 15 patients with upper
airway resistance syndrome.*® Similar to the EEG changes
seen in the current study, increased delta power was observed
before and surrounding the periods of upper airway resis-
tance, regardless of the presence or absence of AASM-defined

ness and impaired mood upon awakening.” 30

Thus, increased K-complex frequency may be
a marker of arousal and sleep disruption.?!
Alternatively, increased K-complexes may
reflect a sleep protective or a sleep promotion
response. For example, it has been shown that
if sensory stimuli fails to elicit K-complexes,
then more pronounced cortical arousals and
sleep fragmentation occur,” leading to in-
creased next-day impairment when compared
to the presence of K-complexes alone. This
concept is supported by the hierarchical heart
rate changes that occur when a K-complex is
elicited compared to a larger cortical arousal*®
and between cortical arousals of different
intensities.* Consistent with the EEG power
spectrum changes observed in the current
study, Martin and colleagues also saw an

-25

EEG amplitude (uV)

JE— Baseline

—— Flow limitation

increase in EEG power in response to audi- 15
tory tones that did not cause visible cortical
arousals.”® Indeed, K-complexes are associ-
ated with a slowing of cortical activity and
increased delta EEG activity during NREM
Sleep.15,16,19,42,47

Figure 5—Grand mean K-complex waveforms (threshold € = 50 pV) from a representative
participant during the baseline period on continuous positive airway pressure (CPAP, blue
line) and during the mild airflow limitation period (red line). EEG, electroencephalography.
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Table 5—K-complex Frequency and electroencephalographic band power in controls, moderate and severe obstructive sleep apnea groups.
Baseline Mild Airflow Limitation
Controls Moderate OSA  Severe OSA Controls Moderate OSA  Severe OSA
K-complex frequency (no./min)
€=50 11.0+45 9.0+45 95+4.0 15.3+4.52 14.1+7.02 1321741
€=75 40+£22 34+16 42+23 6.2+232 6.9+3.72 52+37
€=100 19+13 13+£1.0 18+13 28+1.02 324222 24+22
Band power (uV?)
Total 222.9+69.7 185.5+52.4 201.6 +60.3 309 £ 142.12 290 £94.532  263.5+79.5°
Delta 164.2 £ 62.9 135.5+40.7 140.8 + 35.2 2499 +135.92 238 £ 83.62 200.7 £65.22
Theta 32.02+7.96 26.36 + 11.06 33.53 +21.34 3487 £8.172 29.79+10.43%  36.06 £ 19.962
Alpha 16.62 £4.90 13.63 £ 5.47 18.28 £7.39 1747 £6.81 14.68 £ 6.00 19.69 £ 10.17
Beta 14.45 + 4.60 13.06 £ 6.90 13.07 £5.25 11.03 £2.922 11.10 £5.902 11.33 £ 4.61
Gamma 0.32+0.34 0.53 £0.63 0.40 £ 0.21 0.29 £0.30 0.46 + 0.57 0.32+0.13
Baseline = during the holding continuous positive airway pressure (CPAP) prior to the transient reduction in CPAP. ¢ = K-complex detection threshold (uV),
n =10 in each group. Data are mean * standard deviation. 2Significant difference between baseline and flow-limitation conditions, P < 0.05.

arousals.” Increased delta and theta power as shown during
the flow limitation condition in the current study has also
been observed in subjects with severe OSA compared to con-
trols.”' Flow limitation that occurs during sleep disordered
breathing causes hypercapnia. Recent studies suggest that
hypercapnia may be a cause of EEG slowing.’>%* Further-
more, increased delta activity is associated with daytime
sleepiness in patients with sleep disordered breathing, and
treating the sleep disorder reduces daytime sleepiness and
delta EEG power.*>** Although slow wave sleep has many re-
storative properties,®*° these findings suggest that increased
K-complex frequency and increased EEG delta power in the
context of sleep disordered breathing, may be associated with
increased daytime sleepiness.

K-complex Morphology during Mild Airflow Limitation

Our finding of increased amplitude of the N550 component
during airflow limitation compared to baseline is consistent
with a prior study in insomnia patients during sleep onset.”’
However, it differs from a subsequent study during stable N2
sleep that did not show differences in N550 in either evoked
or spontancous K-complexes between insomnia patients and
controls.* Increased N550 amplitude during flow limitation is
consistent with increased sensory input and cortical processing
as observed in response to other sensory modulates.?%*

Distribution of K-complexes

Contrary to our hypothesis, we did not find any evidence that K-
complexes occur more frequently during inspiration compared
to expiration during mild airflow limitation. This finding indi-
cates that flow limitation during airway narrowing increases
respiratory sensory activation to a similar extent during both
inspiration and expiration. However, consistent with the mag-
nitude of flow limitation being an important meditator rather
than the initial transient reduction in CPAP per se, as peak
inspiratory flow increased toward the end of the 1-mine reduc-
tion in CPAP due to increased upper airway dilator muscle ac-
tivity,* the elicitation rate of K-complexes also decreased.
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The current study was limited to examination of the effects
of mild flow limitation over a 1-min period to avoid potential
confounders such as cortical arousals that often occur with se-
vere flow limitation and apnea. Thus, examination of dose-re-
sponse characteristics of K-complex elicitation rates at varying
degrees of flow limitation will be of interest in future carefully
designed studies.

Effects of OSA

Our findings of no differences in K-complex frequency, K-
complex morphology and timing, or EEG power in patients
with OSA are in contrast to prior studies that found a reduc-
tion in K-complex frequency***** and the amplitude of N550
component to respiratory stumuli*®** in adult patients with
mild-moderate OSA compared to healthy controls. Several
methodological differences likely explain the apparent discrep-
ancies between the current findings and those of the prior in-
vestigations. Importantly, unlike the prior studies, the patients
with OSA in the current study had been on CPAP for at least
3 mo and were highly compliant with therapy. Treating OSA
can improve respiratory sensory processing® and reduce delta
EEG power.”*** Thus, it will be important for future studies
to investigate the effects of flow limitation on the parameters
measured in the current study in OSA patients prior to treat-
ment. Second, two of the prior studies elicited K-complexes
using brief inspiratory occlusions rather than prolonged, mild
increases in flow limitation via transient reductions in CPAP as
used in the current investigation. Accurate time alignment of
EEG in relation to respiratory stimuli is a crucial determinate
of respiratory-related evoked potentials (RREP) waveform
amplitude. Although K-complexes were aligned accurately
to one another in the current study, they were not aligned to
transient respiratory stimuli per se. The stimulus magnitude
was also less than prior RREP studies in OSA. Thus, these
factors may have also contributed to the differences in the find-
ings between studies and the lower absolute amplitude of the
N550 component in the current study. Nonetheless, the cur-
rent findings clearly show that mild flow limitation increases
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K-complex frequency and slows EEG power to a similar extent
in healthy individuals and CPAP-treated patients with OSA.

Development of K-complex Detection Tool

Another novel aspect of the current study was the develop-
ment of a reliable tool to detect K-complexes. Visual detec-
tion of K-complexes is very time consuming (typically 1 to 3
K-complexes per minute in N2 sleep)®® with poor interscorer
agreement of only approximately 50%.%" Accordingly, several
techniques have been proposed to automatically detect K-com-
plexes.®'~% The current tool is simple, semiautomated, and pro-
vides an alternative approach to accurately detect K-complexes
to facilitate future research investigations into the role of K-
complexes in sleep and their consequences.

Summary

Mild airflow limitation increases K-complex frequency by
approximately 40%. Consistent with a transient increase in
cortical processing of respiratory stimuli, the amplitude of the
N550 component of averaged K-complexes increases during
mild airflow limitation. Finally, consistent with an overall
slowing of EEG activity, EEG spectral power of the delta and
theta bands increases during sustained (1 min) airflow limi-
tation. These changes in cortical activity in response to only
mild levels of airflow limitation may have important impli-
cations for respiratory conditions in which airflow limitation
during sleep is common (e.g., snoring and OSA).
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