‘N‘ NEW RESEARCH

JCSM
Journal of Clinical

Sleep Medicine

http://dx.doi.org/10.5664/jcsm.2918

Differential Timing of Arousals in Obstructive and Central
Sleep Apnea in Patients with Heart Failure

Taryn Simms, M.D."; Melissa Brijbassi, M.D."; Luigi Taranto Montemurro, M.D."; T. Douglas Bradley, M.D."?

ISleep Research Laboratories of the University Health Network Toronto Rehabilitation Institute and Toronto General Hospital,
Toronto, ON, Canada; *Centre for Sleep Medicine and Circadian Biology of the University of Toronto, Toronto, ON, Canada

Study Objectives: In obstructive sleep apnea (OSA), arousals
generally occur at apnea termination and help restore airflow.
However, timing of arousals in central sleep apnea (CSA) has not
been objectively quantified, and since arousals can persist even
when CSA s alleviated, may not play the same defensive role as
they do in OSA. We hypothesized that arousals following central
events would occur longer after event termination than following
obstructive events and would be related to circulation time.
Methods: We examined polysomnograms from 20 patients
with heart failure (HF) (left ventricular ejection fraction < 45%):
10 with OSA and 10 with CSA (apnea-hypopnea index = 15).
Twenty central or obstructive apneas or hypopneas were ana-
lyzed in each patient.

Results: Compared to the OSA group in whom arousals gen-
erally occurred at obstructive event termination, in the CSA
group they occurred longer after central event termination
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(0.9 + 1.1 versus 8.0 £ 4.1 s, p < 0.0001), but before peak
hyperpnea. Time from arousal to peak hyperpnea did not differ
between groups (4.3+1.1vs4.8+1.6s, p=0.416). Unlike the
OSA group, latency from apnea termination to arousal correlat-
ed with circulation time in the CSA group (r = 0.793, p = 0.006).
Conclusions: In HF patients with CSA, apnea-to-arousal laten-
cy is longer than in those with OSA, and arousals usually follow
resumption of airflow. These observations provide evidence that
arousals are less likely to act as a protective mechanism to facili-
tate resumption of airflow following apneas in CSA than in OSA.
Keywords: Arousal, obstructive sleep apnea, central sleep
apnea, heart failure
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I n obstructive sleep apnea (OSA), arousals occur at the end
of most obstructive events,'? and help restore upper air-
way patency by activating pharyngeal dilator muscles.® Thus,
arousals generally act as a defense mechanism to reestablish
airflow and prevent asphyxia in OSA. The role of arousals in
central sleep apnea (CSA), however, is less clear. For example,
it has been reported that arousals can occur several breaths af-
ter apnea termination in heart failure (HF) patients with CSA.*
In such cases, reinstitution of airflow prior to the occurrence
of arousal suggests that such arousals may not have the same
protective role as they do in OSA. In fact, arousals have been
implicated in the pathogenesis of CSA by contributing to re-
spiratory control system instability. Arousals frequently cause
an abrupt increase in ventilation, which, in susceptible sub-
jects, drives the PaCO, below the apnea threshold, triggering
a central apnea.’’ They may also perpetuate further events by
provoking ventilatory overshoot during hyperpnea by abruptly
increasing chemical ventilatory responsiveness and activat-
ing the neurogenic wakefulness drive to breathe.*” However,
the precise timing of arousals in relation to CSA has not been
quantified or compared to timing of arousals in relation to OSA
in patients with HF.

Many studies of patients with OSA, both with and without
HF, have shown that alleviation of OSA with continuous posi-
tive airway pressure (CPAP) dramatically lowers the frequency
of arousals.®'* This observation provides further evidence that
OSA causes arousals that are reversible through treatment of

BRIEF SUMMARY

Current Knowledge/Study Rationale: Whereas in obstructive sleep ap-
nea (OSA), arousals generally occur at apnea termination and act as a
defense mechanism to reestablish airflow, in central sleep apnea (CSA),
timing of arousals post-apnea termination has not been objectively as-
sessed, and factors related to arousal timing have not been identified. We
therefore tested the hypotheses that arousals would coincide closely with
termination of obstructive events, in keeping with their protective role, while
they would be delayed following reestablishment of airflow after central
events in proportion to circulation time, suggesting a non-protective role.
Study Impact: Among patients with heart failure, whereas in those with
OSA, arousals were closely linked to apnea termination and were unre-
lated to circulation time, in those with CSA arousals occurred at longer
and more highly variable latencies following apnea termination that were
proportional to circulation time. These findings suggest (1) unlike OSA,
arousals in CSA do not serve the same protective role in facilitating air-
flow reestablishment following apneas, and (2) in contrast to OSA, their
timing is influenced by cardiac function and circulation time.

OSA. However, in a large, randomized controlled trial involving
258 patients with HF and CSA, alleviation of CSA with CPAP
did not reduce arousal frequency.'” These findings suggest that
arousals in HF patients with CSA may not be acting as a defense
mechanism to the same extent as they do in OSA, and indeed,
in many instances may not be a consequence of central events.
These observations have given rise to the concept that arousals
may play a causative role’’ or may be an incidental finding,'
rather than serving as a protective mechanism in CSA.
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Although suppression of CSA by CPAP may not reduce to-
tal arousal frequency, the assumption that arousals are therefore
not involved in facilitating resumption of respiration at the end
of central apneas remains speculative. While it has been reported
anecdotally that arousals usually occur several breaths after ter-
mination of central events in HF patients,* the actual timing of
arousals was not quantified. We therefore compared the timing
of arousals with respect to apnea and hypopnea termination be-
tween HF patients with OSA and those with CSA. We therefore
tested two hypotheses: (1) that arousals would coincide more
closely with termination of obstructive events (in keeping with
their protective role), while they would be more delayed until
after reestablishment of airflow following central events; and (2)
that owing to the longer delay of transmission of blood gas ten-
sions from the lungs to the chemoreceptors in HF patients with
CSA than in those with OSA,'¢ arousals following central events,
but not obstructive events, would be related to circulation time.

METHODS

Subjects

Consecutive patients with HF were recruited from Mount Si-
nai Hospital Heart Failure Clinic in Toronto as part of an ongo-
ing prospective epidemiological study irrespective of signs or
symptoms of sleep apnea if they met the following criteria: (1)
men and women > 18 years of age; (2) HF with left ventricular
systolic dysfunction (left ventricular ejection fraction [LVEF] <
45% by radionuclide angiography or echocardiography) second-
ary to ischemic or nonischemic dilated cardiomyopathy for >
6 months; (3) New York Heart Association (NYHA) class I to
III; (4) stable clinical status on optimal medical therapy for >
1 month before entry; and (5) moderate-to-severe sleep apnea,
defined as > 15 apneas and hypopneas per hour of sleep (ap-
nea-hypopnea index [AHI]). Patients were further classified as
having predominantly OSA if > 50% of the events were obstruc-
tive, or predominantly CSA if > 50% of the events were central.
Exclusion criteria were unstable angina, myocardial infarction,
cardiac surgery within the previous 3 months, and pregnancy.
The protocol was approved by the local research ethics board,
and all subjects provided written informed consent before entry.

Polysomnography

Diagnostic overnight polysomnography was performed in
all subjects using standard techniques and scoring criteria for
sleep stages.'”!® Wakefulness and sleep stages were identified
by central (C3/A2; C4/A1), occipital (O1/A2; O2/A1), and
frontal (F3/A2; F4/Al) electroencephalogram (EEG), bilat-
eral electrooculogram (EOG), and submental electromyogram
(EMGsm) recordings from surface electrodes. Arousals were
defined by American Academy of Sleep Medicine 2007 crite-
ria,'® and arousal index (Arl) was calculated as the total number
of arousals per hour of sleep.

Thoracoabdominal movements were measured by spirome-
try-calibrated respiratory inductance plethysmography (Respi-
trace; Ambulatory Monitoring, White Plains, NY) and airflow
by nasal pressure cannulaec (BiINAPS model 550; Salter Labs,
Arvin, CA). Central apneas were defined as > 90% reduction
in tidal volume (V) > 10 sec. Central hypopneas were defined
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as a 50% to 90% reduction in V_ from baseline > 10 sec ei-
ther without thoracoabdominal motion, or with in-phase tho-
racoabdominal motion and without airflow limitation on the
nasal pressure tracing. Apneas and hypopneas were classified
as obstructive if out-of-phase thoracoabdominal motion or air-
flow limitation was present.'”> The amplitude criterion for hy-
popnea termination was > 50% of the baseline tidal volume.
The AHI was calculated. Arterial oxygen saturation (SaO,) was
measured continuously with a pulse oximeter (Nellcor N200;
Tyco International Healthcare, Pleasanton, CA) placed on the
ear. Mean SaO, was derived as previously described.”

Data Analysis

Ten consecutive patients with predominantly OSA and
10 with predominantly CSA from the aforementioned epide-
miological study were included in the analysis. Twenty events
(apneas and hypopneas) were evaluated in each patient during
stage 2 NREM sleep—10 from the beginning of the night, and
10 from the end of the night. Stage 2 sleep was analyzed, as it
was the dominant sleep stage in which most events occurred
and in which ventilation is predominantly under metabolic con-
trol.'® In addition, we confined data analysis to a single sleep
stage to control for the potential confounding influences of dif-
ferent sleep stages on arousals and respiratory events. Events
from both early and late in the night were analyzed in consid-
eration of influences of possible overnight deterioration of car-
diac function.” Time from the end of an event to the beginning
of an arousal (apnea-to-arousal time) and time from the end of
an event to the peak of hyperpnea (apnea-to-peak time) were
measured. Time from the beginning of an arousal to the peak of
hyperpnea (arousal-to-peak time) was calculated by subtract-
ing apnea-to-arousal time from apnea-to-peak time. Hyperpnea
time (HT) was defined as the time between the onset of inspira-
tion of the breath terminating the apnea or hypopnea and the
end of inspiration of the breath preceding the next apnea or hy-
popnea. Lung-to-ear circulation time (LECT), an estimate of
lung-to-carotid chemoreceptor circulation time, was measured
from the end of an apnea to the subsequent nadir of SpO, as
previously described.® This technique has been previously vali-
dated against echocardiographic Doppler as a measure of circu-
lation time and a reflection of cardiac output.”

Data are expressed as mean + SD unless stated otherwise.
Analyses were performed using SPSS 13.0 (SPSS Inc., Chica-
go, IL). Data from OSA and CSA patients were compared with
2-tailed unpaired t-tests for continuous variables. Nominal and
ordinal variables were compared by y* or Fisher exact test as
appropriate. Correlations among variables were performed by
least-squares linear regression analysis. P-values < 0.05 were
considered statistically significant.

RESULTS

Characteristics of the Subjects

Characteristics of the 10 OSA and 10 CSA patients are
shown in Table 1. Patients with CSA were older and had lower
body mass index (BMI) than those with OSA. There were no
significant differences in LVEF or medical therapy between the
2 groups. Sleep data are shown in Table 2. Total sleep time and
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Table 1—Characteristics of the subjects
OSA patients CSA patients

Variable (n=10) (n=10) p-value
Age, years 58.0+10.0  70.7+10.2 0.012
Sex (male-to-female) 7:3 10:0 0.211
BMI, kg/m? 344+74 266+25 0.010
LVEF, % 30877 264+11.0 0.336
Medications, no

B-blockers 10 8 0.474
ACEi/ARBs 10 9 1.000
Thiazide/loop diuretics 6 9 0.303
Spironolactone 4 1 0.303
Calcium-channel 0 2 0.474
blockers

Digoxin 1 4 1.000
Amiodarone 0 1 1.000
Nitrates 2 1 1.000
CNS-acting® 1 3 0.582

Values are given as mean + SD or no. of patients, unless otherwise
indicated. BMI, body mass index; LVEF, left ventricular ejection fraction;
ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin-
receptor blocker; CNS, central nervous system. ®CNS-acting medications
among the 4 patients included opiates, benzodiazepines, serotonin-
reuptake inhibitors, stimulants, and cholinesterase inhibitors.

the proportion of stages 1, 2, and REM sleep were similar be-
tween the 2 groups, but patients with CSA had a lower propor-
tion of slow wave sleep (p = 0.021). The frequency of arousals
was also similar in the 2 groups. However, compared to the
OSA group, the ratio of arousals to apneas and hypopneas was
lower in the CSA group (94% vs 62%, p = 0.042). With respect
to sleep apnea severity, the AHI was higher in the CSA group,
but there was no significant difference in the mean or minimum
SpO, between the 2 groups. The CSA patients had a signifi-
cantly longer hyperpnea time and LECT than those with OSA.

Timing of Arousals

Representative polysomnographic tracings showing arousal
timing with respect to the termination of apneas are shown in
Figure 1. Note that in the patient with OSA, the arousal occurred
coincident with the end of the event (Figure 1A). In contrast, in
the patient with CSA, the arousal occurred much later after the
end of the apnea, several breaths after resumption of respiration
(Figure 1B). Grouped data in Figure 2 show that apnea-to-arousal
time was highly variable and much longer in the CSA group than
the OSA group (p <0.0001), but occurred prior to peak hyperpnea
so that arousal-to-peak time did not differ between the OSA and
CSA groups (p = 0.416; Figure 3). Similar to the group variabil-
ity, the intra-individual variability in apnea-to-arousal time was
higher in the CSA patients than in the OSA patients (mean stan-
dard deviation 0of 4.97 = 2.54 vs. 1.95 £ 0.68, p = 0.002).

Apnea-to-arousal time was strongly related to LECT in pa-
tients with CSA (p = 0.006, Figure 4A), but not in those with
OSA (p=0.107, Figure 4B). There was no significant relation-
ship between arousal-to-peak time and LECT in either the CSA
or OSA group (p = 0.887 and p = 0.444, respectively). Length
of hyperpnea was related significantly to LECT (r = 0.771,

Table 2—Polysomnographic data
OSA patients CSA patients

Variable (n=10) (n=10) p-value

Sleep structure
Total sleep time, min -~ 298.5+30.4 291.3+639 0.526
Stage 1 sleep, % 146+7.0 218+155 0204
Stage 2 sleep, % 60.9+8.0 606+16.1  0.953
SWS, % 146+79 6.0+82 0.021
REM sleep, % 10.0£5.0 128+4.8 0.326
Arousal index, no/h 36.3+95 320+249 0613
of sleep

Sleep apnea severity
AHI, no/h of sleep 38.6+12.1 514+12.0 0.029
Obstructive events, % 87.9+11.3 6.9+83 <0.0001
Central events, % 10.8+9.2 88.9+15.7 <0.0001
Mixed events, % 13126 42+98 0.373
Mean SpO,, % 93.2+21 93.7+1.9 0.574
Minimum SpO,, % 77.7+9.6 78677 0.825

Hyperpnea time, sec 15.9+41 31.7+74 <0.0001

LECT, sec 10.0+£2.0 16.7+39 <0.001

Values are given as mean + SD, unless indicated otherwise. SWS, slow
wave sleep; AHI, apnea-hypopnea index; LECT, lung-to-ear circulation time.

Figure 1—Representative polysomnographic recordings
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Representative polysomnographic recordings from one patient with OSA
(A), and one with CSA (B), during stage 2 sleep. Arrows indicate the
onset of arousals. Note out-of-phase thoracoabdominal motion during
obstructive apnea that becomes in-phase immediately following the
arousal indicating termination of the obstructive event (A). In contrast, the
arousal occurred several seconds after the end of the central event (B).

p=0.009) in the CSA patients, as shown in previous studies,>*
but not in the OSA patients (p = 0.366).

DISCUSSION

The results of the present study indicate that in HF patients
there are marked differences in the timing of arousals following
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Figure 2—Apnea-to-arousal time
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Time from the end of an apnea or hypopnea to the beginning of an arousal
(apnea-to-arousal time) was significantly longer and more variable in the
10 subjects in the CSA group compared to the 10 subjects in the OSA
group (8.0£4.1vs 0.9+ 1.1s,p<0.0001). Data are expressed as means
and standard deviations.

Figure 3—Arousal-to-peak time
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Time from the beginning of an arousal to the peak of hyperpnea (arousal-
to-peak time) did not differ between the 10 subjects with OSA and the 10
subjects with CSA (4.3 +1.1vs 4.8 £1.6s, p =0.416).

termination of apneas and hypopneas between those with OSA
and those with CSA. Arousals were generally simultancous
with apnea termination in the OSA group, with a mean apnea-
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Figure 4—Apnea-to-arousal time and lung-to-ear circulation
time
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A significant correlation between apnea-to-arousal time and lung-to-ear
circulation time (LECT) was found in the 10 subjects with CSA (A) but not
the 10 subjects with OSA (B).

to-arousal time of 0.9 seconds. This is consistent with a defen-
sive role in augmenting upper airway dilator muscle activity
and reestablishing airway patency and airflow.>!* In contrast, in
the CSA group, apnea-to-arousal time was much longer, with
a mean latency of 8.0 seconds. Moreover, the ratio of arousals
to apneas and hypopneas was significantly lower in the CSA
(62%) than in the OSA group (94%), indicating that in the
former group, far fewer respiratory events were terminated by
an arousal. These observations are not consistent with a similar
defensive function in central than in obstructive events, since
arousals were not necessary to reestablish airflow. However, the
time from the onset of arousal to the peak of hyperpnea (arous-
al-to-peak time) was similar in the two groups, suggesting that
arousals may augment hyperpnea and influence the timing of
peak ventilation in both OSA and CSA.

Our data are consistent with previous studies showing that
arousals occur in close proximity to termination of the great



majority of obstructive events,'? and thus play a key role in
reestablishing airflow.® In contrast, reports of the timing of
arousals following termination of central events are inconsis-
tent, with some indicating that they occur at the end of central
events®?'?? and others, several breaths later at the peak of hy-
perventilation.”® This discrepancy may be related to the inherent
variability in arousal timing that we describe herein, or may be
a result of the heterogeneity of the CSA population. Indeed,
in non-HF patients with idiopathic CSA, most arousals were
reported to occur at the resumption of ventilation following ap-
neas.® In contrast, in CSA accompanied by a Cheyne-Stokes
respiratory pattern in the HF population, such as those herein,
arousals have been reported to occur later during the hyperpneic
phase several breaths after apnea termination.* However, quan-
tification of the actual time from the end of a central event until
the onset of arousal has not been previously reported. Our data
indicate that in HF patients with CSA, the timing of arousals
is highly variable and most often occurs several seconds after
termination of central events, but before the peak of hyperpnea.
The highly variable timing of arousals following central ap-
neas and hypopneas, and their predominant occurrence several
breaths after resumption of respiration are not in favor of them
being an important mechanism in terminating such events or in
reestablishing normal airflow. In this regard, arousals in HF pa-
tients with CSA appear to have a substantially different patho-
physiological significance than in those with OSA. Indeed, our
previous work suggests that arousals play a provocative role
in triggering and perpetuating central apneas in both HF and
non-HF patients with CSA.>” By causing an abrupt increase in
ventilation, arousals can provoke a fall in PaCO, below the ap-
nea threshold that can result in central apnea. Previous studies
have shown that over 90% of episodes of Cheyne-Stokes res-
piration in HF patients with CSA, and almost 80% of episodes
of periodic breathing in non-HF patients with idiopathic CSA
are precipitated by arousals that trigger an increase in V_.>¢
Arousals facilitate ventilatory overshoot and ongoing respira-
tory cycling by increasing state-dependent chemical ventilatory
responsiveness and by engaging the neurogenic wakefulness
drive to breathe.*” Both the magnitude of hyperventilation and
length of the subsequent apnea increase progressively with in-
creasing intensity of associated arousals.® Taken together, these
data suggest a largely pathological effect of arousals in CSA.
If arousals were a result of CSA, then attenuating CSA
should reduce arousal frequency, and vice versa. In this regard,
the evidence is inconsistent. On the one hand, several small
studies involving 11 to 16 HF patients with CSA showed a de-
crease in Arl by 52% to 57% in association with a 40% to 71%
reduction in AHI with CPAP therapy.?**** On the other hand,
several studies involving 17 to 26 HF patients with CSA in
which CPAP lowered the AHI by 62% to 89% showed no effect
on the Arl.8?2® In the largest multicenter trial to date, in which
258 HF patients with CSA were randomized to CPAP treatment
or control, CPAP lowered the AHI by 55% after 3 months but
did not lower the Arl or improve sleep structure.'s Furthermore,
there was no significant change in arousal frequency in the sub-
group of 58 patients in whom CPAP reduced the AHI to < 15,
nor in the 38 CPAP patients who underwent sleep studies 2
years after randomization, compared to the control group. In
contrast, studies of HF patients with OSA have shown that the

Timing of Arousals in Sleep Apnea

Arl decreases consistently and significantly in association with
a reduction in the AHI in response to CPAP.5!" CPAP has also
been shown to decrease arousal frequency significantly in the
non-HF OSA population.'*'* These studies therefore support
the notion that arousals are less likely to be a consequence of
(or defense mechanism in) HF patients with CSA than in OSA.

In OSA, arousals are triggered by inspiratory effort against
the occluded airway,* hypoxia,*® and hypercapnia.’! The stim-
uli for arousals following central apneas are not as well un-
derstood. The possibility of chemoreceptor-mediated stimuli
is compatible with our finding that apnea-to-arousal time is
strongly related to LECT (i.e., lung to chemoreceptor circulation
time) in patients with CSA, such that the longer the LECT, the
longer the apnea-to-arousal time. This suggests that the latency
from blood gas changes in the lung to their perception at the
chemoreceptors influences the timing of arousals that may be
chemoreceptor mediated. Thus, while such stimuli might cause
arousal at apnea termination and contribute to reinstitution of
airflow in individuals with normal heart function and circula-
tion time, if there is an increase in circulation time due to lower
cardiac output in the setting of HF, arousals are delayed such
that they occur after the onset of airflow. Accordingly, while
the physiological purpose of arousals after central apneas may
be to act as a defense mechanism to prevent asphyxia similar
to that in obstructive events, prolonged circulation time related
to HF defeats this purpose and delays arousal until after airflow
has resumed. Further support for this hypothesis is provided by
the discrepancy in arousal timing between CSA patients with
HF and idiopathic CSA patients without HF and with normal
circulation time. In the latter, arousals are coincident with apnea
termination,® as in OSA, while in the former, arousals are de-
layed until several breaths after apnea termination. This differ-
ence may well be due to lower cardiac output and longer LECT
in patients with HF-related CSA than in those with idiopathic
CSA and normal heart function.?

If arousals following central events arise mainly due to
chemostimulation, but fail to subserve a defensive role in the
setting of HF due to prolonged circulation time, alleviation of
CSA by CPAP should still lower the Arl. However, as described
above, most studies in HF patients with CSA showed no signifi-
cant reduction in the frequency of arousals in response to CPAP,
despite a decrease in AHIL.*** There are two possible reasons
for this discrepancy. First, arousals may be classified as spon-
taneous or respiratory related.*> While the stimuli for arousals
related to central apneas are likely chemoreceptor mediated, the
stimuli for respiratory-related arousals in OSA include, in ad-
dition, inspiratory efforts against an occluded airway and gen-
eration of negative intrathoracic pressure.?** These additional
mechanical stimuli likely underlie the shorter apnea-to-arousal
time found in the OSA group, as well as the lack of relationship
between apnea-to-arousal time and LECT in OSA. Moreover,
the stimuli for respiratory-related arousals in CSA are thus less
potent than those for OSA, and arousals are not required for
apnea termination.* Accordingly, respiratory-related arousals
likely comprise a smaller fraction of total arousals in CSA than
in OSA. Therefore, while respiratory-related arousals may be
reduced by attenuation of CSA with CPAP, the larger propor-
tion of spontaneous arousals are unaffected, ultimately yielding
nonsignificant reductions in total arousal frequency.

Journal of Clinical Sleep Medicine, Vol. 9, No. 8, 2013



T Simms, M Brijbassi, LT Montemurro et al

Second, although the relationship between apnea-to-arousal
time and LECT in the CSA group suggests a chemical stimulus
for arousals in CSA, it is possible that these “respiratory-relat-
ed” arousals are in fact, spontaneous arousals that are entrained
by the Cheyne-Stokes respiratory cycle. This may be analogous
to the entrainment of oscillations in heart rate and blood pres-
sure by periodic breathing. Experimental periodic breathing
and Cheyne-Stokes respiration in HF patients can amplify os-
cillations in blood pressure and heart rate and entrain them at
the frequency of the periodic breathing, independent of hypoxia
or arousals from sleep.*** It is possible, therefore, that sponta-
neously occurring arousals may be similarly entrained at the
frequency of the Cheyne-Stokes respiratory cycle, whose dura-
tion is influenced by circulation time.> Attenuation of central
apneas by CPAP may uncouple this relationship and unmask
the spontaneous nature of the arousals, with little or no effect
on the total arousal frequency.'® If indeed HF patients with CSA
have a high frequency of spontaneous arousals, the reason is not
clear. One possibility is that higher left ventricular filling pres-
sures and greater rostral fluid shift from the legs into the thorax
in HF patients with CSA than in those with OSA cause a greater
degree of pulmonary congestion.***” Discomfort arising from
such congestion might provoke arousals.

In our study, arousals following central events usually pre-
ceded the peak of post-apnea hyperpnea. Arousals abruptly
augment ventilation by increasing chemical ventilatory respon-
siveness and activating the non-chemical wakefulness drive to
breathe.®” Both of these are neurogenic stimuli, which should
not be influenced by circulation time. Indeed, arousal-to-peak
time did not differ between the CSA and OSA groups and bore
no relationship to LECT. It is also interesting that the arousal to
peak ventilation latency was approximately 5 seconds, which is
very similar to the neurogenic latency between sympathetic va-
soconstrictor discharge and the peak blood pressure response.*®
These data also suggest that arousals may play a role in deter-
mining the timing of peak ventilation during hyperpnea in both
CSA and OSA.

There are several potential limitations of this study. The
detection of the start of an arousal by visual inspection has a
subjective component, especially in patients who do not pro-
duce prominent alpha waves.*? However, our use of occipital®?
and frontal*® EEG electrodes should have optimized arousal
detection by the standard criteria. It is also possible that the
standard AASM arousal definition'® we used may lack sen-
sitivity, leading to under-appreciation of the full spectrum of
arousals related to respiratory events.* In addition, our analyses
were confined to stage 2 NREM sleep to control for potential
confounding effects of sleep stage on arousal and respiratory
events. Therefore, the influence of sleep state on arousal timing
was not examined. Finally, it may not be possible to extrapolate
our results to all patients with sleep apnea, as only subjects with
HF were studied.

In summary, in HF patients the latency from central events
to arousals is highly variable and significantly longer than those
following obstructive events. Nevertheless, arousals follow-
ing both central and obstructive events occur prior to peak hy-
perpnea. The latency between apnea termination and arousal
onset is strongly related to LECT in CSA. This observation
suggests involvement of chemical respiratory arousal stimuli,
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with a post-apneic latency to the detection of such stimuli at the
chemoreceptors inversely proportional to cardiac output.® The
similarity in time from arousal to peak of hyperpnea between
the OSA and CSA groups probably relates to neurogenic arous-
al-mediated augmentation of ventilation that is not related to
circulation time. These observations provide further evidence
that arousals are less likely to act as a protective mechanism
that facilitates resumption of airflow in HF patients with CSA
than in those with OSA.
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