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Synopsis
Divergent approaches to treatment of hypocapnic central sleep apnea syndromes reflect the
difficulties in taming a hyperactive respiratory chemoreflex. As both sleep fragmentation and a
narrow CO» reserve or increased loop gain drive the disease, sedatives (to induce longer periods of
stable non-rapid eye movement (NREM) sleep and reduce the destabilizing effects of arousals in
NREM sleep) and CO,-based stabilization approaches are logical. Adaptive ventilation reduces
mean hyperventilation yet can induce ventilator-patient dyssynchrony, while enhanced expiratory
rebreathing space (EERS, dead space during positive pressure therapy) and CO, manipulation
directly stabilize respiratory control by moving CO, above the apnea threshold. Carbonic
anhydrase inhibition can provide further adjunctive benefits. Provent and Winx may be less likely
to trigger central apneas or periodic breathing in those with a narrow CO5, reserve. An oral
appliance can meaningfully reduce positive pressure requirements and thus enable treatment of
complex apnea. Novel pharmacological approaches may target mediators of carotid body glomus
cell excitation, such as the balance between gas neurotransmitters. In complex apnea patients,
single mode therapy is not always successful, and multi-modality therapy might need to be
considered. Phenotyping of sleep apnea beyond conventional scoring approaches is the key to
optimal management.
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INTRODUCTION

The treatment of central sleep apnea syndromes, especially the hypocapnic type
characterized by a hyperactive respiratory chemoreflex, is challenging. The adaptive servo-
ventilators target respiratory rhythm besides providing upper airway support, and are
described in other chapters in this volume. Here alternative approaches to management are
described, which in some instances may be used as adjunctive to positive airway pressure.
As the hypocapnic central sleep apnea syndromes are characterized by specific pathological
rhythms of respiration, accurate polysomnographic recognition of driving chemoreflex
influences is critical to “dose” primary and adjunctive/alternative therapies. Phenotyping
sleep apnea contributory components are central to phenotype-driven therapy. The
phenotypes that have current treatment options are upper airway collapsibility, chemoreflex
activation level, and sleep fragmentation propensity.

POLYSOMNOGRAPHIC RECOGNITION OF A HEIGHTENED RESPIRATORY
CHEMOREFLEX

Scoring of respiratory events in sleep apnea patients have traditionally been biased to an
obstructive phenotype, though the recent update of the 2007 American Academy of Sleep
Medicine (AASM) guidelines has criteria for scoring central hypopneas and short sequences
of periodic breathing/Cheyne-Stokes respiration.! The guidelines state that central
hypopneas should not be scored in the presence of flow-limitation, but obstruction is a
common feature of central events,? even at simulated altitude,? the latter being a relatively
pure model of chemoreflex-driven sleep apnea. Direct visualization of the upper airway
shows collapse at the nadir of the cycle to be common even in polysomnographic “central”
disease. 4 Expiratory pharyngeal narrowing occurs during central hypocapnic hypopnea, °
directly supporting the concept that the presence of flow-limitation alone cannot be used to
distinguish obstructive and central hypopneas. 3 Complex sleep apnea as currently “defined”
requires a central apnea-hypopnea index = 5/hour of sleep with centrally mediated
respiratory events constituting = 50% of all respiratory events during CPARP titration, in
those who do not fulfill criteria for primary central sleep apnea or periodic breathing on the
diagnostic polysomnogram. However, publications of complex apnea did not score central
hypopneas or periodic breathing. Descriptions of low (< 5%) persistence of *““complex
apnea” may be inaccurate and reflect reliance solely on scoring classic central apneas. 6 7
The guideline for recognition of “Cheyne-Stokes respiration” also require a cycle duration
of at least 40 seconds, but we have shown that even shorter cycle times in the range of 20—
25 seconds is typical of NREM-dominant sleep apnea,® reminiscent of high altitude periodic
breathing. The most characteristic feature of chemoreflex drivenevents is not the
morphology of individual events but NREM-dominance and timing/morphology of sequential
events (nearly identical) in a consecutive series of events.?

A related dimension is the criteria used for estimating success of therapies. For example, if
4% oxygen desaturation is used to score hypopneas (in most treatment reports and which
continues to be the recommendation of the AASM), significant degrees of baseline and
residual disease can be missed. Moreover, adaptive servo-ventilators distort the conventional
polysomnogram signals and unless the pressure output of the devices are used to score
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events, inappropriate success may be declared. When periodic breathing is not adequately
controlled, the primary marker on the polysomnogram is pressure cycling associated with
arousals. Scoring respiratory events during adaptive servo-ventilation needs to use the
pressure output signal from the ventilator, which is roughly equal and opposite to the
patient’s abnormality. When pressure cycling persists, sleep fragmentation is usually severe
even if respiration is “improved” by conventional criteria.

ADVANCED PHENOTYPING OF CHEMOREFLEX INFLUENCES ON SLEEP
RESPIRATION

The NREM sleep CO; reserve can be exposed inadvertently during bilevel positive pressure
titration in the sleep laboratory, when central apneas or periodic breathing may emerge
though continuous positive pressure was well tolerated and efficacious. An experimentally
precise version of this approach uses bilevel ventilation with measurement of end-tidal CO,
— the difference between stable breathing and the level just before bilevel-induced periodic
breathing or central apneas. This is the CO, reserve, and is smaller, 2-3 mm Hg, in those
with heart failure and predominantly central sleep apnea.1? Proportional assist ventilation
may also be used to estimate the “ease of induction” of central apnea and periodic breathing,
and thus quantify the contribution of enhanced respiratory chemoreflexes to sleep apnea
severity.11-15 This technique requires considerable expertise and is not readily applicable to
a clinical laboratory environment.

Time series analysis of the electrocardiogram (using heart rate variability and heart rate/
respiratory coupling) can provide a map of sleep state oscillations, with the spectral
dispersion providing phenotyping information regarding chemoreflex influences . The
technique, the ECG-spectrogram, maps coupled oscillations of heart rate variability and
respiratory R-wave ECG amplitude modulation. The ECG-derived sleep spectrogram can
detect low frequency coupled oscillations with two primary patterns: broad band and narrow
band. Elevated narrow band coupling which detects sequences of central apneas and
periodic breathing is noted in patients with complex sleep apnea. Those with the ECG-
spectrogram biomarker of strong chemoreflex modulation of sleep respiration also have
more severe sleep apnea and greater degrees of sleep fragmentation 16. A wearable device
(FDA approved, M1, www.sleepimage.com) is currently available for clinical and research
use.

Determination of multiple phenotypic traits can be accomplished by assessing the dynamic
flow and pressure responses to positive pressure dial down.” In a follow-up study, 18 75
men and women with and without OSA aged 20-65y were studied on 3 separate nights. The
following were determined - anatomical collapsibility (Pcrit), and non-anatomical factors
(genioglossus muscle responsiveness, arousal threshold, and respiratory control stability/
loop gain). The key findings, of which formal publication is awaited, varied substantially
between participants. In brief, 36% of OSA patients had minimal genioglossus muscle
responsiveness during sleep, 37% had a low arousal threshold, 36% had high loop gain; 28%
had multiple non-anatomical features. Nineteen percent had a relatively non-collapsible
upper-airway similar to controls, and in these patients, loop gain was almost twice as high as
patients with a collapsible airway, despite comparable apnea-hypopnea indices.
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Experimental elegance does not readily translate to clinical utility. However, review of the
data tables of virtually all publications on central and complex sleep apnea, regardless of
exact criteria and comorbid diseases such as congestive heart failure, and when available in
description of sleep apnea phenotyping approaches, show one common theme — NREM
sleep dominance of sleep apnea. Table 1 describes the features of an activated respiratory
chemoreflex on polysomnographic and polygraphic (home sleep studies, for example)
assessments. These features are valid on diagnostic assessments and during therapeutic
interventions. Figures 1 and 2 are an overall schema of integration of various therapeutic
modalities with and without positive airway pressure, respectively.

NON-POSITIVE AIRWAY PRESSURE TREATMENTS FOR CENTRAL SLEEP
APNEA SYNDROMES

Minimization of hypocapnia

The use of supplemental CO, for hypocapnic central sleep apnea syndromes is old news.
That CO, can stabilize respiration has been known for decades, but high concentrations
fragment sleeps by inducing arousals secondary to respiratory stimulation and
sympathoexcitation.1® 20 The key challenge has been delivery of CO5 in a clinically
adequate, tolerated, and precise manner. Prevention of hypocapnia is a critical stabilizing
factor in sleep respiratory control. “Minimization of hypocapnia” is also physiologically a
more appropriate phrase than “induction of hypercapnia” as the latter is utterly unnecessary.
The key is holding the CO, steady and just above the NREM sleep CO, threshold —
protecting the CO, reserve.

A recent study by Xie et al is one of the best demonstrations of the power of CO,
modulation in treating sleep apnea syndromes.?! Twenty-six patients with obstructive sleep
apnea (AHI 42+5 events/hour with 92% of apnea were obstructive) were treated with O,
supplementation, an isocapnic rebreathing system in which CO, was added only during
hyperpnea to prevent transient hypocapnia, using a continuous rebreathing system. Each
patient’s controller gain below eupnea was measured, as was CO» reserve, plant gain, and
passive upper airway closing pressure. With isocapnic rebreathing, 14/26 reduced their
apnea-hypopnea index (AHI) to 31+6% of control (p<0.01) (responders); 12/26 did not
show significant change (non-responder). The responders vs. non-responders had a greater
controller gain, a smaller CO5 reserve but no differences in Pcrit. Hypercapnic rebreathing
(+4.2+£1 mmHg PETCO,) reduced AHI to 15+4% of control (P<0.001) in 17/21 subjects
with a wide range of CO, reserve. Hyperoxia (SaO; ~95-98%) reduced AHI to 36+11% of
control in 7/19 OSA patients tested.

Thus, there is strong evidence from multiple studies over the years that manipulation of
arterial CO5, levels might provide an alternative treatment strategy. Addition of a closed
volume (space) to exhalation increases rebreathing of the exhaled air and results in a quick
increase in CO, levels and an increased tidal volume and respiratory rate. This is similar to
breathing into a plastic bag when trying to treat anxiety-induced hyperventilation. Increased
amounts (>300 mL) manifestly feel uncomfortable from both CO» retention and volume
effects. The concept has been used in mechanical ventilation to reduce hypocapnia for
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several years and more recently has been successfully used to treat central sleep apnea and
Cheyne-Stokes respiration in heart failure. None of these uses combine it with positive
airway pressure.

We have shown that keeping CO, above the apnea threshold with the use of Enhanced
Expiratory Rebreathing Space (EERS) is an effective adjunct to PAP therapy 22. Enhanced
expiratory rebreathing space (EERS) is the dead space concept applied to pressure
ventilation. Positive airway pressure therapy usually induces mild relative (to pretreatment)
hypocapnia. Central apneas and periodic breathing can be generated when the arterial PCO,
level falls below that required to stimulate respiration. This level is referred to as the apnea
threshold. Hypocapnia at or near the apnea or CO, control threshold destabilizes sleep-
breathing control, resulting in periodic breathing patterns of various severities and
morphological characteristics. Preventing hypocapnia is a powerful stabilizing influence on
sleep-breathing control, regardless of the presence of hypoxia. Atmospheric CO, levels are
near zero, therefore the CO5 levels in the blood are the result of the balance between
metabolism in the patient and blow-off during breathing.

The clinical effect of using EERS is consistently positive (Figures 3a—3e) and this approach
is now routinely available in our sleep laboratory to use with CPAP or adaptive servo-
ventilation, as requested by the physician. We described in our original report improved
clinical tolerance, compliance and sustained clinical improvement monitored over a period
of several months by adding EERS 22. This was achieved in a subgroup of patients who had
stopped using CPAP, and whom we were able to salvage with the use of EERS. Sub-tidal
volume dead space is adequate when the upper airway is also supported, and is well
tolerated physiologically. Control of respiratory abnormality is achieved with minimal
increase in CO, (2-3 mmHg) which we speculate judging by the beneficial effects seen
within 20-30 seconds is due to the effect on carotid chemoreceptors.

There is strictly no true dead space when this concept is used with pressure ventilation.
Mixing, turbulence, and leaks ensure variable degrees of effective rebreathing (thus the
suggested term enhanced expiratory rebreathing space). There is, however, a reduction in
ventilatory blow-off, with remarkable clinical effectiveness. There is no/minimal increase in
inspiratory CO, because of the positive pressure-induced washout. One important practical
effect of using positive airway pressure with enhanced expiratory rebreathing space is that
the respiratory rate seems unchanged, and the subject does not notice any significant
discomfort. This is not surprising, given the known effects of positive pressure support on
relieving shortness of breath in mechanically ventilated patients. Such symptom
minimization is obviously important when considering use in patients who are already short
of breath, such as in heart failure.

The physiological target for titrations with enhanced expiratory rebreathing space is to
maintain ETCO, at the low normal range for sleep. Normal sleep results in an increase of 2
to 8 mm Hg in ETCO». With this technique the target is to keep the ETCO> in the high 30s
to low 40s, the lower end of normal. Those with central and mixed sleep-disordered
breathing show a prominent tendency to hypocapnia during sleep. The primary monitoring is
that of ETCO, with a mainstream CO, sensor at the mask. Transcutaneous COy may

Sleep Med Clin. Author manuscript; available in PMC 2015 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Thomas

Page 6

usefully complement end-tidal measures but is not critical for treatment of hypocapnic
central/complex sleep apnea. Transcutaneous measurements can have a role in hypercapnic
central apnea management. A biocalibration of ETCO, may be done before the sleep study
(1 to 2 minutes rested steady breathing, average final 10 breaths), with a nonvented (NV)
mask and 50, 100, and 150 mL added dead space. This biocalibration may be used to
determine the starting EERS volume or flag those with too high a ETCO, to use a NV mask
approach. The CO» targets are to keep the ETCO, below 50 mm Hg during sleep and not
greater than 5 mm Hg increase from wake. If transcutaneous CO, is monitored, keep at less
than 50 mm Hg or limit increases to 5 mm Hg from baseline. The latter approach is
somewhat approximate, because sleep baseline ETCO, without an NV mask in the patient
will probably not be known and it is unclear how much time is required for equilibration
after sleep onset.

The mask-fitting clinic at the Beth Israel Deaconess Medical Center has modified a large
number of masks. Specific masks, methods to convert to NV, and appropriate connectors are
available on request (contact the author at rthomasl@bidmc.harvard.edu) and are tabulated
with mask-specific PowerPoint files. The nonvented configuration, including the safety
valve, adds 60 to 100 mL of dead space (including the intra-mask space), and this “NV
alone” usually means about 60 to 100 mL of dead space/EERS compared to a vented mask.
What this means in practical terms is that adding further EERS is often not necessary any
more.

There are two approaches to titration of EERS, “forward” and “backward.” In the forward
approach, incremental options are considered with positive airway pressure first with a
vented mask, then converting to a nonvented mask, then adding rebreathing space (e.g., 50
mL, then 100 mL, etc.), O,. In the backward approach, maximal stabilization is provided at
the outset, starting at 50 mL “dead space” (which seem to be adequate for most) and 2 L/min
O,. After obtaining control in REM/stable and unstable NREM sleep, the O, and CO,
modulations can be progressively withdrawn to assess the minimum requirement. Typically
with successful dead space, O is not critical but can be a useful backup, because consistent
good seals at home are hard to maintain. Obtaining a plateau on the ETCO, signal ensures
effectiveness (that the seal is adequate) and accuracy of the reading. An alternate approach is
to simply start with an NV mask and no added EERS and titrate as required.

CO, manipulation can also be done by bleeding CO, in to the circuit by a more precisely
controlled flow-independent method. Successful treatment of mixed obstructive and central
sleep apnea using a proprietary device has been reported, the positive airway pressure gas
modulator (PAPGAM), which delivers precisely controlled concentrations of CO». In a
small case series, 6 patients with average AHI of 43/h on CPAP improved with reduction of
AHI to 4.5/h with addition of 0.5-1% using PAPGAM 23. However, this requires
experienced technologists and the development of a clinically safe device. It is unclear if
dynamic CO, manipulation (delivery restricted to a specific phase of the respiratory cycle)
will improve upon the stabilizing effects of CO,, but if a medical grade CO5, source
(cylinder) is needed, improved efficiency and duration of a single refill may be achieved.24
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Nasal O, has a long history of use to treat central sleep apnea and periodic breathing.2 26
Effectiveness is partial and residual sleep apnea and sleep fragmentation are typical. Adding
oxygen to CPAP may result in better control of central/complex apnea, with a reduction in
responsiveness of peripheral chemoreceptors and the loop gain 27. The limitations include
the long term cost and difficulty with reimbursement in ‘non hypoxic’ patients. A recent
study in a Veteran’s population showed that O, has beneficial effects, but the
polysomnographic changes were delayed by as much as an hour or more.28 One change to
be aware is that of respiratory event cycle length — which can lengthen with the use of O,.
Such a change may “reduce” the respiratory event index but not imply a true stabilization of
respiration. Use of O, also negates use of desaturation link to score hypopneas. It should be
noted that hypoxia levels used to initiate O, therapy are not the threshold for evaluating
supplemental O, - moving saturations from the mid to the high 90°s can be beneficial. Use
of O, is off-label for central apnea syndromes. Supplemental O, can thus usefully be a
component of a multi-modal multi-step approach to management of central sleep apnea
syndromes. Figure 4a—4c is an example of use of supplemental O, during positive pressure
therapy, along with EERS — the treatment response also provides information about the
phenotype.

Sleep stabilization

Most patients, including older individuals or those on benzodiazepines/sedative drugs,
exhibit periods of sleep that are not scored as N3 by conventional criteria (or any
modification thereof) but clearly have ample low amplitude delta frequency waves.
Respiration is usually quite stable during this period (functionally, think of it as slow wave
sleep), and if recognized, the same precautions as during conventionally scored slow wave
sleep apply. Those who study the cyclic alternating pattern (CAP) will recognize this type of
“stable” NREM sleep as predominantly non-CAP.2? In fact, for the purpose of titration,
dividing sleep into stable and unstable NREM sleep (or non-CAP/CAP) and REM works
well, better than N1 to N3 and REM sleep. It may be easier to recognize stable and unstable
NREM sleep from non-electroencephalographic signals, such as respiration, heart rate
variability, and respiratory amplitude modulation of the electrocardiogram.3? The stability of
this non-CAP or slow wave-like (frequency but not amplitude) sleep can cause a false sense
of security (of treatment efficacy); it is also important not to change pressures if this state is
recognized (unless obstructions and flow limitation are quite overt). Flow can look
absolutely normal in this state, and then rather abruptly (often within a minute) a switch to
being quite abnormal may occur. Such switches of stable/unstable state are spontaneous, and
disease or treatment needs to deal with this dynamic.

The sleep fragmentation phenotype can be suggested by several polysomnographic features.
There may be prolonged (more than 5-10 minutes) sleep-wake transitional instability. The
same pattern can be seen if the laboratory bedtime is before the internal biological night (a
phase delayed person trying to sleep hours before natural bedtime). The sleep efficiency
may be low (less than 70%) and stage N1 remaining increased (greater than 15%) during the
positive pressure titration study. There may be prolonged post-arousal instability (1-2
minutes of periodic breathing after individual arousals). Slow waves may evolve poorly
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across the night with a low density of the waves of the < 1Hz slow oscillation - this may be
more readily visualized than quantitatively estimated in the sleep laboratory as conventional
slow-wave sleep is only a fraction of stable NREM sleep. However, relative paucity of non-
CAP EEG morphology during titration (less than 30%) is a marker | have found useful. If
the fragmentation phenotype is recognized, the following are options: 1) reduce pressure
(watch for evidence of increased obstruction) or change mode; 2) allow the patient to take a
break, until subjective sleepiness is noted, to allow better expression of homeostatic sleep
drive; 3) trigger the physician-directed drug option if ordered.

The core concept then is to use sedatives that can induce stable NREM sleep. While the
conventional approach avoids sedatives in “obstructive sleep apnea”, these drugs can be
used safely in NREM-dominant apnea as here arousals further destabilize sleep and worsen
sleep apnea severity. In fact eszopiclone can improve sleep apnea in those with a low
arousal threshold.3! Arousals from sleep and frequent sleep stage transitions can both induce
and increase the severity of central and complex sleep apnea. The proposed mechanisms are
arousal induced hypocapnia, reduction of upper airway resistance upon arousal and
increased neural output to respiratory centers in wake. Triazolam, temazepam, zolpidem,
and clonazepam have all been shown to reduce central apnea pathology. 32-35 We
selectively use hypnotics with good clinical results with patients with the sleep
fragmentation phenotype. Short-acting sedatives can be part of a “lab pharmacology
protocol” (Figure 1, 2) or the patient can take the drug at bedtime.

Opioid dose reduction

Opioid use is a risk factor for development of ataxic breathing and central sleep apneas.36-38
Decreasing the dose of opiates may help reduce central apneas 39. In most patients stopping
opiates entirely is not possible. The pathophysiology involves modulation of hypoxic and
hypercapnic ventilatory responses,? but opiate receptors are seen all over the respiratory
control pathways. Opiate-induced ataxic breathing is quite sensitive to CO5 levels — with
ready induction of central apnea and worsening of dysrhythmic breathing with continuous or
non-adaptive bilevel positive pressure ventilation. Though these patients tend to show mild
hypercapnia, with end-tidal CO,’s in the high 40’s to low 50’s, using a NV mask and EERS
as needed to hold CO, in the mid-40’s can be useful. We have found the use of
acetazolamide to be of consistent benefit. Adaptive servo-ventilation is a double-edged
sword in these patients — being able to both enable stable breathing and markedly destabilize
breathing.

Carbonic anhydrase inhibition

Acetazolamide, a diuretic and carbonic anhydrase inhibitor diminishes the ventilator
response of the peripheral chemoreceptors to hypoxia, decreases loop gain, and reduces the
ventilatory response to arousals.#1~44 In animal models, it has been shown to lower the
PETCO, apnea threshold and widen the difference between the eupneic and PETCO»
thresholds 4°. Acetazolamide has been used in treating central apneas and Cheyne-Stokes
breathing in patients with and without CHF.#6 While the results may be statistically
significant, the degree of residual sleep apnea is unacceptable as sole long-term therapy. The
drug can convert those with mixed obstructive and central sleep apnea to mostly obstructive
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(the reverse of CPAP-induced central sleep apnea). The drug is now part of our algorithm
for management of central sleep apnea and periodic breathing. Those with short-cycle (30
seconds or less) periodic breathing not responding to EERS are the best candidates, as in this
subset, the time constant of the adaptive servo-ventilators seems too long to optimally
entrain and stabilize respiration. Carbonic anhydrase inhibition with acetazolamide or
topiramate can be part of a “lab pharmacology protocol”, and can be used with a non-vented
mask/EERS (Figure 5a, 5b). Acetazolamide has been successfully used as CPAP adjuncts at
high-altitude.#”- 48 Zonisamide#® and topiramate®° have carbonic anhydrase inhibitory
effects, and could in theory be used in the place of acetazolamide. It is not known if the
neuronal effects would have an impact on respiratory control integration.

One report describes a potential role for clonidine as adjunctive therapy for hypocapnic
central sleep apnea syndromes.> In a study of 10 healthy subjects (4 females) (age 22.3 +/-
3.0 years; BMI 25.5 +/- 3.4 kg/m?), subjects were randomized to receive placebo or 0.1
mg/45 kg of clonidine on 2 separate nights. Ventilation and upper airway resistance were
monitored during wakefulness and sleep. Two separate experiments were performed. In one
(8 subjects), CO, reserve, hypocapnic apneic threshold and hypocapnic ventilatory
responses were determined using non-invasive hyperventilation to induce hypocapnia. In a
second protocol, peripheral hypocapnic ventilatory response was determined by non-
invasive ventilation using short (3 breaths) hyperventilation. Clonidine decreased the
systolic blood pressure by 12 +/- 10 mmHg but did not affect baseline ventilation or upper
airway resistance during wakefulness or sleep. Clonidine was associated with a decreased
hypocapnic apneic threshold relative to placebo (37.3 +/- 3.3 mmHg vs. 39.7 +/- 3.4
mmHg, increased CO, reserve (=3.8 +/- 1.3 mmHg vs. —2.8 +/- 1.2 mmHg), and decreased
hypocapnic ventilatory responses (1.6 +/- 0.6 L/min/mmHg vs. 2.5 +/- 1.3 L/min/mmHg).
Administration of clonidine did not decrease peripheral ventilatory responses. The
hypotensive effect will likely reduce enthusiasm for clinical use, but the concept has merit.

Nasal expiratory positive pressure

Nasal expiratory positive airway pressure (Provent, Ventus Medical), another device with a
simple design marketed for use in patients with mild OSA may also be useful in treating
central and complex apnea. This device helps generate auto PEEP and increased tracheal tug
via increased lung volumes, which may relieve obstructive sleep apnea; efficacy is variable
and unpredictable 52; in our center, about 25% show acceptable benefits when evaluated
during polysomnography, including central sleep apnea and periodic breathing (Figure 6a—
6¢). This effect of Provent can be enhanced by acetazolamide, similar to the use of the drug
with CPAP 48, We speculate that Provent, while providing increased nasal expiratory
resistance also gently increases the end tidal CO, which may stabilize the chemo-reflex
driven breathing instability 52,

Oral appliances

In patients who chose oral appliances as first line treatment, it is important to be aware that
central apneas can also emerge in these settings.53 At our center we have used these devices
in PAP intolerant complex apnea patients with reasonable success. Residual sleep apnea is
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typical, and requires adjunctive therapy. Oral appliances are less likely, it seems, to induce
hypocapnia, but treatment of obstruction is less precise. “Cocktails” that are currently being
used by our patients include oral appliance + acetazolamide, or a benzodiazepine, or
supplemental oxygen. One specific use of oral appliance is use with positive pressure, to
reduce pressure requirements.>: 55

Weight reduction

Major weight reduction, for example, through gastric bypass procedures can have profound
effects on sleep apnea, though true cures are rare. In my personal experience, a small subset
of post-bypass patients has conversion of predominantly REM-dominant obstructive apnea

to predominantly NREM-dominant central apnea/periodic breathing after major weight loss.

Nerve stimulation

There is no data on the effect of hypoglossal nerve stimulation in patient with mixed apnea.
Though speculative, it is plausible that acetazolamide could convert a mixed apnea picture
to predominantly obstructive, which is then amenable to treatment with stimulation.
Residual sleep fragmentation could also benefit from NREM sleep stabilization.
Transvenous phrenic nerve stimulation can lower the central apnea index but more data is
required to establish a clinical role.?® Sleep efficiency in this study of 19 subjects remained
unchanged, raising the possibility that improving respiration comes as the cost of inducing
arousals or at least not treating disease well enough to result in sleep quality improvements.

Maxillomandibular advancement

Intuitively, maxillomandibular advancement should be reserved for obstructive sleep apnea.
However, in our center we have treated over 10 patients with mixed obstructive and central
sleep apnea, with the expectation of needing adjunctive therapy with nasal O,
acetazolamide or a sedative, singly or in combination, for optimal benefit. This has indeed
been the case, for requiring these alternatives.

Winx/Oral (negative) pressure therapy

This new approach uses a mouth piece to apply gentle negative intraoral suction that moves
the tongue and soft palate anteriorly, opening and stabilizing the airway.>’ As positive
pressure is not applied, perhaps there is less hypocapnia induction. There is no reason why
Winx could not be used with, for example, acetazolamide, to provide complementary and
synergistic effects on sleep-breathing, or Winx + nasal oxygen, or Winx + Provent, or
indeed Winx + dead space. | have tried all these options in the sleep laboratory and they
seem to have potential for benefit in individual patients (Figure 7a-7c).

Body position manipulation

A subset of central and complex apnea appears to very position dependent. These patients
are “unfixable” while supine and “angels when non-supine”. The reasons include upper
airway and lung volume effects, the latter perhaps altering plant gain unfavorably when
supine. Positional effects in central apnea syndromes have been reported in patients with
classic Cheyne-Stokes respiration in the setting of heart failure.>8 59 Sleeping on the side is
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also an important adjunctive treatment to reduce positive pressure requirements which may
cause less CO, blow off and respiratory instability.

A second effect of body position is on fluid redistribution from the caudal to cranial parts of
the body.60-64 The effect is rapid, associated with increased neck circumference, and
hypocapnia from increased lung water in those with central apnea. Therapeutic manipulation
is currently clunky but a wedge pillow or pillows are options.

Enhanced or dysregulated respiratory chemoreflexes have a profound impact on sleep-
breathing and the polygraphic patterns that emerge. There is an increasing array of treatment
options, on and off-label, singly or in combination, that can be used to enhance system
stability. Three major components need to be adequately phenotyped and targeted — upper
airway, respiratory control, and sleep fragmentation/consolidation. Alternative options for
treating central sleep apnea syndromes need testing in randomized prospective trials to
determine optimal roles in disease management. Until then, case-by-case trials of
effectiveness will be required.
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Key Points

*  The phenotype that reflects heightened respiratory chemoreflex activation is
NREM-dominant sleep apnea. Conventional scoring may categorize many of
these patients as “obstructive”.

»  Targeting respiratory chemoreflex sensitivity or effects, and sleep
fragmentation, can provide useful alternative or adjunctive therapy for central
sleep apnea syndromes

e CO; is the dominant driver of sleep-respiration, and manipulation of CO, has
the greatest potential for clinical effects. The primary challenges are
simultaneously technical and biological: how to keep the CO» levels just above
the NREM sleep CO, threshold. As these levels are not hypercapnic,
sympathoexcitation would not occur.

*  Treatments for obstructive components of sleep apnea that may be less prone to
destabilize respiratory control include Provent, oral appliances, and Winx.
However, residual disease is common and requires adjunctive therapies.

* Reducing the impact of arousals and inducing a stable form of NREM sleep may
be achieved by sedatives, including the classic benzodiazepines and the non-
benzodiazepines such as zolpidem.

*  Multi-modality approaches to treatment of sleep apnea are especially important
for central sleep apnea syndromes.
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Non-vented mask Vented mask first

Confirm chemoreflex phenotype, cycle time

Recognition of sleep fragmentation
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v k v
\
Start NV mask use if started with ‘\ Adaptive Ventilation — one device, then the
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\4 \
\ 4
Add EERS for chemoreflex-modulation \\ R .
effects, CPAP for obstruction; avoid Excessive Pressure Cycling, arousals,
non-adaptive bilevel patient-ventilator desynchrony
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v.oooA
i

Switch to CPAP, NV mask

— move to adaptive ventilation L\ I
4 \ '
X I
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ask to take 250 mg Diamox ‘ 1 I
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Return to supine position before study is possible time points
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On Diamox — time will dictate is both
CPAP and Adaptive Ventilation can be
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Figure 1.
How to use alternative and adjunctive therapies for central sleep apnea — positive airway pressure based approaches
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Oral appliance

Provent or Winx

Confirm chemoreflex phenotype, cycle time

Recognition of sleep fragmentation
phenotype — sedative early in sequence v

v

Short cycle periodic breathing with Continued CSA / PB: add the other
variable degrees of obstruction (Can use one only through entire sequence)
v n \4
Add Provent 1 Continued CSA / PB: add acetazolamide
(OA + Provent) :
I
\d ! v
A ia
Continued CSA / PB — discontinue “ 11 . .
Provent, add acetazolamide \ 11/ Continued CSA / PB:.me + nasal O, or
(OA + acetazolamide) \‘ lll, Provent + O, using simple oxygen mask
v
I
A oy \4
N\ ‘\ I'l' '
: ~ 1
Continued CSA /P ~add Provent | 7§y =y 11| Continued CSA / PB — add 50-100 cc dead
(OA + Provent + acetazolamide) \ 1
\\ \\ T space; O, can be connected
\ m
L AR
Continued CSA / PB — add 50-150 cc SO\ E
dead space, may remove Provent \\ \\‘ :
N \\\ N
\\‘.
\ D .
0,, body positioning, and a sleep stabilizer can be
Continued CSA /PB—add 2-4 L./ introduced at several possible time points,
minute O, including at start of study, before Provent or
Can use O, before dead space acetazolamide, in either pathway.
Figure 2.

How to use alternative and adjunctive therapies for central sleep apnea — without positive airway pressure

Sleep Med Clin. Author manuscript; available in PMC 2015 March 01.




1duosnue Joyny vd-HIN 1duosnue N Joyny vd-HIN

1duosnuel Joyiny vd-HIN

Thomas

PraF J(u——a-—‘,‘JY (e o o e e e e

[ THORACIC

3
+

A

it ANt rsnthf e omnnsiont|

™
=

R A A~ | A AN A A A AR A A A A W,uw

LAT

i 12 A2 2 A2 1 12

12

o
b

L4

e S VYT Poues mf/~w;}jk‘w//ww;.”NNPW 5

ALY m /\j\ WA | WM/W
'V‘W‘?\'WMM;‘)‘\/‘MJVMWWJVWU wa— A |tz
1 B ! . +—

|
MU J It

T

1l
T

3 (C 1o 19, 3 A &) 8 3 1 2 Y % 5 & 54 1 - 1 3 2
AR AR FRL NN AL KRR AR AT AN RN BN S L0 BANRN R
VO ) A 'r’Vy\-LMj;,"(—/\/\J\/JJJf{V'M’V’/V"W/ )

Pprnnnsnnda s anpnndd, /t/‘
/ Manan A M/ \f'\/\’\/\/\./\/\/'JV“./VWv\A/WVV‘ ';'vﬂwvwv::;i/v'\ﬁmvmxuvvm/{'m} rf

MAAAAAAZNN Mrw\,mﬁh,—/\u/\/\/\.«j\/\;\/‘/ywww/\/\ﬁ )M/x/v\/v\.l\fw«/u ﬂMAA/\N\MW\. ']
I L | o L A il
| ’ i I | I ! L | Pyl L
g T T Bt T
M S0 )

L il
¥ s
“> e s s
T T P T T {0 0 B o o o S 4 o o o o s o

A NAAA A AN AN A A A A RN A AN AN

NNNVNANNNNMNANANNNAANNANNAAANNANANNATNANNNNANANNANAANANNANAAALNANNANANNANANANN

AMNANAARAAMMNANAAANNN VAANNNNArAANNNNNT ANNINAAAAANNATAAANAANAATANANNANAA

"
+ T

|
R A 3 %% n

AN AN A AN AN AN AN AR AA AR ANANARANAA AN N L

Sleep Med Clin. Author manuscript; available in PMC 2015 March 01.

T
LI

NANNAANANANANANAN NN

e B N M H B 2 M
e T 2 F 2R 2

Page 18



1duosnue Joyny vd-HIN 1duosnue N Joyny vd-HIN

1duosnuel Joyiny vd-HIN

Thomas Page 19

VAV ”"/’W"v”’fﬁf»”‘//‘/A’W///"VV‘/V "H”////'N//WLI MV VWAV WYL
S AV MWW WUV WA WV WA
WWAMAMMAA MMM WA AW AWM AAAAAAMAMAAAA

i

AMNAWNNY

Figure 3.
Figure 3a: Classic periodic breathing/Cheyne-Stokes respiration (CSR).

A 72-year old with congestive heart failure. Note the typical waxing-waning respiratory pattern. All figure 3 subsets are from
the same patient.
Figure 3b: CSR with CPAP failure. Note continuing CSR.
Figure 3c: CSR with adaptive servo-ventilation failure. Note excessive cycling of pressure (the CPRESS channel) and the
associated arousals.
Figure 3d: CSR with 50 cc Enhanced Expiratory Rebreathing Space. Note stabilization of respiratory rhythm but residual flow
limitation and mild residual periodic breathing.
Figure 3e: CSR with 100 cc EERS. Note normalization of sleep and respiration. The ETCO, signal plateau is slightly blunted
and thus the CO2 measured is falsely low. However, the resting wake ETCO,, of this patient was 30 mm Hg, a level that can be
readily seen in patients with congestive heart failure.
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Figure 4.
Figure 4a: CPAP refractory mixed apnea: obstruction and periodic breathing.

Note periodic breathing pattern of respiratory effort, unresponsiveness to CPAP of 16-17 cms H,O, while on a non-vented mask
alone without EERS.
Figure 4b: CPAP refractory mixed apnea: CO, effects. The same patient as in 4a, but now with 100 cc EERS. Note improved
respiratory stabilization, but periodic breathing and obstructive features (flow-limitation) coexist and contribute to ongoing sleep
fragmentation.
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Figure 4c: CPAP refractory mixed apnea: adjunctive O, effects. The same patient as in 4a, now with 4 L/minute of
supplemental oxygen. Note complete stabilization of respiratory rhythm but residual obstruction — which ultimately required 22
cm H,0 to eliminate.
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Figure 5.
Figure 5a. Pre-acetazolamide treatment resistant sleep apnea.

At the start of this polysomnogram, the patient was failing CPAP, 150 cc ERRS and supplemental O,.
Figure 5b. Post-acetazolamide effects, one hour later. The patient received a single dose of 250 mg acetazolamide about 2 hours
before this snapshot. Note complete resolution of central sleep apnea, which was maintained for the rest of the night. 50 cc of
ERRS was continued.
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Figure 6.
Figure 6a: Periodic breathing, pre CPAP or Provent.

Note severe periodic breathing with some mild obstructive features.

Figure 6b: Periodic breathing on CPAP. Same patient as in Figure 6a. Though there is significant improvement of respiration,

treatment was not tolerated for home use and there is ongoing clear evidence of sleep fragmentation/arousals.

Figure 6¢: Periodic breathing resolved on Provent. The same patient as in Figure 6a and 6b. Note complete resolution of sleep

apnea and absence of arousals.
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Figure 7.
Figure 7a: CPAP failure, central sleep apnea.

The patient was pretreated with acetazolamide and clonazepam as there were multiple past failures of positive pressure titration
due to both periodic breathing and severe sleep fragmentation which was considered disproportionate to the severity of sleep
apnea.

Figure 7b. CPAP failure, improved on Winx. Same patient as in Figure 7a. Note a marked improvement of sleep apnea on Winx,
with the residual abnormality seemingly flow-limitation and arousals. The relative efficacy of Winx vs. CPAP may reflect the
tendency of CPAP to worsen hypocapnia.

Figure 7c. CPAP failure, resolved with Winx + Provent. Same patient as in Figures 7a and 7b. As a final step, Provent was
added, with complete resolution of sleep apnea and sleep fragmentation; the treatment “cocktail” here is acetazolamide,
clonazepam, Winx + Provent.
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Recognition of Strong Chemoreflex Modulation of Sleep Breathing

Polysomnographic Characteristic

Obstructive apneas
Central apneas

Progressive flow limitation

Periodic breathing/Cheyne-Stokes pattern

Relative severity in NREM versus REM sleep

Positive pressure therapy

Central apneas before elimination of flow
limitation during titration

Respiratory event cycle durations
Respiratory event symmetry in NREM sleep
including a mirror-imaging pattern

Effort signal morphology

Flow-effort relationships

Arousal timing

Oxygen desaturation profile

o,

Nonadaptive bilevel PAP - induced instability

Relatively Pure Obstructive
Sleep Apnea

Dominant.

Rare.

Typical; long variable- length
segments of limited breaths are
typical.

Rare; may be seen at sleep
onset or around sleep-wake
transitions.

Greater severity in REM sleep.

Generally good response with
improvement in flow limitation
and AHI

Rare.

Variable.

Minimal symmetry.

Well maintained during
obstructed breath.

Discordant: flow is reduced
disproportionately to reduction
in effort signals.

Early part of event termination,
often first recovery breath
related.

Irregular, progressive drops,
sharp contour (*V’ shape).

If CO, is affected, generally
eupnic or hypercapnic

Less common, usually with
excessive pressure support or
severe mask leak only.

Chemoreflex-Modulated Sleep Apnea

Less common.
Dominant form of apneas.

Commonly seen with mixed apneas except for in the
purest form (e.g., in classic Cheyne-Stokes respiration).

Typical (often short cycle, < 30 seconds, in the absence
of congestive heart failure).

Minimal severity in REM sleep; this may be best evident
during CPARP titrations.

Response variable- may worsen with positive pressure
therapy.

Typical.
Short cycle (25-35 seconds) is highly suggestive, but

long cycle forms also occur.

Very symmetrical, and mirror imaging is typical (one
half of an event is the mirror image of the other).

Complete or partial loss between recovery breaths
clusters.

Concordant: flow and effort follow each other in
amplitude.

“Crests” event, often in the center of a sequence of
recovery breaths that progressively increase in amplitude
and decrease.

Smooth, symmetrical, progressive drops rare. Rarely <
80%. (‘band pattern’)

Usually hypocapnic

Typical.

CPAP: continuous positive airway pressure; NREM: non-rapid eye movement; PAP: positive airway pressure; REM: rapid eye movement.
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