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Preface

There was a time when sleep disordered breathing was defined by obstructive sleep
apnea, and only obstructive sleep apnea. The field has since evolved tremendously.
With advanced diagnostic tools and technology in conjunction with more sophisti-
cated data interpretation, we now recognize that in fact multiple different types of
sleep-related breathing disorders exist. Even within the categories of obstructive
sleep apnea, central sleep apnea, sleep-related hypoventilation or hypoxemia, there
are many disease phenotypes. Even “simple” obstructive sleep apnea is now recog-
nized as a diverse and complex disease process brought about not just from obesity
or a crowded anatomy, but also as a result of abnormal ventilatory drive, altered
arousal threshold, or exaggerated upper airway collapsibility.

Likewise, there was a time when CPAP was the only treatment for sleep disor-
dered breathing, and the only setting requiring adjustment was the fixed pressure.
Now, there is literally an alphabet soup of positive airway pressure modalities, with
many nuanced settings and features. We know that patients respond differently to
treatment. We also know that certain modes of positive pressure may be harmful in
some diseases. This speaks to the essential nature of understanding the disorder one
is treating.

This book presents several cases of complex sleep-related breathing disorders
along with their treatment challenges and approaches. As the medical director of a
large tertiary academic sleep center servicing over 11,000 patients, I have come to
appreciate the diversity and complexity of sleep-related breathing disorders. Very
few cases are “straightforward OSA,” and understanding this offers the best likeli-
hood for treatment success.

New Haven, CT, USA Christine Won
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Chapter 1
Hypercapnic Obstructive Sleep Apnea

Melanie Pogach and Robert Thomas

Case

Case 1: An example of hypercarbic OSA associated with obesity
hypoventilation

Ms. E is a 51-year-old woman with severe obesity (BMI 49 kg/m?), hypertension
(HTN), poorly controlled type 2 diabetes mellitus (T2DM), gastroesophageal reflux
(GERD), and suspected asthma. She was seen in the pulmonary clinic 10 years prior
for suspected asthma. At that time, she endorsed snoring and daytime sleepiness.
She was provided with a bronchodilator for possible reactive airways and a proton
pump inhibitor to treat GERD, which was felt to be contributing factor to her inter-
mittent dyspnea and wheeze. A sleep study was recommended, but not pursued, and
the patient was lost to follow up.

She represented to the pulmonary clinic for evaluation of several years progres-
sive dyspnea, becoming short of breath (SOB) after walking a few feet and waking
2-3 times at night with SOB and orthopnea. On questioning, she endorsed loud
snoring, witnessed apneas, and excessive daytime sleepiness (EDS). She routinely
slept from 10 PM to 7 AM with multiple awakenings to urinate. She would doze
throughout the day, including when conversing with her family, watching television,
or sitting. She did not drive.

M. Pogach - R. Thomas (P<))

Division of Pulmonary, Critical Care and Sleep Medicine, Department of Medicine,
Beth Israel Deaconess Medical Center and Harvard Medical School, Boston, MA, USA
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She has never smoked, moved to the United States in 2001 from South Asia, and
lives with her husband. They have three grown children and no pets. She works as a
homemaker.

On presentation she was hypoxic, SpO, 83% on room air, improved to 95-96%
on 3LPM nasal cannula. Her blood pressure was 150/100 mmHg. Weight was 300
pounds, height 63 inches. Her physical exam was notable for a modified Mallampati
class IV airway, macroglossia with tongue scalloping, and a thick, short neck of 19
inches circumference. Lungs had decreased basilar breath sounds. Heart had a regu-
lar rate and rhythm with loud, split P2. Her lower extremities had chronic venous
stasis skin changes and 3+ pitting edema bilaterally to the knees. There was concern
for volume overload with a suspected diastolic heart failure exacerbation and/or
pulmonary hypertension as well as probable OSA and possible OHS. She was
admitted to the inpatient medical service for further management.

Her inpatient work-up included:

Transthoracic echocardiogram (TTE) that revealed a mildly dilated right ventri-
cle with borderline systolic function, symmetric left ventricular hypertrophy with
normal global and regional left ventricular systolic function, and borderline pulmo-
nary hypertension. A right heart catheterization that demonstrated mixed pre- and
post-capillary pulmonary hypertension with pulmonary capillary wedge pressure of
21 mmHg. A contrast-induced TTE was also conducted and showed no evidence of
intra or extra-cardiac shunt. Her laboratory values were notable for polycythemia
(hemoglobin, Hgb15.6 g/dL, hematocrit, Hct 50%) and an elevated serum bicarbon-
ate, HCO; (32 mEqg/L). An arterial blood gas (ABG) performed while on supple-
mental oxygen showed pH 7.36/PaCO, 66 mmHg/PaO, 66 mmHg.

Aggressive diuresis was performed. She remained hypoxemic and required 1-2
LPM supplemental O, to maintain her SpO, > 90% during the daytime. She contin-
ued to desaturate with sleep, despite supplemental O,, for which the sleep medicine
service was consulted. Per sleep medicine recommendations, she was started on
empiric auto-bilevel positive airway pressure (BPAP), with EPAP 8; pressure sup-
port, PS 4; and maximum IPAP 20 cm H,O with plan for outpatient sleep study and
sleep medicine clinic follow-up.

A split night polysomnogram (PSG) with transcutaneous carbon dioxide (TcCO,)
monitoring took place (Figs. 1.1 and 1.2).

The baseline portion, limited by the absence of REM sleep, showed severe, supine
dominant hypoxic sleep apnea (apnea-hypopnea index (AHI) 4% 33 events/h, sleep
baseline SpO, was 78-83% with O, nadir 71%, and 20% of the total sleep time spent
<88%). There was evidence of hypercarbia (TcCO, 58—-60 mmHg) and mild transi-
tional instability characterized by post-arousal central apneas, attributed to height-
ened chemosensitivity in the setting of longstanding hypoxia. The titration was
partially successful, with BPAP 14/8 cm H,O improving flow in lateral NREM sleep,
while pressures higher than 19/12 cm H,O were needed in REM sleep. Four LPM O,
was added to PAP, but REM desaturations continued. BPAP 19/13 cm H,O with 6
LPM O, was initiated with recommendation for elevated (head end) or lateral sleep.

After using BPAP for 1 month, the patient returned for an supervised titration
conducted in a lateral position to ensure full optimization of breathing in REM. This
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Fig. 1.1 Hypercapnic obstructive sleep apnea hypnogram. Notable abnormalities are severe sleep
fragmentation and sustained hypoxia even when respiratory events are scarce. Though not in this
figure, there was hypercapnia (see Fig. 1.2) associated with the hypoxia
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Fig. 1.2 Severe hypercapnia and hypoxia during positive pressure (bilevel) titration. The same
patient as in Fig. 1.1. Though sleep is starting to show improved consolidation, there is severe
hypoxia and substantial hypercapnia; this snapshot is from rapid eye movement sleep
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Fig. 1.3 Effect of positive airway pressure treatment on hypercapnic obstructive sleep apnea.
Same patient as in Figs. 1.1 and 1.2, a repeat titration after 1 month of bilevel ventilation. Note the
marked improvement of sleep consolidation, the persistence of slow wave sleep, and REM rebound
and normalization of oxygen saturation and transcutaneous carbon dioxide levels

titration (Fig. 1.3) was successful, with SpO, maintained >90% on 4LPM O, and
BPAP 19/13 cm H,O controlling REM obstruction without destabilizing NREM
breathing control. On BPAP, TcCO, improved (38—-39 mmHg in wake, 37-38 mmHg
during sleep).

The patient has continued to follow in sleep clinic. She has remained BPAP
adherent with excellent clinical response and improvement in daytime alertness.
Figure 1.4 shows Ms. E’s BPAP device modem data from EncoreAnywhere™
(Respironics’ remote server). A repeat ABG (conducted on room air after 2 months
of nocturnal BPAP/O,) showed pH 7.38/PaCO, 57 mmHg/PaO, 47 mmHg.
Polycythemia also improved with Hgb 12.1 g/dLL and hematocrit 38%. The patient
has had no subsequent hospitalizations. She is considering pursuing surgical
weight loss.

Case 2: A unique phenotype of hypercarbic OSA, with coexistence of
obstruction, hypoventilation, and high loop gain pathophysiology

Mr. P is a 59-year-old man with history of obesity (BMI 37 kg/m?), COPD, HTN,
heart failure with preserved ejection fraction (HFpEF), and pulmonary hyperten-
sion. Sleep apnea had been suspected for years, but he was never able to sleep in the
laboratory during prior sleep study attempts and thus went undiagnosed and
untreated. He presented to sleep medicine clinic with EDS and snoring and agreed
to undergo another sleep study. A split-night PSG showed severe sleep apnea with
severe intermittent hypoxia superimposed on baseline hypoxia (wake and sleep)
(AHI 4% 72 events/h, RDI 87 events/h, O, nadir 56%) and hypoventilation
(TcCO, ~ 70 mmHg). There was NREM variable cycle duration events and short
cycle periodic breathing with obstructive features (flow limitation). Sleep hypoxia
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Fig. 1.4 Stable breathing on long-term bilevel ventilation. The same patient as in Figs. 1.1, 1.2,
and 1.3. Stable breathing documented through the online EncoreAnywhere™ system. Each hori-
zontal line is 6 min. Inspiratory pressure is the horizontal red line, expiratory pressure the horizon-
tal blue line (19/13 cm H,0)

was most pronounced during REM with V-shaped oximetry. The addition of supple-
mental oxygen improved but did not eliminate nocturnal desaturations, especially
during REM.

The patient initially refused PAP, but due to repeated hospitalizations for acute
on chronic heart and respiratory failure, he ultimately agreed to treatment and
underwent a titration of BPAP and average volume-assured pressure support with
auto-EPAP mode (AVAPS-AE). He was initiated on AVAPS-AE and oxygen with a
recommendation for side or elevated (head end) sleep, weight management, optimi-
zation of volume status, and smoking cessation. Over time, he experienced clinical
improvement with consistent use of AVAPS-AE. He quit smoking and remained
treatment adherent to his congestive heart failure (CHF) regimen.

A repeat titration of PSGs was pursued to reassess optimal device settings. On
repeat polysomnogram, high loop gain features and of NREM obstructive periodic
breathing was pronounced, evident at baseline (Fig. 1.5) and worse with application
of AVAPS-AE, while CPAP/O, with a non-vented mask (off label CO, modulation)
provided superior control (Fig. 1.6, multistage hypnogram with AVAPS followed by
CPAP titration; Fig. 1.7, NREM CPAP titration). Treatment was changed to CPAP
17 cm H,O with a non-vented mask and 2LPM O, with addition of bedtime acet-
azolamide (125 mg).

His laboratory data improved over time. Prior to treatment with AVAPS-AE, his
daytime ABG (on 4 LPM 0O,) showed compensated respiratory acidosis — pH 7.37/
PaCO, 73 mmHg/PaO, 90 mmHg. Following the CPAP/O,/non-vented mask titra-
tion and use, optimization of CHF, and smoking cessation, hypercarbia on his room
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Fig. 1.5 Polysomnographic phenotype of high loop gain obstructive sleep apnea. Note the short
cycle lengths (less than 30 s) and the free admixture of obstructive and central events, in non-rapid
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Fig. 1.6 Hypnogram of AVAPS followed by CPAP titration. High loop gain signal in a hypercar-
bic patient. The same patient as in Fig. 1.5 and this figure. The clue to a high loop gain is the pattern
of oxygen desaturations — a “band-like” pattern, which occurs only in the presence of high loop
gain and similar respiratory events, which is evident here during the AVAPS portion of the study.
The patient is on their right side during CPAP titration, and despite CPAP 17 cm H,O and supple-
mental oxygen, there is mild hypoxia in REM sleep. The pattern is distinctly different from the
band-like desaturation seen before CPAP therapy

air ABG resolved — pH 7.38/ PaCO, 40 mmHg/ PaO, 72. His serum bicarbonate
similarly demonstrated normalization, decreasing from 40 mEq/L pre-PAP to
24 mEq/L after consistent use. Prior to PAP treatment (and also in the setting of
smoking), he was polycythemic with hemoglobin of 18.8 g/dL. and hematocrit of
60.5%, after smoking cessation and consistent PAP use this resolved — hemoglobin
14.1 g/dL, hematocrit 45.9%.

He has been clinically stable without further hospitalizations.
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Fig. 1.7 Treatment of high loop gain hypercapnic OSA. CPAP, non-vented mask to buffer CO,
fluctuations, and 2 L/min supplemental oxygen added to CPAP. This mask configuration reduces
CO, fluctuations and thus aids in stabilization of respiratory motor output. Though stabilized, the
patient is mildly hypercapnic. Typical high loop gain apnea including idiopathic central sleep
apnea, periodic breathing, and complex/treatment-emergent apnea is as a group hypocapnic. The
coexistence of multiple pathologies such as heart failure and chronic obstructive lung disease
changes the stable state CO, needed to achieve respiratory rhythm stability

Discussion

Hypercapnic obstructive sleep apnea encompasses a variety of sleep apnea pheno-
types which require varied management. Case 1 above illustrates an example of
typical obesity hypoventilation with obstructive sleep apnea, controlled with the use
of BPAP and supplemental oxygen. In contrast, in Case 2 above, the management is
more complicated as the primary disease phenotype evolved over time. Since obe-
sity hypoventilation syndrome is discussed in Chap. 11, our discussion will focus on
hypercapnic OSA with periodic breathing, detailing the background pathophysiol-
ogy and management strategies.

Hypocapnic periodic breathing or central sleep apnea typical of heart failure and
idiopathic central sleep apnea, and hypercapnic central sleep apnea associated with
hypercapnia typical of opioid use or advanced chronic obstructive lung disease are
relatively intuitive and easy to conceptualize. Models of periodic breathing empha-
size the interplay of elevated loop gain and airway collapsibility [1]. Hypercapnic
periodic breathing is not intuitive and opens conflicts with key therapeutic princi-
ples. Specifically, hypocapnic periodic breathing requires targeting elevated loop
gain and minimizing hypocapnia, while hypercapnic syndromes require ventilatory
support and adequate opening of the upper airway. Reducing CO, destabilizes
hypercapnic periodic breathing, but raising CO, further would seem to be undesir-
able in hypercapnic syndromes. How can this conflict be resolved?
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Respiratory Chemoreflexes and Disease

The respiratory chemoreflexes have a profound role in the pathophysiology of sev-
eral disease states. These include congenital and acquired hypoventilation syndromes
[2, 3], obstructive sleep apnea [4], high-altitude illness [5], sympathetic activation in
congestive heart failure, chronic obstructive lung disease, and chronic renal failure.
A profound impact of heightened respiratory chemosensitivity is seen in congestive
heart failure, where the slope of the hypercapnic ventilatory response is increased,
which is in turn associated with sympathoexcitation, periodic breathing, and
increased mortality [6, 7]. In healthy subjects, exposure to hypoxia across durations
of hours to weeks, under natural or experimental conditions, reliably induces
increases in blood pressure, muscle sympathetic activity, and catecholamines [8—10].
The effect of hypoxia can outlast the stimulus duration. Complex time scales of
hypoxic responses have been described, but in conditions such as sleep apnea and
chronic obstructive lung disease, marked sympathoexcitation is the typical result.

Trait Versus State Components of the Respiratory Chemoreflex

There is ample evidence of genetic/trait effects on respiratory chemoreflexes,
although the effects on sleep respiration were not evaluated in many of these reports.
Certain mice and rat strains are highly susceptible (or resistant) to periodic breath-
ing following hypoxic exposure [11, 12]. Several knockout mice have altered (usu-
ally blunted) hypoxic and hypercapnic [13] sensitivity. Evidence in humans include
(1) individual differences in hypoxic ventilatory sensitivity and its correlation with
altitude-induced periodic breathing [14]; (2) familial clustering of chemoreflex sen-
sitivity; and (3) ventilatory instability during sleep onset in healthy individuals
being greater in those with high peripheral chemosensitivity [15].
State effects are also important as evidenced by:

1. Hypoxic ventilatory responses (HVR) change in response to sustained hypoxia
including at altitude.

2. There is increased prevalence of mixed forms of sleep apnea post-stroke in heart
failure, and increased chemoreflex sensitivity in periodic breathing associated
with congestive heart failure or post-stroke [16, 17].

3. A reduction of periodic breathing occurs following cardiac transplantation
[18, 19].

4. An increase of central apneas occurs with age. However, chemoreflexes have
been reported to be reduced in the elderly, so the mechanisms are likely more
complicated.

5. Post-tracheostomy central sleep apnea reduces in severity over time [20, 21].

6. Recent evidence from a dog model of acute pulmonary venous hypertension
suggests that increases in left ventricular end-diastoic pressure (LVEDP) may
reduce CO, reserve [22]. Of possible relevance, systolic and diastolic cardiac
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dysfunction is common in severe sleep apnea [23, 24], but obesity, age, and
hypertension are confounders [25].

7. A 30% overnight increase in chemoreflex sensitivities has been reported in sleep
apnea, while in the non-apnea group, there was a significant overnight reduction in
chemoreflex thresholds (approximately 5%), without changes in sensitivities [26].

8. Changes in hypercapnic ventilatory response (HCVR) (reduced sensitivity) have
been reported following therapy of obstructive but not central sleep apnea.
Reduction in HVR but not HCVR was reported following 4 weeks of positive
airway pressure therapy for obstructive sleep apnea [27], while NREM CO,
reserves improved within a month [28].

The trait vs. state dimension can only be speculated regarding hypercapnic periodic
breathing. When heart failure is present, plausibly the high loop gain is acquired
over a background of abnormal lung and chest wall mechanics, imparting the rhythm
despite elevated CO,. In those rare patients with morbid obesity without chronic
obstructive lung disease or heart failure who show short-cycle hypercapnic periodic
breathing, we suspect the elevated loop gain is probably genetic. Long-term track-
ing will be required to answer these questions. In the case of Mr. P, morbid obesity
with COPD despite uncontrolled HFpEF allowed for the overriding phenotype to
appear as OHS/OSA. Overtime, NREM high loop gain became more pronounced
and required change in PAP mode and addition of strategies to minimize loop gain.

The Importance of Hypocapnia and the CO, Reserve in Central
Sleep Apnea and Periodic Breathing

NREM sleep unmasks a highly sensitive hypocapnia-induced apneic threshold,
whereby apnea is initiated by small transient reductions in arterial CO, (PaCO,)
below eupnea, and respiratory rhythm is not restored until PaCO, has risen signifi-
cantly above eupneic levels. The CO, reserve varies inversely with both plant gain
and the slope of the ventilatory response to reduced CO, below eupnea. The reserve
is highly labile in NREM sleep [29]. Reductions in cerebrovascular responsiveness
to CO, result in a gain in chemoreflex control of sleep breathing and may also play
an important role in mediating respiratory instability during sleep. Both central ven-
tral medullary and peripheral carotid body chemoreceptors are known to mediate
chemoreflex control of respiration. Studies that have tried to dissociate the central
and peripheral components suggest that rapid responses are dependent on the
peripheral chemoreceptors [30-32].

Maintaining steady CO, levels stabilizes sleep respiration. In contrast, high con-
centrations of CO, fragment sleep by inducing arousals secondary to respiratory
stimulation and sympathoexcitation [33, 34]. A key challenge has been delivery of
CO; in a clinically adequate, tolerable, and precise manner. This involves holding
the CO, steady and just above the NREM sleep CO, threshold — protecting the CO,
reserve while maintaining sleep consolidation. A recent study confirmed the



10 M. Pogach and R. Thomas

stabilizing effects of CO, modulation in treating apnea syndromes with a substantial
central component [35]. Thus, keeping the CO, above the NREM CO, threshold is
critical for management of central apnea syndromes regardless of etiology or the
proportion of the phenotype which is centrally mediated.

The addition of a closed volume (dead space) to exhale increases rebreathing of
exhaled air and results in a rapid increase in CO, levels and an increased tidal vol-
ume and respiratory rate. This concept has been used in mechanical ventilation to
reduce hypocapnia for several years, and, more recently, it has been successfully
used to treat central sleep apnea with Cheyne-Stokes breathing in heart failure [34].
Combining hypocapnia minimization with positive pressure is logical, and we have
shown that keeping CO, just above the apnea threshold with the use of dead
space/enhanced expiratory rebreathing space (EERS) is an effective adjunct to PAP
therapy [36]. There is only a small (1-3 mm Hg) increase in inspiratory CO, because
of the positive pressure-induced washout and subtidal volume dead space. The
physiological target for titrations with enhanced expiratory rebreathing space is to
maintain ETCO, at the low normal range for sleep. Dynamic CO, manipulation
(delivery restricted to a specific phase of the respiratory cycle) may, in future stud-
ies, improve on the stabilizing effects of CO, [37].

Hypercapnic periodic breathing seems to respond as well as hypocapnic peri-
odic breathing to CO, stabilization. As these patients are chronically hypercapnic,
holding the ETCO; close to wake levels is well tolerated, as it is the stable level of
exposure for the patient. Dropping the ETCO, by even 2—3 mm Hg in NREM sleep
in hypercapnic periodic breathing patients can markedly destabilize respiration.
For Mr. P., AVAPS mode provided too much ventilatory support, resulting in relative
hypocapnia, while CPAP had minimal impact on NREM ETCO,.

Polysomnographic Recognition of High Loop Gain Sleep Apnea

A key requirement for treatment of hypercapnic periodic breathing is optimal rec-
ognition of high loop gain effects on sleep breathing, beyond pure Cheyne-Stokes
and central apneas. Scoring of respiratory events in sleep apnea patients has tradi-
tionally been biased to an obstructive phenotype, though the recent update of the
2007 AASM guidelines has criteria for scoring central hypopneas and short
sequences of periodic breathing/Cheyne-Stokes respiration [38]. 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 [39], even at simulated alti-
tude [40], 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 [41]. Expiratory
pharyngeal narrowing occurs during central hypocapnic hypopnea [42], directly
supporting the concept that the presence of flow limitation alone cannot be used to
distinguish obstructive and central hypopneas [40]. Treatment-emergent cen-
tral sleep apnea as currently defined requires a central apnea-hypopnea index >5/h
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of sleep with centrally mediated respiratory events constituting >50% of all respi-
ratory events during CPAP titration, in those who do not fulfill criteria for primary
central sleep apnea or periodic breathing on the diagnostic polysomnogram.
However, publications of treatment-emergent central sleep apnea did not score cen-
tral hypopneas or periodic breathing. Thus, we believe that descriptions of low
(<5%) persistence of “treatment-emergent central sleep apnea” are incorrect and
reflect reliance solely on scoring classic central apneas [43, 44]. The guideline for
recognition of “Cheyne-Stokes respiration” require a cycle duration of at least 40 s,
but we have shown that even shorter cycle times in the range of 20-25 s is typical
of NREM-dominant sleep apnea [45], reminiscent of high-altitude periodic breath-
ing. The most characteristic feature of chemoreflex driving is not the morphology of
individual events but NREM-dominance and timing/morphology of sequential
events (nearly identical) in a consecutive series of events [46]. This key concept is
relevant regardless of CO; levels. More regular use of CO, monitoring would be
required to even know the true prevalence of this pattern. As the cachexic heart
failure caricature is replaced by the obese heart failure patient, it should be antici-
pated that hypercapnic periodic breathing will become more prevalent.

Carbonic Anhydrase Inhibition

Acetazolamide, a diuretic and carbonic anhydrase inhibitor, diminishes the ventila-
tory response of the peripheral chemoreceptors to hypoxia, decreases loop gain, and
reduces the ventilatory response to arousals [47-50]. Its efficacy to reduce high-
altitude periodic breathing and associated sleep fragmentation, a model of high loop
gain effects on sleep, is well established. Other biological effects (e.g., aquaporin)
of possible relevance occur [51]. In animal models, it has been shown to lower the
ETCO, apnea threshold and widen the difference between the eupneic and ETCO,
thresholds [52]. Acetazolamide has been used in treating non-hypercapnic CSA or
CSR, in patients with and without chronic heart failure [53]. The drug may convert
those with mixed obstructive and central sleep apnea to mostly obstructive (the
reverse of CPAP-induced central sleep apnea). Acetazolamide has been successfully
used as CPAP adjuncts at high-altitude [54, 55]. Zonisamide [56] and topiramate
[57] have carbonic anhydrase inhibitory effects and could be used in the place of
acetazolamide. New data suggests that the carbonic anhydrase inhibition effects are
not key to reducing carotid body activity [58]. Recent data support a role for acet-
azolamide in improving intermediate outcomes in obstructive sleep apnea, suggest-
ing benefits that may go beyond changes in the apnea-hypopnea index [59].

Acetazolamide is the single most important adjunct we have discovered for
hypercapnic periodic breathing, used as a single 125-250 mg dose 30—60 min prior
to bedtime. The effect is nearly immediate (within an hour) and thus can be tested
in the sleep laboratory itself. The effect is not dependent on renal mechanism and
may involve some combination of central stimulation and direct reduction of carotid
body contribution to loop gain.



12 M. Pogach and R. Thomas

Oxygen as Adjunctive Therapy for Hypercapnic
Periodic Breathing

Supplemental oxygen delivered by nasal cannula during sleep or through a positive
pressure device is well tolerated. In studies in which O, was administered to patient
with OSA, hypoxemia, but not the AHI or sleep quality is improved [60]. In a ran-
domized controlled study of CPAP vs. O, in obstructive sleep apnea in patients with
cardiovascular comorbidity, O, was not beneficial [61], suggesting that merely
improving oxygenation is insufficient. Little is known regarding the effect of oxy-
gen treatment for OSA on long-term cardiovascular risk.

In contrast to its effect in OSA, supplemental oxygen in patients with central
sleep apnea has shown more consistent effectiveness, not only improving oxygen-
ation but often leading to a reduction in the frequency of apneas and hypopneas,
with a reported reduction in AHI of 40-75%. However, effectiveness is typically
partial, and residual sleep apnea and sleep fragmentation are common. Adding oxy-
gen to CPAP [62, 63] may benefit CSA and treatment-emergent CSA via a reduc-
tion in responsiveness of peripheral chemoreceptors and loop gain [64, 65]. A study
in a US Veteran’s population showed benefit in a predominantly CSA population,
but the polysomnographic changes were delayed by as much as an hour or more
[66]. Respiratory event cycles can lengthen with the use of O,. Such a change may
“reduce” the respiratory event index but not imply a true stabilization of respiration.
In heart failure, reduced chemoreflex activation can provide additional benefits, but
overall the likelihood that O, will be effective therapy alone is small. Oxygen ther-
apy may expose the underlying obstructive components and cause a “shift” from
central to obstructive events [67].

When oxygen is used as part of a “cocktail” to treat hypercapnic periodic breath-
ing, there are potential synergistic mechanisms which could be harnessed: (1) elimi-
nating hypoxia and (2) reducing elevated loop gain. Moreover, in the presence of
positive airway pressure treatment, worsening of hypercapnic would not be expected
as long as hyperoxia is avoided.

Adaptive Ventilation for Hypercapnic Periodic Breathing

Assessing therapeutic efficacy during the use of the adaptive servo ventilators
(ASVs) is challenging. The devices provide anti-cyclic ventilatory support [68]; the
flow and effort signals reflect combined patient and ventilator contributions and can
thus give a false sense of success. “Pressure cycling” is a response of an ASV to
ongoing periodic breathing. When pressure cycling persists, sleep fragmentation
can be severe even if respiration is “improved” [69, 70]. This pattern means that the
periodic breathing pathology is ongoing, necessitating the continued pressure
response. When the ventilator enables stable respiration, cycling between the mini-
mum and maximum pressure support zone is minimal. Bench testing of ASV algo-
rithms shows device-specific response characteristics, but stable breathing does not
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occur across a range of simulated central apnea patterns [71]. Long-range home
ASYV data assessment show some degree of persistent pressure cycling in the major-
ity of patients, while the simultaneous device-calculated AHI can be zero or less
than 1, suggesting overestimation of efficacy and underestimating maladaptive out-
comes [72].

ASVs are powerful devices and, if there is patient-ventilatory asynchrony, may
induce hypocapnia, excessive cycling of pressures, arousals, distorted flow patterns,
and physical discomfort [72]. The Treatment of Predominant Central Sleep Apnoea
by Adaptive Servo Ventilation in Patients With Heart Failure (SERVE-HF) study
showed no benefit and increased mortality when an ASV was used in chronic heart
failure patients with reduced ejection fraction [73]. The entry criteria were an ejec-
tion fraction <45% and AHI > 15/h with >50% central events and a central
AHI > 10/h. Hypocapnia, metabolic alkalosis, hemodynamic perturbations, and
excessive sympathetic driving associated with excessive pressure cycling are specu-
lated mechanisms of adverse outcomes [74].

Our limited experience with ASV in hypercapnic periodic breathing is that with
expert manipulation of expiratory pressure support and driving inspiratory pres-
sures, benefits can be obtained, but only in the presence of adjuncts such as acet-
azolamide and stabilizing CO,. The Philips-Respironics BIPAP Auto SV Advanced™
offers somewhat greater customization of pressures and is our more commonly
used ASV device for this group of patients.

Each patient is different and needs to be treated as such. Assuming that every
hypercapnic patient can be optimized with BPAP or AVAPS does not recognize the
biological challenges that such patients can demonstrate. Ms. E was managed with
BPAP/O, for hypercapnic OSA due to OHS/OSA. However, Mr. P, a patient with
HFpEF, COPD, obesity, and chronic hypercarbic respiratory failure, presented with
a different hypercapnic OSA phenotype. In his case, optimal sleep breathing ther-
apy could only be achieved with access to the correct data (PSG, CO,), recognition
of PSG phenotype (i.e., identifying NREM periodic breathing, even when obstruc-
tive), a balanced approach to treatment (i.e., tolerating mild REM hypoventilation
rather than inducing NREM periodic breathing), and the use of adjunctive therapies
(CO, via mask, acetazolamide).

Clinical Pearls

1. Sleep hypercarbia (REM > NREM) typically precedes daytime hypercar-
bic respiratory failure and can be seen in a variety of pathologies related to
the lungs (COPD, ILD), thoracic cage (kyphosis, obesity), and respiratory
muscles (NMD). Medications (sedatives, opioids) can also cause hyper-
carbia, due to suppression of respiratory drive that becomes most pro-
nounced during sleep.

2. Hypercarbic OSA can therefore be seen in patients with comorbid lung
disease, obesity, and NMD and in those who use chronic sedatives or opi-
oid medication.
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3. Hypercarbic OSA encompasses a variety of sleep apnea phenotypes.
While obstruction is the most common, mixed obstruction and high
loop gain physiology with NREM periodic breathing can also occur.
Opioid-related dysrhythmic breathing and chronic heart failure induced
high loop gain features can coexist with hypercarbic OSA. These combi-
nations are more challenging to optimize and require attention to treat-
ments that target breathing control in addition to those that attenuate
airflow obstruction. Appropriate PSG phenotype recognition is key, as is a
balanced approach to treatments and understanding of treatment conflicts.
Adjunctive therapies are often needed, including off-label use of acetazol-
amide and/or application of small amounts of rebreathing space (CO,
modulation). CPAP may be superior to BPAP or AVAPS in some cases (as
shown in Case 2). Adaptive ventilation (in non-HFrEF conditions) can also
be considered.

4. To diagnose and properly manage hypercarbic OSA, PSG and nocturnal
CO, data is required. Baseline daytime ABG is also recommended.

5. The appropriate mode of nocturnal positive pressure support is based on
assessment of sleep ventilation data with attention to OSA phenotype as
well as underlying pathology, severity of hypercarbia, and/or nocturnal
hypoxemia.

6. Over time, sleep breathing pathophysiology can evolve and change, also
potentially impacting optimal therapy. As demonstrated in the two case
examples, improvements in baseline hypercarbia and polycythemia may
be seen with treatment adherence.
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Chapter 2
Central Sleep Apnea and Opioid Use

Jeremy E. Orr and Robert L. Owens

Case

A 65-year-old man was admitted to the hospital following an endoscopy with sus-
pected aspiration pneumonia. He was obese (BMI 33 kg/m?) and had been diag-
nosed with obstructive sleep apnea (OSA). He had used continuous positive airway
pressure (CPAP) in the past but stopped 2 years ago. He also had a history of chronic
pancreatitis, Whipple surgery, and chronic pain managed with an intrathecal pain
pump and oral opioids. In the hospital he was found to have decompensated hyper-
capnia and hypoxemia requiring admission to the intensive care unit. Subsequently
he was transitioned to the medical ward, where continuous supplemental oxygen
was continued, and he was started on nocturnal bilevel positive airway pressure
(bilevel-S), with an inspiratory positive airway pressure (IPAP) of 10 and expiratory
positive airway pressure (EPAP) of 5.

After discharge, the patient was subsequently referred to sleep clinic. On evalu-
ation, he endorsed sleep fragmentation and daytime sleepiness and had not felt any
improvement with bilevel, with use averaging >5 h per night. His medications
included baclofen 10 mg PO TID, sertraline 100 mg PO daily, doxazosin 8 mg PO
daily, morphine 30 mg PO q6hrs as needed for pain (using 2-3 times per day), intra-
thecal dilaudid at 9 mg per day, testosterone gel 5 grams topical daily, and pancreli-
pase with meals. A polysomnogram with bilevel titration was ordered and revealed
central sleep apnea (CSA). Results of the study are shown in Fig. 2.1. Given the
failure to control his sleep-disordered breathing and in the absence of any contrain-
dication (i.e., decreased ejection fraction), the patient then underwent titration with
adaptive servo-ventilation (ASV), the results of which are shown in Fig. 2.2.
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Fig. 2.1 Titration study. Panel (1) — patient while using bilevel-S, with settings of IPAP 15, EPAP
11. Note regularly irregular breathing pattern with persistence of central apneas. Panel (2) —
bilevel-S pressures were later down titrated to IPAP 8 and EPAP 4, with persistence of central
apneas and more irregularity. Panel (3) — patient switched to CPAP, set at 6. Note improvement in
central apneas but increased irregularity of respiratory rate and tidal volume (i.e., “ataxic” pattern).
C3M?2 electroencephalogram, C Flow volumetric flow, THO thoracic excursion, ABD abdominal
excursion, Sp0, oxyhemoglobin saturation (%), IPAP inspiratory positive airway pressure, EPAP
expiratory positive airway pressure
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Fig. 2.2 Repeat titration study. Panel (1) — patient using adaptive servo-ventilation, with persis-
tence of unstable breathing and central apneas. Note large fluctuations of IPAP, with highest IPAP
levels coinciding with hyperpneic phase, potentially perpetuating instability. Panel (2) — patient
remains on adaptive servo-ventilation, with eventual stabilization of breathing. Note minimal IPAP
pressure changes once breathing has stabilized. C3M2 electroencephalogram, C Flow volumetric
flow, THO thoracic excursion, ABD abdominal excursion, SpO, oxyhemoglobin saturation (%),
IPAP inspiratory positive airway pressure, EPAP expiratory positive airway pressure
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He was subsequently started on ASV at home. At 3-month follow-up, he noted
greatly decreased awakenings from sleep and substantially improved energy during
the day, although his sleep remained disrupted by pain, and he was taking naps on
most days. Given his ongoing supplemental oxygen use, nocturnal oximetry was
performed, with saturation <89% for 1 h and 51 min. He was weaned off daytime
oxygen and maintained on 2 L/min via his ASV device at night. Pulmonary workup
was notable for mild restrictive lung disease attributed to left hemidiaphragm eleva-
tion. Over the ensuing several months, his sleep continued to improve, and compli-
ance continued to rise, currently averaging >6 h per night. He was followed by his
pain specialist and weaned down on his intrathecal dilaudid to 5 mg daily and using
morphine less frequently.

Discussion

Introduction

Chronic opioid use has increased over the past several decades, measured by a num-
ber of different metrics [1, 2]. There are likely multiple factors that have driven this
increase, including extrapolation of safety and efficacy from small studies and an
influential report that suggested that pain was undertreated and opioids underuti-
lized [3, 4]. Unfortunately, this increase in opioid prescriptions has come with sub-
stantial downsides. There has been a concurrent increase in illicit opioid use and
dependence, likely fueled in part by wide availability of diverted prescription opi-
oids, and the legitimate use of opioids which may play a role in the pathway toward
abuse among certain individuals. Respiratory complications have been prominent;
opioid-induced respiratory depression contributed to over 42,000 drug-related
deaths in 2016 [5]. Although many of these deaths are due to illicit abuse, those
using opioids even as prescribed may also be affected. Beyond the fatal or nearly
fatal respiratory depression events that may occur in patients using opioids, evi-
dence has also shown that the respiratory effects of chronic opioid use may lead to
the development of opioid-induced central sleep apnea (O-CSA), a condition which
presents a number of challenges for clinicians.

There are major efforts underway to decrease the use of opioids for the manage-
ment of chronic pain and to counteract abuse of opioids. However, for those with
prior opioid abuse or pain-related indications, a substantial proportion of individu-
als are managed with chronic opioid maintenance (including methadone, Suboxone,
and intrathecal opioids), rather than complete cessation. As such, although O-CSA
improves with dose reduction or abstinence, it is likely that chronic opioid use with
resulting central sleep apnea will continue to be encountered commonly in clinical
practice.
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Diagnosis

Central sleep apnea due to opioids is classified by the International Classification of
Sleep Disorders, third edition, as a form of “Central sleep apnea due to a medication
or substance” [6]. The diagnostic criteria are listed below:

1. Polysomnography demonstrates five or more central apneas or hypopneas per
hour of sleep.

2. The number of central apneas or hypopneas is greater than 50% of the total num-
ber of apneas and hypopneas.

3. The presence of signs or symptoms, including sleepiness, insomnia (difficulty
initiating or maintaining sleep, frequent awakenings, or non-restorative sleep),
awakening with shortness of breath, snoring, or witnessed apneas.

4. The patient is taking an opioid medication.

Beyond these diagnostic criteria, O-CSA can often be recognized by a character-
istic breathing pattern, which is erratic in nature and is classically described as
“ataxic” (case example — Fig. 2.1). This pattern was originally described in 1876 as
Biot’s respirations, a pattern encountered in those with severe brain injury. Changes
in ventilation are abrupt, lacking the crescendo-decrescendo pattern seen in Cheyne-
Stokes respirations. In practice, the regularity of breathing can be variable; some
patients demonstrate highly irregular respiratory rates, while others are more “regu-
larly irregular,” in some ways similar to consistent cardiac arrhythmias (e.g., 3:2
atrial flutter). While the duration of apneas/hypopneas and ventilation/hyperpneas is
variable, the average overall cycling time (i.e., mean duration of each apnea/hypop-
nea plus subsequent ventilation/hyperpnea) is not prolonged, generally in a similar
30—40-second range seen in idiopathic CSA. The overall mean respiratory rate may
be low, and blood gas abnormalities (in both sleep and wake) such as hypercapnia
and sustained hypoxemia can be seen [7-9] (Fig. 2.3).

There are a few caveats regarding the diagnostic testing of O-CSA. Although the
American Academy of Sleep Medicine (AASM) provides criteria for the scoring of
hypopneas, in practice there can be substantial uncertainty in identification. With
severely ataxic breathing and frequent arousals, a baseline level of ventilation by
which to compare suspected events can be difficult. In addition, differentiating cen-
tral from obstructive hypopneas relies on indirect measures of upper airway obstruc-
tion such as snoring, flow limitation, and respiratory effort dynamics. Gold-standard
techniques for measuring central versus obstructive events rely on esophageal or
epiglottic pressure measurement throughout sleep, which is not practical in the clin-
ical setting. As such, categorizing hypopneas as central versus obstructive is consid-
ered optional by the AASM, and in our experience, many sleep laboratories simply
report “hypopneas,” which are not included in the central events index. Effectively,
this may lead to an underdiagnosis of CSA, as substantial central apneas would
need to be present in order to meet diagnostic criteria. Metrics to quantify ataxic
breathing have been reported in research but are not validated for clinical diagnostic
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Fig. 2.3 Diagnostic polysomnography in a 77-year-old woman with chronic opioid use (oral oxy-
codone 5 mg every 6 hours as needed and intrathecal morphine pump). Shown during NREM
sleep. (Left panel) The patient has very low baseline saturation with occasional desaturation and
severe baseline hypercapnia. Note the bradypnea and irregularity of rate and tidal volume but
absence of respiratory events meeting AASM criteria. (Right panel) After starting supplemental
oxygen at 1 L/min. 5-min window from NREM sleep. Note improvement in saturation but slight
worsening of bradypnea and hypercapnia. Also, respiratory irregularity persists. C3M2 electroen-
cephalogram, P Flow nasal pressure, THO thoracic excursion, ABD abdominal excursion, SpO,
oxyhemoglobin saturation (%), TCO, transcutaneous carbon dioxide tension (mm Hg)

use. In our case example (Fig. 2.1, right panel), ataxic breathing is noted throughout
the window; the presence of one central apnea does not capture the severe breathing
abnormalities.

A separate point is that current diagnostic criteria require the use of in-laboratory
polysomnography. Based on factors such as advances in technology, increases in
patient numbers, and changes to reimbursement, the use of home sleep apnea testing
(HSAT) has greatly increased over the past decade. AASM recommends HSAT only
for suspected obstructive sleep apnea. Prior studies in patients with heart failure
suggest variable performance of HSAT for the diagnosis of CSA [10, 11]. Potential
issues with HSAT in this population include aforementioned challenges with scor-
ing hypopneas with ataxic breathing, pain-related sleep disruption that will tend to
lead to underestimates of severity, and more universal issues such as improper
device application. In the absence of data specifically examining the diagnostic per-
formance for O-CSA and a potential lack of coverage for subsequent treatment,
HSAT is not currently recommended. However, it is common in clinical practice to
encounter patterns suspicious for O-CSA given the proliferation of HSAT (Fig. 2.4).
In our case, HSAT may have enabled earlier consideration for O-CSA during his
initial inpatient hospital stay.

In patients with a breathing pattern consistent with O-CSA, with an appropriate
opioid use history, and without other clinical indications, we do not recommend
other testing (e.g., MRI of the brain) to evaluate for other causes of CSA.
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Fig. 2.4 Home sleep apnea testing on a hospitalized patient who was observed by nursing to have
pauses in breathing and desaturation. Use of portable sleep apnea testing device may have some
use as a screening tool for O-CSA

Epidemiology and Risk Factors

The prevalence of central sleep apnea of all types is poorly described, but among
those receiving chronic opioids, it has been reported to be variable but generally
high [8, 12]. In a US veterans population, the most common cause of CSA was
O-CSA - even more common than Cheyne-Stokes respiration pattern seen in con-
gestive heart failure. Some retrospective studies have attempted to quantify the
effect of opioids on the central apnea index and observed a modest effect [13], but
these studies are from clinic referral populations and thus unlikely to reflect the true
CSA prevalence in opioid patients.

Beyond the general association with chronic opioid use, there are a number of
factors that appear to determine whether an individual will develop CSA. At pres-
ent, there are no guidelines that recommend screening specific populations of opi-
oid users for the presence of O-CSA.

Dose The strong dose dependency of CSA has been clearly illustrated in several
studies. A retrospective study comparing a cohort of patients using chronic opioids
with patients on non-opioid medications demonstrated a significant increase in cen-
tral apnea index for each 100 mg daily morphine equivalent increase [14]. Almost
all patients taking 200 mg morphine equivalents or above had ataxic breathing, ver-
sus about half in those using lower doses. Nonetheless, there has been an inconsis-
tent relationship between plasma levels of opioid and presence or severity of CSA,
suggesting additional factors play a role.
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Opioid Agent The prevalence of CSA may differ among patients receiving differ-
ent opioid agents, which is likely to be due to structural differences with associated
specific pharmacokinetic and pharmacodynamics properties. Methadone has been
most consistently implicated in the development of CSA [15]. However, studies of
other opioids may be underpowered, and a high prevalence of O-CSA has been
reported in patients using other opioids such as buprenorphine/naloxone [8].
Although data is confined to clinical experience, patients using intrathecal opioids —
such as in our case example — can also develop O-CSA.

Concurrent Medications Commonly co-administered medications may include
benzodiazepines, non-benzodiazepine sedative-hypnotics, trazodone, and other
psychoactive medications. These medications are known to have potential effects on
sleep-disordered breathing pathogenesis, including respiratory drive and propensity
to arousal from sleep [16]. Benzodiazepines have been shown to contribute to CSA
among those taking opioids, although it is unclear whether the effect is additive or
interactive [15]. As such, a comprehensive review of other medications used by
patients is important. In our patient, concomitant use of baclofen may be a contrib-
uting factor.

Possible Other Factors Surprisingly, there have been little data comparing the
effect of biological sex on the development of CSA due to opioids. Women demon-
strate lower chemoreflex sensitivity than men, which translates to a lower risk of
other CSA etiologies, including high altitude CSA [17] and Cheyne-Stokes respira-
tions [18]. Given similarities with the pathogenesis of O-CSA, one might speculate
a lower risk in women than men. It is likely that genetic variability in components
of the opioid metabolism or respiratory control system plays a role in the develop-
ment of O-CSA among certain individuals [19].

Pathogenesis

The most prominent effect of opioids relates to the effect on respiratory rhythm
generation, consistent with the abnormal pattern of breathing observed in CSA due
to opioids. Animal models have convincingly shown that collections of neurons
within the ventrolateral medulla (termed the pre-Botzinger complex) are responsi-
ble for inspiratory rhythm generation. These pre-Botzinger neurons express mu-
opioid receptors, activation of which attenuates their action potentials to
sub-threshold levels [20]. On the other hand, expiratory neurons within the ret-
rotrapezoid nucleus appear to be unaffected; these integrated effects lead to the
observed irregular but chronically stable breathing. From the standpoint of overall
ventilatory control, chronic opioid use appears to be associated with a reduction in
the hypercapnic ventilatory response and increase in the hypoxic ventilatory
response [21]. The net effects contribute to overall control system instability, as well
as commonly observed hypercapnia and hypoxemia (which themselves can further
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promote instability) [9]. A schematic of the potential effect of opioids on respiratory
control is shown in Fig. 2.5.

Opioids may have an effect on upper airway dilator muscle activity, although the
clinical impact appears to be minimal. In vivo and in vitro models have shown opi-
oids to suppress output from the hypoglossal nucleus [22, 23]. Although upper air-
way collapse has been observed during acute opioid administration [24], both
cross-sectional studies and opioid withdrawal studies have consistently shown little
effect on severity of OSA or obstructive respiratory events [12, 13, 25]. Although
the reasons are unclear, activation of upper airway dilator muscles by hypercapnia
and hypoxemia commonly observed in these patients may offset any central hypo-
glossal depression [26].

Higher brain centers;
Arousal from sleep

Pneumotaxic center
Subparabrachial
Pons— Pontine nucleus
respiratory group | Medial parabrachial
nucleus

Apneustic center
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Fig. 2.5 The primary effect of chronic opioids appears to be an inhibition of the pre-Botzinger
complex, leading to irregular respiratory rhythm generation. Resulting low O, levels may lead to
increased responses in the carotid body and nucleus tractus solitarius (NTS), augmenting hypoxic
ventilatory responsiveness. Blunted responses to CO, are noted, along with elevated CO, levels in
many individuals, although the level of this inhibition is unclear. Finally, it has been speculated that
opioids may suppress arousal responses from sleep. O, oxygen, CO, carbon dioxide
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Consequences

There are few studies examining the impact of CSA due to opioid use. Based on the
shared manifestations of sleep disruption and oxyhemoglobin desaturation, the
effects of O-CSA might be similar to those from other forms of CSA and from
OSA, which includes cardiovascular and cerebrovascular morbidity, and metabolic
syndrome. The presence of hypercapnia and sustained hypoxemia in many O-CSA
may carry a risk of respiratory decompensation during medical illnesses or post-
operatively. Notable other potential adverse effects include:

Neurocognitive Effects Excessive daytime sleepiness has been associated with
opioid use but not specifically with O-CSA [9]. Similarly, withdrawal of opioids did
not appear to decrease excessive sleepiness in one study, although residual sleep
apnea remained present in most patients [25]. Nonetheless, compared to healthy
controls, patients with O-CSA have substantially worse performance in psychomo-
tor vigilance testing, a well-validated measure of attention, with the severity of
impairment strongly correlated with severity of CSA [9].

Mortality The effect of O-CSA on mortality has not been well-examined. Data
broadly examining the risk of chronic opioid use has not identified the presence of
cardiorespiratory disorders in general to be a risk factor for mortality, although sam-
ple sizes in this group were small, and CSA was likely to be underdiagnosed [27].

Pain Potentially relevant for this population, sleep disruption and intermittent
hypoxemia have been implicated in heightened pain sensitivity [28]. In our case
example, it is notable that his opioid requirements were able to be weaned following
effective ASV treatment and improvement in sleep continuity.

Treatment

The mainstay of therapy for O-CSA is a reduction in opioid dose to a level that
minimizes or resolves respiratory events. However, this strategy is clearly not real-
istic for every patient, as in our case example. Alternative strategies include treat-
ment with positive airway pressure devices. These interventions have only been
assessed in physiological or short-term studies; long-term data regarding treatment
of O-CSA is lacking. Furthermore, it is unclear which treatments might be effective
in which patients; phenotyping techniques such as those used in patients with OSA
are needed for personalizing treatment. Available therapeutic options are shown in
Table 2.1 and include:

1. Reduction in opioid dose: Given the strong relationship between opioid dose and
the development of CSA, opioid de-escalation is an appealing treatment strategy.
Complete cessation of opioids results in the resolution of CSA, although clearly
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Table 2.1 Comparison of different treatment strategies for O-CSA

Treatment Description Benefits Downsides Notes
Opioid dose | Stopping or reducing | Highly effective | Not realistic in Unclear what
reduction dose of opioids, many patients degree of dose
often under guidance reduction is
of pain or addiction needed due to
specialist probable
non-linear effect
CPAP Continuous positive | Inexpensive Unlikely to be Not commonly
pressure via nasal/ | Simple to use effective in most | used but may be
oronasal mask, as patients preferable in more
used for OSA resource
constrained
settings
Supplemental | Often started in Simple to titrate | Potential for Not recommended
oxygen hospital or sleep worsening but encountered in
laboratory settings hypercapnia and | practice due to
when baseline persistence of under-recognition
saturation is low. respiratory events | of O-CSA. Some
Home use requires patients may feel
concentrator or tanks they need oxygen
Bilevel-ST Applies inspiratory | Effective at Relatively Older modality but
and expiratory correcting complex titration |remains a mainstay
pressure, along with | hypoventilation | May not be of therapy for
a backup respiratory effective at some patients
rate if apnea is controlling
detected apneas
VAPS Similar to May be most Newer mode with | Newer modality,
bilevel-ST, but varies | effective for less familiarity not reported in the
inspiratory pressure | control of Relatively literature for
to achieve a target hypoventilation | complex titration | O-CSA
ventilation May be better at
controlling
events than
bilevel-ST
Adaptive Similar to above, but | Most effective at | Does not correct | Often considered
Servo- varies inspiratory controlling hypoventilation | first-line treatment.
ventilation pressure to maintain | apneas Highly effective
patient’s current for many patients
average ventilation
AMPAkines | Drug that potentiates | Highly Not FDA Unclear plans for
the effect of the encouraging approved further
neurotransmitter preliminary data development

glutamate, which
may counteract
opioid effects on
brainstem
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not all patients are able or willing to do so [25, 29]. The effect of reductions in
opioid dose is less established. For example, it is unclear if halving the dose
leads to a halving of CSA severity. The observation of particularly high CSA
prevalence at morphine-equivalent doses above 100-200 mg/day might point to
a threshold or non-linear effect [25, 14].

. Continuous positive airway pressure: Although often thought of as a therapy for
OSA, CPAP demonstrates some effect for the treatment of CSA, likely due to its
effects on increasing lung volumes, improvement in oxygenation, and possibly
washout of anatomic dead space, which may reduce hypercapnia. Nonetheless,
the effectiveness for O-CSA is variable [30]. In one study, CPAP was effective in
54% of patients as first-line therapy [31]; however other studies have found a
much lower effect, including no impact at all.

. Supplemental oxygen: Supplemental oxygen has been shown to improve other
forms of CSA, as well as certain patients with OSA. Although many patients
with O-CSA exhibit severe desaturation and even daytime hypoxemia, the use of
supplemental oxygen alone may not be appropriate based on the risk of hypoven-
tilation, present in 45% of subjects by one estimate [9] (Fig. 2.3). Supplemental
oxygen added to CPAP has been reported as a strategy for some patients [31],
although longer-term outcomes are not established.

. Non-invasive ventilation: The goal of ventilation is to stabilize breathing by pre-
venting the development of apneas and potentially to augment ventilation. There
are two types currently in use:

(a) Bilevel ventilation with backup rate (bilevel-ST): Bilevel ventilation can be
applied via a nasal or oronasal mask via a bedside device, similar to standard
CPAP. Due to the presence of central apneas, a backup rate is needed; in our
case example (Fig. 2.1), the use of bilevel without a backup rate may even
worsen central apneas. Variable efficacy is reported; some studies have
shown excellent response rates [32], while others demonstrate modest
responses [33]. Given the complexity (i.e., settings for backup rate, trigger,
cycle, and inspiratory times), the clinician, technologist, and sleep labora-
tory must be familiar with this modality. Volume-assured pressure support
(VAPS) is a bilevel-ST modality that uses an algorithm to continuously
adjust pressure to a target ventilation. This technology may offer some
advantages to bilevel-ST but has not been examined in O-CSA.

(b) Adaptive servo-ventilation: ASV is a bilevel-ST non-invasive ventilation
device in which an algorithm adjusts the pressure support on a breath-to-
breath basis, targeting a moving time-average ventilation (based on the
patient’s device-observed ventilation). The pressure support attenuates
apneas and hypopneas, which thereby reduces subsequent ventilatory over-
shoots and ultimately eliminates ventilatory instability (case example —
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Fig.2.2). Most devices now incorporate an automatically adjusting expiratory
positive airway pressure to stabilize the upper airway. Some studies of ASV
have found suboptimal efficacy [7, 34], but a more recent study found reso-
lution in all subjects [30]; differences might relate to advances in technology
or severity of underlying CSA. Single night studies have found ASV to be
superior to bilevel-ST in controlling the apnea-hypopnea index and with
improvement in subjective sleep quality [33]. Of note, ASV would not be
expected to improve hypercapnia, unless the minimum pressure support set-
tings are high enough to augment ventilation.

Novel pharmacologic agents: Respiratory stimulants were previously used clini-
cally in other conditions including chronic obstructive pulmonary disease, with
limited efficacy and prominent side effects. Recently, a new class of compounds
called AMPAkines have been investigated for the treatment of respiratory depres-
sion. These compounds modulate the AMPA receptor, lowering the threshold for
activation by glutamate, its endogenous ligand. Animal studies have shown
improvement in firing rate of mu-receptor agonist-treated pre-Botzinger complex,
as well as reversal of opioid-induced depression of respiratory rate. A phase Ila
study in humans demonstrated that an AMPAKkine prevented acute opioid-induced
reductions in respiratory rate and carbon dioxide responsiveness, without an effect
on heat pain tolerance [35]. Nonetheless, clinical data in central sleep apnea is not
currently available, and these compounds are not yet FDA-approved.

Complex Sleep Apnea Due to Opioids

Although many patients with O-CSA have central apneas on diagnostic PSG, in
others, central events only emerge following CPAP treatment for OSA [32]. This
has been termed complex sleep apnea or CPAP-emergent sleep apnea, and while not

every complex CSA is due to opioids, O-CSA should be a consideration when
encountering residual or worsened respiratory events following the start of CPAP. In

our case with a reported history of OSA, CPAP titration was associated with central
apneas (Fig. 2.1).

Clinical Pearls

1. Opioid-induced central sleep apnea should be suspected in those using
higher doses of any opioid, including intrathecal and partial opioid agonist
preparations, and when concurrent sedatives are being used.

2. Although the consequences of O-CSA are not well established, diagnostic
workup should be considered for those using opioids in the following sce-
narios: (1) unexplained hypoxemia or hypercapnia, (2) sleep-related com-
plaints, (3) co-morbid cardiovascular/cerebrovascular or metabolic disease,
and (4) as an adjunctive strategy to opioid reduction.
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3. Reduction of opioid dose (and ideally complete cessation) is the mainstay
of therapy for O-CSA. If not achievable, treatment with adaptive servo-
ventilation, or alternatively bilevel-ST therapy, can be effective but requires
familiarity on the part of the clinician and sleep laboratory.

4. O-CSA may be a reason for emergent central apneas in the OSA patient

started on CPAP. A thorough medication and substance use history are thus
needed in all such patients.
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Chapter 3
Sleep Apnea and Stroke

K. Nicole Mims and Douglas B. Kirsch

Case Presentation

An 80-year-old gentleman presents for evaluation of sleepiness. His symptoms
started many years ago, and he was diagnosed with obstructive sleep apnea (OSA)
initially in the 1980s. He started continuous positive airway pressures (CPAP) at
that time and continued to use CPAP with a full-face mask at a pressure of
14 cmH,0. He uses CPAP nightly. He has noticed increased awakenings in the last
several months and wonders if the machine is working adequately. He also hasn’t
received CPAP supplies in over a year. He feels less rested in the morning now than
when he first started CPAP. His wife notices that he dozes more frequently during
the day. She describes him as having a “button in his butt” so that when he sits
down, he “shuts off”” and falls asleep. She restricts him from driving because of his
propensity for falling asleep while sitting. He doesn’t use sleep aids. He denies
complaints of leg movements or leg discomfort, vivid dreams, or dream enactment.
His son and daughter are also concerned about his memory over the last few years.

Notably, his past medical history includes coronary artery disease, atrial flutter,
hyperlipidemia, and diabetes. He also had a left pontine stroke approximately
18 months prior to his visit. He has minimal residual weakness from the stroke,
including no dysphagia or dysarthria.

His most recent sleep study from 2009 revealed an overall apnea-hypopnea index
(AHI) of 54 events/h. He had 20 mixed apneas and 7 central apneas; most of the
respiratory events were obstructive apneas and hypopneas. His oxygen nadir was
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70%. The periodic limb movement index was 0O events/h. He received a CPAP with
a pressure of 14 cmH,0, and his CPAP download from 3 years ago showed an AHI
of 4 events/h on the machine. However, the download from his current visit showed
an AHI of 42 events/h on the same settings. Central apnea data could not be ascer-
tained on the device download, due to the era of the machine.

His machine was capable of auto-titration positive airway pressure (APAP), so
his settings were changed to 5-20 cmH,0. The following 30-day download showed
an AHI of 45 events/h. His pressure was then changed to 10 cmH,0O with little
change in download-reported AHI. An in-laboratory titration study was ordered,
testing CPAP pressures between 5 and 18 cmH,O and bilevel positive airway pres-
sure (BPAP) pressures between 8/5 and 18/14 cmH,0O. All pressures were ineffec-
tive due to persistent obstructive and treatment-emergent central apneas. A
representative selection of the polysomnogram can be seen in Fig. 3.1. At this
point, a BPAP to adaptive servo-ventilation (ASV) titration was ordered showing
inadequate BPAP pressures and improvement with the ASV pressure tried. An
ASV device was ordered at that time with settings of expiratory pressure (EPAP)
minimum of 8 cmH,0, EPAP maximum of 25 ¢cmH,0, maximum pressure of
25 ¢cmH,0, pressure support minimum of 0, and pressure support maximum of
14 cmH,0O with auto-backup breathing rate. On ASV, his AHI reduced to seven
events/h (as seen in Fig. 3.2). After starting ASV, he noted improvement in his
sleep quality, and he felt more rested upon awakening. His wife also noticed he
was less drowsy during the day and didn’t doze when sitting down. He tolerates the
ASV pressures well.
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Fig. 3.1 In-lab polysomnography demonstrating central apneas while on PAP therapy
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Average EPAP 6.2 cmH20

Average Pressure Suppont 3.6 cmH20
20% of the ime device EPAP pressure was <= 6.5 cmH20
90% of the ime device Pressure Support was <= 8.1 cmH20
Average Percent of Night in Periodic Breathing 17.5%
Average Time in Large Leak Per Day 0 secs.
Average Percent Night in Large Leak 0.0%
Avernge Broath Rate 16.5 bpm
Avernge Minute Vent 57
Average AHI 70

Fig. 3.2 Download data from ASV demonstrating adequate therapy with pressure settings
Discussion

Sleep-disordered breathing (SDB) is very common in pre- and post-stroke patients
and is often obstructive in nature [1]. In patients who have had a stroke, the preva-
lence of sleep-disordered breathing is estimated at 38% for AHI > 20 events/h and
72% for AHI > 5 events/h, with only 7% having central sleep apnea (CSA) [2]. The
prevalence of OSA may be higher in more severe strokes; for example, a study that
prospectively evaluated sleep apnea in patients receiving thrombolysis for stroke
found that 96% of patients receiving thrombolysis had an AHI > 5 events/h [3]. The
occurrence of CSA and Cheyne-Stokes breathing (CSB) varies depending upon the
timing after stroke [4]. A few studies have shown that in the initial days after a
stroke, CSB is frequent. Risk factors for CSB post-stroke include older age, stroke
severity/size, and left ventricular dysfunction [5]. More often, immediate post-
stroke patients present with complex SDB involving a combination of obstructive
and central respiratory events. The evolution of SDB following a stroke is unclear.
CSA has been described to improve within 3 months after an acute stroke [6, 7];
OSA has been described to either remain stable [2] or to decrease in severity with
time [8].

Pathogenesis

Stroke may cause or worsen pre-existing SDB through several mechanisms. These
include dysfunctional upper airway neuromuscular control, respiratory muscle
weakness due to supra- or infra-tentorial strokes, and altered ventilatory stability or
carbon dioxide (CO,) sensitivity in patients with medullary or other brainstem
lesions [9]. Other factors could also contribute to SDB, including hypoxemia due to
atelectasis, paralysis, forced supine position, medications, and sleep fragmentation
due to stress or pain. As many as 40% of ischemic stroke patients have pharyngeal
muscle and hypoglossal nerve dysfunction, which may contribute to upper airway
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obstruction [10]. Furthermore, stroke patients are often forced into prolonged supine
body position, which may exacerbate positional OSA in 25% of stroke patients [11].

The literature on stroke size and location and the occurrence of SDB is limited
and mixed. The medulla oblongata plays a primary role in respiratory control
through central chemoreceptors that affect respiratory loop gain. Lesions to the
respiratory centers within the medulla have shown to decrease chemosensitivity
during wakefulness and sleep and may contribute to SDB [9]. Those with infra-
tentorial lesions of the brainstem and cerebellum have greater AHI than those with
cortical strokes [12]. Likewise, another study showed greater CSA and nocturnal
desaturations in those with brainstem compared to cortical strokes [13]. In contrast,
Siccoli et al. found that patients who have total anterior circulation strokes have
greater AHI (with 40% of AHI comprised of CSA) than infarcts to other brain
regions [5]. Strokes in the pons, a part of the midbrain, was also noted to be associ-
ated with high AHI, but with only 12% of events consisting of CSA. Cerebral
edema, regardless of lesion location, may also contribute to occurrence of SDB by
precipitating hypocapnia and unstable loop gain. These studies support a central
process to the pathogenesis of sleep-disordered breathing. However, it is probably
too early to conclude any association between stroke size/location and SDB; this
information does not reliably inform us of the optimal mode of therapy for a par-
ticular patient.

Assessment and Diagnosis

SDB after stroke is considered as a potential modifiable risk factor. Patients suffer-
ing from OSA in neurologic rehab after stroke show more cognitive impairment in
attention, executive functioning, visual perception, psychomotor ability, intelli-
gence, and neurological status and activities of daily living [14]. OSA also contrib-
utes to cardiovascular stress and morbidity and mortality via multiple modalities
including hypertension, increased inflammation, endothelial damage, and arrhyth-
mias. Based on strong evidence of reduced cardiovascular burden when sleep apnea
is treated, the American Heart Association (AHA) and American Stroke Association
(ASA) recommend patients who have had a stroke and/or transient ischemic attack
(TTA) with symptoms suggestive of sleep apnea undergo a sleep study for evalua-
tion of sleep-disordered breathing [15].

In an American Academy of Sleep Medicine (AASM) practice guideline from
2017, polysomnography instead of home sleep apnea testing was recommended to
diagnose patients with significant medical comorbidities including history of stroke
[16]. This recommendation was based on lack of data supporting adequate diagno-
sis in patients with comorbidities and history of stroke.

In the patient case, initial diagnostic testing was completed prior to patient’s
stroke. However, the patient’s APAP data download post-stroke indicated insuffi-
cient efficacy of positive airway pressure (PAP) therapy. A repeat PAP therapy titra-
tion is the most appropriate next step to determine appropriate pressure settings and
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further evaluate non-obstructive breathing difficulties. Repeating a diagnostic study
would have limited clinical usefulness since there is little question the patient has
sleep-disordered breathing. In some patient cases, reported efficacy by AHI-based
download can be inaccurate, and in-lab polysomnography PAP titration can be used
to verify or clarify reported efficacy by the PAP device. Occasionally, our group will
use overnight pulse oximeters on PAP therapy to assess desaturations as an indicator
of airway patency as a more convenient and fiscally reasonable alternative to in-lab
polysomnography, although the merits of this testing are clinically valued rather than
driven by research criteria. Additionally, oximetry will not gauge whether respira-
tory events are obstructive or central, solely demonstrating drops in oximetry sug-
gestive of sleep-disordered breathing. In the Continuous Positive Airway Pressure
for Central Sleep Apnea and Heart Failure (CANPAP) trial, CPAP at 10 cmH,O was
effective in reducing residual central events seen with PAP therapy, at least in heart
failure patients [17]; thus this was part of this patient’s treatment strategy.

Treatment of Sleep-Disordered Breathing

Once the correct diagnosis is determined, treatment for OSA often consists of using
PAP therapy to maintain airway patency. Although SDB may reduce or resolve in
many patients over time in conjunction with functional recovery after stroke, SDB
can significantly hinder post-stroke rehabilitation. The few studies that have exam-
ined the therapeutic effect of CPAP on recovery outcomes in stroke patients have
reported significantly faster functional recovery, reduced hospitalization time, and
reduced frequency of re-hospitalization. This supports treating acute post-stroke
SDB to improve immediate and long-term clinical outcomes.

The AHA/ASA recently published recommendations suggesting treatment of
sleep apnea in stroke/TTA patients to reduce cardiovascular burden [15]. A study by
Para et al. identified improvement in long-term survival in ischemic stroke patients
with moderate-severe OSA who utilized nasal CPAP compared to those who did not
[18]. Furthermore, a prospective study by Aaronson et al. assigned stroke patients
with sleep apnea to PAP therapy and sham PAP therapy groups and found improve-
ment in cognitive functioning in the treated group, although no significant differ-
ence was observed in activities of daily living between the two groups [19].

If central apneas are prevalent during PAP therapy titrations, an ASV titration
may be indicated (see below). Alternatively, if PAP-emergent central sleep apnea is
suspected, studies indicate use of CPAP therapy over a few months may result in
resolution of PAP-emergent central sleep apnea in two-thirds of cases [20]. Thus, if
central apneas emerge with PAP therapy, further titration studies and switching
forms of therapy may not be necessary in all cases, depending on the clinical situa-
tion and available data.

Another form of PAP therapy is bilevel positive airway pressure, utilized in
patients with comorbid hypoventilation conditions, patients intolerant of higher
CPAP pressures, and patients with complex or central sleep apnea (though it is not
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always more effective for central apnea) [21]. One will need to be attentive to trig-
ger and cycle sensitivity settings on BPAP, since a stroke patient may have weak
respiratory muscles leading to ineffective triggering or cycling of pressures, result-
ing in BPAP desynchrony and discomfort. The use of a backup rate with BPAP
depends on the underlying SDB pattern. If there is predominantly obstructive apneas
or hypoventilation/hypopneas, BPAP in spontaneous mode (BPAP-S) may suffice.
However, if there are predominantly central apneas of long durations, then BPAP in
timed mode (BPAP-T) with backup rate may be appropriate.

Some notable limitations to PAP therapy include poor tolerance of the device and
equipment, cognitive impairment, and financial burden. There are significant chal-
lenges to using PAP in the acute setting due to the disabling impact of stroke [8].
Studies indicate about 50% of patients demonstrate adherence with PAP therapy
when followed for 5 years, with adherence defined as exceeding 70% of days PAP
therapy is used greater than 4 h over a consecutive 30-day period. Comparatively,
adherence in stroke patients tends to be significantly lower based on research data;
Bassetti et al. observed only 31% adherence in stroke patients at 5 years [7].
Identifying the etiology of decreased adherence in patients who have had a stroke is
challenging. The Bassetti study also tracked daytime sleepiness as measured by the
Epworth Sleepiness Scale (ESS); the ESS did not seem to correlate with long-term
PAP use. Aphasia and severity of motor disability predicted poor PAP adherence in
another study of stroke patients, suggestive that more severe motor and cognitive
dysfunction post-stroke may prove to be a barrier in utilizing PAP therapy in this
patient population [22].

Incidence of primary central apnea in stroke patients was 8% based on a systemic
review [23]. In the past, central sleep apnea syndromes were thought to respond
better to BPAP or ASV therapy; however, as mentioned, PAP-emergent central
sleep apnea, defined by emergence of central apnea with use of PAP therapy, tends
to resolve spontaneously in all but 1/3 of cases, which comprises 3% of all OSA
patients treated with PAP therapy [20]. It should be noted however that these studies
were not conducted in post-stroke patients, so whether this is generalizable to this
population is unknown. Persistence of PAP-emergent central sleep apnea is associ-
ated with decreased PAP adherence compared to patients who experience resolution
of the therapeutically induced central apneas [20]. One hypothesis for development
of central sleep apnea is lability of CO, reservoir and apnea threshold based on
underlying comorbidities. In reflecting back to the case above, this patient’s brain-
stem stroke may have affected his baseline apnea threshold, thus increasing his risk
for central sleep apnea. In this case, the patient’s PAP-emergent CSA did not resolve
spontaneously with regular PAP use.

ASV delivers servo-controlled inspiratory pressure support on top of expiratory
positive airway pressure and was developed to treat CSA. However, based on data
from the SERVE-HF study which evaluated ASV use in patients with central sleep
apnea and systolic heart failure, ASV should be avoided in patients with cardiac
ejection fractions below 45% because of increased risk for cardiovascular mortality
[24]. Clinical trials evaluating outcomes of ASV use in patients with CSA related to
stroke have not occurred as of the writing of this chapter.
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Alternatives to PAP therapy for treatment of OSA include oral appliances and
surgery. Surgical options for sleep apnea include several surgeries to improve air-
way patency.

Alternative therapies related to central sleep apnea include nocturnal oxygen,
acetazolamide, and theophylline. The above therapies are included in the CSA treat-
ment guidelines published by the AASM, all of which are recommended in the set-
ting of central sleep apnea related to congestive heart failure [25]. These therapies
have not been widely studied in stroke patients. Nocturnal oxygen therapy has been
evaluated as an alternative therapy to PAP for sleep-disordered breathing in stroke
patients, but while it reduces oxygen desaturations, it appears to prolong apneic
events [26].

Due to the complexity of stroke-related SDB, phenotyping techniques for differ-
ent observed patterns and propensities of sleep-breathing disorders are being devel-
oped which would allow for precision medicine and tailored therapies. These new
phenotyping and therapy developments together with understanding stroke loca-
tion/size and functional impact could provide important clinical information about
drivers of post-stroke SDB for an individual and optimize SDB treatment.

Clinical Pearls

* Sleep apnea and stroke are commonly associated, with sleep apnea associ-
ated with negative outcomes in patients who have had a stroke.

e Treating sleep apnea post-stroke acutely and chronically can improve
recovery and functionality, though treatment may be challenging in this
patient population due to stroke-related symptoms.

* Emergence of central apneas may occur post-stroke; thus treatment strate-
gies may require close patient monitoring and more complex forms of PAP
therapy such as ASV or BPAP.

* Most recommended guidelines for treatment of primary central apneas or
treatment-emergent central apneas are derived from studies in non-stroke
patients.
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Chapter 4
Obstructive and Central Sleep Apnea
Treatment Challenges in Atrial Fibrillation

Sunjeet Kaur and Reena Mehra

Case History and Examination

The patient is a 63-year-old male with history of hypertension, hyperlipidemia, type
2 diabetes mellitus, chronic kidney disease stage 3, nephrolithiasis, gastroesopha-
geal reflux disease, and obesity who presents with snoring, fatigue, and daytime
sleepiness.

Daytime sleepiness has limited his activity level and ability to enjoy time with
his family. He has limited his driving given concern for drowsy driving. He has a
regular sleep/wake schedule. He goes to bed at 9 PM and wakes up at 6:30 AM with
an alarm. He has no problem falling asleep, but has recurrent awakenings through-
out the night. He does not feel refreshed when he wakes up. He feels that overall he
gets only 5 h of sleep in a 24 h period. He takes about 2-3 naps every day. Naps
ranged from 15 to 60 min. The patient does not feel refreshed after the naps. He
prefers to sleep on his side and has been told that he snores. His family members
have noticed that he stops breathing during his sleep. He himself has experienced
waking up choking or gasping for air. He denies history of head injury or prolonged
viral illness. He denies any symptoms related to restless legs syndrome, parasom-
nias, or seizures.
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He denies smoking or drug use. He drinks alcohol socially — on average once a
month. He has noticed that his sleep is more fragmented on nights he consumes
alcohol. Family history is significant for his father who has sleep apnea, although he
never used positive airway pressure (PAP) therapy. Also, both of his parents had
atrial fibrillation (AF).

On examination, the patient is afebrile, blood pressure 179/90 mm Hg, heart rate
65/min, and respiratory rate 18/min. The patient’s body mass index is 35 kg/m? and
neck circumference 45 cm. Upper airway examination reveals Friedman tongue
position of 3, Mallampati class 4, and tonsils grade 1. Nasal congestion with valve
incompetence is noted along with overbite. Heart sounds are regular. No murmur is
noted. Lungs are clear to auscultation with no added sounds. No peripheral edema
was noted. Patient was well oriented with no neurological deficit. The patient was
anxious and irritable due to poor sleep quality. His Epworth sleepiness scale (ESS)
score was 13.

Medications include lisinopril, hydrochlorothiazide, amlodipine, atorvastatin,
omeprazole, and metformin.

Evaluation

Patient underwent home sleep apnea testing which confirmed the diagnosis of
severe obstructive sleep apnea syndrome. There was a total of 414 respiratory
events. Of these events, the total number of apneas was 165 (155 obstructive, 1
mixed, and 9 central) and 249 hypopneas. Respiratory event index was 50.4. The
mean oxygen saturation during the study was 90.0%, with a minimum oxygen satu-
ration of 77.0%. The patient spent 37.3 min at oxygen saturation measured less than
90% (7.6% of recording time) and 13.5 min at oxygen saturation measured at or less
than 88% (2.7% of recording time). The average heart rate was 84 bpm with a range
of 38-250 bpm. Given the portable nature of the study, it was unclear whether the
elevation in heart rate was based upon artifact.

This was followed by in-lab positive airway pressure titration study where none
of the tested CPAP/bilevel PAP settings normalized the apnea-hypopnea index.
Titration was started at CPAP of 5 cm H,O and then transitioned to bilevel PAP due
to emergence of central apneas. Bilevel PAP settings ranging from 11/7 to 14/10 cm
H,O were tested. None of the settings normalized the apnea-hypopnea index (AHI).
Patient was recommended to come back for in-lab titration study starting from
bilevel PAP 12/8 cm H,O and up-titrating as needed. There were frequent central
respiratory events with a Cheyne-Stokes breathing observed throughout the study
consistent with treatment-emergent central sleep apnea. Newly diagnosed AF was
present in the first half hour and the last 4 h of the sleep study (Figs. 4.1 and 4.2). It
was recommended that the patient should return for a full night bilevel PAP titration
study starting with 12/8 cmH,O and also to consider a formal workup for AF since
there is no mention of this arrhythmia in the patient’s medical record (Fig. 4.3).
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Fig. 4.2 2 min epoch showing atrial fibrillation and apnea episodes

Cardiology referral was placed and echocardiogram showed ejection fraction of
57 £ 5%. Right ventricle was mildly dilated with estimated right ventricular pres-
sure of 33 mm Hg and estimated right atrial pressure of 5 mmHg. Video 4.1 shows
active AF on the echocardiogram.

A second PAP titration study showed that the patient did best at a bilevel PAP
setting of 19/12 cmH,O with a back-up rate of 12 breaths/min. AHI at this setting
was 2.7 with no central apneas. At this setting, snoring was eliminated and the aver-
age oxygen saturation was 94% (oxygen saturation nadir of 88%). Bilevel PAP
19/12 ecmH,O with humidification and a back-up rate of 12 breaths/min was
recommended.
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Fig. 4.3 Hypnogram from initial positive airway pressure (PAP) titration study. Atrial fibrillation
with increased heart rate was noted in the first half hour and the last 4 h of the sleep study with
persistence of respiratory events despite use of PAP therapy

Diagnosis

Diagnosis of obstructive and central sleep apnea along with AF was made.

Outcome

The patient was started on bilevel PAP at 19/12 cm H,O with back-up rate of 12
breaths/min. The patient initially had issues with mask leak, but with proper mask
fitting, he responded very well. The patient’s symptoms of daytime sleepiness
improved markedly (ESS post-therapy decreased from 13 to 8). The patient was
evaluated by cardiology and started on flecainide 100 mg — one tablet by mouth
every 12 h — and eventually underwent cardioversion. He was also started on anti-
coagulation with dabigatran 150 mg capsule daily. Cardioversion was successful in
conversion to normal sinus rhythm.
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The patient continues to be compliant with bilevel PAP use and no recurrence of
AF was noted. Data download from bilevel PAP machine showed that patient was
using machine for >80% of nights and on an average >6 h per night. Also, the AHI
with the current pressure settings was well controlled with an average AHI over
30-day period of 2.8.

Discussion

Introduction

AF is the most prevalent sustained cardiac arrhythmia. Epidemiological studies
have shown increase in overall burden, incidence, and prevalence of AF. There also
has been an increase in mortality associated with AF. Globally, 20.9 million men
and 12.6 million women are estimated to have AF in 2010 [1]. This leads to huge
economic implications. Disability-adjusted life years related to AF increased ~18%
from 1990 to 2010 [1]. It is estimated that AF accounts for about $16-26 billion of
annual US expense [2]. Part of the increase in AF is attributable to increasing age
and obesity; however, there is a proportion of risk which remains unexplained [3].
Exact reasons for increase in AF incidence and prevalence are not known. There is
a possibility that sleep apnea could be contributing in part to this trend.

As approximately one third of patients with AF are asymptomatic [4], this case
highlighted the unique opportunity to diagnose previously unrecognized AF during
routine diagnostic polysomnography (Table 4.2). For example, a study in heart fail-
ure patients with cardiac resynchronization therapy has shown that of 100 patients
assumed to be in sinus rhythm, 27% were found to have paroxysms of AF [5].

OSA is very common in the general population and is associated with substantial
morbidity and mortality. About 17% of the general adult population has OSA [6],
and this prevalence is increasing with the obesity epidemic. It is estimated that
about 1 in 5 adults have mild OSA, and 1 in 15 adults have moderate to severe OSA
[6]. Approximately 85% of cases are estimated to be undiagnosed [7]. OSA is char-
acterized by repetitive complete or partial collapse of the upper airway during sleep,
resulting in an apneic or hypopneic event, respectively [8]. Obstructive episodes are
characterized by closure of the upper airway and by progressively increasing respi-
ratory efforts, culminating in an arousal from sleep and a reopening of the airway.
People who are susceptible to OSA typically have a smaller, more collapsible air-
way which is less distensible and has a higher critical closing pressure [9].

OSA and AF share multiple risk factors. Some of these include hypertension,
congestive heart failure, male gender, and coronary artery disease [10]. The rising
prevalence of obstructive sleep apnea is directly related to BMI albeit additional
explanatory risk factors also play a role [11]. A meta-analysis of population-based
cohort studies have shown that obese individuals have 49% increased risk of devel-
oping AF and this risk increases in parallel with BMI [12].
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Epidemiology and Clinic-Based Studies Characterizing
the Relationship of Sleep Apnea and Atrial Fibrillation

Multiple studies have emphasized the role of OSA as potential modifiable risk fac-
tor for cardiac arrhythmias, especially AF. The prevalence of AF and OSA increases
with age and BMI. The direct association of AF and OSA was observed during
study involving retrospective analysis of adults referred for an initial polysomno-
gram and development of AF during follow-up [13]. Decrease in nocturnal satura-
tion was observed to be a strong predictor for new-onset AF development [13]. OSA
has been shown to be arrhythmogenic. A higher risk of hospitalization and more
severe symptomatology has been seen in AF patients with OSA compared to those
without [14].

The Sleep Heart Health Study showed increased likelihood of AF in patients
with sleep-disordered breathing (SDB) [15]. Increased severity of SDB, whether
obstructive or central events, was shown to increase odds of AF [16]. Another analy-
sis from the Sleep Heart Health Study suggests a temporal relationship between
sleep-disordered breathing and discrete episodes of arrhythmia, i.e., paroxysms of
AF. There was increased arrhythmia risk in the 90 seconds following a respiratory
disturbance when compared to following normal breathing [17]. Data from the
Sleep Heart Health Study also demonstrated central sleep apnea (CSA) to be associ-
ated with incident AF. The odds of developing AF were shown to be increased by
2-3 fold in patients with CSA. CSA was defined by a central apnea index of >5, or
by the presence of Cheyne-Stokes respiration (CSR) (Table 4.1) [16].

The outcomes of sleep disorders in older men (MrOS Sleep) study, an epidemio-
logic cohort or community-dwelling older men, showed that increasing severity of
sleep apnea was associated with progressive increase in odds of AF [18]. CSA was
shown to be associated with approximately threefold increased odds of AF, and
CSR-CSA (Cheyne-Stokes respiration - central sleep apnea) was associated with
fivefold increase in odds of AF [18].

Table 4.1 International Classification of Sleep Disorders (ICSD-3) diagnostic criteria for Central
Sleep Apnea with Cheyne-Stokes breathing

Diagnostic criteria [8]
(A/B) + C + D meet diagnostic criteria

A. The presence of one or more of the following (excessive daytime sleepiness, snoring,
witnessed apnea, shortness of breath upon awakening and difficulty of sleep initiation or
maintenance, multiple awakening, or nonrestorative sleep)

B. Congestive heart failure, neurological disorder, or atrial fibrillation

C. Polysomnography (during diagnostic or positive airway pressure titration) shows all of the
following:
Five or more central apneas and/or central hypopneas per hour of sleep
The total number of central apneas and/or central hypopneas is >50% of the total number of
apneas and/or hypopneas
The pattern of ventilation meets criteria for Cheyne-stokes breathing (CSB)

D. The disorder is not better explained by other sleep disorders, medications, or substance use
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Table 4.2 The American Academy of Sleep Medicine ECG scoring rules [54]

ECG pattern AASM scoring rules
Sinus tachycardia | Sustained heart rate >90 beats per minute (bpm) in adults

Sinus bradycardia | Sustained heart rate <40 bpm > age 6 years®

Cardiac asystole Cardiac pauses lasting >3 s > age 6 years

Wide complex Heart rate > 100 bpm with QRS >0.12 s, > 3 consecutive beats
tachycardia

Narrow complex Heart rate > 100 bpm with QRS <0.12 s, > 3 consecutive beats
tachycardia

Atrial fibrillation Irregularly irregular ventricular rhythm with P waves consistently replaced

by rapid oscillation which vary in size, shape, and timing

Further notes:

Report heart block if quality of single lead sufficient for accurate scoring

Ectopic beats reported if deemed clinically significant
Sustained sinus bradycardia or tachycardia defined by >30 s of stable rhythm, distinguished from
transient responses associated with arousals or respiratory events
*Vagal tone higher in children and adolescents and therefore heart rate is lower during sleep com-
pared to adults

Sleep Apnea and Atrial Fibrillation Pathophysiology

Multiple epidemiologic and clinic-based studies have pointed to the association of
AF and OSA and nocturnal hypoxia which has paralleled experimental work under-
scoring specific underlying pathophysiological mechanisms. OSA is associated
with autonomic nervous system imbalances. Hypoxia and hypercapnia associated
with obstructive sleep apnea have been shown to cause autonomic nervous system
imbalances in animal models. This can precipitate electrical changes and predispose
the atria to arrhythmogenesis [19, 20]. Atrial remodeling can occur as a result of
OSA. Negative intrathoracic pressure occurs as a result of forced inspiration against
a closed airway. These forces may operate to increase atrial size and cardiac after-
load, thus leading to atrial remodeling. Atrial remodeling has been linked to
increased arrhythmia risk.

Elevation in inflammatory markers like C-reactive protein has been observed in
patients with OSA [21]. Proinflammatory cytokines, such as interleukin-8 and cell
adhesion molecules, are increased in patients with OSA, and decrease with CPAP
therapy [22]. The percentage reduction of soluble IL-6 receptor levels and augmen-
tation index was also improved in OSA patients treated with CPAP compared to
sham CPAP in the Sleep Apnea Stress randomized trial [23]. Moreover, a hyperco-
agulable state has been observed in patients with OSA. Results from the Cleveland
Family Study support an increase in plasminogen activator inhibitor-1 and fibrino-
gen level in response to exposure to even milder degrees of apnea [24]. These
inflammatory effects on the coagulation system may increase risk for cardiac
morbidity [22].

Some studies have suggested that OSA may directly lead to atrial fibrosis and
accumulation of collagen deposition which can contribute to left atrial remodeling
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[25]. The presence of OSA is associated with increase in expression of angiotensin-
converting enzyme and concomitant decrease in synthesis of matrix metalloprotein-
ase-2 [25]. Changes in electrical conduction could be another underlying mechanism
increasing risk of arrhythmia in OSA.

CSA, identified to be associated with incident AF in epidemiologic studies, is
defined as lack of drive to breathe during sleep, thus resulting in repetitive periods
of insufficient ventilation and compromised gas exchange [26]. CSA is common
in patients with stroke and congestive heart failure and also of higher prevalence
in AF. CSA is also seen at high altitudes and in patients with OSA once PAP
therapy is initiated [27]. In our patient, although there was a component of CSA
at baseline, central events did not predominate; however treatment-emergent
sleep apneas occurred. The pathophysiology of CSA is mediated by changes in
arterial carbon dioxide pressure along with chronic hyperventilation. Prolonged
circulation time also plays a role in its pathophysiology [28]. Manifestation of
apnea is due to unstable ventilatory control. Controller gain (ventilator response
to CO,), plant gain (blood gas response to change in ventilation), and feedback
gain (delay in feedback between the two imposed by hemoglobin binding and
cardiac output) contribute to CSA [27]. In patients with high chemosensitivity,
hyperventilation happens in response to mild increase in PaCO,. This is followed
by hypoventilation and possible apnea due to reduction of PaCO, below apneic
threshold [27]. CSA is associated with fluctuations in CO, which along with
arousals can increase sympathetic tone and cause structural and electrical remod-
eling [29]. Patients with CSA have been shown to have elevated levels of urinary
and plasma epinephrine and norepinephrine [30]. CSA could also be marker of
cardiac dysfunction or autonomic dysfunction that could in turn be linked to etiol-
ogy of AF.

Once PAP therapy is started, emergence of central events secondary to PAP ther-
apy poses a treatment challenge. These patients may need more than one titration
study to find a pressure which provides adequate control of obstructive sleep apnea
without inducing central apneas. Most of these patients will show improvement in
central apnea burden after few months of treatment. Regular monitoring of AHI data
from machine downloads is helpful.

Treatment of Obstructive Sleep Apnea in Atrial Fibrillation

Continuous positive airway pressure (CPAP) is the treatment of choice and is suc-
cessful in 95% of patients when used consistently. Multiple trials have examined the
effect of sleep apnea treatment with CPAP compared with either sham CPAP or
another control on blood pressure outcomes. In a meta-analysis, CPAP was found to
lead to an average systolic blood pressure reduction of about 2.5 mm Hg and a dia-
stolic blood pressure reduction of 1.8 mm Hg [31, 32]. This is particularly meaning-
ful as hypertension is a risk for AF. In a meta-analysis, use of CPAP was associated
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with significant reduction in AF recurrence, and benefits of CPAP were stronger for
younger, obese male patients [33].

In another meta-analysis, patients with untreated OSA were found to be at 57%
greater risk of AF when compared to patients without OSA. In contrast, recurrence
risks after cardioversion for AF for patients with CPAP treatment were similar to
those without OSA [34]. Similar findings of a benefit of CPAP treatment for OSA
translating into reduction of AF recurrence after ablation have been observed in
several studies [35]. CPAP has also shown improvement in ventricular arrhythmias
in heart failure patients [36]. Patients with frequent apneic episodes benefitted the
most [37]. One of the challenges with CPAP use is limited adherence and tolerance.
Approximately half of patients with AF and diagnosed OSA were found to be
adherent to CPAP [38]. At times, due to challenges related to patient preference,
claustrophobia, and especially adherence to PAP therapy, other options for manage-
ment of OSA need to be considered.

Mandibular advancement device (MAD) or oral appliance therapy (OAT) may be
effective in patients with mild obstructive sleep apnea. Meta-analyses of studies
comparing OAT and CPAP have shown OAT to be non-inferior to CPAP therapy
with regard to reduction in blood pressure [39]. Mandibular advancement device
has been shown to be associated with significant drop of catalase activity and
decrease in index of sleep autonomic variation compared with baseline levels [40].
Although not yet studied, this could conceivably translate into improvement in AF
outcomes given that hypertension is a risk factor for AF, and increased inflammation
can be involved in the pathophysiology of AF.

Hypoglossal nerve stimulator is a treatment option for CPAP-intolerant patients
with moderate to severe obstructive sleep apnea. The therapy was approved by the US
Food and Drug Administration in 2014. The therapy has most succes in patients with
limited central events, and in those with anterior-posterior collapse of the airway (as
oppose to concentric collapse) during a drug-induced sleep endoscopy [41]. A study
focused on investigation of 12-month follow-up in patients on hypoglossal nerve stim-
ulator therapy has shown that it appears to reduce heart rate variability during sleep [42].

Weight loss can contribute to improvement in OSA. A 10% weight loss has been
shown to reduce AHI by 26%. Also, 10% weight gain has been linked to 32%
increase in AHI [43]. Given that obesity increases risk of AF, weight reduction
could be helpful in patients with OSA and AF.

Treatment of Central Sleep Apnea/Cheyne-Stokes Breathing
in Atrial Fibrillation

Initial management approach to central sleep apnea/Cheyne-Stokes respiration
(CSA/CSR) consists of medical management of underlying cardiac disorder. After
this, continuous positive airway pressure is generally the next step in treatment. The
Continuous Positive Airway Pressure Apnea Trial North American Program
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(CAPNAP) trial was a multicenter trial which examined effects of CPAP on CSA
outcomes in patients with heart failure. Use of CPAP showed 50% reduction in AHI
and reduction in urinary catecholamines, but it did not show statistically significant
difference in mortality when compared to the control group [44]. Supplemental
oxygen is another treatment option for patients with heart failure and central sleep
apnea. In a meta-analysis, nocturnal oxygen treatment was noted to be close to
CPAP with regard to success in decreasing AHI in patients with CSA/CSR [45].

Phrenic nerve stimulation is a novel treatment approach for patients with CSA. It
involves electric stimulation of phrenic nerve along with monitoring of patient’s
respiratory signals during sleep and results in integration of stimulated breaths with
natural breathing. A multicenter, randomized controlled trial has shown that phrenic
nerve stimulation may reduce central respiratory events frequency by about 50%
[46]. The US Food and Drug Administration approved use of implanted phrenic
nerve stimulator as treatment for moderate to severe central sleep apnea in 2017.
Further investigation is needed to examine the impact of phrenic nerve stimulation
on long-term cardiovascular outcomes and morbidity in AF.

Adaptive servo-ventilation (ASV) has previously shown efficacy in the reduction
of AHI in patients with congestive heart failure and CSA/CSR; however per the
results of Adaptive Servo-Ventilation for Central Sleep Apnea in Systolic Heart
Failure (SERVE-HF) trial, ASV confers an increase in mortality compared to medi-
cal management in patients with low left ventricular ejection fraction [47]. Factors
which complicate interpretation of the study include insufficient data to understand
the mechanistic or physiologic basis for these findings, in addition to a high percent-
age of crossover. Importantly, these results are not generalizable to patients treated
with ASV for reasons other than heart failure-related CSA or to patients with heart
failure with normal left ventricular ejection fraction [48, 49]. A small sub-study of
the Cardiovascular Improvements with Minute Ventilation-Targeted ASV Therapy
in Heart Failure (CAT-HF) trial identified a reduction in AF burden in response to
ASV versus optimal medical therapy [50]. Future studies with larger sample sizes
are needed to corroborate these findings.

Acetazolamide is a diuretic and also has respiratory stimulation properties. It is
a carbonic anhydrase inhibitor and is thought to suppress CSA by widening delta
CO, gap (i.e., increasing the apneic threshold). It may reduce AHI and improve
daytime symptoms in patients with central sleep apnea and heart failure, although
data specific to AF and respective outcomes are not available [51]. Adverse effects
associated with acetazolamide limit its use. Theophylline use has shown to decrease
AHI, primarily central apnea events, and duration of arterial oxyhemoglobin desat-
uration in stable heart failure patients [52]. However, its use is limited by its narrow
safety range and multiple adverse effects. Rostral fluid shifts have been noted dur-
ing sleep particularly in heart failure patients, thus contributing to both OSA and
CSA. Pulmonary edema increases risk of CSA mediated via hyperventilation and
subsequent hypocapnia. Treatment aimed at decreasing edema can help decrease
risk of CSA-CSB in heart failure patients, and given the interplay of central sleep-
disordered breathing and HF with AF, it is conceivable that these interventions may
improve AF outcomes, albeit this has yet to be systematically studied [53].
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Clinical Pearls

1. AF is the most prevalent sustained cardiac arrhythmia. Exact reasons for
increase in AF incidence and prevalence are not known, but may be tied to
increasing obesity in the population. There is a possibility that sleep apnea
could be contributing in part to this trend.

2. Analysis from the Sleep Heart Health study suggests a temporal relation-
ship between sleep-disordered breathing and arrhythmia. There was a
higher risk of arrhythmia in the 90 seconds following a respiratory distur-
bance when compared to following normal breathing.

3. In several studies, use of CPAP was associated with significant reduction
in AF recurrence.

4. Phrenic nerve stimulation is a novel treatment approach for patients with

central sleep apnea. The US Food and Drug Administration approved use
of implanted phrenic nerve stimulator as treatment for moderate to severe
central sleep apnea in 2017.
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Chapter 5
Cheyne-Stokes Breathing and Diastolic
Heart Failure

J. Verbraecken and S. Javaheri

Case

A 74-year-old Caucasian male (Fig. 5.1), non-smoker, usually drinking five cups of
coffee per day, was referred to our sleep clinic because of mild chronic insomnia
which started approximately 5 years ago. The patient was affected by stable dia-
stolic heart failure due to atrial fibrillation and arterial hypertension. Two years
before, a single-chamber rate-responsive pacemaker was implanted. He had been
suffering from progressive intermittent snoring, fatigue, and mild sleepiness for
years. Witnessed apneas were also reported. He complained of fragmented, unre-
freshing sleep despite averaging 8.5 h of sleep per night. He also awoke to use the
bathroom once a night. There was no suspicion of depression. No restless legs
symptoms or periodic leg movements were reported. He did not use alcohol on a
regular base. Physical examination revealed obesity (BMI of 30.5 kg/m?, neck cir-
cumference 47 cm, waist circumference 107 cm, hip circumference 109 cm, fat
ratio 29.2%) and elevated blood pressure (systolic blood pressure of 158 mmHg,
diastolic blood pressure 97 mmHg). Epworth sleepiness score was 10/24, and the
New York Heart Association (NYHA) class was 1. Arterial blood gas analysis was
performed with the following values: pH of 7.46, PaCO, 32.1 mmHg, PaO,
95.9 mmHg, and Sa0, 98.2%. NT-proBNP was elevated (743 pg/mL). Lung func-
tion measurements revealed an FEV1 of 4.25 L (147% of the predicted value), a
Tiffeneau index of 69, and a TLC of 8.53 L (121% predicted). Diffusion capacity
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was 108% predicted. He was taking oral anticoagulant therapy, simvastatin (20 mg/
day), perindopril 10 mg, and indapamide 1.25 mg a day. Echocardiography showed
mild concentric left ventricular hypertrophy, a left ventricular ejection fraction
(LVEF) of 50% (2D-Simpson), moderate bi-atrial and bi-ventricular dilatation, and
mild elevated end-diastolic LV pressure (see Table 5.1). Polysomnography was

Fig. 5.1 De-identified
photograph of the case
described

Table 5.1 Echocardiographic parameters before and after ASV therapy

At diagnosis After 1 year of ASV Normal value

Mean PAP (mmHg) 36 30 10-20

Left atrial diameter (mm) 51 62.8 30-40

Left atrial volume (mm) 167 130 18-58

LAVI (mL/m?) 77.54 61.22 30-38

EE’ 12.8 12 <10

LVEF (Simpson, %) 50 57 >55%
LVIDd (mm) 64 58.4 42-59

IVS (mm) 14.95 13.5 6-12
LVPWd (mm) 12 11.2 6-12

Legend: PAP Pulmonary arterial pressure, LVEF left ventricular ejection fraction, LAVI left atrial
volume index, EE’ the ratio between early mitral inflow velocity and mitral annular early diastolic
velocity, LVIDd left ventricular internal dimension during diastole, /VS interventricular septum
thickness, LVPWd left ventricular posterior wall dimension
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performed, scoring sleep stages according to the American Academy of Sleep
Medicine (AASM) 2007 criteria [1] and breathing according to AASM 2012 cri-
teria [2].

Baseline Night

The baseline recording (Figs. 5.2 and 5.3 and Table 5.2) showed a series of central
apneas (central apnea-hypopnea index (AHI) = 31/h), associated with significant
fluctuations in peripheral oxygen saturation (oxygen desaturation index
(ODI) = 19.1/h) in a context of Cheyne-Stokes breathing (CSB) pattern. Breathing
events were prevalent in NREM sleep (AHI-NREM = 32.6/h), especially during
sleep stages N1 and N2 and were less frequent in slow-wave sleep and REM sleep
(AHI-REM = 21.2/h). The oxygen saturation values did not drop below 90%.
Snoring was rare and few obstructive events were detected. Two short periods of
periodic leg movements were recorded. Sleep architecture was disrupted, with

Fig. 5.2 Characteristic central sleep apneas with a crescendo-decrescendo flow pattern (Cheyne-
Stokes breathing)
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Fig. 5.3 Polysomnographic trend of the diagnostic night. Note very few central events occur dur-
ing REM and N3 sleep.
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Table 5.2 Polysomnographic parameters at diagnosis, during CPAP titration, and after
ASYV therapy

Diagnosis CPAP titration ASV 2 M) ASV (1Y)
TST (min) 413 302 348 297
SEI (TST/TIB, %) 85.6 63.0 71.9 60.3
SL (min) 16.6 17.1 16.7 14.4
WASO (min) 36 148 85 181
NREM (%) 87.7 89.9 80.5 80.6
SWS (%) 17.7 7.3 15.7 9.6
REM (%) 12.3 10.1 19.5 19.4
AHI (#/h) 31.2 40.1 0 0.4
AHI-NREM (#/h) 32.6 42.8 0 0.0
AHI-REM (#/h) 21.2 15.7 0 2.1
OAI (#/h) 0 0 0 0
CAI (#/h) 31.2 0 0 0
HI (#/h) 12.3 40.1 0 0.4
Apnea duration (s) 31.6 0 0 0
Hypopnea duration (s) 24.8 29.5 0 33.0
Mean Sa0O, (%) 95.7 96.5 96.9 96.8
Min SaO, (%) 77 91 90 95
Sa0, < 90% (min) 0 0 0 0
ODI (#/h) 19.1 40.1 1.6 0.6

TST Total sleep time in min, SEI sleep efficiency index in %, SL sleep latency time in min, NREM
non-rapid eye movement sleep in %TST, REM rapid eye movement sleep in %TST, AHI apnea-
hypopnea index, AHI-NREM AHI during NREM sleep, AHI-REM AHI during REM sleep, OAI
obstructive apnea index, CAI central apnea index, HI hypopnea index, ODI oxygen desaturation
index (#/h)

modest reduction in sleep efficiency, total sleep time, and percentage of slow-wave
(17.7%) and REM sleep. Sleep latency was normal, while wake time after sleep
onset (WASO) was longer than 30 min.

CPAP Titration Night

During the second night (Fig. 5.4 and Table 5.2), continuous positive airway pres-
sure (CPAP) therapy was titrated from 5 to 15 cmH,0. A full face mask was applied.
There were persistent central apneas (AHI 40.0/h), again with features of CSB. The
lowest oxygen saturation was 91%. Sleep efficiency, total sleep time, and percent-
age of slow wave (7.3%) and REM (10.1%) sleep were worse. Sleep latency was
within normal limits, while WASO was 148 min.
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Fig. 5.4 Polysomnographic trend of the CPAP titration night

ASYV Control Nights

Finally, the patient was prescribed adaptive servo-ventilation (ASV) which was set
as follows: ASV, auto; expiratory positive airway pressure (EPAP), 4-8 cmH,0, and
pressure support (PS) range, 4-10 cmH,O. A polysomnographic recording with
ASV 2 months later showed improvement in respiratory events (Fig. 5.5 and
Table 5.2). Breathing events were absent and the oxygen saturation remained greater
than 90%. Sleep architecture was still disrupted but with an increased percentage of
slow wave (15.7%) and REM sleep (19.5%). Sleep latency was still normal, while
WASO improved to 85 min. After 1-year follow-up, a polysomnography confirmed
the efficacy of nocturnal ventilation in controlling breathing events, while sleep
quality was still not optimal (Fig. 5.6 and Table 5.2).

Chronic Follow-Up with ASV

Although the problem of maintaining sleep persisted, our patient perceived consid-
erable improvement in sleep quality. Since the start of ASV, a progressive improve-
ment could be observed, with more alertness and less dyspnea. Moreover, the
fatigue, hypersomnia, nocturia, and restlessness during sleep—the patient’s most
important complaints—disappeared. Caffeine intake was lowered to two cups of
coffee a day. His quality of life improved considerably, and he also experienced less
discomfort when performing moderate exercise. His BMI decreased to 28.9 kg/m?,
while the Epworth sleepiness score improved to 0-5/24. The NYHA class remained
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Fig. 5.5 Polysomnographic trend after 2 months of ASV therapy
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Fig. 5.6 Polysomnographic trend after 1 year of ASV therapy
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1. Blood pressures decreased to 128 mmHg (systolic) and 82 mmHg (diastolic) after
2 months and to 124 mmHg (systolic) and 77 mmHg (diastolic) after 1 year on ASV
therapy. LVEF substantially improved by 7%, but relative improvement was 15%.
Pulmonary artery pressures also improved after chronic ASV treatment, though the
NT-proBNP remained high (838 pg/mL). The treatment with ASV was generally
well accepted and tolerated. He used his ASV device 7.7 h per night (approximately
90.6% of time in bed), with absence of significant leakage (2.1 L/min). In order to
solve the residual insomnia problem, cognitive behavioral therapy was initiated.
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Discussion

The case described in this paper is a typical presentation of CSB in association with
diastolic heart failure due to atrial fibrillation and moderately severe insomnia. CSB
is typically characterized by recurrent central apneas or hypopneas alternating with
a ventilatory phase, presenting as a crescendo-decrescendo pattern of flow. A cycle
length of >40 s and a “waxing and waning” pattern of ventilation typically distin-
guish CSB from other central sleep apnea (CSA) types. The majority of patients
with CSB have either systolic or diastolic congestive heart failure (CHF). In 2017,
the European Respiratory Society (ERS) Task Force on central sleep apnea recom-
mended replacing the historical term “Cheyne-Stokes respiration” by “periodic
breathing in heart failure” or “chronic heart failure with central sleep apnea/periodic
breathing (CSA/PB)” [3]. In this chapter, we will use the terms interchangeably.
CSB can also manifest following stroke or may be associated with other neurologi-
cal disorders; very rarely do idiopathic cases occur. Patients with CSB usually are
normocapnic or hypocapnic. According to the International Classification of Sleep
Disorders — Third Edition (ICSD-3) diagnostic criteria for CSB, either symptoms or
a comorbid condition must be present [4]. If neither symptoms nor comorbid condi-
tions are present, CSB is less relevant and considered a polysomnographic finding.
More than 50% of respiratory events must be of central origin and meet the criteria
for CSB. Particular features can help to distinguish CSB from idiopathic CSA and
can give insight in the underlying pathology. In patients with CSB, arousal from
sleep tends to occur at the zenith of respiratory effort, between episodes of apneas
and hypopneas, rather than at apnea termination. Overall, these patients have a lon-
ger cycle length compared to those in primary CSA, caused by a long ventilatory
period. Also, the nadir of the oxygen saturation is in the middle of the apnea, which
is explained by an increased circulation time as seen with decreased cardiac output.
CHF with CSA/PB occurs most commonly in patients with left ventricular systolic
heart failure but may also present in patients with diastolic dysfunction. In case of
diastolic CHEF, the cycle length of CSA/PB is shorter compared to systolic CHF, as
the ejection fraction is normal. On the other hand, the worse the systolic function,
the longer is the cycle length (given the longer ventilatory period between respira-
tory events).

Our case was known with an established diagnosis of diastolic heart failure.
Heart failure is a complex clinical syndrome that results from a structural or func-
tional impairment of contraction or filling of the heart, resulting in the inability to
meet the metabolic needs of the body. Diastolic dysfunction refers to an abnormal-
ity of diastolic distensibility, filling, or relaxation of the left ventricle. If effort intol-
erance and dyspnea develop in such a patients, it is appropriate to use the term
“diastolic heart failure.” Current classification of heart failure is based on the LVEF
[5]. Most recent guidelines separate heart failure with reduced ejection fraction
(<40%, HFrEF) from midrange (40-49%) and preserved ejection fraction (>50%,
HFpEF) [5]. The diagnosis of HFpEF is more challenging than the diagnosis of
HFrEF. On the one hand, patients with HFpEF generally do not present with a
dilated left ventricle, but have increased wall thickness, increased left atrial size,
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and signs of increased filling pressures. In short, impaired left ventricular filling
capacity is a likely cause of heart failure in these patients (diastolic heart failure).
On the other hand, HFrEF presents with dilatation of the left ventricle. These
patients are characterized by symptoms of breathlessness, peripheral edema, and
fatigue due to pulmonary congestions and reduced output. To make it even more
complex, most patients with HFrEF also have diastolic dysfunction, while subtle
abnormalities of systolic function may be present in patients with HFpEF. The prev-
alence of CHF is approximately 1-2% of the adult population in developed coun-
tries, rising to >10% among people >70 years of age. The proportion of patients
with HFpEF ranges from 22% to 73%. Compared to HFrEF, patients with HFpEF
are older and more often women and more commonly have a history of arterial
hypertension and atrial fibrillation, while a history of myocardial infarction is less
common. These epidemic proportions, together with the few effective treatments,
make HFpEF one of the greatest unmet needs in the current field of cardiology [6].
Prognosis is equally grim in HFrEF: 5-year mortality is around 75%, which is worse
than most cancers. The plasma concentration of natriuretic peptides (NP) can be
used as an initial diagnostic test, especially in the non-acute setting. Plasma concen-
trations of BNP < 35 pg/mL and/or NT-proBNP <125 pg/mL make a diagnosis of
HFpEF or HFrEF unlikely. NT-proBNP was obviously elevated in our case. Notably,
the diagnosis of HFpEF in patients with atrial fibrillation is difficult, since atrial
fibrillation itself is associated with higher NP levels. In such setting, higher cut-offs
have to be used [5].

CSA/PB is most commonly seen in patients with HFrEF — up to 50% of these
patients may have such a breathing pattern. However, the prevalence of CSA/PB in
HFpEF, as in our case, is less well defined. Estimates vary between 18% and 30%
depending on body weight, the different diagnostic criteria of HFpEF, and the cut-
off levels used [7-10]. Prevalence of CSA/PB increases with increasing impairment
of diastolic function [7]. Presence of cardiovascular comorbidities can contribute to
the severity of heart failure—such as arterial hypertension, coronary artery disease,
myocardial ischemia, and atrial fibrillation—and may worsen CSA/PB [11]. Patients
with hypertension, such as in the present case, and particularly those with left ven-
tricular hypertrophy, are susceptible to diastolic heart failure. They are unable to
increase their end-diastolic volume, because of decreased left ventricular relaxation
and compliance. Consequently, this provokes a cascade, in which the left ventricular
end-diastolic pressure rises, left atrial pressure increases, and pulmonary edema
develops. Evidence that CSA/PB aggravates hypertension, coronary artery disease,
or atrial fibrillation is sparse. However, treatment as in our case can result in an
improved blood pressure profile, suggesting a direct relationship.

Patients with CSA/PB may complain of typical symptoms of sleep apnea, includ-
ing daytime sleepiness or disturbed sleep. However, the majority of the patients do
not complain of excessive daytime sleepiness. Despite the lack of symptoms in
CSA/PB, improvement in sleep quality and objective daytime sleepiness with suc-
cessful treatment has been described. While it is recognized that CHF contributes to
the development of CSA [12] and that CSA is associated with worse prognosis in
these patients, the role of treatment of CSA in CHF is of debate. The recent ERS
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statement paper by Randerath et al. and the extensive systematic review by Aurora
et al. contain many relevant references for treatment of CSA/PB [3, 13]. The first
intervention in patients with CSA/PB is always to optimize treatment for the under-
lying CHF. For this, diuretics can be used to reduce pulmonary congestion and
cardiac filling pressures, beta-blockers to diminish excessive sympathetic activa-
tion, and angiotensin-converting enzyme inhibitors to reduce ventricular afterload.
In HFpEEF, the evidence that diuretics improve symptoms is similar across the spec-
trum of LVEF. For other drug categories, the evidence is lacking or inconsistent.
Circumstantial evidence suggests that treating hypertension, often predominantly
systolic, is important in HFpEF. The blood pressure targets recommended in hyper-
tension guidelines are applicable to CHF [5]. Physical activity, salt restriction, and
compression stockings can also reduce fluid retention and accumulation in the lower
limbs during daytime and diminish nocturnal fluid shift to lungs and upper airways
[14]. Optimal cardiac failure treatment also includes a surgical approach on cardiac
vessels or valves. Atrial overdrive pacing at a rate 15 beats faster than the mean
nocturnal heart rate has also been shown to improve CSA/PB. Resynchronization
therapy has been shown to decrease respiratory instability and improve cardiac
function, quality of life, and mortality in more advanced disease.

Pharmacological treatment of CSA/PB with respiratory stimulants has been
tried, including theophylline, acetazolamide, as well as with hypnotics, but its over-
all impact is weak, and, hence, not widely used [15, 16].

The Canadian Positive Airway Pressure Trial for Heart Failure Patients with
Central Sleep Apnea (CANPAP) trial provided evidence that about 50% of patients
will respond to CPAP, with a reduction in the frequency of episodes of apnea and
hypopnea, an improvement of LVEF, and 6-min walk test distance, but without
improved prognosis or rate of heart failure-related hospitalizations. This warrants a
trial with CPAP; in our case, however, CPAP was not unsuccessful [17, 18]. CANPAP
emphasized that an improved survival may only manifest in patients whose AHI is
reduced to <15/h [17]. The mechanisms of action of CPAP include decreasing
venous return and unloading the left ventricle, thereby decreasing pulmonary capil-
lary wedge pressure and increasing functional residual capacity. Moreover, in some
patients with CSA, upper airway collapse occurs which is reversed by CPAP.

If CSA/PB does not respond to CPAP, ASV will usually be effective. ASV machines
track minute ventilation or peak flow and adjust pressure support to stabilize ventila-
tion or the mean amplitude of peak airflow during breathing. In our patient, CPAP was
not effective for central respiratory events, but a subsequent titration with ASV
reduced the AHI to O/hr. An ASV device download after 2 months and 1 year of treat-
ment showed an AHI close to O/hr., and the patient felt much improved on
ASV. However, we have to bear in mind that the majority of the evidence on CSA
treatment with ASV in CHF is based on studies in systolic heart failure—with evi-
dence suggesting an increased mortality in ASV users with LVEF <45%. Few data are
available on treatment of CSA/PB in HFpEF (or HFtEF with concomitant diastolic
dysfunction) [18-20]. In one observational, uncontrolled study [21], ASV reduced
CSA/PB and improved cardiac function in diastolic heart failure. Our case is in line
with these findings, demonstrating improved blood pressure profile and hemodynamic
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changes. Another study addressed the potential prognostic impact of sleep-disordered
breathing in 36 patients with HFpEF: ASV significantly improved the central as well
as the obstructive apnea index, with an 18-month higher event-free rate [19].

However, this enthusiasm has to be tempered, when looking to the number of
patients effectively achieving success, which was only 70% in a real-life study that
included central sleep apnea of different etiologies [22, 23]. Moreover, % of them
refused to start the treatment at home. After 5 months of therapy, 84% of the patients
were still using ASV, with only 50% of them reporting “much improvement” in
sleep quality and 36% reporting “much improvement” in daytime sleepiness, based
on a subjective survey by telephone contact. This reflects the masking of the typical
symptoms of sleep apnea by the symptoms of their underlying heart disease and by
an increased sympathetic activity. The heterogeneous and contradictory results on
ASYV ask for more accurate patient’s phenomapping. Apart from the AHI and LVEF,
a number of pathophysiologic traits underlying CSA/PB patterns during sleep have
been suggested, including the burden of hypoxemia, the variations of oxygen desat-
uration, the chemoresponsiveness, the ventilatory instability during wakefulness
and sleep, and the end-expiratory lung volume. The advantages of ASV have also to
be weighed versus the substantial costs of ASV devices, and despite its superiority,
ASV has to be prescribed in a stepwise approach. Some guidance was given by
Momura S et al., who recommended ASV in those with persisting respiratory events
(>15/h) during a CPAP titration night [24]. On the other hand, therapy should be
considered at the earliest moment in the course when clinical symptoms (and car-
diovascular burden of the disease) might be minimal [25]. The current priority is to
search for phenotypes of CHF patients that may benefit most from treatment guid-
ing individualized and personalized management.

Our case suffered from concomitant moderately severe insomnia. The preva-
lence of insomnia symptoms among patients with CHF is high, ranging from 23%
to 73%, including difficulty maintaining sleep (34—43%), falling asleep (23—47%),
and waking too early in the morning (35-39%) [26]. CHF patients are also consis-
tently more likely to have objective findings of prolonged sleep latency and poor
sleep continuity. The reasons are multifactorial. In addition to sleep-disordered
breathing such as CSA/PB, symptoms of CHF itself such as orthopnea, paroxysmal
nocturnal dyspnea, coughing, and nocturia often lead to insomnia, and insomnia
itself may reflect the severity of CHF. Moreover, insomnia may also be an indicator
of depression, which is associated with adverse prognosis of CHF. Insomnia could
also be partially caused by medications used in the treatment of CHF. For example,
beta-blockers may affect production of melatonin, and diuretics may cause nocturia,
which all together could result in poor sleep quality. Patients with CHF who also
have insomnia develop fatigue and worsening physical performance, and these
symptoms are associated with decreased quality of life and low medication adher-
ence. CHF patients with insomnia also have a significantly higher rate of cardiac
events. The hyperarousal disorder is accompanied by chronic activation of stress
responses with increased activity in the hypothalamic-pituitary-adrenal axis and
sympathetic nervous system, leading to an increased secretion of cortisol and upreg-
ulation of the renin-angiotensin-aldosterone system (RAAS). Stress response
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caused by insomnia is also accompanied by increased blood pressure, increased
heart rate, decreased heart rate variability, secretion of catecholamines and pro-
inflammatory cytokines, and impaired exercise capacity and activity, which are risk
factors for the progression of CHF and prognostic factors of CHF. Thus, treatment
of insomnia might improve both quality of life and overall prognosis.

In our patient, problems with maintaining sleep persisted after initiation of ASV
therapy, and thus cognitive behavioral therapy was proposed, with the addition of
strict sleep hygiene rules, such as minimal use of caffeine, maintaining a regular
sleep schedule, going to bed only when sleepy, regular exercise, and only short
naps. Such approach can lead to improvement in insomnia in 58% of the cases, and
25% can achieve remission of insomnia symptoms, along with improvement in
depression and anxiety.

Key Learning Points

* CPAP and supplemental oxygen are often effective at reducing the AHI in
CSA/PB associated with heart failure. These are generally considered first-
line therapies, although outcomes studies have yet to show long-term
benefit.

* ASV is an effective treatment modality for CSA/PB, and a valuable com-
plement to the management of heart failure. However, ASV therapy has
been associated with increased mortality in those with reduced left ven-
tricular ejection fraction. Its long-term benefits or risks in diastolic dys-
function or heart failure with preserved EF remain unknown.

* ASV includes ventilatory support with variable synchronization dependent
on flow and ventilation. This type of ventilation is anti-cyclic to the period-
icity of the patient’s own breathing and acts to dampen the oscillations in
the ventilatory drive that underlie periodic breathing. A common feature in
treating patients with CSA/PB is that only some patients respond.

» Patients whose CSA does not resolve with treatment are those with the
most unstable respiratory control (or the highest loop gain). Uncontrollable
CSA may be an indicator of a worse prognosis in CHF.

* Insomnia is highly prevalent in CHFE. Insomnia contributes to fatigue and
poor quality of life, as well as may be associated with adverse outcomes in
CHF patients. CHF disease management alone may not be sufficient to
ameliorate insomnia symptoms. Understanding the nature of insomnia
symptoms and their associations with daytime symptoms and functional
performance is necessary to guide sleep disorders treatment for CHF
patients. Identification of CHF patients who may benefit from pharmaco-
logical and/or behavioral insomnia treatment is needed.
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Chapter 6
Pulmonary Hypertension in Obstructive
Sleep Apnea

Vahid Mohsenin

Introduction

Pulmonary hypertension (PH) is a hemodynamic and pathophysiological state that
is classified according to the hemodynamic profile of the pulmonary circulation —
pre-capillary, post-capillary, or both (Fig. 6.1). Common causes of pre-capillary PH
are related to chronic thromboembolic PH and pulmonary arterial hypertension that
can be found in three main forms: idiopathic pulmonary arterial hypertension,
familial form, and PH associated with other risk factors and medical conditions,
such as collagen vascular diseases. Pre- and post-capillary PH is caused by heart
disease and lung disease. All types of PH share common pathological changes in the
form of proliferative vasculopathy, characterized by vasoconstriction and cell pro-
liferation. Left heart disease (WHO Group 2) is the most common cause of PH in
Western countries. The second most common cause of PH is WHO Group 3 that is
comprised of lung disease associated with hypoxia and sleep-disordered breathing.
Owing to their high prevalence, sleep-disordered breathing and chronic obstructive
pulmonary disease (COPD) are by far the most common causes of PH in Group 3.
Obstructive sleep apnea (OSA) is the most common form of sleep-disordered
breathing, affecting up to 50% of men and 25% of women in the middle-aged popu-
lation [1, 2]. In general, 27-30% of patients with OSA without left ventricular dys-
function or hypoxemic lung disease have PH, which tends to be mild to moderate in
severity. However, severe PH can occur in the setting of OSA [3-5]. Nocturnal
hypoxemia can be an important indicator of the presence of PH in this population.
Patients with OSA and PH have a worse prognosis with a lower quality of life and
higher mortality than those without PH. Treatment of OSA is associated with
decreased pulmonary artery pressure (Ppa).
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Fig. 6.1 Major causes of pre-capillary PH are related to pulmonary arterial hypertension and
chronic thromboembolic PH. Common causes of post-capillary pulmonary hypertension are left-
sided heart disease, lung disease, and hypoxia

Case Report

A 40-year-old man was seen in the pulmonary clinic because of increasing dyspnea
and excessive daytime sleepiness. The patient gave a history of habitual snoring and
unrefreshing sleep with daytime fatigue for approximately 3 years before the clinic
visit. Shortness of breath on exertion developed about a year ago. The patient
reported gasping awake occasionally, heartburn, and one- to two-time nocturia.

On examination, the patient appeared comfortable. The blood pressure was
158/92 mm Hg, the pulse 88 beats per minute, and the oxygen saturation 96% while
he was breathing ambient air. The height was 171.5 cm, the weight was 91.6 kg, and
the body mass index was 31 kg/m? The upper airway examination showed nar-
rowed oropharyngeal inlet due to increased soft tissue mass. Neck circumference
was 40 cm. The jugular veins were not visible due to a short neck. Heart sounds
were distant, without a murmur, rub, or gallop, and lungs were clear. There was leg
edema to the knees; the remainder of the examination was normal. The complete
blood count and serologic testing for collagen vascular disease were essentially
normal. An electrocardiogram (ECG) showed sinus rhythm at a rate of 92 beats per
minute and right axis deviation. Echocardiogram showed normal left ventricular
cavity size, hyperdynamic left ventricular systolic function, and moderate concen-
tric left ventricular hypertrophy. Left ventricular ejection fraction was >70%. Left
ventricular ejection fraction was >70% with mildly decreased right ventricular sys-
tolic function; the right ventricular systolic pressure (RVSP) was estimated to be
65 mm Hg. Right and left atria were mildly dilated. The chest radiograph showed
enlargement of the right, left, and main pulmonary arteries. The lungs were clear,
with no evidence of interstitial lung disease or emphysema. A CT scan of the chest
and a subsequent pulmonary CT angiogram confirmed the enlargement of the main
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Fig. 6.2 A polysomnograph of 60 s in duration shows two obstructive apneas during REM sleep
with oxygen desaturations to a nadir of 74%

pulmonary artery and no evidence of pulmonary emboli. The right ventricle was
enlarged; the wall of the right ventricle was thick (5 mm), with flattening of the
inter-ventricular septum. Polysomnography was performed. A 60-s epoch of the
polysomnography shows two obstructive apneas during REM sleep with oxygen
desaturations to a nadir of 74% (Fig. 6.2). Apnea-hypopnea index (AHI) was 29
events per hour with mean asleep arterial oxygen saturation of 94%, and time with
oxygen saturation below 90% was 36 min.

Discussion

Mechanism of PH in OSA

Many patients with OSA experience cyclical oxygen desaturations during sleep.
The cumulative effect of intermittent hypoxia can lead to PH [6, 7]. Most
patients with OSA have normal oxygen saturation while awake, apart from those
patients who also have an obesity-hypoventilation syndrome or underlying lung
disease.
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Left ventricular dysfunction accounts for a large proportion of PH in patients
with OSA [8-12]. However, PH and right heart failure can develop in patients with
OSA with preserved left ventricular ejection fraction [13]. The prevalence of PH in
heart failure with preserved left ventricular ejection fraction (HFpEF) was reported
in the range of 52% (defined as mean Ppa >25 mmHg by right heart catheterization)
[14]. This prevalence was comparable to 62% in a cohort of 379 patients with heart
failure with reduced ejection fraction (HFrEF), who had a mean Ppa >20 mmHg by
right heart catheterization [15]. Mathematical models demonstrate that there is an
initial passive increase in pulmonary blood volume secondary to the hydrostatic
forces resulting from heart failure with either reduced or preserved systolic function
[13]. The result of this initial insult is a passive post-capillary PH with a normal
transpulmonary pressure gradient and, consequently, relatively normal pulmonary
vascular resistance. Over time, long-standing venous PH results in pulmonary arte-
rial endothelial dysfunction, leading to elevated levels of endothelin-1, decreased
nitric oxide levels, and a decrease in brain natriuretic peptide-mediated vasodilata-
tion [16]. These biochemical changes result in active pulmonary arterial vasospasm,
leading to a further increase in pulmonary arterial pressures. In addition to this
pressure-dependent mechanism, hypoxia-sensitive inflammatory and proliferative
pathways may be involved in the development of PH in OSA [17]. Animal models
have demonstrated that brief, repetitive exposure to hypoxemia over just a few
weeks, a situation akin to intermittent hypoxia in OSA, is sufficient to cause pulmo-
nary arteriolar remodeling and right ventricular hypertrophy [18, 19]. A meta-
analysis of 16 studies demonstrated right ventricular hypertrophy and enlargement
and decreased right ventricular ejection fraction in patients with OSA [20].
Continuous monitoring of Ppa in OSA patients showed a gradual rise in mean Ppa
throughout nighttime sleep compared with snorers-only subjects [21].

Diagnostic Considerations

The evaluation process for a patient with suspected PH requires a series of investi-
gations intended to confirm the diagnosis, which is best done in a multidisciplinary
pulmonary vascular center. Patients with PH may be asymptomatic or present with
symptoms of dyspnea, lightheadedness on exertion, fatigue, chest pain, syncope,
palpitations, and/or lower extremity edema. However, patients with suspected OSA
and PH may not have these symptoms. Transthoracic echocardiography provides
several variables that correlate with right heart hemodynamics, including estimated
systolic Ppa, and should always be performed in the case of suspected PH as a
screening modality. A systematic review and meta-analysis of 29 studies with a total
patient population of 1998 demonstrated an overall correlation coefficient of 0.70
(95% confidence interval [CI], 0.67-0.73) for estimated systolic Ppa between color
Doppler echocardiography (tricuspid regurgitant jet method) and right heart cathe-
terization, with a sensitivity and specificity of 83% (95% CI, 73-90%) and 72%
(95% CI, 53-85%), respectively [22]. Of note, the agreement between Doppler
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echocardiography and right heart catheterization data was similar at both mild and
moderately elevated systolic Ppa values. Right heart catheterization is confirmatory,
yields more precise pressure measurements, and allows assessment of the vasodila-
tory capacity of pulmonary vasculature that can help guide therapy (Fig. 6.3). PH is
defined hemodynamically by right heart catheterization by a mean Ppa greater than
or equal to 25 mm Hg at rest [23]. However, in the recent World Symposium on
Pulmonary Hypertension 2018 in Nice, the definition of PH was revised: “Based on
data from normal subjects, the normal mean pulmonary arterial pressure (mPAP) at
rest is approximately 14.0 = 3.3 mm Hg [24]. Two standard deviations above this
mean value would indicate that an mPAP >20 mmHg is the threshold for abnormal
pulmonary arterial pressure (above the 97.5th percentile). However, this level of
mPAP is not sufficient to define pulmonary vascular disease since it could be due to
increases in cardiac output or pulmonary artery wedge pressure (PAWP). The task
force has, therefore, proposed including a pulmonary vascular resistance (PVR)
>3 WU into the definition of pre-capillary PH associated with mPAP >20 mmHg,
irrespective of etiology” [25]. Pulmonary artery occlusion pressure (PAOP or
PAWP) of greater than 15 mm Hg denotes elevated left ventricular pressure, in
either HFrEF or HFpEF. Pulmonary artery diastolic pressure gradient (DPG = dia-
stolic Ppa — PAOP) distinguishes pre-capillary (=7 mm Hg) and post-capillary
(<7 mm Hg) PH in setting of normal or reduced left ventricular ejection fraction.
The combination of Ppa > 25 mm Hg, PAOP > 15 mm Hg, and DPG > 7 mm Hg
indicates combined pre- and post-capillary (pulmonary venous) PH (Fig. 6.3) [26].

Normal PAH

mild PAH moderate PAH PVH

F 75 - 40 Hg 40 - 55mm Hg PADP 1 Smwn Hg
mPAP II PAOP II ( &

<I5mem Mg <15mm Hg severe PAH PAH

T — PAOP <1 5mm Hg

Fig. 6.3 Right heart catheterization hemodynamics in normal and in pulmonary arterial hyperten-
sion (PAH). PVH, pulmonary venous hypertension; CO, cardiac output; mPAP, mean pulmonary
artery pressure; PAOP, pulmonary artery occlusion pressure; PVR, pulmonary vascular resistance.
The 2018 proposed definition of PH is mPAP >20 mm Hg and PVR >3.0 WU [25]
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There are no formal guidelines for routine sleep study in patients with PH; how-
ever, given the high prevalence of nocturnal hypoxemia and OSA in patients with
PH [27], patients with PH should be screened for sleep-disordered breathing by a
sleep study. Other diagnostic tests may include serologic testing for collagen vascu-
lar diseases, pulmonary function tests, chest imaging, ventilation-perfusion scan-
ning, and arterial blood gases for underlying pulmonary diseases.

Effect of Treatment of OSA on PH

The studies on the effect of treatment of OSA on pulmonary hemodynamics and PH
are limited. Treatment with continuous positive airway pressure (CPAP) for
6 months in six patients with OSA and PH diagnosed on echocardiography and
confirmed by right heart catheterization with normal PAOP values reduced mean
Ppa values from 25.6 + 4.0 mm Hg to 19.5 + 1.6 mm Hg (P < 0.001) [3]. In a pro-
spective study involving 22 patients with OSA (mean AHI, 48.6 + 5.2 events/h), five
of whom had mean Ppa 20 mm Hg, 4 months of CPAP treatment decreased mean
Ppa from 17.0 £ 1.2 mm Hg to 14.5 = 0.8 mm Hg in the entire group (P < 0.05). The
most significant treatment effects occurred in the five patients who had PH at base-
line. The reduction in mean Ppa was attributed to decreased pulmonary vascular
resistance and decreased vasoconstrictive response to a hypoxic stimulus [28]. In a
randomized, sham-controlled cross-over study involving ten patients with OSA and
PH (RVSP > 30 mm Hg estimated by Doppler echocardiography) and no known
cardiac or lung diseases, 12 weeks of CPAP therapy decreased RVSP from
28.8 £ 7.9 mm Hg to 24.0 £ 5.8 mm Hg (P < 0.0001) [29]. Higher reduction in
RVSP after effective CPAP therapy was observed in patients with OSA with either
left ventricular diastolic dysfunction (change, 7.3 + 3.3 mm Hg vs. 1.6 + 1.8 mm Hg
in those without left ventricular diastolic dysfunction; P < 0.001) or presence of PH
at baseline (change, 8.5 + 2.8 mm Hg vs. 2.6 + 2.8 mm Hg in those without PH at
baseline; P < 0.001) [29]. In a meta-analysis of 7 studies with 222 patients (mean
age of 52.5 years) with OSA and AHI of greater than 10 events/h (mean AHI of 58
events/h) and PH, defined as Ppa >25 mm Hg (mean Ppa of 39.3 + 6.3 mm Hg),
CPAP treatment for 3 to 70 months was associated with a decrease in Ppa of
13.3 mm Hg (95% CI 12.7-14.0) [30]. CPAP therapy for 6-24 months improved
right ventricular ejection fraction estimated by nuclear ventriculography, which
increased from 30% + 3% to 39% + 3% (P < 0.01) [31]. Based on currently avail-
able data, we recommend the treatment of mild-to-moderate PH with OSA-specific
therapy for 6 months with follow-up echocardiography and consideration for the
addition of pharmacotherapy in those with severe PH.

The index patient was treated with CPAP, and follow-up echocardiography after
6 months showed RVSP had decreased from 65 mm Hg to 50 mm Hg with the
patient reporting some improvement in shortness of breath during exertion. Because
of evidence for the persistence of PH and residual symptoms, right heart catheter-
ization was performed for consideration of PH-specific treatment.
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Clinical Pearls and Pitfalls

* OSA is a highly prevalent sleep-disordered breathing that is associated
with an increased risk of cardio-cerebrovascular complications and
increased mortality.

* PH is a common comorbid disorder in a patient with OSA and, in large
part, related to nocturnal hypoxemia and left ventricular dysfunction.

» Patients with OSA, especially those with daytime hypoxemia and hyper-
capnia or significant nocturnal oxygen desaturations, should be screened
for PH by echocardiography.

e Treatment of OSA with CPAP therapy improves PH.
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Chapter 7
Primary Central Sleep Apnea

Anan Salloum and M. Safwan Badr

Case

A 50-year-old man presented to the sleep clinic complaining of frequent awaken-
ings and insomnia for 1 year. The patient’s bed partner reported mild snoring and
witnessed apneic episodes. The patient denied difficulty falling asleep, dyspnea,
orthopnea, or leg swelling. The patient had no neurological symptoms or muscular
weaknesses. The patient had no significant medical history and reported no medica-
tion use. He denied using narcotics or illicit drugs.

On physical examination, the patient was non-obese with a body mass index of
26 kg/m?. The patient’s heart rate was 70 beats/min, blood pressure 130/70 mmHg,
and O, saturation 97% or room air. Lungs were clear to auscultation, and cardiac
exam showed regular rate and rhythm with normal heart sounds without murmurs
or gallops. No lower extremity edema was noted. Neurological exam showed no
neurological deficit or muscle weakness.

Polysomnography showed an apnea-hypopnea index (AHI) of 32 events/h with a
central apnea index (CAI) of 20 events/h (78 % of AHI events were central in nature).
Most events were seen in sleep stages N1 and N2. No events were seen in rapid eye
movement (REM) sleep. Example of central apneas seen is in Fig. 7.1. The remain-
der of the events consisted of obstructive hypopneas. No Cheyne-Stokes breathing
pattern was observed. Central apneas were short in duration, lasting approximately
15 s and terminating with an arousal and an abrupt respiratory effort. Central and
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Fig. 7.1 A representative polysomnography segment showing central apneas (without Cheyne-
Stokes respiration). Note the absence of flow and effort as evidenced by the absence of thoracic
and abdominal signal on respiratory inductance plethysmography (RIP). In primary central sleep
apnea, the inter-apnea or ventilatory phase is typically short lasting 2—5 breaths, and do not have
the crescendo-decrescendo pattern seen with Cheyne-Stokes breathing. These central apneas may
lead to arousals, and commonly lead to mild arterial oxygen desaturations, although severede-
saturations may also be seen. Central apneas are less common during REM sleep

obstructive events were associated with sleep fragmentation, and many post-arousal
central apneas were also observed. Because the patient was symptomatic, it was
decided to proceed with a trial of therapy. During a titration study, continuous posi-
tive airway pressure therapy (CPAP) of 10 cmH,O eliminated most obstructive and
central respiratory events.

Given the severity of central apnea, the patient had brain magnetic resonance
imaging (MRI) which did not reveal any neurological pathology such as Chiari
malformation. It was noted that the patient’s serum bicarbonate level was low-
normal at 23 mEq/L. The patient was diagnosed with primary (idiopathic) central
sleep apnea and obstructive sleep apnea. He was treated with CPAP of 10 cmH,O
and reported significant improvement in daytime sleepiness.

Discussion
Definition

Central sleep apnea (CSA) is characterized by the repetitive cessation of breathing
due to loss of ventilatory motor output. Central events are defined by cessation or
reduction of airflow during sleep lasting >10 s, matched with an absence or reduc-
tion of inspiratory effort [1]. While central apneas are readily distinguishable from
obstructive events, central hypopneas are difficult to identify on standard polysom-
nography. The American Academy of Sleep Medicine (AASM) scoring guidelines
suggest central hypopneas may be scored if there is an absence of obstructive
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features such as snoring, flow limitation, or paradoxical thoraco-abdominal move-
ments. However, even with these guidelines, obstructive and central hypopneic
events are difficult to distinguish, and many sleep centers choose not to score central
hypopneas. Furthermore, in many instances, obstructive and central apneas/hypop-
neas co-occur. In other words, the upper airway may collapse during a central event,
or there may be reduced ventilatory effort during an obstructive event. The
International Classification of Sleep Disorders — Third Edition (ICSD-3) defines
central sleep apnea arbitrarily as having >5 events/h, with the central component
comprising more than 50% of the total AHI. Importantly, in order to be considered
a syndrome, there need to be associated clinical manifestations. It is unclear whether
our current definition of disease best captures clinical outcomes and best dictates
treatment.

Central apneas occur under several conditions, and in order to deem them idio-
pathic or primary, a concomitant disorder needs to be ruled out. Pathophysiologically,
CSA may be considered as hypercapnic vs normo-/hypocapnic. The normo- or
hypocapnic CSA phenotype is associated with Cheyne-Stokes breathing, high-
altitude periodic breathing, treatment-emergent central sleep apnea, and primary
CSA. The hypercapnic CSA phenotype is associated with hypoventilatory condi-
tions such as that associated with neuromuscular disease or medications or opioid use.

Epidemiology and Demographics

Central sleep apnea overall is less prevalent than obstructive apnea. A cross-sectional
analysis of baseline data from 5804 participants of the Sleep Heart Health Study
showed the prevalence of CSA (undifferentiated) in this general population sample
was 0.9% (95% confidence intervals [CI]: 0.7-1.2). Individuals with CSA were
older, had lower BMI, had lower Epworth Sleepiness Scale score, and were more
likely to be male than individuals with obstructive sleep apnea [2]. Primary central
sleep apnea is even less common. Because of the rarity of the disease, demographic
data is lacking, though it is believed it tends to be more common in middle-aged and
elderly men.

Pathophysiology of Primary Central Sleep Apnea

The removal of the wakefulness drive to breathe renders respiration during sleep
critically dependent on arterial PCO,, particularly during NREM sleep. Consequently,
normo- or hypocapnic central apnea occurs if arterial PCO, is lowered below a
highly sensitive “apneic threshold” [3, 4]. A central apnea is often followed by
hypoxemia and a transient arousal [5, 6]. There is sympathetic stimulation, and
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often an exaggerated ventilatory response ensues. Hyperventilation overshoots the
arterial PCO, below the apneic threshold leading to cycling of more central events.
In fact, patients with primary (idiopathic) central apnea have demonstrated increased
ventilatory responsiveness to changes in arterial PCO, (i.e., high loop gain) [7].
Ventilation during NREM sleep, particularly N1 and N2 sleep, is sensitive to
arterial PCO, changes. As a result, normo- and hypocapnic central apneas (i.e.,
those due to high loop gain) are most frequent during these stages of sleep.
Meanwhile, the control of respiration during N3 and REM sleep is less dependent
on arterial PCO, and PO,, and therefore, central apneas are rarely seen during these
sleep stages. Central apneas related to hypoventilation or hypercapnia, on the other
hand, may be observed during REM sleep and particularly during phasic REM sleep.

Clinical Signs and Symptoms

The presenting symptoms in patients with primary central apnea are variable.
Presenting symptoms may be similar to obstructive sleep apnea including snoring
and excessive daytime sleepiness. Alternatively, some patients with central sleep
apnea may present with insomnia and poor nocturnal sleep. This may be due to
frequent oscillation between wakefulness and stage 1 NREM sleep. It is important
to note, however, that most of the data on the presentation of central sleep apnea are
based on reports of small numbers of patients.

Patients with primary central sleep apnea are usually not obese. Their symptoms
include insomnia, disturbed sleep, witnessed apneas, and daytime sleepiness.
Snoring is usually milder than snoring associated with obstructive sleep apnea.
Physical exam usually lacks signs suggestive of pulmonary, cardiac, or neuromus-
cular disease. If arterial blood gas is drawn, a low-normal PCO, is observed [7]. The
correlate would be low-normal serum bicarbonate levels, which results from chronic
mild respiratory alkalemia.

Treatment

There are no treatment guidelines specific to primary central sleep apnea. The deci-
sion to treat a patient with CSA is made on the combination of clinical symptoms,
polysomnographic findings, and clinical experience and judgment. The lack of pro-
spective outcome data or accepted metrics of severity renders simple algorithms
difficult to implement. Furthermore, comorbid conditions, such as obstructive sleep
apnea, influence the therapeutic approach. Most of the recommendations for pri-
mary CSA are extrapolated from studies on patients with CSA and heart failure.
The AASM Practice Parameters for treatment of primary central sleep apnea
include positive airway pressure (PAP) and medications such as acetazolamide,
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zolpidem, and triazolam [8]. Although no randomized control trials have tested the
effectiveness of PAP in the treatment of primary central sleep apnea, PAP in the
form of CPAP, bilevel PAP with a backup rate (e.g., BPAP-ST), and adaptive servo-
ventilation (ASV) are commonly used to treat this condition. CPAP is likely to work
by increasing lung volume, dampening ventilator overshoot, and preventing con-
comitant upper airway narrowing [5, 9]. A trial of CPAP is generally recommended
as a first-line therapy as it is effective in about 50% of patients. Conversely, bilevel
PAP may worsen central apnea unless used with a backup rate, since bilevel PAP
may augment ventilation excessively during spontaneous breathing and cause ven-
tilatory overshoot below the apneic threshold. Finally, ASV, a form of closed-loop
mechanical ventilation, that differs from CPAP or bilevel PAP by providing dynamic
adjustment of inspiratory pressure support with an automated backup rate may be
highly effective in treating normo- or hypocapnic CSA. By delivering a preset min-
ute ventilation, ASV mitigates post-apneic hyperventilation and decreases the fre-
quency of central apnea. ASV may be considered in those who fail or are intolerant
of CPAP. However, it is contraindicated in those with heart failure and reduced
ejection fraction [10].

Pharmacologic therapy for central apnea is intuitively appealing but lacks long-
term clinical trials. Available studies have investigated acetazolamide and hypnot-
ics, mostly as short-term trials focusing on reduced frequency of respiratory events.
Acetazolamide, a carbonic anhydrase inhibitor diuretic, induces metabolic acido-
sis and stimulates respiration by widening the apneic threshold. Its efficacy in
primary CSA has been demonstrated in a small number of clinical trials. White
et al. [11] administered acetazolamide to six patients with symptomatic central
sleep apnea. All six patients had significant improvement, demonstrating a 69%
reduction in total apneas. Five of the six patients reported better-quality sleep and
decreased daytime hypersomnolence. Similarly, DeBacker et al. [12] used low-
dose acetazolamide (250 mg/day, 1 h before sleep) and found CAI decreased dur-
ing the first night of acetazolamide use and further reduced after 1 month of
therapy. The number of arousals also decreased after 1 month of medication use.
Overall, acetazolamide is considered an option but requires close clinical follow-
up and knowledge about potential side effects including dizziness and increased
urination.

The effectiveness of hypnotics on the treatment of central apnea was also inves-
tigated based on the premise that suppressing arousals may stabilize breathing.
Quadri et al. [13] studied the effect of zolpidem on primary CSA in an open-label
trial of 20 patients. Zolpidem use for 9 weeks was associated with decreased central
apnea-hypopnea index, improved sleep continuity, and decreased subjective day-
time sleepiness but worsening of obstructive apnea in three patients. While the
aforementioned studies showed a salutary effect for both medications, the small
number of participants, lack of long-term outcome data, and potential risk of side
effects preclude recommendations regarding these agents as therapeutic interven-
tion in primary CSA.

Supplemental oxygen has been used successfully in patients with CSA second-
ary to heart failure. The mechanisms underlying the effect of oxygen on ventilatory
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control during sleep include reduction in controller gain, with improvement in over-
all loop gain or chemoresponsiveness. The role of supplemental oxygen in primary
CSA however is unknown, and its use is often at the discretion of the clinician based
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on his or her experience.

Key Points

Central sleep apnea is generally thought of in two categories: (1) normo- or
hypocapnic and (2) hypercapnic CSA. In normo- or hypocapnic CSA, cen-
tral apneas arise from high loop gain and unstable breathing. In the hyper-
capnic CSA phenotype, central apneas arise in the context of hypoventilation
or ventilatory impairment, such as would be seen with neuromuscular dis-
ease or opioid use.

CSA is associated with several conditions including heart failure, neuro-
muscular disease, opioid use, ascent to high altitude, and positive airway
pressure use. CSA is considered idiopathic or primary when none of these
associations are identified.

Primary CSA is considered part of the normo- or hypocapnic phenotype.
In primary CSA, apneas result from high loop gain, narrow apneic thresh-
old window, increased arousal sensitivity, as well as increased ventilatory
response to arousal.

There are very little data about risk factors, or the clinical implications of
primary CSA.

Treatment decisions are generally driven by the patient’s symptoms or by
CSA severity.

There are no good data regarding therapies for primary CSA. There is
overlap in the pathophysiology and presentation of central and obstructive
sleep apnea, making CPAP an appropriate initial therapy. Medications
such as acetazolamide, theophylline, and triazolam have been studied and
may have an effect of improving primary CSA. However, these medica-
tions come with many side effects, and close monitoring is often needed.
There is no data about long-term clinical consequences of treated or
untreated primary CSA, and treatment is often at the discretion of the
clinician.

Studies are needed to understand the pathophysiology and clinical implica-
tions of primary CSA and to determine the risks or benefits of therapy.
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Chapter 8
Treatment-Emergent Central Sleep Apnea

Check for
updates

Andrey Zinchuk and Henry Klar Yaggi

Case

A 56-year-old man with a history of hypertension, paroxysmal atrial fibrillation,
and well-controlled anxiety presents for evaluation of unrefreshing sleep. He reports
10 years of morning fatigue, waking up unrefreshed, and repeated middle of the
night awakenings. This prevents him from carrying out his work responsibilities as
an accountant efficiently, and he notes increasing irritability. He previously used
zolpidem for 1 week, which improved his morning fatigue, but it caused headache
and dizziness and was subsequently stopped. Intermittent snoring is noted by fam-
ily. He denies symptoms of a hypersomnia or symptoms of restless legs syndrome.
Review of systems is notable for a 10-pound weight gain. He has never smoked and
reports consuming O—1 alcoholic drinks per day. Family history is notable for coro-
nary artery disease and stroke in his father. Medications include aspirin, metoprolol,
and escitalopram.

On examination, body mass index is 29 kg/m?, and neck circumference is 17
inches. He is normotensive with a heart rate of 88 beats/min with an irregularly
irregular rhythm. He has normal dentition without overjet, enlarged (3+) tonsils, and
aMallampati classification of 3. The remainder of examination is normal. Laboratory
studies are notable for hemoglobin of 14 mg/dL, bicarbonate of 24 mEq/L, and
normal thyroid-stimulating hormone levels. Transthoracic echocardiogram reveals
an enlarged left atrium, mild concentric left ventricular hypertrophy, an ejection
fraction of 60%, and normal right heart size and function. Epworth sleepiness scale
score is 9 of 24 and insomnia severity index is 22 of 28.

Given the high pretest probability of sleep apnea, a split-night polysomnography
is performed (Fig. 8.1). The diagnostic portion of the study reveals an overall
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Fig. 8.1 Study hypnogram showing the patterns of treatment-emergent central sleep apnea on a
split polysomnogram. Notice the non-rapid eye movement (NREM) predominance of events dur-
ing application of continuous positive airway pressure and characteristic improvement in REM
sleep (filled arrow). Deoxygenation tracing shows characteristic “zipper” pattern of periodic
breathing and elevated loop gain sleep apnea (open arrow)

apnea-hypopnea index with 4% oxygen desaturations (AHI 4%) of 43 events/h and
markedly fragmented sleep, with entire recording in supine position. Of note, >60%
of events were hypopneas in non-rapid eye movement (NREM) sleep. These events
show clear periodicity with associated obstruction. The nadir O, saturation is 83%.
Upon initiation of continuous positive airway pressure (CPAP) via a nasal mask, the
obstructive AHI 4% declined to 4/h at a pressure setting of 8 cmH,0O. There is mini-
mal leak. However, significant central apneic events developed (central apnea index
(CAI) of 36/h) with periodic breathing at an average cycle length of 30 s comprising
>30% of recording time (Fig. 8.2). The duty ratio calculation (duration of ventila-
tion divided by cycle duration [sum of ventilatory and apneic phases]) estimates
loop gain at 2.1. Desaturations appear with a “zipper pattern” on the oximetry signal
(Fig. 8.1). Respiratory events resolve during a 15-min period of REM sleep.
Arousals tend to occur at the center of recovery breaths with an overall arousal
index of 40/h, although sleep efficiency is improved. Post-study, the patient reports
no marked change in sleepiness or energy level. Treatment-emergent central sleep
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Fig. 8.2 Treatment-emergent central apneas (TE-CSA) while on continuous positive airway pres-
sure (CPAP). Ten-minute screen compression; each vertical line is 30 s. Note the recurrent central
apneas and periodic breathing with a cycle length of approximately 30 s, shorter than in those with
heart failure central apneas with Cheyne-Stokes breathing (cycle length 60-90 s). Note character-
istic arousals at the termination of central apneas, and marked sleep fragmentation

apnea (TE-CSA) with associated atrial fibrillation is diagnosed. He also has evi-
dence of easy arousability estimated by a low arousal threshold (predicted by O,
nadir of >83% and fraction of hypopneas >56%) and elevated loop gain (>1, based
on duty ratio measurements).

The patient’s goal is to improve his symptoms of sleep maintenance insomnia
and fatigue. Auto-positive airway pressure (PAP) at a pressure setting of 8—12 cmH,O
with a nasal mask and lateral sleep are prescribed. CPAP acclimation therapy with
respiratory therapist is completed over the ensuing 2 weeks. After 4 weeks, a mini-
mal improvement in symptoms of insomnia and fatigue is noted, and the patient
reports difficulty tolerating auto-PAP: “It just wakes me up at night and I don’t feel
like I get enough air.” Review of the PAP download data shows minimal leak, aver-
age use of 4.2 h per night, 90th percentile pressure of 9 cmH,O with a total residual
machine AHI of 23/h, a clear airway index of 20/h, and 35% of total monitoring
time spent in periodic breathing.

A discussion ensues with the patient regarding the risks and benefits of targeted
treatment including adaptive servo-ventilation (ASV) and adjunctive therapies such
as carbon dioxide (CO,) rebreathing, acetazolamide, and hypnotics. A decision is
made to pursue ASV supplemented by a trial of CO, rebreathing or acetazolamide
as needed. Given his prior adverse experience with sedative hypnotics, benzodiaz-
epine use is avoided. Based on a laboratory-based therapeutic study, ASV is titrated
to the following settings: expiratory pressure of 6-10 cmH,O, pressure support of
0-10 cmH,O0, and automatic respiratory rate. This results in marked improvement in
measures of sleep-disordered breathing. The nadir O, saturation is 87%, the end-
tidal CO, (ETc¢o,) is 37 mmHg (36 mmHg at study start, off PAP), and the AHI and
CAI decreased to 7 and 5 events/h, respectively, as measured by total flow in the
system (C-flow, Fig. 8.3). However, there is ongoing respiratory instability mani-
fested as pressure cycling (fluctuation of pressure support) and associated arousals
(Fig. 8.3). These findings do not improve through the 3 h of ASV titration. A
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Fig. 8.3 Pressure cycling during adaptive ventilation treatment with nearly normal flow. Five-
minute compression snapshot showing pressure cycling (arrow head). The C-PRESS channel is the
pressure output from the adaptive ventilator. This 56-year-old man had predominantly central
apneas, which were eliminated. However, repetitive arousals (arrow) and pressure cycling contin-
ued without resolution, despite adjustments of pressure support. There are few scorable respiratory
events using C-flow signal (total flow in the system), and device may not automatically detect
respiratory events during such periods (Adapted from Gunn et al., Sleep, 2008, 1-12, with
permission)

non-ventilated mask is added, with increase in ET¢q, to 40 mmHg on the same ASV
settings. The pressure cycling resolves with the residual AHI and CAI (measured
using pressure signal of the ventilator) now equal to 3/h and 1/h. This includes
supine sleep. Arousal index is 11/h. Thirty minutes of REM sleep is achieved with
a residual obstructive AHI of 2/h. Some improvement of fatigue is noted the morn-
ing after titration study, and the patient reports his tolerance of ASV treatment is
much improved compared to CPAP.

The patient is prescribed ASV at above settings using a non-vented mask. Two
weeks later, a review of ASV download data showed a residual AHI and CAI of 3/h
and <1/h, respectively, with just 5-10% of the night spent in periodic breathing. He
uses PAP on average of 6.2 h/night for the last 7 consecutive days. The patient relates
improvement in fatigue, decreased irritability, and uninterrupted sleep. ESS score is
decreased to 7 and ISI score is now 11. His efficiency at work is improved. Repeat
basic metabolic panel after 4 weeks of therapy shows a bicarbonate of 25 mEq/L.

Discussion Section

Introduction

As evident in this patient’s case, in some with obstructive sleep apnea (OSA), cen-
tral apneas and periodic breathing “emerge” with restoration of upper airway
patency (Fig. 8.2). This phenomenon is termed treatment-emergent central sleep
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apnea (TE-CSA). Initially described as “complex sleep apnea,” the existence of
TE-CSA as a unique clinical syndrome has been debated because of the varied natu-
ral history and clinical heterogeneity of the patients, reflective of the many causes
of central sleep apnea (CSA) [1, 2]. This debate notwithstanding, it is becoming
clear that in patients who exhibit TE-CSA, PAP uptake and adherence is poor in
comparison to those with classic OSA, if the appropriate treatment is not selected
[3, 4]. Furthermore, TE-CSA is associated with comorbid conditions that benefit
from identification and treatment (e.g., atrial fibrillation). Thus recognition, appre-
ciation of the natural history, and initiation of targeted management for TE-CSA
may improve the control of sleep-disordered breathing (SDB), patient’s symptoms,
and quality of life.

Pathophysiology

Because specific studies on TE-CSA pathophysiology are lacking, understanding of
this disorder relies on investigations in other central sleep apnea syndromes.

The pathophysiology of TE-CSA reflects a disordered interplay between (1)
upper airway (UA) collapsibility, (2) ventilatory system instability, and (3) a pro-
pensity for arousals. Central sleep apnea or periodic breathing is primarily a mani-
festation of instability of the ventilatory system, coordinated by a feedback loop
between the chemo- (and other) receptors, the respiratory controller, and the pump
(airways, lungs, muscles) [5]. Ventilatory instability can be measured by a system’s
loop gain and a CO, reserve. Loop gain is considered high when the respiratory
center’s sensitivity to changes in arterial partial pressure of CO, (PaCO,) or arterial
partial pressure of O, (Pa0O,) (i.e., controller gain) is high, or when the lungs have
increased efficiency of CO, excretion (i.e., plant gain). CO, reserve is defined as the
difference between PaCO, at eupnea (stable breathing) and PaCO, at apnea (the
apneic threshold). When ventilatory response is exuberant (high loop gain), PaCO,
decreases below the apneic threshold, and central apneas ensue. These events can be
further exacerbated by easy arousability and sleep state instability [6, 7]. Because
eupneic PaCO, in sleep is normally 3—5 mmHg higher than that during wakefulness,
with awakening the nocturnal eupneic PaCO, is “perceived” by the respiratory cen-
ters as hypercapnic. The resultant increase in ventilatory drive combined with
removal of UA resistance of sleep leads to hyperventilation with increased propen-
sity for central apneas and periodic breathing [5-7].

On diagnostic polysomnography, patients with TE-CSA exhibit a pattern that
includes airway obstruction, mixed apneas, and periodic breathing in NREM sleep
with resolution of above or occurrence of more “pure” obstructive events during
REM. Features helpful in recognition of both relatively pure obstructive and ele-
vated loop gain/low CO, reserve events are noted in Table 8.1.

In TE-CSA, the relief of UA obstruction provided by CPAP, oral appliance, or
tracheostomy is believed to reveal an elevated loop gain leading to hypocapnia with
central apneas and short-cycle periodic breathing, similar to respiration at high
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Table 8.1 Recognition of various forms of sleep apnea

A. Zinchuk and H. K. Yaggi

Polysomnographic
feature

Relatively pure obstructive sleep
apnea

High loop gain sleep apnea

Periodic breathing,
Cheyne-Stokes

Rare

Typical (often short cycle, <30 s
in absence of CHF)

Respiratory event
timing

Variable (each event tends to have
different durations)

Self-similar/metronomic

Severity during sleep
state

Greater severity in REM

Minimal severity in REM

Effort signal
morphology

‘Well maintained during obstructed
breath

Complete or partial loss
between recovery breaths

Flow-effort relationship

Discordant: flow is reduced
disproportionately to reduction in
effort

Concordant: flow and effort
follow each other in amplitude

Arousal timing

Early part of event termination

Crests event, often in the center
of the sequence of recovery
breaths

Oxygen desaturation

Irregular, progressive drops,
V-shaped contour

Smooth, symmetric, progressive
drops rare

CHF Congestive heart failure, REM rapid eye movement

altitude [8]. In addition to conditions and processes predisposing to CSA in general,
OSA severity may play a role in raising loop gain, as TE-CSA is higher among
patients with severe versus mild OSA. Additional proposed contributors to TE-CSA
include CO, washout (i.e., anatomical dead-space reduction) with effective CPAP or
leak [9] and overactivation of lung stretch receptors with CPAP therapy (particularly
at higher pressures) [10]. The role of the CO, control instability and hypocapnia in
pathogenesis of TE-CSA is supported by resolution with small increases of inhaled
CO, [11]. Stabilizing respiratory motor output by preventing transient hypocapnia
with isocapnic rebreathing also prevents most of the OSA in patients with unstable
ventilatory control (high loop gain, low CO, reserve) and collapsible airway.

Diagnosis, Epidemiology, and Natural History

In the International Classification of Sleep Disorders — Third Edition (ICSD-3),
TE-CSA is defined as five or more central apneas or hypopneas per hour of sleep
(CAHI >5/h), with central events making up >50% of all respiratory events during
titration of PAP without a back-up rate [12]. The central apneas or periodic breath-
ing should not be better explained by another disorder, such as CSA with Cheyne-
Stokes breathing (CSB) or CSA associated with opioid use. Alternative definitions
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of TE-CSA, previously known as “complex sleep apnea,” have varied in criteria
such as presence of periodic breathing and inclusion of comorbid disorders (e.g.,
congestive heart failure, opioid use) [13—16]. While these various definitions all aim
to capture the concept of increased propensity for CSA in the setting of resolution
of UA obstruction, this variability has contributed to a wide range of estimates of
TE-CSA prevalence and natural history.

The prevalence of TE-CSA ranges between 0.6% and 20% and is based primar-
ily on retrospective studies [3, 16]. It is higher in studies using split-night polysom-
nograms (likely reflecting a higher severity SDB) and patients with cardiac
comorbidities such as heart failure (HF) [16]. In the largest prospective study
(n=675) by Cassel et al. [13], the prevalence was 12% at 3-month follow-up, when
defined as CAI >5/h or predominant periodic breathing pattern on effective CPAP
(OAHI <5/h).

Importantly, there are three trajectories of TE-CSA: resolution, persistence, and
late emergence [17]. Cassel et al. found that among those who had TE-CSA on
initial titration or at 3-month follow-up, it resolved in 57%, persisted in 20%, and
emerged during 3 months in 23% [13]. These findings are remarkably similar to a
recent retrospective analysis of US PAP telemonitoring data in 133,000 patients of
which 3.5% were found to have CAI >5/h at baseline [3]. Resolution occurred in
55%, persistence in 25%, and late emergence in 20%.

TE-CSA is thus a dynamic process, and evaluation at a single point in time (e.g.,
titration study) is likely to miss a significant number of patients. This is relevant
because patients with TE-CSA are at higher risk of discontinuing CPAP, and target-
ing treatment modality (e.g., ASV) can improve residual respiratory event burden,
adherence, and sleep quality [3, 4, 18]. Thus ongoing monitoring (including inter-
rogation of PAP device data) and use of features capturing elevated loop gain and
arousability can help identify those who could benefit from treatment.

Clinical Presentation and Evaluation
History

Similar to our patient, patients with TE-CSA present with a combination of the
symptoms found in patients with “classic” OSA and CSA, including sleepiness,
insomnia, poor sleep quality, fatigue, and neurocognitive complaints. Given the
dynamic nature of TE-CSA, longitudinal assessments of sleepiness (e.g., Epworth
sleepiness scale) and sleep disturbance (e.g., insomnia severity scale) are prudent.
Increasing age and lower body mass index (BMI) have been reported as risk factors
for TE-CSA (in comparison to “relatively pure” OSA) [16]. Examination findings
may be consistent with those of associated disorders.
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Associated Conditions

Patients with TE-CSA on polysomnography commonly exhibit hypertension, coro-
nary artery disease, atrial fibrillation, and HF [19, 20]. Chronic opioid use is associ-
ated with TE-CSA [15], and its withdrawal can reverse TE-CSA [21]. Notably, up
to 30% of patients present without recognizable comorbidities [19].

Polysomnographic Features

The most characteristic feature of TE-CSA is NREM dominance of respiratory
events and sleep fragmentation, with treatment-emergent events occurring almost
exclusively in non-slow-wave NREM sleep as noted for our patient (Fig. 8.2). The
most consistent predictors of TE-CSA on a diagnostic portion of the study are a
high AHI (usually >30/h) and an elevated CAI >5/h, while REM predominance of
respiratory events is a negative predictor [16, 22], likely due to decreased chemo-
sensitivity during REM. Additional features suggestive of TE-CSA include periodic
breathing with obstruction that resolves or improves in REM sleep (Fig. 8.4) as well
those noted in Table 8.1 [5].

Both under- and over-titration, as well as excess leak [9], can lead to central
events and thus should be addressed prior to diagnosis of TE-CSA. Absolute CPAP
do not consistently predict occurrence, while bilevel PAP (BPAP), likely due to
higher propensity to induce hypocapnia, is a common risk factor [17, 22].

Identifying patients at risk for persistent or delayed TE-CSA might help select
those benefiting from non-CPAP therapy early. Unfortunately, other than higher
CAI (usually >5/h) on a diagnostic portion of the study, no other predictors are
consistent [13, 15, 17, 23]. A pilot study found that those with higher loop gain (>2),
as measured by the duty ratio (duration of ventilation divided by cycle duration
[sum of ventilatory and apneic phases] of CSA) during stable NREM sleep at opti-
mal CPAP (OAHI <5/h), predicted lack of response to CPAP at 1 month [24].

Home Sleep Apnea Testing (HSAT) and PAP Data

While there are no studies of TE-CSA involving HSAT, clinical experience suggests
that those with TE-CSA might be recognized by elevated CAI and periodic breath-
ing that may manifest as “zipper-like” oxygen desaturations on HSAT, as opposed
to the deeper, more irregular, and possibly V-shaped desaturations (i.e., REM-
related) encountered in predominant OSA pattern (Fig. 8.5). Such characteristics
may warrant an in-lab titration rather than auto-PAP initiation. TE-CSA may be
identified on review of CPAP data. In a study by Liu et al., the mean machine-
derived AHI and CAI were >15/h and >10/h, respectively, in the first 10 days of
CPAP treatment in the persistent TE-CSA group and remained consistently higher
than AHI and CAI in patients with standard OSA, transient TE-CSA, and delayed
TE-CSA [3].
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Fig. 8.4 (a) NREM-dominant sleep apnea, with continuous positive airway pressure (CPAP) dur-
ing NREM sleep. Five-minute screen compression; each vertical line is 30 s. Unresolved respira-
tory events occur across a range of CPAP (5-19 cm) with long cycle events, some periodic
breathing features, and clear obstructive features. (b) NREM-dominant sleep apnea during REM
sleep. Spontaneous transition to REM sleep showing resolution of all abnormality (Adapted from
Zinchuk A, Thomas, R. Central Sleep Apnea: Diagnosis and Management in Principles and
Practice of Sleep Medicine, 2016, with permission)

Assessments of Physiologic Contributors to TE-CSA

Standard tools to assess UA collapsibility, compensation, loop gain, and arousabil-
ity are still confined to few research centers with specialized signal processing capa-
bilities [25]. Clinical titration polysomnograms can be used to estimate loop gain
using the duty ratio as described above [24]. Hypocapnia can be assessed by trans-
cutaneous or mainstream end-tidal CO,. Low arousal threshold can be predicted
from diagnostic portion of polysomnography in patients who exhibit two of the
following: AHI <30/h, fraction of hypopneas >0.58, and oxygen saturation nadir
>82.5% [26]. While none of these have been prospectively tested to target specific
therapies in TE-CSA, they provide a roadmap for complementary approaches in
cases similar to our patient, where established treatments do not effectively elimi-
nate SDB.
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Fig. 8.5 Manifestation of different desaturation patterns on home sleep study. Single arrows rep-
resent irregular, progressive, and sometimes V-shaped contour desaturations often associated with
rapid eye movement (REM) sleep and obstructive events. Double arrows highlight more smooth,
symmetric, and “zipper’”” desaturation pattern indicative of high loop gain sleep apnea often associ-
ated with periodic breathing and central apneas

Treatment

There are no consensus guidelines for management of TE-CSA. Although majority
of patients improve with expectant CPAP treatment, TE-CSA confers a greater risk
of CPAP non-adherence and therapy termination [3, 27], suggesting that early tai-
lored treatment (e.g., ASV, CPAP, or ASV with adjunctive therapies) may be appro-
priate. Whether such a strategy prospectively improves symptoms and quality of life
and is cost-effective needs validation.

Our approach (Fig. 8.6) includes phenotyping when possible and a patient-
centered discussion about goals of treatment, TE-CSA trajectories, and the risks and
benefits of expectant or early tailored treatment approaches. We have found close
monitoring of symptoms, PAP data downloads, and, if indicated, repeat titration
polysomnography to be key for successful treatment.

Conservative Measures

Since TE-CSA can occur from under- or over-titration of PAP therapy, excess leak,
and positional influences, we ensure adequacy of titration and mask fit and evaluate
for effect of positional therapy. If indicated, weight loss and good sleep hygiene
practices should be advised. Assessment and optimal control of the underlying con-
dition is recommended, such as guideline-based HF treatment. For patients on opi-
oid therapy, dose reduction or exploration of non-opioid analgesia should be sought
as reduction can improve or alleviate CSA [15, 21].
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(Split, Therapeutic PSG or
PAP data review)
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Assess and treat comorbidities (e.g. CHF, opioid use)
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* Symptoms and QOL 9

Fig. 8.6 One approach to management of TE-CSA. Adjunctive therapy targeting high loop gain
(LG) includes acetazolamide, O,, non-vented mask, enhanced expiratory rebreathing space;
Adjunctive therapy targeting low arousal threshold (ArTH) or fragmented sleep includes sedative
hypnotics. All patients attempt positional therapy if positional predominance is noted. 'LG > 2 as
measured by Stanchina et al. [24], periodic breathing >30% of treatment study, hypocapnia on CO,
monitoring. Low ArTH as measured by Edwards et al. [26]. 3Sleep instability, as suggested by
prolonged sleep-wake transitional instability (>10 min), low sleep efficiency (<70%), high N1
stage during PAP titration (>15%), and poor evolution of slow wave sleep (<1 Hz). AHI, Apnea
hypopnea index; ASV, adaptive servo-ventilation; CAI, central apnea index; CHF, congestive heart
failure; ESS, Epworth sleepiness scale; ISI, insomnia severity scale; PROMIS, Patient-Reported
Outcomes Measurement Information System Sleep Disturbance; QOL, quality of life; OAT, oral
appliance therapy; PAP, positive airway pressure; PB, periodic breathing; SDB, sleep-disordered
breathing; TE-CSA, treatment-emergent central sleep apnea
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PAP Therapies

1. Continuous and bilevel PAP

Expectant management with UA stabilization by CPAP or oral appliance is sup-
ported by findings that ventilatory control instability can improve with time [28].
Unfortunately, this was not the case for our patient, and may be more likely in those
with a picture similar to “classic” OSA such as REM predominance, and lower
CAIs and improved sleep efficiency on titration, as well as in those without comor-
bid HF or opioid use [20].

BPAP without back-up rate is not recommended because increased ventilation
exaggerates central apneas and periodic breathing [18]. BPAP with back-up rate can
reduce CSA as machine-delivered mandatory breaths substitute for lack of patient-
derived effort, but re-emergence of CSA occurs, and other modes of ventilation
(e.g., ASV) are more effective over time.

If expectant management approach is selected, it is critical to monitor symptoms
and PAP data to determine patient trajectory and symptoms. TE-CSA may persist
on CPAP despite improvement in sleepiness [15, 19]; thus monitoring of other sleep
disturbance symptoms (e.g., insomnia) is prudent.

2. Adaptive servo-ventilation (ASV)

ASYV devices are primarily designed for elevated loop gain and hypocapnic CSA,
as in patients with HF and CSB. All ASVs provide expiratory support, inspiratory
pressure support, and back-up rates guided by measures of ventilation or flow aver-
aged over 3—4 min. Details of ASV operation and titration strategies can be obtained
from recent comprehensive reviews [29, 30]. Retrospective studies and small clini-
cal trials show that in TE-CSA, ASV improves the AHI, desaturations, respiratory-
related arousals, and REM sleep and does so better than CPAP or BPAP with
back-up rate [4, 18, 31, 32]. In a randomized cross-over trial of nine patients with
TE-CSA, the residual AHI (CAI) on ASV was markedly lower compared to CPAP
in the acute setting (2 + 4/h (0 + 0/h) vs. 42 + 28/h (31 + 19/h), respectively) [33].
This advantage tends to wane over time likely due to the resolution of TE-CSA in
some. In a clinical trial involving 66 TE-CSA patients randomized to ASV vs. CPAP
for 90 days, the residual AHI (CAI) at follow-up was 4 + 10/h (1 +3/h) vs. 10 + 11/h,
(5 = 6/h), respectively [32]. The primary outcome (AHI <10/h) was achieved in
90% of participants on ASV vs. 65% of those on CPAP (p-value 0.02). Whether this
advantage translates to long-term improvements in daytime symptoms and quality
of life needs to be evaluated. ASV is generally better tolerated than CPAP by
TE-CSA patients, and retrospective studies suggest that switching from CPAP to
ASV improves both residual respiratory events and adherence [4, 18].

In TE-CSA patients with heart failure (both systolic and diastolic), ASV improves
central apneas as well as neurohormonal and cardiac function parameters [34, 35].
However, its use in patients with CSA associated with symptomatic HF and reduced
ejection fraction (<45%), including TE-CSA, should be avoided due to an absolute
6% increase in all-cause and cardiovascular mortality found in a recent trial [36].
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As with our patient, a subset of patients may demonstrate immediate ASV intol-
erance and desynchrony effects that do not appear to resolve with time. A phenom-
enon called “pressure cycling,” or high variability of pressure support (Fig. 8.3),
highlights the importance of assessing ASV efficacy using a ventilator pressure out-
put signal rather than simply the flow or effort signal. Pressure cycling is a response
of ASV to ongoing pathologic periodic breathing. Persistent pressure cycling can
lead to sleep fragmentation and blood pressure elevations, even if respiration as
measured by flow is “improved” [37]. Such findings may warrant use of targeted
adjunctive, non-PAP therapies.

Non-PAP Therapies

1. Oxygen

Oxygen lowers loop gain and widens CO, reserve and thus reduces AHI in
patients with CHF and CSA-CSB [38]. Adding O, to PAP may be of benefit for
TE-CSA patients, as shown in a retrospective analysis that found a lower AHI in
patients treated with CPAP and O, vs. CPAP alone [18]. Drawbacks to O, use
include increase in respiratory event duration and negation of desaturations in scor-
ing of hypopneas, which may “reduce” the AHI but not imply stabilization of
disease.

2. Minimizing hypocapnia

Minimizing hypocapnia may stabilize breathing in TE-CSA. OSA patients with
high loop gain and small CO, reserve might be best candidates [39]. One way to
maintain P,CO, above the apneic threshold is to use dead-space rebreathing. In
CSA-CSB patients with HF, rebreathing has demonstrated improvements in apneas
and arousals [40]. A retrospective case series of 204 patients with “CPAP-
refractory” CSA showed that addition of an “enhanced expiratory rebreathing
space” (EERS) with 50-150 mL of tubing and a non-vented mask added to PAP
therapy markedly improved AHI and sleep efficiency [8]. In this study, EERS was
not administered to subjects with ET¢o, > 45 mmHg, and there was an average
increase in ET¢g, from 38 + 3 to 39 + 3 mmHg, similar to that observed in our
patient’s case. However, among CSA-CSB patients with HF, there are reports of
increased sleep fragmentation with dead space and concerns about sympathetic
activation [41]. Long-term effects of added dead space are unknown. If this
approach is used, measurement of CO, to assess for hypocapnia at baseline and
CO, changes with treatment is mandatory, along with an evaluation of the effects
on sleep architecture and symptoms.

3. Carbonic anhydrase inhibition

Acetazolamide, a carbonic anhydrase inhibitor, is a respiratory stimulant. It
improves ventilatory instability by reducing loop gain (acidosis driven reduction of
CO, clearance and widening of CO, reserve) [42]. Small short-term studies show
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that it significantly reduces the AHI in CSA [43] and OSA with elevated loop gain
[42], but residual events remain. Thus, acetazolamide is likely to be most effica-
cious in conjunction with UA stabilization. In a randomized study of OSA patients
using auto-PAP who develop CSA at high altitude (pathophysiology similar to
TE-CSA), acetazolamide reduced the AHI and improved time spent at O, satura-
tions below 90% [44]. In the longest randomized trial among unselected OSA
patients comparing 250 mg of acetazolamide three times daily with CPAP vs. CPAP
or acetazolamide alone, the combination therapy exhibited most pronounced
improvement of SDB [45]. If used, best candidates might be patients with elevated
loop gain [42], and anecdotal experience suggests that doses as low as 125 mg may
be effective. Most common adverse effects are paresthesia, dyspepsia, diarrhea, and
nocturia, but it is generally well tolerated and patients tend not to discontinue treat-
ment [45]. Due to induction of acidosis, caution in renal disease is warranted, as is
monitoring for hypovolemia and hypokalemia.

4. Sedative hypnotics

Easy arousability from sleep can worsen CSA, by means of hyperpnea and ven-
tilatory overshoot, and OSA, by not allowing sufficient time to recruit UA muscles.
Sedative hypnotics have been used to improve CSA (zolpidem) [46] and OSA
(eszopiclone) [47] with low arousal threshold. Putative mechanisms include reduc-
tion in arousal-induced hypocapnia and increasing proportion of NREM sleep in
stable breathing. Sedative hypnotics are unlikely to be a successful sole therapy in
TE-CSA as they can unmask obstruction in CSA and prolong apnea duration in
some with OSA. In the longest trial in unselected 160 OSA patients, eszopiclone
facilitated improvement in CPAP titrations with fewer residual events and fewer
incomplete titrations [48]. However, these findings are not universal [49]. Estimation
of low arousal threshold may be helpful in selecting candidates [26, 47]. Caution
should be used in the elderly, those at risk of falls, those using other sedatives or
alcohol or opioids, and in those with hypoventilation.

Clinical Pearls

* Treatment-emergent central sleep apnea (TE-CSA) is a syndrome that
presents as obstructive sleep apnea (OSA) during a diagnostic portion of a
sleep testing followed by an “unmasking” of a central sleep apnea (CSA)
as obstruction is alleviated.

* TE-CSA is a non-rapid eye movement (NREM) predominant process, and
improvement in REM is characteristic.

e Putative mechanisms include an overly sensitive ventilatory system
(increased loop gain with narrow CO, reserve) and sleep-wake state
instability.
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According to the International Classification of Sleep Disorders — Third
Edition (ICSD-3), diagnosis is based on central apnea hypopnea index
(CAHI) >5/h and >50% of total respiratory events being central while on
continuous positive airway pressure (CPAP) therapy. Some patients may
be missed with this approach given the underscoring of central hypopneas.
Because central events can occur due to mask leak, inadequate or overly
aggressive CPAP titration should be ruled out prior to diagnosis of TE-CSA.
Roughly 5-10% of OSA patients manifest TE-CSA.

TE-CSA is associated with conditions that predispose to CSA including
heart failure, atrial fibrillation, and opioid use. However, a third of patients
have no comorbidities.

TE-CSA trajectories vary, with resolution occurring in about 50%, persis-
tence in 25%, and late development (weeks after therapy initiation) in
another 25% at 3 months.

No reliable predictors of TE-CSA trajectories exist, and the optimal treat-
ment approach is not known.

Since TE-CSA resolves in a majority, close observation on CPAP may be
attempted. However, TE-CSA is associated with poor adherence and CPAP
use termination, which can be addressed with early tailored therapies such
as adaptive servo-ventilation (ASV) and/or adjunctive therapies (e.g., dead
space, hypnotics).

ASV is a first-line treatment for TE-CSA if observation on CPAP is not
tried. It is superior to CPAP in improving the AHI; however, the evidence
on long-term symptoms, quality of life, and other outcomes is lacking.
ASYV in patients with heart failure and reduced ejection fraction is contra-
indicated given the association with increased mortality.

Pressure cycling is a phenomenon of pressure support variability associ-
ated with ongoing periodic breathing, sleep fragmentation, and blood pres-
sure elevation while on ASV. Therefore, ASV efficacy should be evaluated
using the ventilator pressure output, because flow or machine residual AHI
can give a false sense of “success.”

Because of multifactorial nature of TE-CSA pathogenesis, optimal treat-
ment likely involves multi-modality therapy targeting ventilatory and sleep
state instability.

Assessing loop gain and arousal threshold from clinical data may help
identify patients for adjunctive therapies; however, validation of this
approach is needed. Adjunctive treatments include minimizing hypocapnia
via non-ventilated masks, added dead space, oxygen, carbonic anhydrase
inhibitors, and sedative hypnotics.
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Case

DL is a 45-year-old woman with a past medical history of anxiety and hyperlipid-
emia who was referred by her primary care physician for evaluation of sleep main-
tenance insomnia. Her symptoms started about 4 years ago but have progressively
worsened over the last year. She generally feels fatigued at night and gets into bed
around 10:30 PM. Her estimated sleep latency is usually less than 30 min, although
lately it has been longer several times per week. She reports several arousals
throughout the night and often has difficulty falling back into a “deep sleep.” Her
husband reports that she snores but he is not aware of any pauses in her breathing
(apneas). Her alarm is set for 6:30 AM although she is usually awake by the time it
goes off. She generally feels unrefreshed in the morning. She denies waking up with
a dry mouth unless she has a cold. She endorses headaches, but they can occur
throughout the day. She drinks one coffee in the morning and one in the afternoon.
She feels fatigued during most of the day, yet has difficulty taking naps, even when
she has the opportunity to do so. She denies symptoms of restless leg syndrome,
parasomnias, cataplexy, and bruxism.

She had been previously given a trial of zolpidem 5 mg at night to be taken half
an hour before bedtime. Her symptoms did not improve. She was then tried on a low
dose of eszopiclone but she continued to experience arousals, although she thinks
she was able to return to sleep more quickly with this medication. Her daytime
symptoms did not improve significantly, however. She has taken measures to
improve her sleep hygiene: she keeps a regular sleep schedule, avoids electronics at
night including her cell phone, and has joined a morning exercise class. She also
does not stay in bed for prolonged periods of time when she does wake up in the
middle of the night.

She denies any history of cardiac dysrhythmias, hypertension, stroke, and type 2
diabetes mellitus. She has had no prior surgeries. Her review of systems is positive
for frequent gastrointestinal complaints, including alternating diarrhea and consti-
pation. She endorses seasonal allergies. Her current medications include 5 mg of
rosuvastatin and lorazepam 1 mg as needed, which she takes infrequently. She
denies any drug allergies. She is a never smoker. She uses alcohol occasionally at
night to relax but limits herself to one drink at most. She denies any illicit drug use.
She works at an advertisement agency.

Physical exam reveals normal vital signs. Her body mass index (BMI) is 24 kg/
m?. She is in no distress but is mildly anxious. Examination of the head and neck
reveals a mildly deviated nasal septum with increased nasal resistance on the
affected side. There is no turbinate hypertrophy. She has a vaulted palate with
crowded molar teeth. She has a slight overjet and mild micrognathia. There is no
tongue scalloping. Her posterior oropharynx is narrow. Her Mallampati Score is 2.
Tonsils are grade 1 and normal in appearance. Her uvula is midline and somewhat
elongated. Her neck is supple without any goiters or lymphadenopathy. The rest of
her exam is normal.
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Fig. 9.1 Representative epoch from the case presentation demonstrates prolonged periods of
inspiratory flow limitation on the nasal cannula/pressure transducer (blue tracing) accompanied by
snoring. EEG shows alpha-frequency intrusion into sleep

She scores 8 out of 24 on the Epworth Sleepiness Scale (ESS). Review of per-
formed laboratory work reveals a normal hemoglobin value, serum bicarbonate
value, ferritin level, and thyroid-stimulating hormone.

A nocturnal polysomnography (PSG) was ordered. The test demonstrates pro-
longed periods of inspiratory flow limitation as manifested by a flattening of the
inspiratory limb of airflow as detected by a nasal cannula/pressure transducer (NC/
PT) (Fig. 9.1). There were frequent arousals from sleep and alpha-frequency intru-
sion during delta sleep was noted. The apnea-hypopnea index (AHI) using the rec-
ommended criteria of a >30% peak signal excursion drop associated with a 3%
desaturation and/or arousal is 2.7 events/h. There were more frequent respiratory
effort-related arousals (RERAs) as defined by flattening of the inspiratory portion
of the nasal pressure signal immediately preceding arousals without meeting the
definition of a hypopnea. Incorporating the apneas, hypopneas, and RER As together,
she experienced 17.8 events/h. Event-associated oxygen desaturations were mild
and the oxygen saturation nadir was 92%. There was no significant positional com-
ponent that was evident. The AHI was slightly higher in rapid eye movement (REM)
sleep (6.4/h). Cardiac rhythm analysis was normal.

We explained to the patient that the PSG suggests that her sleep maintenance
insomnia and daytime fatigue could be due to recurrent arousals that result from
increased upper airway resistance during sleep. Treatment options were discussed,
including a trial of continuous positive airway pressure (CPAP), a mandibular
advancement device (MAD), and procedures on the upper airway. After trying on a
CPAP mask in the office the patient stated that she did not think she would be able
to sleep with it. A sample MAD was shown, which appeared to be more tolerable to
the patient. She was referred to a sleep dentist, who provided the patient with a
custom-fit MAD. After 6 weeks of use with gradual mandibular advancement to
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Fig. 9.2 Representative epoch from the follow up out-of-center sleep test with a mandibular
advancement device demonstrates resolution of the inspiratory flow limitation on the nasal can-
nula/pressure transducer (blue)

10 mm, the patient reported improvement in her fatigue and sleep maintenance
insomnia and her husband reported resolution of her snoring.

An out-of-center sleep test (OCST) with flow monitoring and limited electroen-
cephalogram (EEG) montage while using the MAD revealed improved flow trac-
ings with only rare flow limited breathing and RERAs occurring during REM sleep
(Fig. 9.2). The overall event index combining apneas, hypopneas, and RERAs was
reduced to 6 events/h. She elected to continue to use the MAD. She was seen in
follow-up 6 months later and reported significant improvements in her sleep com-
plaints. She does not require the use of regular hypnotics.

Discussion
Introduction

The term upper airway resistance syndrome (UARS) epitomizes the difficulty sur-
rounding the ever-changing measurement techniques, shifting diagnostic criteria
and lack of standardization in nomenclature that plagues the entirety of sleep medi-
cine. To fully understand UARS as a diagnostic entity, one needs to appreciate the
historical context surrounding its introduction.

UARS was first defined in adults in 1993 by Guilleminault et al. to describe a
specific subset of patients previously diagnosed with idiopathic hypersomnia [1].
These patients had hypersomnia with frequent (>10/h) EEG arousals but did not
meet criteria for obstructive sleep apnea (OSA). At the time, oronasal airflow was
measured using thermal devices that detect changes between inspiratory and expira-
tory airflow temperature. This is effective in detecting apneas but does not vary
proportionally to the magnitude of airflow and, therefore, poorly identifies
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Fig. 9.3 Thermistors and airflow. Actual flow measured by the pneumotachography (V”) (top) and
thermistor signal (V’th) recorded simultaneously. The thermistor signal (V’th) does not vary sig-
nificantly in comparison to (a) despite large changes in amplitude (b) and morphology (c) of flow.
(From Farré et al. [2])

hypopneas (Fig. 9.3) [2]. Guilleminault et al. used a pneumotachograph to quantify
subtle changes in airflow and an esophageal probe to estimate changes in pleural
pressure, which measures the respiratory effort that appears to be the primary stim-
ulus in inducing arousals in a given respiratory event [3]. By using these two
devices, the authors could identify increasing effort and calculate an increased
resistance despite minimal changes in flow that preceded many of the patients’ EEG
arousals. These events did not meet apnea or hypopnea criteria, and thus the patients
could not be diagnosed with OSA, despite the apparent shared pathophysiology.
Thus, Guilleminault et al. identified a symptomatic population with abnormal
breathing during sleep that had been previously ignored due to the constraints of the
OSA criteria and the belief that sleep disordered breathing was synonymous with
apneas and hypopneas.

The use of pneumotachographs and esophageal probes has proved impractical in
routine PSG testing. However, the introduction of NC/PT as a semi-quantitative
assessment of airflow has since obviated their need [4]. It was also demonstrated
that the shape of the flow curve itself over the respiratory cycle on the NC/PT could
reliably identify a pattern of inspiratory flow associated with passive airway col-
lapse and associated with increased respiratory effort. When continuous over many
breaths, this state has been labeled “inspiratory flow limitation (IFL).” Flattening of
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the inspiratory airflow waveform contour on the NC/PT reliably identifies IFL. when
compared to the gold standard [5]. In addition, an increase in the inspiratory time to
total respiratory cycle also aids in the non-invasive identification of IFL [6]. IFL
correlates well with elevated effort as measured by esophageal balloon and can be
used to non-invasively identify RERAs (Fig. 9.4) [7]. Snoring, the audible fluttering
of the pharynx during inspiration, often, but not always, accompanies IFL. The non-
invasive recognition of IFL thus identifies those patients who may have arousals
due to increases in respiratory effort but do not meet the criteria for having frequent
hypopneas or apneas.

The increased upper airway resistance events identified by Guilleminault et al.
eventually became known as RERAs. UARS was a term given to the clinical entity
of symptomatic patients with frequent RERAs but AHIs <5 events/h. Since most
desaturating events would have met the criteria for apnea or hypopnea, patients with
UARS generally have oxygen nadirs that remain >90% over the course of the night.
The specific criteria used by authors to define UARS has varied significantly across
studies but most required the presence of symptoms in the setting of a PSG that is
negative for OSA (as defined by an AHI < 5 events/h) but demonstrates frequent
arousals (thus fragmented sleep) as a result of elevated upper airway resistance [8].
Accompanying oxyhemoglobin desaturations are mild. In an updated review in
2012, Guilleminault et al. defines the UARS as symptoms with an AHI < 5 events/h
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on PSG, oxygen saturation nadir >92%, and the presence of RERAs and other non-
apnea/hypopnea respiratory events [9].

The introduction of this clinical syndrome created controversy, mainly because
many believed that RERAs and hypopneas were similar entities and that OSA and
UARS ultimately describe sleep fragmentation and hypersomnolence due to inter-
mittent increases in upper airway resistance. It was argued that the discovery of
UARS reflected advances in measurement techniques rather than the description of
a previously unknown clinical entity. The most recent International Classification of
Sleep Disorders (ICSD-3) agrees with this concept, and the term UARS is sub-
sumed under the diagnosis of OSA [10]. OSA threshold criteria are based on the
combined frequency of all the increased resistive events: apneas, hypopneas and
RERAs, defined according to the American Academy for Sleep Medicine Manual
for the Scoring of Sleep and Associated Events. While there are still theoretically
cases of respiratory events that do not strictly meet RERA criteria but are still asso-
ciated with increased respiratory effort due to increased upper airway resistance
(e.g., aresistive event that lasts less than 10 s or results in a shift in EEG frequency
that does not meet standard arousal criteria), in practice, most patients previously
diagnosed with UARS can be diagnosed with OSA using the ICSD-3 criteria. Our
patient, when incorporating all the resistive events including RERAs into the AHI,
would meet criteria for OSA using this definition. The term UARS still exists in the
literature and is used in clinical practice, however; thus familiarity with it is neces-
sary for practitioners of sleep medicine. Our practice uses UARS to describe symp-
tomatic patients who experience frequent arousals during sleep with long periods of
IFL and few desaturating events. The total apneas and hypopneas on a PSG are
generally less than 5 events/h, especially when using the alternate criteria requiring
a 4% desaturation, but there are frequent RERAs.

Epidemiology

There are few large-scale epidemiologic studies examining the prevalence of
UARS in the general population. Habitual snoring is seen in up to 50% of individu-
als. Snoring usually accompanies IFL, but snoring is not synonymous with UARS,
as it occurs in people both with OSA and those without symptoms — two popula-
tions who by definition do not have UARS. The use of snoring to describe UARS
epidemiology, as is sometimes done in the literature, is therefore inaccurate [11].
In one study of mostly non-obese patients referred to a sleep center predominantly
for loud and disruptive snoring, the authors discovered a 41% prevalence of UARS;
the remaining patients mostly had OSA [12]. A retrospective review of military
recruits with hypersomnolence who underwent PSG found the prevalence of UARS
to be 8.4% [13]. Both these studies, however, do not address the prevalence of
UARS in the general population. Palombini et al. evaluated the distribution of IFL
during sleep from an asymptomatic population in Brazil [14]. From these norma-
tive data it was found that only 5% of asymptomatic individuals have >30% of total
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sleep time with IFL, suggesting a cutoff value >30% of total sleep time in IFL may
be used to help define the presence of SDB and that <30% time spent with IFL may
be normal.

Clinical Presentation

The symptoms of UARS overlap with those of OSA. Snoring is common, but not
necessary as snoring is notoriously subjective, with poor inter-rater agreement
between individual and the bed partner and has only a weak correlation with
objective PSG data [11]. In addition, despite IFL being a characteristic, if not
defining, component of UARS, it is not accompanied by objective snoring in
9.1% of patients, so called “silent UARS” [13]. Reports of witnessed apneic
events do not preclude the diagnosis of UARS; one third of patients may have
witnessed apneas despite not meeting the AHI threshold criteria for OSA [15].
While diurnal sleepiness remains a main diagnostic criteria, up to 20% of patient
with UARS may actually report chronic insomnia. As in the patient in the case
presentation, this often leads to delays in diagnosis and inappropriate treatment
with hypnotics. Fatigue, as opposed to sleepiness, is also commonly reported [9].
Functional somatic complaints, such as irritable bowel syndrome, headaches,
anxiety, depression, and fibromyalgia, are also more common in the UARS popu-
lation, as is the finding of alpha-delta sleep [15, 16]. The reasons for these asso-
ciations are speculative but have caused some to propose that the UARS population
is a subset of a group that has “inappropriate” responses to autonomic stimuli (see
ref. [15]).

In comparison to their OSA counterparts, most studies have found that patients
with UARS are younger (mean age is around 40 years), thinner (mean body mass
index <25 kg/m?), and more frequently female (about 50%) [3, 16, 17]. Additionally,
as in our patient, mild craniofacial differences may be noted, including a narrow,
elongated face, vaulted palate, reduced mouth opening, and dental overjet [12, 18].
These associations may represent the phenotype of a separate entity, but it has been
pointed out that they also are the characteristics of subjects who tend to have the
mildest upper airway obstruction. These findings are not specific and PSG testing is
required to confirm the diagnosis.

While a great deal of research has attempted to define the cardiovascular con-
sequences of OSA, there has been scant investigation into this realm for patients
with UARS. Suboptimal CPAP to induce prolonged IFL in subjects with OSA
did not lead to changes in systemic blood pressure swings during sleep in one
study [19]. Another study showed repetitive increases in blood pressure did
result from increased airway resistance during sleep in the absence of classic
apneas and hypopneas and that some patients with borderline hypertension can
improve their blood pressure with treatment of UARS [20]. Further study is
required in this area.
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Polysomnographic Findings

The UARS patient will not have many obstructive apneas and hypopneas (by most
definitions, it will be <5/h) but will display frequent and often sustained periods of
IFL (see Fig. 9.1) terminating in arousal (RERAs). Patients may show other evi-
dence of elevated upper airway resistance such as snoring, choking, gasping, or
frequent unexplained arousals. The frequency of these RERASs is usually between 5
and 20/h. As opposed to OSA, UARS has not been sub-classified into severity levels
on the basis of event frequency, in part because the events can be very prolonged
and thus have a low total count. Most sleep study reports are descriptive rather than
quantitative in describing IFL, and it is not routinely scored or quantified. In addi-
tion, the amount that defines abnormal is not definitively known, although the afore-
mentioned study by Palombini et al. estimates that the 95% confidence limit of the
percent of time spent in IFL in normal subjects is 30% of sleep time [14].

The original conceptual pathophysiologic model of how UARS leads to fatigue
and hypersomnolence was that respiratory arousals lead to sleep fragmentation and
frequent stage shifts as well as decreased slow wave sleep, akin to what occurs in
OSA [17]. Further study using power spectral EEG analysis has identified differ-
ences in sleep quality that extend beyond simple intervening arousals. Alpha EEG
frequency time during non-rapid eye movement sleep is high in UARS patients and
may reflect a state of arousal, nonrestorative sleep. This may explain some of the
particular sleep complaints unique to UARS patients such as complaints of non-
restorative sleep or insomnia. Cyclic alternating pattern, a manifestation of non-
restorative unstable sleep, is also more frequent in UARS patients than controls
[15, 16].

Pathophysiology

Most sleep researchers believe that the IFL observed in patients with UARS results
from narrowing of the pharyngeal airway due to relaxation of the pharyngeal dila-
tor muscles, essentially identical to the pathophysiology of OSA. Pharyngeal col-
lapse depends on the balance between collapsible and protective factors. The
pharyngeal “critical pressure” (Pcrit), the pressure below which the pharynx will
collapse, is very negative in normal subjects and progressively less negative as the
severity of OSA increases, reaching values above zero in severe OSA. Pcrit in
patients with UARS is intermediate between controls and those with OSA [21].
UARS patients are thus able to maintain flow at a higher level of upper airway
resistance in any sleep stage compared to OSA patients. They may also have an
altered arousal response to the elevated resistance. Thus, for the same level of
respiratory effort, UARS patients can maintain a patent airway (albeit with flow
limitation) instead of progressing to apneas or frank hypopneas [16]. This may be
in part due to differences in local pharyngeal reflexes. Patients with OSA may have
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a local demyelinating neuropathy at the pharyngeal region as a result of repetitive
vibration trauma from chronic snoring, with resultant altered oropharyngeal sen-
sory thresholds and abnormal evoked responses to respiratory stimuli, findings
that are absent in UARS patients [9]. This suggests that OSA patients have neuro-
genic lesions that interfere with the normal control of upper airway patency, while
UARS patients activate airway-protective reflexes with the consequence of high
levels of dilating muscle activity to counteract the increased upper airway resis-
tance [16]. It is possible that the sustained challenge of increased resistance on the
upper airway, along with intervening arousals when the esophageal pressure nadir
threshold is reached, activates a stress response for many hours per night, leading
to symptoms that accompany the chronic stress response, such as insomnia, gas-
trointestinal irritability, and anxiety. While many consider UARS to be the mildest
form of OSA, some studies have actually demonstrated worse daytime functional
impairment in patients with UARS in comparison to mild OSA, including worse
perceived sleep quality, more fatigue and worse early morning sustained atten-
tion [22].

Treatment

A long-term outcome study (4.5 years) in patients with UARS that were not treated
found an up to 20-fold increase of sleep related complaints including fatigue,
insomnia, and depressive mood, despite no significant changes in the AHI. These
patients were frequently prescribed hypnotics, antidepressants, and stimulants for
these symptoms [23]. These findings imply that long-term treatment is warranted.
In the original paper by Guilleminault et al., nasal CPAP reduced transient arousals,
abnormal upper airway resistance, and eliminated daytime sleepiness (as docu-
mented by multiple sleep latency testing) in the subgroup of patients they diagnosed
as having UARS. Interestingly, they specifically recommended against CPAP as a
long-term treatment of this syndrome [1]. Only a few trials have investigated CPAP
specifically in patients with UARS. Improvements in both objective sleep parame-
ters and subjective symptoms have been found in some but not all studies [3, 8]. If
used, CPAP should be titrated to eliminate IFL on the CPAP tracing during the
CPAP titration study. Mean therapeutic levels of CPAP tend to be low. Our experi-
ence is that CPAP delivered via a nasal rather than an oronasal mask is more effec-
tive to eliminate IFL during sleep; thus we avoid oronasal masks in this population.
Auto-titrating CPAP algorithms often are designed to eliminate IFL; thus, they
should be an acceptable mode of treatment though this has not been specifically
studied. While physiologically effective, long-term compliance with CPAP remains
a challenge, a phenomenon shared with the OSA population [8]. Obtaining insur-
ance approval to cover the costs of the CPAP supplies can also be difficult and
hinder treatment [23]. One approach to CPAP use in UARS is the “therapeutic
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trial,” focusing on demonstration of relief of symptoms as a goal, rather than imme-
diately prescribing long-term use. This may help cement the diagnosis, after which
more acceptable but less consistently effective treatment may be tried.

MADs appear to be an effective alternative to CPAP in UARS. One randomized,
placebo-controlled study found improvements in many sleep parameters and qual-
ity of life scores after 1.5 years in patients with UARS [24]. Other small studies and
case series echo these findings [8]. Side effects are minor, especially in the hands of
a dentist experienced in sleep medicine. We often find that patients with UARS are
more inclined to pursue treatment with MADs than CPAP when both are shown in
the clinic, especially when insomnia is present.

Surgical options are appealing given the craniofacial abnormalities that may be
present in patients with UARS, but many of the traditional surgical procedures
used for OSA may be considered too aggressive. Few randomized trials are avail-
able that specifically study patients with UARS. In patients who prefer surgery as
treatment, it is logical that the procedures should address the anatomic region(s)
causing upper airway obstruction. These include septoplasty, turbinate reduction,
laser-assisted uvuloplasty, genioglossus bone advancement, and hyoid myotomy
with suspension. Rapid maxillary distraction is effective in children but may not
be practical in adults due to maxillary and mandibular ossification. The small stud-
ies that exist report improvement in symptoms, but conclusions are limited due to
the lack of objective data, variable diagnostic criteria, and paucity of long-term
outcomes [3, 9]. A specifically focused randomized prospective trial is needed,
unless it is assumed that UARS is similar to “mild” OSA. Before referring patients
to our surgical colleagues, we try to establish therapeutic response to more conser-
vative treatments, such as CPAP or MAD, to decrease the chance of an ineffective
surgery.

Weight loss reduces snoring and lowers pharyngeal Pcrit and is thus a logical
first step in the management of overweight or obese patients with UARS, and one
that is likely to have beneficial effects beyond just sleep disordered breathing [25].
Positional therapy can also be trialed in this population. Treatment of any nasal
obstruction present is also recommended although it should be noted that despite
improving nasal resistance, the effect on respiratory events is generally small if this
is the only treatment pursued. In children, however, relief of elevated chronic upper
airway obstruction by tonsil and adenoidal hypertrophy, with or without a syndrome
not dissimilar to UARS, may be particularly important to prevent the development
of the adenoid facies and craniofacial abnormalities, which in turn may predispose
patients to UARS.

Treating sleep fragmentation in UARS with hypnotics without addressing the
underlying etiology of increased upper airway resistance is misguided but unfortu-
nately common. Symptoms are not effectively controlled long-term, although short-
term hypnotic use as an adjuvant to definitive UARS therapy in patients with
coexisting insomnia is reasonable [8].
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Conclusion

The sleep community’s understanding of sleep disordered breathing has evolved
from recognizing clear obstructive apneas that were evident on thermistors and
associated with severe oxygen desaturations to that of identifying the mildest IFL
associated with subtle EEG arousals. Beyond its potential clinical implications, the
UARS as a concept was important to help move the field of clinical sleep medicine
to consider that sleep disordered breathing existed outside of the limits of the
AHI. It is unclear if the incorporation of UARS into the OSA definition, despite
possible differences in clinical presentation, polysomnographic findings and treat-
ment options, will limit its future research and recognition.

Clinical Pearls

e The term UARS was introduced to capture a population of patients who
clinically differed from their OSA counterparts but had been largely
ignored due to limitations of diagnostic methods.

» Patients with UARS experience prolonged periods of inspiratory flow limi-
tation, have frequent arousals due to increased upper airway resistance,
and have attributable symptoms but do not have enough respiratory events
that meet the definition of hypopneas or apneas to be diagnosed with OSA.

e The updated ICSD-3 has included these events, partially captured by the
term RERAS, in their overall definition of OSA. With the most recent pre-
ferred definition of hypopnea (2018) from the AASM, most people who
had previously been diagnosed with UARS will now meet the criteria
for OSA.

e Patients with UARS are often described as more likely to be female,
younger, leaner, more prone to functional somatic disorders and have more
particular craniofacial findings than their OSA counterparts. They are
more likely to complain of fatigue and insomnia as opposed to excessive
sleepiness.

e Treatment for UARS is similar to that of OSA, focusing on decreasing the
resistance of the upper airway during sleep. It includes CPAP, MADs, oto-
laryngology procedures, positional therapy, and weight loss.
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Chapter 10
Sleep Apnea in Pregnancy

Jisoo Lee and Katherine M. Sharkey

Case

Ms. E is a 38-year-old woman with a past medical history of hypertension, depres-
sion, obesity, headaches, and anemia who reported insomnia during a routine visit
with her obstetrician at 18 and 5/7 weeks’ gestation and was referred for further
sleep evaluation. Ms. E stated that she was having increasing difficulty staying
asleep, and was experiencing light, fragmented sleep for the last 2 months. She usu-
ally got up to urinate twice per night and was able to fall back to sleep within a few
minutes after each awakening, but sleep quality was poor. Although she had always
had some snoring, this had worsened in the last several weeks. Ms. E also noted that
her husband told her that he had noticed pauses in her breathing during sleep.
Associated symptoms included morning tiredness, nasal congestion, postnasal drip,
night sweats, nocturia, gastroesophageal reflux, and worsening of her headaches.

She denied parasomnia behaviors, restless legs symptoms, leg kicking, sleep
paralysis, and sleepiness while driving. Her Epworth Sleepiness Scale score was
14/24, and she noted a particularly high propensity for dozing while watching TV
and while purposely lying down to rest in the afternoon. She reported napping 1-2
times/week for up to 1 h and although overall she felt that naps were refreshing, she
also stated that she sometimes had a headache or felt groggy after a nap.

Medications included acetaminophen, ferrous sulfate, meclizine, and prenatal
vitamins. The patient was a nonsmoker and drank 1-2 cups of caffeinated coffee
each morning. She did not smoke or use recreational drugs.
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On physical exam, the patient was 62” tall and weighed 218 1bs, yielding a body
mass index of 40.1 kg/m?. Blood pressure was 124/68 mmHg and pulse was 95 bpm.
Oxygen saturation was 98.1% on room air. Head and neck exam showed bilaterally
patent nares, a Mallampati class 4 airway, and a narrow posterior oropharynx with a
deep-set uvula and soft palate. Neck circumference was 14”, and no masses, lymph-
adenopathy, or thyromegaly were present. Cardiac and pulmonary exams were nor-
mal. Distal pulses were intact, and the patient had trace pedal edema bilaterally.

An in-laboratory sleep study was recommended to the patient, but she was wor-
ried that she would not be able to sleep in the laboratory and had concerns about
finding child care for her son given her husband’s work schedule as a firefighter.
Thus, the patient was scheduled for a home sleep study (HST), which was per-
formed at 22 weeks’ gestation. She wore the recorder for 471 min, during which she
had 4 obstructive apneas and 142 hypopneas yielding a 4% oxygen desaturation.
Thus, her overall respiratory event index (REI) was 18.6 events/h of recording.
Oxygen saturation minimum was 76% and she spent 8.6% of the recording with an
oxygen saturation lower than 90%. Sleep apnea was significant in all body positions
(supine REI was 18.9 events/h; non-supine REI was 16.5 events/h). Moderate-to-
loud snoring was observed. Average heart rate was 88 bpm.

After the diagnosis of OSA was established, the patient was started on auto-
titrating CPAP with a low pressure of 6 cmH,O and a high pressure of
16 cmH,0. Median pressure was 9.7 cmH,0. Ms. E had suboptimal compliance
with CPAP therapy, using only 46% of nights and averaging daily use of just 3 h and
20 min. The patient reported that she frequently fell asleep on the couch watching
TV and then when she woke up and went to bed, she was too tired to apply her
CPAP mask. On nights when she did remember to use her CPAP, she would fall
asleep with the mask on, but when she took it off to use the bathroom for the first
time during the night, she rarely reapplied the CPAP when she got back in bed.

The patient delivered a healthy male infant at 39 3/7 weeks’ gestation. He
weighed 8 1bs., 4 oz., and Apgar scores were 9 at 1-min and 10 at 5-min. Ms. E
exclusively breastfed her son for the first 7 weeks postpartum and then supple-
mented with formula thereafter. Her baby was healthy and reportedly met early
developmental milestones appropriately.

The patient was seen at 3-months postpartum. She reported that she never used
her CPAP machine after delivery. Her son was waking 1-3 times per night and was
awake about 30—40 min each time. She estimated that she obtained about 67 h of
sleep each night, typically between the hours of 11 pm and 8:30 am. She lost 25 1bs.
(new weight = 193 1bs.) and her body mass index was reduced to 35.3 kg/m>. She
still had occasional snoring, but overall she felt she was sleeping well, aside from
the night awakenings to provide infant care.

A repeat HST was performed at 3-months postpartum. Ms. E wore the recorder
for 293 min and had zero apneas and 15 4%-hypopneas for an REI of 3.1 events/h.
There was no positional component. Oxygen saturation minimum was 85%, but she
spent <1% of the recording with an oxygen saturation lower than 90%. Intermittent,
moderate snoring was heard.
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With resolution of her OSA demonstrated on repeat HST, CPAP was discontin-
ued. Ms. E was counseled to be aware of signs or symptoms that her sleep apnea had
returned with weight gain, subsequent pregnancies, and/or aging.

The case of Ms. E highlights many features and challenges of diagnosing and
managing sleep apnea during the perinatal period, as discussed below.

Discussion
Normal Respiratory Physiology Changes During Pregnancy

Pregnancy causes significant changes in respiratory physiology during sleep across
multiple systems, including anatomical alterations in the airway, hormonal influ-
ences, and mechanical changes. Upper respiratory tract changes begin in the first
trimester and persist throughout pregnancy. These changes include mucosal edema,
hyperemia, capillary congestion, and upper airway fragility [1]. Nasal airway edema
decreases nasal patency, reducing pharyngeal size and increasing Mallampati score
[2], thereby increasing risk of airflow limitations.

Hormonal fluctuations throughout gestation also impact respiratory physiology.
Estrogen increases during pregnancy and can affect nasal mucosa and contribute to
rhinitis symptoms, whereas higher progesterone levels stimulate ventilatory drive to
increase minute ventilation up to 50% by increasing the tidal volume and respira-
tory rate [1]. Oxytocin that peaks at night may cause sleep fragmentation in late
pregnancy [3].

Changes also occur in the thoracic anatomy as well as in lung volumes and func-
tion. The subcostal angle increases and the diaphragm is elevated in pregnancy [1].
Functional residual capacity decreases due to elevated diaphragm and decreased
lung compliance [1]. Oxygen consumption is increased in pregnancy and arterial
oxygen content is lower in pregnancy due to physiologic anemia [1]. However, oxy-
gen delivery is maintained by increased cardiac output by 50%.

Sleep-Disordered Breathing in Pregnancy

The cascade of physiologic, anatomic, and endocrine changes associated with preg-
nancy described above lead to obstructive respiratory events and predispose preg-
nant women to the spectrum of sleep-disordered breathing (SDB). SDB is a group
of disorders characterized by abnormal respiratory patterns due to impaired airflow
or abnormal gas exchange due to upper airway narrowing or inefficiency of the
ventilatory systems [4, 5]. SDB encompasses a continuum of disorders including
snoring, upper airway resistance syndrome, sleep apnea, and sleep-related hypoven-
tilation disorders.
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Obstructive sleep apnea is a common type of SDB and is defined by multiple
breathing cessations (apneas) or partial airway obstructions (hypopneas) that occur
throughout the night and result in arousals and awakenings from sleep and intermittent
hypoxia. When apneas and hypopneas occur chronically, consequences include hyper-
carbia, insulin resistance, sympathetic activation, endothelial cell dysfunction, day-
time sleepiness, and increased risk of mood dysregulation and cognitive impairment.

The prevalence of SDB in pregnancy is not well known. It is thought that SDB is
frequently underdiagnosed in this population as symptoms vary widely and can over-
lap with other phenomena that are common during pregnancy, e.g., nocturia, fatigue.
Furthermore, polysomnography is not commonly ordered for pregnant women. With
increasing prevalence of obesity and increasing maternal age, it is postulated that the
prevalence of SDB is increasing. In a cross-sectional survey of 1000 immediately
postpartum women, 35.1% of new mothers reported snoring during the last 3 months
of pregnancy, and 37% of subjects reported having at least one SDB symptom
derived from the Multivariable Apnea Prediction Index (MAPI [6]) (loud snoring,
snorting/gasping, breathing stoppage, choking, or struggling to breathe) [7].

The prevalence of OSA among reproductive age women is estimated between 0.7
and 7%, and the prevalence among pregnant women is estimated between 11% and
20% [8]. An analysis of data on nearly 56 million inpatient hospital stays of US
women who were pregnant or gave birth between 1998 and 2009 from the Nationwide
Inpatient Sample (NIS) database used International Classification of Diseases,
Ninth Revision, Clinical Modification (ICD-9-CM) codes to estimate OSA preva-
lence [8]. OSA was diagnosed in 3 out of 10,000 women (95% CI, 2.8-3.2). The
prevalence of perinatal OSA diagnosis climbed over the study period, from 0.7 per
10,000 population in 1998 to 7.3 per 10,000 population in 2009, which may reflect
the increase in the prevalence of obesity during the same time period, as well as
increased recognition or coding of the diagnosis of sleep apnea in this population.

The Nulliparous Pregnancy Outcomes Study Monitoring Mothers-to-be
(NuMoM2b) prospective cohort study also provides important data about preva-
lence of SDB during pregnancy [9]. In NuMom?2b, HSTs were performed in first
trimester (6—15 weeks’ gestation, n = 3132) and repeated in a subset of women dur-
ing second trimester (22-31 weeks’ gestation, n = 2474). Using an apnea-hypopnea
index (AHI) > 5/h to define sleep-disordered breathing, the prevalence of sleep-
disordered breathing was 3.6% and 8.3%, in first and second trimester, respectively.

There are several risk factors for OSA in pregnant women. As mentioned, during
pregnancy, there is weight gain, increased airway edema, nasal congestion (i.e.,
rhinitis of pregnancy), as well as reduced lung functional reserve capacity. Moreover,
in early pregnancy, there is more time spent sleeping in supine position. Older age
and obesity are both independent risk factors for OSA. Chronic hypertension, ges-
tational diabetes, history of preeclampsia, and/or a twin gestation are also known to
increase the risk [4].

There are protective factors for SDB in pregnancy which include high progester-
one level, improved oxygen delivery, and less time spent sleeping in the supine
position particularly in later pregnancy [10]. Progesterone stimulates ventilatory
drive by acting at the level of the central chemoreceptors on the ventrolateral surface
of the medulla, and increases minute ventilation, decreases end-tidal carbon
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dioxide, and lowers upper airway resistance [11]. Progesterone also increases elec-
tromyographic activity of the upper airway dilator muscle, leading to less airway
collapsibility and thus protecting from obstruction [12].

Diagnosis of SDB in Pregnancy

The gold standard diagnostic test for the diagnosis of OSA in pregnant women is
in-laboratory polysomnography [13]. Because most HSTs measure only respiratory
parameters and not whether the patient is asleep, HSTs are less reliable for the preg-
nant population and can underestimate sleep apnea as sleep fragmentation and dis-
turbances are common among pregnant women. There is also concern with the
accuracy of HSTs in advanced pregnancy when the gravid abdomen may displace
thoracoabdominal belts. However, many of the large studies that guide OSA preva-
lence estimates and outcomes in pregnancy have been based on HSTs. Similarly,
sleep apnea screening questionnaires that are validated in non-pregnant populations
are not reliable in pregnancy [14]. There is little evidence to guide the timing of
sleep testing during pregnancy, or the need for repeat testing in pregnant women at
risk for SDB. As in our patient, the severity of SDB may change after delivery, and
repeat testing is likely warranted to re-evaluate the ongoing need for therapy.
However, at what point after delivery sleep testing should occur is again based on
limited evidence.

Sleep Apnea in Pregnancy Affects the Health of Mother
and Infant

SDB in pregnancy is associated with adverse maternal outcomes. Louis and col-
leagues’ examination of >55 million pregnancy-associated hospitalizations in the
Nationwide Inpatient Sample database from 1998 to 2009 demonstrated that women
whose records included a diagnosis of sleep apnea were 2.5 times more likely to be
diagnosed with preeclampsia (OR, 2.5; 95% CI, 2.2-2.9) [8]. Importantly, this study
also showed associations between a diagnosis of OSA and critical medical out-
comes including eclampsia (OR, 5.4; 95% CI, 3.3-8.9), cardiomyopathy (OR, 9.0;
95% CI, 7.5-10.9), pulmonary embolism (OR, 4.5; 95% CI, 2.3-8.9), and in-
hospital mortality (95% CI, 2.4-11.5). Comorbid obesity further increased the risk
of these untoward outcomes associated with OSA.

Similarly, in a national cohort study by Bourjeily et al., pregnant women with
OSA had a significantly higher risk of pregnancy-specific complications compared
to pregnant women without OSA [15]. The complications included gestational
hypertensive conditions, gestational diabetes (GDM), cardiomyopathy, pulmonary
edema, congestive heart failure, and hysterectomy. OSA was also associated with
a longer hospital stay and significantly increased odds for intensive care unit
admission [15].
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The NuMoM?2b study also showed associations between sleep-disordered breathing
and preeclampsia, hypertensive disorders of pregnancy, and GDM [9]. This prospective
cohort study showed that SDB was associated with preeclampsia in early (OR 1.94,
95% CI 1.07-3.51) and mid-pregnancy (OR 1.95 with 95% CI 1.18-3.23). For SDB
and hypertensive disorders of pregnancy, the OR was 1.46 (95% C10.91-2.32) and 1.73
(95% CI 1.19-2.52) for early and mid-pregnancy, respectively. SDB was also associ-
ated with gestational diabetes with odds ratios of 3.47 (95% CI 1.95-6.19) in early
pregnancy and 2.79 (95% CI 1.63—4.77) in mid-pregnancy [9]. Increasing exposure-
response relationships were observed between AHI and both hypertensive disorders
and gestational diabetes [9]. Increased inflammatory response is one possible mecha-
nism linking sleep apnea and gestational diabetes to untoward health outcomes [16].

In another study of 175 pregnant women with obesity, OSA was associated with
more frequent Caesarean delivery (65.4% compared with 32.8%), preeclampsia
(42.3% compared with 16.9%), and neonatal intensive care unit admission (46.1%
compared with 17.8%) [17].

Although snoring is considered a milder form of SDB, patients’ self-reports of
snoring are also associated with worse pregnancy outcomes. For example, unplanned
Caesarean deliveries were more likely to occur in pregnant women who reported
snoring compared to those that reported no snoring, even after adjusting for poten-
tial confounders [7]. A distinction has been made between habitual snoring that
existed pre-pregnancy and new-onset snoring. Among 1712 pregnant women sur-
veyed by O’Brien et al. [18], 34.1% reported snoring during third-trimester, includ-
ing 9% who reported that snoring existed prior to pregnancy and 25% that reported
new-onset snoring. Pregnancy-onset, but not chronic, snoring was independently
associated with gestational hypertension (OR 2.36, 95%CI 1.48-3.77) and pre-
eclampsia (OR 1.59, 95%CI 1.06-2.37) after controlling for potential confounding
variables such as maternal age, pre-pregnancy BMI, gravidity, smoking, and previ-
ous or family history of gestational hypertension or preeclampsia. Proposed mecha-
nisms for the observed link between new-onset snoring and pregnancy-related
hypertensive disorders are an area of active investigation and include inflammation,
endothelial cell dysfunction, increased erythropoiesis, and oxidative stress. The
clinical implication of these findings is that inquiring about snoring and the timing
of its onset during pregnancy may help identify women at risk for gestational hyper-
tension and preeclampsia.

SDB in pregnancy also carries a potential risk for adverse neonatal outcomes. In
a Swedish study with 502 pregnant women, snoring was a significant predictor of
growth retardation (OR 3.45; p < 0.01), and an Apgar score less than or equal to 7
at 1-min and 5-min were more common in infants born to habitual snorers [19]. In
another study by Chen et al., pregnant women with OSA had higher adjusted odds
ratios for low birthweight (1.76, 95% CI 1.28-2.40), preterm births (2.31, 95% CI
1.77-3.01), and small for gestational age (SGA) infants (1.34, 95% CI 1.09-1.66)
[20]. Pregnant women with OSA had unadjusted odds ratio of 10.11 (95% CI
3.45-29.67) for a low 5-min Apgar score [20]. Maternal SDB may affect neurocog-
nitive or social development of the infant, but more investigations are needed to
draw conclusions [21].
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Treating Sleep Disordered Breathing in Pregnancy

These detrimental findings with SDB in pregnancy are relatively recent, and there-
fore, management of SDB in expectant mothers is guided by clinical experience,
standard-of-care, and data in the non-pregnant population, rather than well-defined
clinical trials in perinatal women. Based on a robust literature showing that CPAP
therapy improves symptoms and medical comorbidities associated with OSA among
non-pregnant adults, CPAP is also the gold standard therapy for treating SDB in
pregnant women. The goal of CPAP is to eliminate abnormal respiratory events, i.e.,
reduce AHI. Clinicians treating pregnant women often prescribe auto-titrating
CPAP, which has several advantages including (a) faster initiation of therapy from
time of diagnosis because patients do not have to wait for laboratory CPAP titration;
(b) increased access to treatment in regions where in-laboratory polysomnography
is less available; and (c) the ability of auto-titrating CPAP to accommodate weight
gain and upper airway changes that occur as pregnancy progresses. The ability of
clinicians to access patients’ CPAP use and estimated efficacy data from downloads
of modern CPAP devices also allows for hands-on management of OSA during the
dynamic time of pregnancy.

CPAP therapy is the most common therapy for OSA in pregnancy, but the degree
to which pregnant women with SDB benefit from CPAP therapy and whether CPAP
treatment mitigates risks associated with SDB during pregnancy is not well
described. Some studies suggest that initiating CPAP at the time of identification of
SDB is associated with improved maternal and fetal outcomes. For example, a study
by Blyton et al. randomized 24 women with severe preeclampsia and 15 control
nulliparous subjects to receive CPAP or no treatment, and showed that CPAP mini-
mized the reduction of nocturnal cardiac output that is associated with preeclampsia
[22]. Another study showed early use of CPAP in pregnant women with hyperten-
sion and chronic snoring was associated with better blood pressure control and
improved pregnancy outcomes [23]. Finally, in a study that compared 14 pregnant
women with OSA and treated with CPAP, to 31 women with OSA who were
untreated, and 48 women without OSA, untreated maternal OSA was associated
with significant impairment in fetal growth and slowing of fetal growth in the third
trimester when compared with controls, but fetal growth did not differ between
controls and women who were treated with CPAP during pregnancy [24]. Notably,
compliance to CPAP therapy (and assignment to the CPAP treatment group) in this
study was defined as at least 4 h of use for at least 4 nights/week. Data on compli-
ance to CPAP in expectant and new mothers are very scarce.

Other treatment options such as oral appliance therapy and surgery can be con-
sidered when CPAP is not tolerated or is contraindicated, though the low likelihood
of timely therapy in pregnancy makes these options less attractive. Mandibular
advancement oral appliances help stabilize the mandible and reduce the frequency
of respiratory events [10]. Surgeries such as uvulopalatopharyngoplasty are not rec-
ommended due to lower success rates compared to CPAP and risks associated with
surgery during pregnancy [4].
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There is also a role for behavioral modification and nonprescription approaches.
Women with predisposing risk factors for SDB should receive counseling on con-
trolling pregnancy weight gain, treating nasal congestion, and maintaining good
sleep hygiene measures [4]. Positioning belts or pillows can also help promote
sleep, especially for pregnant women with position-dependent SDB [4]. The left
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lateral position improves cardiac output and improves oxygen content [10].

There are no pharmacologic interventions to treat SDB at this time. However,
emerging literature suggests a role for progesterone as a respiratory stimulant to

lower SDB in pregnant women [11].

Clinical Pearls

Sleep apnea prevalence in pregnancy is increasing due to higher rates of
obesity and older maternal age.

Changes in respiratory physiology, anatomy, endocrinology have both pre-
disposing and protective effect on sleep-disordered breathing in pregnancy.
Diagnosing OSA in pregnancy can be challenging; respiratory physiology
is different during pregnancy, and home sleep testing can underestimate
sleep apnea due to sleep disturbances that are common among preg-
nant women.

Sleep disordered breathing in pregnancy poses risk of developing gesta-
tional hypertensive disorders, gestational diabetes, as well as low birth-
weight, preterm delivery and small for gestational age.

Positive airway pressure (i.e., CPAP) is the most common treatment for
OSA in pregnancy, but more studies are needed to better understand effi-
cacy of this therapy for symptom improvement and risk reduction.

Future implementation research should include the patient perspective and
examine adherence to CPAP in the perinatal period with the goal of achiev-
ing optimal benefit for pregnant women with SDB and their infants.
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Chapter 11
Obesity Hypoventilation Syndrome

Aditya Chada, Faisal Zahiruddin, and Nancy Collop

Case

AS was a 54-year-old man referred from the bariatric clinic for evaluation of pos-
sible sleep apnea noting snoring and excessive sleepiness (Epworth Sleepiness
Scale score 13/24). At the time of his referral, his BMI was 68.1 kg/m?. His medical
history included hypertension and chronic venous stasis; he had not had any recent
hospitalizations. His only medication was a combination anti-hypertensive: hydro-
chlorothiazide/lisinopril. On physical examination, his awake oxygen saturation
was 93%, his blood pressure was 123/78 mm Hg. His physical examination was
remarkable for a very large neck (circumference 23 inches); a modified Mallampati
score of 4 and brawny lower extremity edema. His serum bicarbonate level was
29 mmol/L; thyroid function tests were normal.

The polysomnography showed severe obstructive sleep apnea during the first 3 h
of the study (apnea hypopnea index (AHI) 117 events/h) with oxygen saturation to
as low as 74%. No REM sleep was observed during the baseline portion (Table 11.1).
Due to the severity of the sleep apnea, CPAP and bilevel PAP were used. CPAP was
ineffective at controlling breathing events with pressures as high as 19 cm
H,O. Bilevel PAP resulted in lower AHI’s however events and oxygenation during
REM sleep were suboptimally controlled.
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Table11.1 Polysomnography results

Baseline data

Total sleep time (min) 165 min
Sleep efficiency (TST/TRT) 96.6%
N1 (% TST) 2.4%
N2 (% TST) 97.6%
N3 (% TST) 0
REM (% TST) 0
Apnea hypopnea index (events/ | 117
hr. TST)
Nadir SpO, 74%
Hypoxic burden (% of time 45.7%
SpO, < 90%)

PAP data
Total sleep time (min) 275 min
Sleep efficiency (TST/TRT) 98.6%
N1 (% TST) 2.4%
N2 (% TST) 81.1%
N3 (% TST) 4.5%
REM (% TST) 12%
Final bilevel PAP 18/14 cm H,O
AHI on final bilevel PAP 9.8

TST total sleep time, TRT total recording time, N/
stage NREM 1, N2 stage NREM 2, N3 stage NREM 3,
REM stage REM, SpO, Oxygen saturation measured
by pulse oximetry, AHI apnea hypopnea index

Fig. 11.1 Overnight
oximetry performed while
on bilevel PAP therapy
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He was started on bilevel PAP therapy (18/14 cm H,O) and returned to the sleep
clinic after a month. An arterial blood gas was obtained during wake: pH 7.39,
PaCO, 49 mm Hg, PaO, 64 mm Hg. Due to the suboptimal titration, an overnight
oximetry was performed while wearing his bilevel PAP device (Fig. 11.1). It showed
intermittent desaturations with persistent low oxygen saturation at times.

A full night titration study was subsequently performed utilizing transcutaneous
carbon dioxide monitoring (TcCQO,). The patient slept very poorly during the study.
It was noted that even on PAP therapy, his TcCO, levels rose into the mid 50’s.
Unfortunately, no REM sleep was again noted during the titration. The bilevel set-
tings were changed to increase the amount of pressure support (bilevel PAP settings
changed from 18/14 cm H,O to 22/11 cm H,0).
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Fig. 11.2 Single night download from PAP device showing frequent breathing events while device
is ramping. Legend: Top panel is pressure settings; Bottom panel are sleep disordered breathing
events detected by PAP device. PB periodic breathing, CA clear airway apnea, OA obstructive
apnea, H hypopnea, FL flow limited breathing, VS vibratory snoring, RE RERA index, AHI apnea
hypopnea index

The bariatric clinic mandated that the patient get his weight under 400 lbs prior to
being considered a candidate for surgery. He continued to use his bilevel PAP device
nightly and returned for a clinic visit on the new settings after 6 months. It was noted
that the AHI was still elevated AHI on download = 9.5) on the settings of 22/11 cm
H,O0. Review of the nightly download data showed that at the beginning of the night
and during awakenings, he was using the ramping feature and frequent respiratory
events occurred while the pressure was slowly rising over 40 min (Fig. 11.2). The
ramp was subsequently turned off and at the next visit, the AHI from the downloaded
data was reduced to <5 events/h. Repeat overnight oximetry showed that on the new
settings, oxygen saturation was now remaining >90%. Similarly, his Epworth
Sleepiness Scale score was now 3/24. Unfortunately, despite working on diet, he was
unable to reduce his weight to <400 1bs, and bariatric surgery remained on hold.

Discussion

Obesity Hypoventilation Syndrome (OHS) is a breathing disorder in obese people
that is characterized by sleep-related breathing disorder and hypoventilation during
wakefulness. Many people with this condition frequently have severe obstructive
sleep apnea (OSA) with significant sleep-related hypoxemia. The risk of OHS
increases as BMI increases, and sleep clinicians are increasingly challenged with
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these patients as the rate of severe obesity continues to rise sharply in the USA and
worldwide. Obesity hypoventilation syndrome is important to diagnosis and treat
given the significant morbidity and mortality associated with it [1, 2].

Epidemiology

The exact prevalence of OHS is unknown. One study estimated the prevalence of
OHS in the adult US population to be 0.15-0.3% [5]. This estimate was based on
the prevalence of severe obesity [BMI >40 kg/m?] in the United States of 3.0%, with
the assumption that half of severely obese patients have OSA, and 10-20% of those
with OSA have OHS. More recently, in 2010, the prevalence of obesity was found
to be increased to 6% of the general US adult population; making a more recent
estimated prevalence of OHS roughly 0.6% (i.e. approximately 1 in 160 adults in
the USA) [3, 4]. Clinical predictors of OHS include BMI >35 kg/m?, PaCO,/BMI
<1.5, resting awake Sa0O, < 91%, smoking, and female sex [5].

Definition

Obesity hypoventilation syndrome is defined as the combination of obesity (body
mass index [BMI] above 30 kg/m?) and hypercapnia (PaCO, above 45 mm Hg) dur-
ing wake with sleep-disordered breathing, after excluding other causes of hypoventi-
lation, such as central hypoventilation syndromes, neuromuscular diseases, severe
hypothyroidism, restrictive chest wall deformities, or severe obstructive pulmonary
disorders [6].

Intermittent partial (hypopnea) or complete (apnea) upper airway collapse that
leads to recurring episodes of hypoxemia and hypercapnia, sleep fragmentation,
and increased sympathetic activity are the characteristic features of OHS [5].
Hypoxemia during sleep can lead to constriction of pulmonary arteries which can
lead to strain on the right side of the heart and to right sided heart failure (i.e., cor
pulmonale) [7].

Pathophysiology

OHS is a consequence of interplay of various process, such as sleep-related breath-
ing disorders, altered ventilatory control, excessive respiratory load, and functional
respiratory impairment [8].

(a) Excessive Load on Respiratory System

Excessive load on the respiratory system can lead to alterations of respiratory
mechanics, ineffectiveness of respiratory muscles, and a blunted respiratory drive.
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Alterations of Respiratory Mechanics Decreased pulmonary distensibility in
obese patients can cause decreased ventilation of the lower lung lobes, which can
lead to alterations in ventilation-perfusion, resulting in hypoxemia. Alveoli can
close before end expiration which leads to decreased tidal volume and increased
respiratory rate, which in turn can cause increased dead space ventilation. In patients
with OHS, a decreased residual functional capacity, expiratory reserve volume, and
total lung capacity can be observed [9, 10].

Weakness of Respiratory Muscles Effectiveness of respiratory muscles is wors-
ened when supine. Adipose tissue restricts the movement of muscles which can
increase the work the breathing. This reduces chest wall compliance and may lead
to reduced total lung capacity. Increased respiratory effort in these patients is
required for effective ventilation [11, 12].

Blunted Respiratory Drive Normally, when central chemoreceptors detect an
increase in PaCO,, there is an increase in ventilatory drive; however, this respiratory
response is blunted in OHS. This is attributed to several reasons including leptin
resistance, sleep-disordered breathing, and genetic predisposition. Leptin is secreted
by adipose tissue and stimulates ventilation and regulates appetite. Obese patients
have higher levels of this hormone. Researchers have studied genetically altered
obese mice who were deficient in leptin. The mice had decreased ventilatory
response capacity and had hypercapnia when awake (despite the increased ventila-
tion in response to increased production of CO,) [13, 14].

(b) Sleep-Disordered Breathing

Obstructive Sleep Apnea Obstructive sleep apnea is observed in 90% of OHS
patients and was notably severe in our case. Elevated PaCO, is due to metabolic
production of CO, and disrupted ventilation during apneic episodes. Normally,
patients are able to increase CO, clearance by compensatory increases in ventila-
tion. However, this is disrupted in OHS patients which leads to build up of CO,. In
response to hypercapnia, the renal system lowers bicarbonate clearance to compen-
sate for the acidity. As this continues, bicarbonate builds up during the night. This
further blunts the ventilatory response to increased carbon dioxide which leads to a
vicious cycle of persistent hypercapnia [15].

Sleep Hypoventilation 1t is estimated that 5-10% of patients with OHS have sleep
hypoventilation and a PaCO, elevation during sleep of 10 mmHg or higher. This is
often exacerbated during stage REM sleep due to muscle atonia and further reduced
carbon dioxide responsiveness. These patients are clinically indistinguishable from
patients with coexisting obstructive sleep apnea. Sustained hypoxia during sleep is
a neurocognitive depressant, which can delay arousal and worsen hypoventilation.
Studies have shown that hypercapnic patients have lower mean overnight pulse oxi-
metric saturations [16]. While most sleep laboratories do not use transcutaneous
CO, (TcCO,) sensors, they can be very helpful in determining if CO, levels are
increased. In our patient, while his daytime CO, was only mildly elevated, there was
a significant increase in TcCO, levels during sleep consistent with hypoventilation.
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Diagnosis

The definitive test for hypoventilation is an arterial blood gas performed on room air
during wakefulness. By definition the arterial blood gas in hypoventilation demon-
strates hypercapnia, hypoxemia, and a relatively normal alveolar-arterial gradient.
The alveolar-arterial gradient in OHS may not be completely normal, however,
because of obesity-related atelectasis or pulmonary hypertension. A low threshold
for pulmonary function testing and chest imaging should be considered to exclude
other causes of hypercapnia. In OHS, pulmonary function tests can be normal but
typically reveal a mild to moderate restrictive defect due to body habitus and signifi-
cant reduction in expiratory reserve volume. Patients with OHS may also have mild
reductions in maximal expiratory and inspiratory pressures related to the combina-
tion of abnormal respiratory mechanics. Significant deficits should prompt workup
for neuromuscular disease. While some degree of reduction in forced expiratory
volume in 1 s (FEV1) may be seen with obesity, a significant obstructive ventilatory
defect should prompt consideration of other hypercapnic pulmonary disorders such
as COPD, asthma, or bronchiectasis. Chest imaging excludes other etiologies of
hypoxemia and is generally expected to be unremarkable in OHS with the exception
of perhaps mild basilar atelectasis.

Diagnosis of OHS is quite difficult unless clinicians have a high index of suspi-
cion, as arterial blood gases are not routinely performed in sleep clinics and labora-
tories [17]. Currently, there are no guidelines about correct and cost-effective
methods for screening or diagnosing OHS [18]. We recommend respiratory and
sleep evaluation for all patients undergoing bariatric surgery which includes arterial
blood gas assessment for those with BMI >50 kg/m? [19] because of high preva-
lence of postoperative respiratory complications in this group of patients.

Pulse oximetry and serum bicarbonate levels can be used as screening tools
before employing a confirmatory arterial blood gas. OHS should be suspected in
obese individuals with sleep disordered breathing, with venous blood bicarbonate
levels >27 mEg/L. This has shown to be 92% sensitive, though only 50% specific,
for daytime hypercapnia in suspected OHS patients [20]. Indeed, in our patient,
serum bicarbonate was elevated (29 mmol/L). Often confounding is that obese
patients often have comorbid cardiovascular disease and are taking loop diuretics,
which may increase serum bicarbonate levels without concomitant hypoventilation.
Similarly, a resting awake pulse oximetry level < 94% in obese individuals with
sleep disordered breathing should prompt further workup with an arterial blood gas
to investigate the possibility of OHS [25].

Management

(a) Continuous positive airway pressure and noninvasive mechanical ventilation

In patients with concurrent obstructive sleep apnea-hypopnea syndrome, nocturnal
continuous positive airway pressure therapy is usually effective. This therapy provides



11 Obesity Hypoventilation Syndrome 133

continuous positive pressure during the respiratory cycle, which maintains upper air-
way patency, eliminates apneas and hypopneas, and restores daytime eucapnia [21].

Noninvasive mechanical ventilation can be achieved with a nasal or full face
mask and either a bilevel positive airway pressure device (with or without a backup
respiratory rate), a volume-targeted bilevel pressure device, or a home ventilator.
Bilevel systems (i.e., NIV) have an advantage over CPAP of permitting independent
adjustment of inspiratory and expiratory positive airway pressure [26]. The bilevel
settings are titrated in a way that the lower pressure (EPAP) is set to improve the
increased work of breathing related to upper airway obstruction during sleep and by
increasing lung volumes by recruiting the atelectatic lung, while the higher inspira-
tory pressure (IPAP) is set to overcome the work of breathing due to reduced chest
wall compliance in severe obesity and correct hypercapnia by increasing tidal vol-
ume and ventilation [23].

Noninvasive ventilation (NIV) is not necessarily superior to CPAP since reliev-
ing the upper airway obstruction during sleep (corrected by both CPAP and bilevel
PAP) is one of the important determinants of treatment response [23]. The recent
American Thoracic Society Clinical Practice Guideline recommends starting with
CPAP therapy for stable ambulatory patients with severe OSA (AHI > 30 events/h)
[24]. The Guideline suggests NIV therapy should be initiated upon discharge in
hospitalized patients with respiratory failure suspected of having OHS, until they
are able to undergo further sleep testing. In OHS patients, it is necessary to monitor
parameters during sleep such as mask flow, air leak, exhaled tidal volume, delivered
pressure, and triggered backup mechanical breaths using polysomnography.
Switching to NIV can be done if PaCO, doesn’t come to normal despite CPAP for
3 months. Once bilevel therapy is initiated they need close follow up in order to
monitor their daytime symptoms along with ABG and/or serum bicarb in some
cases. Patients are continued on the same settings once subjective and objective
evidence of improvement are noted. Even after adequate titration with CPAP, nearly
4 out of 10 patients require supplemental oxygen according to studies, whereas it is
approximately 1 in 10 with adequate NIV [22]. In our case, CPAP alone was inef-
fective in managing the hypoventilation noted during REM and in fact a higher
level of pressure support was needed to ultimately attain adequate ventilation dur-
ing sleep.

(b) Avoiding Management Errors

Supplementing oxygen is not of great value in patients with OHS as administra-
tion of supplemental oxygen leads to reversal of hypoxic vasoconstriction and redis-
tribution of blood flow to the poorly ventilated alveoli, which leads to an increase in
dead space fraction, ultimately leading to hypercapnia. Patients with OHS are
highly sensitive to added oxygen. There can be a 3-10 mm Hg increase in PaCo,
with 50-100% of fraction of inspired oxygen. Hence, it is recommended that oxy-
gen should be titrated to keep peripheral capillary oxygen saturations between 89%
and 92% [23].
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(c) Surgery and Perioperative Management

Bariatric surgery is the most effective approach to achieving and maintaining
more substantial degrees of weight loss over longer periods however few studies
have specifically looked at outcomes in patients with OHS. Bariatric surgery has
been recommended as a treatment for OSA patients with a BMI > 30 kg/m?, and it
has been shown to improve nocturnal oxygenation in OSA patients in one meta-
analysis [25]. However another meta-analysis found that the apnea-hypopnea index
remained high in many individuals, and this may lead to problems as the presence
of persisting sleep-disordered breathing is often not recognized, and patients per-
ceive their sleep symptoms have resolved and therefore may discontinue therapy
prematurely after surgery [26].

The surgical approach to weight loss is being increasingly used in severely mor-
bidly obese (BMI > 50 kg/m?) individuals. Although significant and sustained
weight loss in these groups has been reported, few achieve a reduction in
BMI < 40 kg/m?. In our patient, the bariatric surgeons would not attempt surgery
until BMI was in a less than severely morbidly obese range.

Providing anesthesia during surgery can be challenging in OHS patients.
Anesthesia should be given to OHS patients in ramp position, i.e., torso tilted with
head elevation by 25° to improve the glottis view while intubating thus preventing
atelectasis [27]. To avoid postoperative complications and for better airway and
oxygen maintenance, patient should be positioned in semi-upright or lateral posi-
tion. Rapid emergence from anesthesia is recommended, and tracheal extubation
should only be performed after the patient becomes fully conscious. Opioid-sparing
analgesic is used to avoid opioid-induced ventilator improvement [28].

Clinical Pearls

* As the obesity burden is scaling exponentially, OHS prevalence is also
expected to increase.

* Timely diagnosis and treatment are key elements in reducing morbidity
and mortality associated with the disease. The criteria for OHS diagnosis
include the presence of sleep disordered breathing (e.g., OSA or sleep-
related hypoventilation), and daytime alveolar hypoventilation (arterial
PCO, > 45 mm Hg) among patients with BMI >30 kg/m? in the absence of
other causes of hypoventilation.

e Pulse oximetry (SpO, < 94%) and serum bicarbonate (>27 mmol/L) can be
used as screening tools which will aid in improving diagnosis.

* Successful management of OHS consists of positive airway pressure ther-
apy with close follow-up to assure adequate reduction in sleep disordered
breathing and hypoventilation; judicious use of supplemental oxygen; and
weight management which may include consideration of bariatric surgery.

* CPAPisrecommended for stable ambulatory patients with severe OSA. NIV
may be considered if patients fail CPAP (e.g., PaCO, remains elevated
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despite CPAP use). NIV is also recommended for home use in patients
hospitalized with acute hypercapnic respiratory failure and suspected
OHS, until sleep testing is able to be performed.

* The Bilevel settings are titrated in a way that the lower pressure (EPAP) is

set to improve the increased work of breathing related to upper airway
obstruction during sleep and by increasing lung volumes by recruiting the
atelectatic lung while the higher inspiratory pressure (IPAP) is set to over-
come the work of breathing due to reduced chest wall compliance in severe
obesity and correct hypercapnia by increasing tidal volume.
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Chapter 12
Sleep Breathing Disorders in Amyotrophic
Lateral Sclerosis

Lisa Wolfe and Ashima Sahni

Case

A 65-year-old male presented to the pulmonary/sleep clinic for a second opinion
after developing difficulty tolerating his new home mechanical ventilator with mask
interface. The patient was diagnosed at an outside facility with limb onset amyo-
trophic lateral sclerosis (ALS) 6 months ago. At that time, the patient was experi-
encing difficulties with his sleep. He was unable to sleep on his back due to dyspnea
and a choking sensation. His sleep was disturbed by vivid dreams along with morn-
ing headaches. Approximately 2 months ago, in-office spirometry showed an
upright forced vital capacity (FVC) of 45% predicted.

Due to these complaints and findings, home-based noninvasive ventilation was
initiated using a bilevel positive airway pressure in the spontaneous-timed (bilevel
PAP-ST) mode with a backup respiratory rate (in this case, a VPAP-ST™ ResMed).
The nighttime symptoms subsided with the use of the device. The download from
bilevel PAP-ST device showed excellent compliance with minimum leak
(Table 12.1). Since the patient seemed to benefit from therapy and was living in a
location where the electricity was unpredictable due to a high number of hurricanes,
his physician decided to switch his current device to a home mechanical ventilator
with internal battery and power alarms (in this case, a Trilogy™ Philips Respironics).
He could not use the new device for more than one night due to difficulty in breath-
ing and came to us for a second opinion. The 1-day download from the device
showed that all the breaths were triggered by the patient (Table 12.2). At the time,
he presented for a second opinion, and the patient denied any shortness of breath on
exertion, though the patient’s physical activity was limited. He was having more
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Table 12.1 Download data

. Wolfe and A. Sahni

Bi-PAP settings

shoyving bilevel PA.P-ST Mode Spontaneous/timed
settings and compliance
IPAP set (cmH,0) 13
EPAP set (cmH,0) 7
Set bilevel backup rate BPM | 13
Ti minimum time (s) 1.5
Ti maximum time (s) 2.5
Trigger Very high
Cycle Very low
Rise time (ms) 500
Bi-PAP download
Leak median 0.2 LPM
Events/h 2
Nights used 100%
Avg sleep time 9h
Avg exhaled Vt 289 mL
Avg RR total 16 BPM
Avg MV 4.8 LPM

Bi-PAP bilevel positive airway pressure, /PAP inspi-
ratory positive airway pressure, EPAP expiratory
positive airway pressure, cmH,O centimeters of
water pressure, BPM breaths per minute, 77 inspira-
tory time, s seconds, ms milliseconds, LPM liters per
minute, Vr tidal volume, RR respiratory rate, MV
minute ventilation, Avg average, mL milliliters

bulbar weakness, and his speech was more difficult to understand. He uses a cough
assist device as needed.

The patient is a nonsmoker with no other medical history except ALS. On physi-
cal examination, his BMI was 30 kg/m?, heart rate 80 beats/min, and respiratory rate
20 breaths/min. Patient had tongue fasciculations. There were decreased breath
sounds bilaterally with atrophy of the bilateral lower limbs and reduced reflexes
bilaterally in the lower limbs. Spirometry was performed which showed reduced
forced vital capacity along with palatal vibrations (Fig. 12.1).

In-office titration was performed on his ventilator (Trilogy™ Philips Respironics).
The ventilator was changed from bilevel ST mode to pressure-controlled ventilation
(see Table 12.3 for settings). The patient felt comfortable on these settings and went
home with the plan of doing overnight pulse oximetry on the current setting. The
overnight pulse oximetry showed no significant desaturations, and the patient felt
better on the current settings (Fig. 12.2). At this time, the secondary settings were
added to the ventilator to assist the patient with mouthpiece ventilation (i.e., sip
ventilation).
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Table 12.2 Download data
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NIV settings
f“’m_ the patiet,nt’s mechz%n.ical Mode Spontaneous/timed
ventilator (Trilogy™ Philips
Respironics) IPAP set (cmH,0) 13
EPAP set (cmH,0) 7
Set bilevel backup rate BPM | 13
Ti time (s) 1.5
Trigger/cycle Auto Trak
Rise time 3
NIV download
Leak median 32LPM
Events/h NA
Nights used 1
Avg sleep time 54 min
Avg exhaled Vt 287 mL
Avg RR total 23 BPM
Avg MV 6.43 LPM

NIV noninvasive ventilation, /PAP inspiratory posi-
tive airway pressure, EPAP expiratory positive air-
way pressure, cmH,O centimeters of water pressure,
BPM breaths per minute, 7i inspiratory time, s sec-
onds, LPM liters per minute, Vt tidal volume, RR
respiratory rate, MV minute ventilation, Avg average,
mL milliliters

Note the respiratory rate was faster than the backup
rate, suggesting all breaths were spontaneous breaths

Discussion

Amyotrophic lateral sclerosis is an incurable neurodegenerative disorder that causes
upper and lower motor neuronal degeneration. It is also known as Lou Gehrig’s
disease and was first described in the nineteenth century by Charcot. The annual
incidence of ALS is 1-3 cases per 1,00,000 people worldwide. The peak incidence
is in the seventh decade of life. Respiratory muscle weakness as an initial presenta-
tion is very rare (1-3%). Progressive neuromuscular respiratory failure is the most
common cause of death in ALS patients.

This case highlights the clinical signs and symptoms of respiratory failure in
patients with ALS [1] (Table 12.4). In our case, the patient presented with the symp-
toms of orthopnea, nightmares, and morning headaches. The other associated symp-
toms could include excessive sleepiness, early satiety due to muscle fatigue,
confusion, or fragmented sleep.

In the past, tracheostomy with invasive ventilation was performed during the
course, but with the advancement in technology, noninvasive ventilation has become
the primary mode to assist with ventilation [2]. Based on the current guidelines, as
highlighted in our case, ALS patients do not need to obtain an in-laboratory sleep
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Fig. 12.1 Spirometry
during the clinic visit
showing reduced FVC and
palatal vibrations. FVC
forced vital capacity

Table 12.3 The following
setting changes were made to
the patient’s Trilogy™
Philips Respironics
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Mode Pressure control
NIV titration

IPAP set (cmH,0) 14

EPAP set (cmH,0) 7

Set bilevel backup rate BPM | 13

Ti time (s) 1.5

Trigger/cycle Flow trigger 2 LPM
Rise time 1

Exhaled Vt 300400 mL

NIV noninvasive ventilation, /PAP inspiratory posi-
tive airway pressure, EPAP expiratory positive airway
pressure, cmH,O centimeters of water pressure, BPM
breaths per minute, 77 inspiratory time, s seconds,
LPM liters per minute, rise time ranges from 1 to 5
with 1 being fastest and 5 slowest rate, V¢ tidal vol-
ume, mL milliliters

The ventilator’s mode was changed from bilevel ST
to pressure control ventilation

study for diagnostic purposes [1] (Table 12.5). Once they have signs and symptoms
suggestive of hypoventilation (Table 12.4), either spirometry, overnight pulse oxim-
etry, or an arterial blood gas is sufficient to qualify for initiation of noninvasive

ventilation.
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Fig. 12.2 An 8-hour overnight recording of pulse oximetry (SpO,) on newer trilogy settings

Table 12.4 Signs and symptoms of respiratory failure in amyotrophic lateral sclerosis (ALS)

Respiratory signs and symptoms of ALS

Symptoms Signs

Dyspnea Tachypnea

Nightmares Tongue fasciculation

Headaches Sleep-related hypoxemia

Ineffective cough Awake or sleep-related hypoventilation
Early satiety Weak sniff

Fatigue with eating Thoraco-abdominal paradox

Daytime sleepiness Quiet speech

Disturbed sleep

Table 12.5 General insurance guidelines for qualifying for noninvasive ventilation

Qualifying criteria for non-invasive ventilator therapy in neuromuscular disease

Bi-level PAP Mechanical ventilation with mask
1. Symptoms of hypoventilation 1. Symptoms of hypoventilation
AND AND
2. Any ONE of the following 2. Proof of medical necessity in an MD
note
FVC < 50% predicted

MIP < -60 cmH,0
PaCO,> 45 mmHg

Pulse Ox < 88% for > 5 mins during an over night
recording

ALS amyotrophic lateral sclerosis, PAP positive airway pressure, FVC forced vital capacity, MIP
maximal inspiratory pressure, PaCO, arterial pressure of carbon dioxide, Pulse Ox oxygen satura-
tion as measure by pulse oximetry, MD medical doctor

Note a sleep study is not required for positive airway pressure therapy in neuromuscular disease
patients

The next important step is to decide which device to choose. In this patient, the
physician initially chose a respiratory assist device (RAD) but then switched over to
home mechanical ventilator (HMV) (Fig. 12.3). RAD devices are smaller than
HMYV, but they do not have alarm features or a backup battery, which becomes an
important consideration in patients who live in places where the electricity is
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Fig. 12.3 Noninvasive positive pressure ventilation may be delivered by (a) respiratory assist
device such as the ResMed VPAP-ST™ or (b) home mechanical ventilator such as the Respironics
Trilogy™, both shown here. A respiratory assist device differs from a home mechanical ventilator
by its lack of alarm features, lack of backup battery, and lack of more advance ventilator modes.
Algorithms for pressure delivery differ between manufacturers and machine types, which may
affect patient comfort and synchrony. Insurance coverage requirements for the two types of devices
may also differ

unreliable or if portability is needed for daytime therapy such as mouthpiece venti-
lation (MPV). As the disease progresses, MPV or daytime mask ventilation becomes
essential. This cannot be achieved with RAD devices. They do not offer essential
features such as the MPV trigger, leak tolerance, expiratory positive airway pressure
(EPAP) setting of 0 cmH,0, or volume-cycled modes. HM Vs have these capabilities.
On the other hand, HMVs are more expensive and bulkier as compared to a
RAD device.

The selection of mode and the deeper understanding of the various machines and
modes of noninvasive ventilation is crucial to assist in the care of such patients. In
our patient, he was switched from a VPAP-ST™ (ResMed) to Trilogy™
(Respironics) machine. On the initial glance, the settings on each machine look the
same, but clearly there is a difference in the algorithm being employed by each
manufacturer because of which the patient could not tolerate the Trilogy™ success-
fully. The most important difference between ResMed and Respironics products is
the inspiratory time (Ti time). In ResMed devices, such as VPAP-ST™, Ti is deliv-
ered to each breath irrespective of the type of the breath, spontaneous or timed. Each
breath has an assured Ti time, known as the Ti minimum. The Ti minimum time set
on the patient’s VPAP™ device was 1.5 seconds, and thus each breath was
guaranteed to have a Ti time of no less than 1.5 seconds. Whereas the Respironics
device in ST mode has a set Ti time, the set Ti time only applies to timed breaths.
Therefore, in this patient who was predominantly triggering his own breaths
according to his download, the patient was not getting the set Ti time; so although it
was set in ST mode, it was acting more like S mode. ALS patients, due to the nature
of the disease, are not able to prolong the breath and complete the breath early,
increasing work of breathing and limiting ventilation. This was happening to our
patient when he used the Trilogy™ in ST mode. Therefore, the ideal mode for him
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when using the Trilogy™ would have been a pressure control mode (PC) in which
he would have gotten a fixed Ti time with every breath and thus more stable
ventilation [2]. This is what was done for the patient during the in-clinic titration,
and the patient was much more comfortable and able to synchronize his breath-
ing better.

In addition to pressure-cycled ventilation, noninvasive ventilator devices offer
the option of volume-cycled modes and newer “hybrid” modalities such as volume-
assured pressure support ventilation (e.g., AVAPS™, iVAPS™). AVAPS™ delivers
an inspiratory pressure to target a set tidal volume per breath, while iVAPS™ adjusts
the positive inspiratory pressure to target a tidal volume during each breath to
accomplish a set target “alveolar volume” (i.e., minute ventilation minus estimated
dead space ventilation). There is general lack of evidence to guide specific ventila-
tor type or mode selection. A couple of small randomized studies showed AVAPS™
was more effective than bilevel pressure ventilation for delivery of minute ventila-
tion and reducing arterial partial pressure of carbon dioxide (PaCO,) levels, while
there was no difference in sleep architecture [3, 4]. The most important thing for
choosing ventilator mode should be patient comfort, acceptance, and ability to
improve gas exchange and work of breathing. Settings that may be adjusted to
ensure comfort and synchrony include trigger sensitivity (controls transition from
exhalation to inhalation), inspiratory time, and cycle sensitivity (controls transition
from inhalation to exhalation). For example, neuromuscular patients generally have
weak respiratory muscles, and therefore a high trigger sensitivity and medium cycle
sensitivity setting may help these patients initiate and maintain inspiratory breaths
easier. And unlike COPD patients, neuromuscular patients may benefit from greater
inspiratory time for alveolar recruitment. For patients with neuromuscular disease
and concomitant obstructive sleep apnea, a higher EPAP setting may be required to
open the upper airways. To determine the optimal expiratory pressure for obstruc-
tive sleep apnea, polysomnography titration or a ventilator with auto-adjusting
EPAP features (e.g., Trilogy AVAPS-AE™) may be considered.

The other important fact highlighted in this case is that we performed the titra-
tion in the clinic setting instead of overnight polysomnogram. Though the 2011
Noninvasive Positive Pressure Ventilation Titration Task Force of the American
Academy of Sleep Medicine recommends initial titration of pressures in a sleep lab
to optimize pressure settings in addition to comfort [5], evidence is lacking to dem-
onstrate the superiority of this approach over home initiation or daytime titration.
Daytime titration has been shown to reduce mortality in the setting of ALS [6]. This
approach reduced the wait times to ventilation commencement and improved sur-
vival without a change in the effectiveness of ventilation. Thus, if in-lab polysom-
nography is not readily available or the lab lacks the appropriate expertise, then
initiation of noninvasive ventilation should not be delayed while waiting for a study.

There is a lack of consensus on whether or how to monitor gas exchange during
initiation of noninvasive ventilation. End-tidal carbon dioxide measurements are not
reliable because of leaks and dilution and often underestimate arterial carbon diox-
ide levels. Transcutaneous carbon dioxide monitoring systems with oximetry may
be helpful if available. There is also no consensus on the best way to monitor ALS
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patients on home based noninvasive ventilation. The use of overnight pulse oxime-
try, arterial blood gas, or transcutaneous carbon dioxide monitoring along with the
download from the device could assist in understanding the needs of the patient.

Clinical Pearls

1. Sleep study (i.e., polysomnography) is not required for the diagnosis of
hypoventilation. It may be required to assist with titration especially in
setting of obstructive sleep apnea to help establish adequate expiratory
positive airway pressure.

2. To qualify for noninvasive mechanical ventilation in neuromuscular dis-
ease, patients must demonstrate symptoms of hypoventilation and fulfill
the following criteria: FVC < 50% predicted, maximal inspiratory pressure
< —60 cmH,0, PaCO, > 45 mmHg, and oxygen saturation by pulse
oximetry <88% for > 5 min during an overnight recording.

3. Selection of the device, mode, and the differences in the algorithms
employed by various manufactures need to be kept in mind.

4. Ambulatory titration can be performed with success in these patients.
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Case Presentation

A 61-year-old African-American man presents to the pulmonary clinic for an evalu-
ation 2 weeks following a hospital discharge for a COPD exacerbation. He has had
progressively worsening symptoms of shortness of breath over a period of 15 years
preceding this clinic presentation. He was a 1 pack-per-day smoker over 40 years
and had quit 8 years ago due to worsening shortness of breath. He had also been on
oxygen supplementation for the past 7 years. He was previously an iron worker with
no history of asbestos or silica exposure but currently disabled. He initially started
experiencing exacerbations requiring hospitalization once every other year, but
about 3 years ago, he started developing more frequent exacerbations such that in
the year preceding this clinic presentation, he had experienced 6 hospitalizations
including one with hypercapnic respiratory failure for which invasive mechanical
ventilation was required. He had been previously assessed for lung transplantation
but he did not wish to pursue that option, citing concerns about the long-term
expenses and the burdens on his daughters who lived in different states and on his
elderly mother with whom he lived and who was his only caregiver.

Assessment

At the time of this evaluation, he presented in a wheelchair and was back to his
baseline. He still had a chronic productive cough and remained very limited in his
walking ability even with oxygen supplementation, such that he had trouble with
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activities of daily living and rarely left his house. He had previously completed a
course of pulmonary rehabilitation, which he thought had been helpful but he had
not consistently exercised since.

On exam his body mass index was 24 kg/m?, lungs were hyperresonant to per-
cussion with very diminished air entry, and inspiratory crackles. No wheezes or
rhonchi were heard. There was no pedal edema.

An arterial blood gas obtained at that visit (2 weeks after his last hospital admis-
sion) showed a pH 7.37, PaCO, 53 mmHg, PaO, 64 mmHg, and bicarbonate
29 mEq/L while on 3 L of oxygen by nasal cannula.

An alpha-1 antitrypsin genotype was available in the records and noted to
be PI*MM.

A CT scan of the chest showed severe diffuse emphysema with a right upper lobe
pulmonary nodule.

Pulmonary function tests were as follows:

Predicted Baseline After bronchodilators Percent change
FVC (L) 4.56 1.83 (40%) 2.07 (45%) 13
FEV, (L) 3.60 0.42 (12%) 0.50 (14%) 18
FEV,/FVC 78.82 2291 23.98 5

Abbreviations: FVC Forced vital capacity, FEV, forced expiratory volume in the first second

On a 6-minute walk test he was able to walk 598 feet (180 m) and maintained his
oxygen saturation at 93% while on 6 L of supplemental oxygen.

Management

He was maintained on an optimal inhaler regimen consisting of dry powder inhaler
formulations of fluticasone/salmeterol 500 mcg/50 mcg 1 puff twice daily and
tiotropium 18 mcg 1 puff daily. Because of the chronic bronchitis component of his
presentation, he was started on roflumilast 500 mcg orally once daily. He continued
nebulized albuterol, which he required 4 times daily because of persistent symp-
toms of shortness of breath, and oxygen 4 L atrest and 5 L with exertion. Pulmonary
rehabilitation was initiated. Non-invasive positive pressure ventilation was pre-
scribed at an initial pressure of IPAP 12 cmH,O and EPAP 5 cmH,0 without a back-
up rate.

Outcome

He did not adapt immediately to the intervention, but by the time of his clinic fol-
low-up 3 months later, he was using non-invasive ventilation regularly for about 8 h
per night. Over the subsequent year, he progressed to using the device in the day-
time as well while awake for relief of symptoms, for a total of 11 h per day. He felt
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significantly improved. He was particularly grateful for the sense of control non-
invasive ventilation gave him over his disease, and for a significant reduction in
hospitalizations. He also felt that roflumilast effectively treated his bronchitis symp-
toms, but he had to stop tiotropium due to urinary retention. Although the exacerba-
tion rate improved, his pulmonary rehabilitation program was interrupted by a
hospitalization for an exacerbation in the year following initiation of non-invasive
ventilation. A follow-up computed tomography of the lungs scan showed resolution
of the right upper lobe nodule considered in retrospect to have been inflammatory in
nature. He continued to worsen in his activity tolerance such that 2 years after initia-
tion of non-invasive ventilation his 6-minute walking distance had decreased to
360 feet (110 m) while on 6 L of oxygen supplementation. He was managed mostly
at home and was admitted to hospice 5 years after initiation of non-invasive ventila-
tion where he expired 3 months later.

Discussion

Several mechanisms that serve to preserve carbon dioxide homeostasis are altered
in patients with severe COPD. Work of breathing is increased due to elevated elastic
load, a consequence of static and dynamic hyperinflation and elevated resistive load
due to airflow limitation. Furthermore, respiratory muscle force generation is
reduced in COPD owing to both shortened inspiratory muscle fibers consequent to
hyperinflation and reduced muscle strength [1, 2]. Faced with mechanical con-
straints and diminished pump capacity, the respiratory controller adopts lower tidal
volumes and faster respiratory rates [3], to avoid respiratory muscle fatigue [4]. The
adoption of lower tidal volumes further worsens dead space ventilation, already
problematic in COPD due to alveolar destruction, predisposing to carbon dioxide
retention. Although mechanisms are not fully elucidated, it has been hypothesized
that under these dire circumstances, central controller selects “submissive hyper-
capnia” to conserve energy and prevent task failure [5]. In support of this theory, the
minute ventilation-carbon dioxide slope is significantly reduced among patients
with severe COPD when compared to patients with congestive heart failure with
similar exercise capacity [6]. Further, normal subjects reduce diaphragmatic recruit-
ment when subjected to excessive inspiratory loads to avoid muscle fatigue, sug-
gesting a similar load compensation strategy exists in health [7]. Non-invasive
ventilation unloads respiratory muscles and ameliorates mechanical constraints by
offsetting elastic threshold load and dynamic airway collapse and thus offers poten-
tial reversal of the aforementioned adverse circumstances and consequent respira-
tory controller adaptation.

Non-invasive ventilation has long been acknowledged as a standard of care for
the in-hospital management of acute exacerbation of COPD associated with hyper-
capnic respiratory failure, with strong evidence stemming from several randomized
trials [8]. In contrast, the experience with non-invasive ventilation in the home
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setting as a chronic intervention for individuals with stable COPD remains limited
though more current evidence supports its use in select individuals.

The adoption of non-invasive ventilation in the home setting for stable COPD
has been slow with significant doubts and concerns that it may be ineffective, poorly
tolerated [9, 10], may worsen quality of life [11], and reduce sleep efficiency [10,
12]. Hyperinflation of the lungs may be a factor that reduces adherence to non-
invasive ventilation in patients with the COPD sleep apnea overlap [13]. Subsequent
studies have helped define a subset of COPD patients as well as device settings
associated with improved quality or life, adherence, exacerbation frequency, and
survival. The current accepted approach is to use high pressure-support settings
aimed at reducing chronic daytime hypercapnia in severe but stable COPD.

The impetus to use high pressures stems from randomized trials which compared
non-invasive ventilation at high-intensity (mean inspiratory pressure of 29 cmH,0,
mean expiratory pressure just under 5 cmH,O with back-up rate 18 breaths/min) to
low-intensity (mean inspiratory pressure 15 cmH,O, mean expiratory pressure
4 cmH,0O with back-up respiratory rate 8). The high intensity arm increased FEV,
reduced daytime and nocturnal PaCQO,, increased adherence by 3.6 h/day, and
improved exercise-related dyspnea and health-related quality of life [14, 15].
Although these studies also favored a high back-up rate on the device to maximally
reduce the PaCO,, there may be no particular benefit of a high back-up rate in
improving adherence [16]. In a randomized controlled trial of low-intensity nonin-
vasive positive-pressure ventilation with oxygen compared with oxygen alone in
hypercapnic COPD, there was a potential survival benefit in the adjusted analysis
for non-invasive ventilation, and good adherence, but at the expense of a significant
deterioration in general and mental health, as well as worsening in mood [11].

There have been several randomized trials of non-invasive ventilation in stable
COPD [10-12, 17-24], including some that looked at hard outcomes of survival and
readmission rate (Table 13.1). The selection of patients with hypercapnia in a stable
state appears to be an important determinant of a favorable outcome. For instance,
in one randomized study, high-intensity non-invasive ventilation was initiated for
persistent hypercapnia prior to discharge from hospital for an episode of acute respi-
ratory failure requiring ventilation [23]. That study which targeted patients in an
acute rather than chronic hypercapnic state failed to show a favorable impact of the
intervention on readmission, mortality, exacerbations, lung function, or quality of
life in the first year following the index admission [23]. In sharp contrast, significant
survival advantages and/or delay in hospitalization were noted when the interven-
tion targeted COPD patients who had hypercapnia with a PaCO, > 52 mmHg in a
stable state including several weeks after a hospitalization for an exacerbation
[21, 22].

Our patient had severe group D COPD based on the GOLD classification [25],
with severely limited exercise tolerance and frequent exacerbations requiring hospi-
talization. The exacerbations persisted despite an effective inhaler and medication
regimen. Even though the pressures selected in our patient were low relative to
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current recommended settings, he felt a significant benefit after a short period of
adaptation, became adherent to the intervention within 3 months of its initiation,
and there was a significant reduction in exacerbations and hospitalizations. Despite
concerns from some studies that quality of life may be compromised with the use of
non-invasive ventilation, our patient felt that the device was quite helpful with his
specific comment that it provided him with a sense of control over his disease. This
is consistent with studies showing an improvement in mastery score on the chronic
respiratory disease questionnaire with the device [17]. His device did not include a
back-up rate but some studies attribute the improvement to the pressure support
rather than the back-up rate [16], and a survival benefit may occur even in the
absence of a back-up rate [11].

In conclusion, chronic nocturnal non-invasive ventilation may be effective in
appropriately selected COPD patient with hypercapnia either in the stable state or
which persists for 2 or more weeks after requiring acute non-invasive ventilation for
an exacerbation [26]. Although the precise cutoff is different between studies
(Table 13.1), a PaCO, of >52 mmHg is one of the criteria adopted by the Centers of
Medicare and Medicaid Services (CMS) to qualify for non-invasive ventilation in
the setting of COPD (the other criteria being documentation of nocturnal desatura-
tion <88% for >5 min on prescribed FiO,, and exclusion of sleep apnea) [27]. This
cutoff concords with that of other randomized trials [21, 22]. With selection of
appropriate patients and with high-intensity settings, the benefits of non-invasive
ventilation include improvement in survival [11, 21], readmissions [22], exacerba-
tion frequency [22], health-related quality of life [21, 22, 24], and FEV, [21, 24].
More studies may be needed to clarify patient and settings selection especially as far
as potential confounding by sleep apnea which have not been adequately addressed

Table 13.1 Randomized studies of non-invasive ventilation in stable COPD with survival and
readmission outcomes

Device settings Deaths at year| Readmissions at Tyear
(%) (%)
Reference N Age FEV, PaCO, Selection IPAP/EPAP (cmH,0), | Adherence T c T c
(yrs) (%) (mmHg) Rate (h/night)

Casanova [18] 52 66 30 52 Stable clinical FEV,< 45% | 12/4,-- 5.9 22 22 19* 18*

Clini [19] 56 65 29 55 Stable PaCO,> 50 mmHg | 14/2,8 9 18 17

McEvoy [11] 144 |68 24 54 Stable PaCO,> 46 mmHg | 13/5,~ 45 17t | 22t

Struik [23] 201 |64 26 58 PaCO,> 45 mmHg while off | 19/5, 15 6.3 30 29 56 57
support > 48h after
hospital admission

Kohnlein [21] 195 |63 27 58 Stable state with PaC0,>52 | 22/15, 16 5.9 12 33
mmHg

Murphy [22] 16 | 67 23 59 PaCO,> 53 mmHg and low | 24/6, 14 76 28 32 ARR 17% for
Pa0,> 2 weeks after readmission or deathat
exacerbation with ventilation 1year.

* estimated from figure provided tData obtainedfrom editorial by Elliott [30]Adjusted survival analysis hazard ratio 0.63 (95% Cl 0.40 t0 0.99, p = 0.045)
Shaded areas represent significant differences
Abbreviations: ARR: absolute risk reduction, FEV: forced expiratory volume in 1 second, IPAP/EPAP: inspiratory/expiratory positive airway pressure. T/C: treatment/control arms
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in the studies reported [28], the role of a back-up rate on the devices [16], and
whether higher EPAP may be helpful to counteract any threshold load imposed by
intrinsic PEEP in these patients [29]. Finally, when considering high-intensity non-
invasive ventilation, there are theoretical concerns about over-ventilation and
arrhythmogenesis due to induced alkalemia. Therefore, CO, levels (either via trans-
cutaneous or end-tidal CO, monitoring during sleep, or post-sleep arterial blood
gas) should be closely monitored initially while determining IPAP/pressure support

L. S. Aboussouan and U. Hatipoglu

settings.

Clinical Pearls/Pitfalls

Despite initial concerns, home non-invasive ventilation can be effective in
selected patients with COPD.

Individuals expected to benefit from the use of non-invasive ventilation
include those with chronic hypercapnia (PaCO, > 52 mmHg) while in a
stable state including more than 2 weeks after hospitalization for an epi-
sode of acute respiratory failure.

In addition to patient selection, the choice of device settings is important
with studies showing a potential benefit of home non-invasive ventilation
generally with settings aimed to correct the hypercapnia (e.g., IPAP
19-24 ¢cmH,0, and EPAP 4-6 cmH,0).

Although high back-up rates (14—18 breaths/min) can also be used, there
may be no particular advantage to a back-up rate to improve adherence.
Expected benefits include a reduced risk of readmission, improved sur-
vival, health-related quality of life, and improved device tolerance.

Close monitoring of CO, levels (either via transcutaneous or end-tidal CO,,
or arterial blood gases) should be undertaken when initially determining
non-invasive ventilation settings to avoid acute alkalemia and resultant
arrhythmias.
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Chapter 14
Hypoventilation Associated with Scoliosis

Sritika Thapa and Janet Hilbert

Abbreviations

ABG Arterial blood gas

AVAPS Average volume assured pressure support

BMI Body mass index

BPAP Bilevel positive airway pressure

BPAP-S Bilevel positive airway pressure spontaneous mode
BPAP-ST  Bilevel positive airway pressure spontaneous-timed mode
EPAP Expiratory positive airway pressure

ERV Expiratory reserve volume

FRC Functional residual capacity

HMV Home mechanical ventilator

IPAP Inspiratory positive airway pressure

NIPPV Noninvasive positive pressure ventilation

NMD Neuromuscular diseases

NREM Non-rapid eye moment

PCV Pressure control ventilation

PFT Pulmonary function test

PS Pressure support

PSG Polysomnography

RAD Respiratory assist device
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REM Rapid eye movement

TcCO, Transcutaneous carbon dioxide

TLC Total lung capacity

TV Tidal volume

v/iQ Mismatch ventilation perfusion mismatch
VAPS Volume assured pressure support

VvC Vital capacity

Case

AB is a 51-year-old woman with a history of prior tracheostomy for unspecified
lung surgery as an infant and scoliosis (status post placement of Harrington rods at
the age of 14) who was referred to the sleep clinic for consideration of noninvasive
positive pressure ventilation (NIPPV) following recent hospitalization for acute on
chronic hypercapnic respiratory failure. Prior to that hospitalization, she reported a
3-week history of dyspnea on exertion, orthopnea, and lower extremity edema,
which then worsened prompting admission. She had minimal cough but denied
fever, chest pain, palpitations, and dyspnea on bending forward. During her hospi-
talization, no acute etiology was found. She was treated with diuretics, bronchodila-
tors, and antibiotics and discharged home.

During her sleep clinic visit 3 weeks after discharge, she reported significantly
improved dyspnea overall, but still mild dyspnea on exertion. Sleep history was
unremarkable, with only occasional snoring without witnessed apnea, gasping
awakenings, or symptoms of non-respiratory sleep disorders. Epworth sleepiness
score was 2.

Other prior medical history was only positive for sickle cell trait. Medications
included Vitamin B12, multivitamin, inhaled ipratropium-albuterol as needed, and
levonorgestrel. She endorsed an allergy to penicillin. She was a never-smoker, non-
drinker, with no prior illicit drug use. She worked as a telephone operator.

Physical exam revealed blood pressure 132/90 mmHg, heart rate 102 beats per
minute and oxygen saturation by pulse oximetry (SpO,) of 96%. Her body mass
index (BMI) was 25 kg/m? She was in no acute distress on general exam.
Examination of the head and neck revealed a normal nasal septum, no turbinate
hypertrophy, Mallampati Score 3, no scalloping of tongue, grade 1 tonsils. Her neck
revealed healed surgical scar and no lymphadenopathy. Her lungs were clear with-
out wheezes, rhonchi, or rales. Heart was regular without murmur. No peripheral
edema was present. Back was asymmetric with a longitudinal scar. The rest of her
exam was normal.

Hospital data were reviewed. Initial arterial blood gas (ABG), performed on oxy-
gen, showed pH 7.28, PaCO, 96 mmHg, PaO, 121 mmHg, which improved to
pH 7.40, PaCO, 60 mmHg, PaO, 69 mmHg by discharge 8 days later. Chest X-ray
showed chest wall deformity, scoliosis with prominent dextrocurvature of the thora-
columbar spine with rods in place and left lower lobe atelectasis (Fig. 14.1). Chest
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Fig. 14.1 Chest X-ray PA
view showing chest wall
deformity-scoliosis with
prominent dextrocurvature
of the thoracolumbar spine
with Harrington rods in
place and left lower lobe
atelectasis

CT showed no pulmonary embolus, enlarged right-sided cardiac chamber with
signs of elevated right heart pressure, small right pleural and pericardial effusions,
and near-complete atelectasis of the right lower lobe. Chest ultrasound showed dia-
phragmatic motion bilaterally during inspiratory effort with decreased motion of the
left hemidiaphragm compared to the right. Echocardiogram showed normal left
ventricular ejection fraction but flattened septum consistent with right ventricular
pressure and volume overload, moderately increased right ventricular cavity size
with reduced systolic function and increased right ventricular systolic pressure of
75 mmHg. Right heart catheterization after diuresis and prior to discharge showed
right atrial pressure 3 mmHg, right ventricular pressure 55/4 mmHg, pulmonary
artery pressure 35/15 mmHg with mean of 22 mmHg, pulmonary capillary wedge
pressure of 8 mmHg, cardiac output 4.23 L/min, and cardiac index 2.40 L/min/cm?.

Pulmonary function testing (PFT) done 2 weeks after discharge and 1 week prior
to sleep clinic visit showed severe restriction without obstruction with moderate
reduction in diffusion capacity. Forced expiratory volume in 1 s (FEV1) 0.75 L
(29%), forced vital capacity (FVC) 1.07 L (31%), FEV1/FVC ratio 71%, total lung
capacity (TLC) 1.89 L (36%), and diffusion capacity of the lungs for carbon mon-
oxide (DLCO) 8.55 L (42%). Nocturnal oximetry on room air done 3 weeks after
discharge and 1 day prior to sleep clinic visit revealed sustained hypoxemia at base-
line, with three discrete periods of desaturation suggestive of rapid eye movement
(REM) worsening, with overall mean SpO, of 82%, nadir SpO, of 53%, and
335.3 min with SpO, < 88% (Fig. 14.2).

Based on the clinical history and persistent sustained sleep-related hypoxemia,
criteria to initiate NIPPV were met. ABG performed on room air just prior to
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Fig. 14.2 Nocturnal pulse oximetry shows sustained hypoxemia and three discrete periods of
significant worsening (red arrows, top panel) which is suggestive of REM worsening. These wors-
ening also correlate with pulse variability (blue arrows, bottom panel)

therapeutic polysomnography (PSG) showed further improvement in diurnal gas
exchange (pH 7.41, PaCO, 43, PaO, 65). PSG on average volume assured pressure
support (AVAPS) with target tidal volume of 8 cc/kg was performed. Sleep architec-
ture revealed scattered awakenings with two REM periods (Fig. 14.3). The patient
slept entirely nonsupine. There was no significant obstructive sleep apnea (apnea-
hypopnea index of 4/h by American Academy of Sleep Medicine criteria). Overall
oxygenation was improved compared with baseline nocturnal oximetry (although
not optimal) with persistent sleep-related hypoventilation characterized by
decreased SpO, and increased transcutaneous carbon dioxide (TcCO,), especially
in REM sleep (Fig. 14.3). Mean SpO, was 91% with nadir SpO, of 76% and 17%
of time with SpO, < 88, despite adjustment of target tidal volume and added oxy-
gen. TcCO, was 63—-64 mmHg in non-rapid eye moment (NREM) sleep and
66-67 mmHg in REM sleep. At the conclusion of the test, the patient reported that
she felt much better on awakening in the morning compared with home. AVAPS
was ordered for home use, with plan for close follow-up including assessment of
symptoms, objective data from device (i.e., adherence, efficacy, respiratory param-
eters, mask leak), home oximetry on AVAPS, daytime ABG, and eventual repeat
therapeutic PSG.

Discussion

Introduction

Chronic alveolar hypoventilation may be secondary to chronic obstructive pulmo-
nary disease, obesity hypoventilation syndrome, restrictive ventilatory disorders
including thoracic wall abnormalities and neuromuscular diseases (NMD), or cen-
trally acting mechanisms (e.g., opioids) [1]. Thoracic wall disorders include
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Fig. 14.3 Polysomnography hypnogram demonstrating worsening of hypoxemia (single arrows)
and worsening of hypercapnia (double arrows) in REM stage (circled)

diseases and deformities of the rib cage (thoracic spine, ribs and sternum, muscles
of respirations (diaphragm, intercostal muscles), and abdomen [2]. These disor-
ders lead to restrictive defects due to reduced chest wall compliance leading to
increased work of breathing by placing an elastic load on the respiratory muscles
and eventually some reduction in lung compliance from atelectasis. Severe chest
wall deformity leads to reduced expiratory reserve volume (ERV) that in turn leads
to reduced functional residual capacity (FRC), vital capacity (VC), and total lung
capacity.

Epidemiology

Scoliosis is a spinal disease caused by excessive spinal curvature in coronal plane
with an angle of curvature more than 10° of Cobb angle. Cobb angle is measured by
first identifying the apex vertebra, which is at the deepest part of the scoliosis curve,
and then 2 vertebras, one above and one below the apex whose endplates are most
tilted toward each other. Lines are drawn along the endplates of these two vertebras
and the angle between the intersected lines is measured which gives the Cobb angle.
Kyphosis (curvature in the sagittal plane) is commonly associated with scoliosis.
Kyphoscoliosis affects 4% of the population. Prevalence of severe kyphoscolio-
sis with Cobb angle >100° impairing chest mechanics or >120° resulting in
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respiratory failure is 1 in 10,000 [2]. These patients have reduction in VC which
may be reduced to 30% of predicted or less in individuals with Cobb angle >90% [3].

Females are affected more than males in a 3—4:1 ratio. Scoliosis is idiopathic in
more than 80% of patients. In the remaining, it is secondary to neuromuscular dis-
ease, congenital defects, tumors, or trauma.

Clinical Presentation

Patients with restrictive thoracic disorders may have disrupted nighttime sleep;
excessive daytime sleepiness; nocturnal, or morning headache (likely from the
increased PaCO,); and dyspnea [4]. Dyspnea may become more apparent with
supine positioning or during exertion. There may be fatigue and decreased exercise
capacity or there may be minor or no complaints [5].

The clinical course and prognosis depend on the cause and progression of scoliosis,
pattern of deformity, and age of onset [2]. Cobb angles of 50° or less have minimal
effects on respiratory system compliance but those greater than 100° may have com-
pliance decreased similar to patients with acute respiratory distress syndrome leading
to respiratory failure [3]. Patients with angle less than 70° may be asymptomatic, those
in between 70° and 100° may become symptomatic in middle age (which may have
been the case in our patient) and those with 90° or greater have restrictive defects with
exertional dyspnea and exercise intolerance as the early manifestations [2]. However,
the degree of nocturnal desaturation may not correlate with the angle of spinal defor-
mity [3]. Onset of kyphoscoliosis before the age of 8 years can lead to rapid decline in
pulmonary function, pulmonary hypertension, and respiratory failure while the idio-
pathic kyphoscoliosis with onset around puberty may have a good prognosis [6].

Polysomnographic Findings

The classic sleep-disordered breathing pattern in restrictive thoracic disorders and
neuromuscular disease is hypoventilation, which occurs initially in REM sleep, then
progressing into NREM sleep though still being worse in REM, and, finally, occur-
ring during wakefulness [7]. Small case series have shown worsening sleep-
disordered breathing in REM in patients with scoliosis [8—10]. In one study, either
no apnea or prolonged central apneas in REM were seen [8], while in another, both
central and obstructive respiratory disturbances were reported [9]. In yet another
study, significant sleep apnea was not identified [10]. Our patient demonstrated the
pattern of hypoventilation during sleep out of proportion to wakefulness with wors-
ening in REM compared with NREM sleep. Decreased REM and stage N3 sleep
and increased N1 and N2 sleep have been reported [9].
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Pathophysiology

Initially there is reduced chest wall compliance in scoliosis, which changes the rest-
ing position of the chest wall and reduces the FRC. Gradually, lung compliance also
decreases due to atelectasis and air trapping from breathing at low lung volumes.
There is also inspiratory muscle weakness, mainly in the diaphragm due to the
deformity of the rib cage that changes the length and orientation of the respiratory
muscles [11]. Chest wall compliance also decreases with age, and there is a worsen-
ing of respiratory mechanics with age without a worsening of spinal deformity.

Due to limitation in lung expansion, tidal volume (TV) falls (which initially is
compensated by increased respiratory rate) leading to hypoventilation. Because of
shallow breathing, there is increased dead space ventilation which causes alveolar
hypoventilation [12]. There may also be impaired inspiratory muscle function inde-
pendent of primary neurological disease that further contributes to the hypoventila-
tion [13]. This respiratory muscle weakness is further worsened by hypercapnia and
hypoxia leading to respiratory failure.

There is only mild hypoxemia from ventilation/perfusion mismatch (V/Q mis-
match) without hypercapnia in mild to moderate scoliosis initially. This mismatch
is due to asymmetry between the right and left lungs from scoliosis; the lungs on the
convex side are better ventilated than on the concave side [2]. However, as the dis-
ease progresses, V/Q mismatch worsens, further progressing hypoxemia. V/Q mis-
match is the primary mechanism for hypoxemia in scoliosis [12, 14]. Shallow tidal
breaths from decreased respiratory compliance and breathing at low lung volumes
(due to decrease in FRC) can lead to atelectasis, which may worsen hypoxemia by
pulmonary shunting [3].

Additionally, in the supine position, the diaphragm ascends up into the chest, and
the lungs are compressed which leads to reduction of ERV and FRC (in scoliosis
FRC is already reduced and hence there is further reduction). Due to this, dependent
airways close within the range of tidal breathing and there is regional alveolar V/Q
mismatch worsening hypoxemia [15]. Positional hypoxemia is further worsened
during sleep and particularly during REM sleep. The fall in SpO, in sleep has been
shown to be directly related to the rise in TcCO,, suggesting hypoventilation as an
important mechanism for sleep-related hypoxemia [10].

Compared with NREM sleep, there is further worsening of desaturation in REM
sleep. Patients with chest wall abnormalities depend mostly on accessory respira-
tory muscles for ventilation. However, during REM sleep, accessory muscles of
respiration are inhibited. This causes compensatory increase in diaphragmatic
effort, which leads to paradoxical chest wall motion and instability of thoracic cage.
This further contributes to atelectasis, abnormal distribution of inspired air, and
hypoventilation causing ventilation and perfusion mismatch [4].

These patients may also have decreased drive to breathe, which further worsens
hypoventilation both during sleep and wakefulness. This causes chronic hypercap-
nia and hypoxia, which leads to pulmonary arterial vasoconstriction. Eventually this
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leads to pulmonary hypertension and cor pulmonale [4], as was seen in our patient
during her hospitalization. This abnormality in breathing patterns and blunted
hypoxic drive leads to severe hypoxemia in addition to their already low oxygen
reserve from reduced FRC [8].

Hence, nocturnal hypoxemia can be worsened in kyphoscoliotic patients due to
various factors including gas exchange abnormalities, inspiratory muscle weakness,
abnormal breathing pattern, blunted hypoxic drives, and some predispositions
toward apnea with further worsening in REM sleep stages. In a small case series,
degree of thoracic deformity, pulmonary function test, arterial PaCO,, or chemical
drives were not predictive of sleep-disordered breathing [8].

Treatment

NIPPYV is effective in treating hypoventilation in restrictive thoracic disorders [16].
Long-term NIPPV therapy improves respiratory muscle function by reducing the
work of breathing and improves daytime blood gas levels by resetting the CO, sen-
sitivity. It thus may be used to treat hypercapnia and hypoxemia and improve
hypoventilation-based clinical symptoms [4, 11, 16]. The positive end expiratory
pressure may improve oxygenation through alveolar recruitment especially in atel-
ectatic lung along with improvement of obstructive events.

Per a 1999 multi-society consensus conference, NIPPV is recommended in
patients with restrictive thoracic disorders who meet the following criteria: [1]
symptoms of hypoventilation (e.g., morning headache, dyspnea, fatigue) and any
one of the following physiologic criteria [2] (a) PaCO, > 45 mmHg; (b) nocturnal
oximetry with saturation < 88% for 5 consecutive minutes; and (c) FVC (forced
vital capacity) <50% predicted [16]. On a practical note, in the United States, a
respiratory assist device (RAD) capable of delivering bilevel positive airway pres-
sure therapy with or without a backup rate is a covered medical expense in restric-
tive thoracic disorders if the following criteria are met: (1) severe thoracic cage
abnormality documented and (2) chronic obstructive lung disease does not contrib-
ute significantly and (3) any ONE of (a) PaCO, > 45 mmHg while awake and on
prescribed FIO,, (b) nocturnal oximetry with SpO, < 88% for > 5 min (not neces-
sarily consecutive) on prescribed FIO, (minimum recording time 2 h) [7]. A home
mechanical ventilator (HMV) capable of delivering more advanced modes of
NIPPV may be covered for more severe or recurrent respiratory failure. Diagnostic
polysomnography with CO, monitoring may be helpful in further characterizing
sleep-disordered breathing [7] or predicting need for future NIPPV [17], but is not
required by current clinical practice guidelines or third-party payers. Thus, diagnos-
tic workup should include, at minimum, careful history, assessment of pulmonary
function, ABG, and nocturnal oximetry.

Once a decision is made to initiate NIPPV, initial mode, device, interface, and
settings need to be selected and titrated for optimal results. There are several
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recent, practical reviews for guidance [1, 18, 19], but few studies have been
performed in thoracic cage disorders. Technology is rapidly evolving, and
NIPPV preferences vary with institution. Most common modes are bilevel posi-
tive airway pressure (BPAP) modes, either in spontaneous mode (BPAP-S) or in
spontaneous-timed mode (BPAP-ST), with more recent emergence of “hybrid”
modes that use additional software to help assure an average tidal volume
(VAPS) or average minute ventilation. The expiratory positive airway pressure
(EPAP) provides pressure to maintain upper airway patency, while the differ-
ence between the inspiratory positive airway pressure (IPAP) and EPAP is the
level of pressure support (PS). Assuming adequate EPAP and airway patency, PS
determines tidal volume, which varies breath-by-breath depending on inspira-
tory time, lung compliance, and airways resistance. With VAPS technology, an
average tidal volume or average minute ventilation is set, allowing PS to vary as
needed to reach these average targets. A few devices with VAPS capability have
introduced an auto-EPAP algorithm in which the EPAP will adjust accordingly
to assure upper airway patency that is needed to deliver the PS to the lower air-
way [1]. Pressure control ventilation (PCV) is also available on some devices
and is used selectively.

In general, in the absence of obstructive sleep apnea, EPAP is set relatively low,
and PS is set to achieve adequate ventilation while maximizing comfort and mini-
mizing asynchrony. Initial settings may be empiric with outcomes assessed clini-
cally or titration PSG may be performed. The 2010 American Academy of Sleep
Medicine Clinical Practice Guideline recommends PSG for titration of NIPPV in
chronic alveolar hypoventilation due to restrictive thoracic disorders.
Recommendations for equipment, initial settings, titration guidelines, monitoring of
leak and asynchrony, and follow-up care are provided [20].

Patient-ventilator asynchrony is common in patients treated with NIPPV [21].
Leaks are often a factor and should be monitored closely and corrected as needed
[20, 22]. Advanced settings should be matched to the disease mechanics. High
trigger sensitivity (degree of inspiratory flow change needed to change the pres-
sure from EPAP to IPAP), longer rise time (time to transition from EPAP to
IPAP), longer inspiratory time (Ti), and low cycle sensitivity (levels of inspira-
tory flow below which device changes from IPAP to EPAP) are generally pre-
ferred in restrictive thoracic disorders [1, 23]. These settings allow for less work
to trigger supported inspiratory breaths, and allow for maximal alveolar recruit-
ment. Identifying abnormal respiratory events on polysomnography in patients
on NIPPV can be challenging, and a systematic description has been pro-
posed [24].

Close follow-up of patients on NIPPV is a recommended best practice to ensure
effective utilization (by objective data if possible), to remediate problems, and to
ensure adequate equipment maintenance, with periodic assessment of oxygenation
and ventilation [22]. An algorithm incorporating simple assessments such as clini-
cal symptoms, daytime PaCO,, nocturnal oximetry, and NIPPV software monitor-
ing has been proposed [25].
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Tracheostomy is reserved for severe restrictive lung disorder and chronic respira-
tory failure with relative contraindication to NIPPYV, failed NIPPV, or inability to
cooperate with NIPPV treatment. However, to date there are little data regarding the
effect these treatments have in chest wall disorders [16, 22].

Surgical treatment in scoliosis may be an option if there is severe deformity with
Cobb angle > 45° or those with angle <45° but with physical or functional limita-
tions. The procedures include internal fixation with stainless-steel rods, screws and
spinal fusion. Even though the effect of surgery on pulmonary function have been
controversial there have been trials showing improvement in Cobb angle and VC
after Harington instrumentations [2].

Conclusion

Restriction from kyphoscoliosis is one of the less common causes of hypoventila-
tion that we encounter in our typical practice. However, given the significant conse-
quences that it can have on a patient’s breathing (especially during sleep), we should
be mindful of this disorder in our sleep related breathing disorder patients.

Clinical Pearls

* Chest wall disorders including scoliosis may be associated with significant
hypoxemia and hypercapnia.

* Alveolar hypoventilation is typically worse during sleep than wakefulness,
with most impairment apparent during REM sleep.

* Accepted criteria to initiate NIPPV in restrictive thoracic disorders include
symptoms, awake hypercapnia, and nocturnal oxygen desaturation by
oximetry. Diagnostic polysomnography is not required but may be consid-
ered if it would affect management.

e Multiple NIPPV modes are available to treat hypoventilation in restrictive
thoracic disorders. While there is no consensus on the best NIPPV modal-
ity, it makes sense that these patients may benefit from high trigger sensi-
tivity, longer rise time, longer inspiratory time, and low cycle sensitivity.
Therapeutic polysomnography is not necessary but recommended for titra-
tion of NIPPV.

* Follow-up of patients on NIPPV includes assessment of symptoms, objec-
tive data from NIPPV device, home nocturnal oximetry, and CO, monitor-
ing by ABG or noninvasive method if available.
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Chapter 15
Postoperative Respiratory Failure

Javier Lorenzo and Anthony G. Doufas

Case Scenario

A 67-year-old man, former smoker, is scheduled for a laparoscopic robotic-assisted
prostatectomy. He has a history of chronic obstructive pulmonary disorder (COPD),
chronic kidney disease, hypertension, and diabetes controlled on oral agents. The
patient is 6 feet tall, weighs 265 pounds, and is endorsed to be a heavy snorer by his
spouse. Preoperative labs were unremarkable except for some mild creatinine eleva-
tion at 1.45 mg/dL and serum bicarbonate of 30 mEq/L. He is able to climb two
flights of stairs without dyspnea or chest pain and has a full neck with a Mallampati
class III airway.

On anesthetic induction, although hemodynamically stable, he presents with a
rapid desaturation, detected by pulse oximetry. Two-hand bag mask ventilation with
an oral airway in place is required for effective ventilation. A video laryngoscope
equipped with a size 4 Macintosh blade is needed to intubate the trachea due to poor
visualization of the vocal cords. During the case, the patient is placed in steep
Trendelenburg position for approximately 3 h. High peak airway pressures were
experienced intermittently during surgery, while the ventilator is set at a 20% inspi-
ratory hold (P, at 30 cmH,O), positive end-expiratory pressure (PEEP) of
10 cmH,0, with an oxygen fraction in the inspired gases (FiO,) of 0.5.

The patient received a total of 2.5 L normosol crystalloid solution and, despite a
blood loss of approximately 0.8 L, no blood transfusion was required. At the end of
the procedure, a dose of sugammadex was administered to reverse neuromuscular
blockade (train-of-four: 4 strong twitch heights by qualitative assessment), and,
after extubation of the trachea, he was transported to the post-anesthesia care unit
(PACU) on supplemental oxygen. Approximately 20 min after arrival to PACU, a
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desaturation alarm goes off, and the patient is noted to be obtunded and tachycardic.
A rapid response team was called, and the trachea was re-intubated to secure the
airway and establish effective ventilation and oxygenation. An arterial blood gas
analysis before tracheal re-intubation showed: pH: 7.08, PaCO,: 92 mmHg PaO,:
55 mmHg, and HCOs: 30 mEq/L.

Discussion

Pulmonary complications after surgery, including atelectasis and pulmonary edema,
are common and, when unobserved or left untreated, can culminate in postoperative
respiratory failure (PRF), a most devastating outcome. The incidence of PRF in the
general surgical population ranges from 0.2% to 3.4%, with a mortality rate that in
certain cases can exceed 25% [1-3].

The large heterogeneity of factors contributing to the pathogenesis of PRF, as
well as the variable time frame for its occurrence in the postoperative period, com-
plicate a simple unifying definition for this condition. However, most clinicians
would recognize it in practice as the failure of gas exchange to meet clinical demand
leading to hypoxemia with or without hypercapnia. Clinical signs and arterial blood
gas analysis are thus the main criteria for establishing PRF diagnosis, with ventila-
tory failure indicated by a PaCO, exceeding 50 mmHg and oxygenation insuffi-
ciency by a PaO, lower than 60 mmHg (breathing room air at sea level).

In this chapter we will review the pathophysiology implicated in PRF, examine
various scoring tools to predict the risk for PRF, and discuss intraoperative and
postoperative strategies to reduce such a risk, along with the risk for other pulmo-
nary complications.

Mechanisms of Postoperative Respiratory Failure

The mechanism of PRF is usually multifactorial. Preexisting pulmonary diseases,
atelectasis, and restrictive respiratory syndromes are all implicated in the pathogen-
esis of PRF. On the other hand, certain changes induced by both anesthesia and the
surgery can precipitate and/or worsen the impairment in gas exchange associated
with PRF. Furthermore, mechanical ventilation when not appropriately titrated, or a
high inspired oxygen fraction (FiO, > 0.79) [4], can also injure the heathy lungs and
contribute to the development of pulmonary complications, including PRF.
General anesthesia and neuromuscular blockade cause a reduction in muscle
tone that leads to a reduction in lung volume and compression of lung structures,
including small airways. This in turn results in resorption of alveolar gases and
alveolar collapse, causing atelectasis mainly in the dependent parts of the lungs
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[5]. The atelectatic portions of the lung and the associated shunt are responsible for
the development of the abnormal gas exchange due to ventilation-perfusion
mismatch.

Predicting Postoperative Respiratory Failure

Factors associated with the patient’s health status, surgical conditions, and type of
anesthetic (regional vs. general) determine a baseline risk for PRF. Important
patient-related variables include age, functional status, and comorbid conditions
such as cardiopulmonary disorders and obstructive sleep apnea. Emergent proce-
dures, thoracic, and upper abdominal surgery with prolonged operative time carry
the highest risk. When these conditions are combined with intraoperative insults
such as residual neuromuscular blockade and high pulmonary driving pressures, the
risk of lung injury, and PRF increases.

Over the years, various scoring instruments have been developed to predict the
risk of developing postoperative pulmonary complications [1] and more specifically
PRF (Table 15.1) [2, 3, 6]. In a study using the administrative data from the National
Veteran Affairs (VA) Surgical Quality Improvement Program, Arozullah and col-
leagues [2] developed the PRF risk index. However, significant gender and popula-
tion (sicker VA patients with multiple comorbidities) biases reduced the
generalizability of this index to other populations, and the Arozullah’s risk index
was later re-evaluated in a broader cohort by Johnson and colleagues [3].

Similarly, Gupta and colleagues [6], using data from the American College of
Surgeon National Surgery Quality Improvement Program (NSQIP), developed a
risk index for PRF, which, as in previous analyses [2, 3], was defined as failure to
wean from mechanical ventilation or unplanned re-intubation of the trachea within
48 h of surgery.

A simple prediction tool that relies on easy to obtain bedside variables is the
ARISCAT (Assess Respiratory RlIsk in Surgical patients in CATalonia) score [1],
which was externally validated using a large European database of general surgical
cases (PERISCOPE cohort — Prospective Evaluation of a RIsk Score for postopera-
tive pulmonary COmPlications in Europe) [7]. Although the original ARISCAT
score broadly defined pulmonary complications as infection, bronchospasm, aspira-
tion pneumonitis, atelectasis, pleural effusions, and respiratory failure, the
PERISCOPE cohort [7] stratified the severity of risk into three levels focusing on
PRF alone (PERISCOPE-PRF).

Whether a provider uses the ARISCAT [1], PERISCOPE-PRF [7], or a different
predictive score [3, 6], it is important to note that variables like advanced age,
chronic illness, and patient’s frailty are common among all predictive instruments.
Furthermore, open abdominal procedures (particularly in upper abdomen), as well
thoracic, cardiac, and emergent surgery, carry the most weight.
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Table 15.1 Scoring instruments for the prediction of postoperative pulmonary complications,
including respiratory failure

Scoring Study design and Quality of
instrument | patient population Explanatory variables | Clinical prediction prediction
Canet ARISCAT (N = 2464) | Patient-related factors | Pulmonary AUC:
etal. [1] |Prospective Age > 50 years complications 0.80
multicenter Baseline SpO,% Respiratory
observational cohort Upper respiratory infection
of adult patients infection within Respiratory failure
undergoing non- 30 days Pleural effusions
obstetric surgery Hb < 10 g/dL Atelectasis
procedures under Procedure-related Pneumothorax
general, neuraxial, or | factors Bronchospasm
regional anesthesia Emergency surgery Aspiration
Surgical incision site pneumonitis
(upper abdominal vs.
intrathoracic)
Duration of surgery
Canet at al | PERISCOPE-PRF Patient-related factors | Postoperative AUC:
[7]. (N =5384) Baseline SpO,% respiratory failure 0.82
Prospective Preoperative
multicenter respiratory symptoms
observational cohort History of congestive
of patients heart failure
undergoing any History of chronic
surgical procedure liver disease
under general or Procedure-related
regional anesthesia factors
Emergency surgery
Surgical incision
(upper abdominal vs.
intrathoracic)
Duration of surgery
Arozullah | Prospective Patient-related factors | Mechanical AUC:
etal. [2] multicenter Age > 60 years ventilation for longer | 0.834
observational cohort Functional status than 48 h, or
of men undergoing History of COPD unplanned

major noncardiac
surgery, using data
from the VASQIP
(Index development
sample: N = 81,719;
validation sample:
N =99,390)

Albumin < 3.0 g/dL
BUN > 30 mg/dL
Procedure-related
factors
Emergency surgery
Type of surgery
(Abdominal aortic
aneurysm, thoracic,
neurosurgery, upper
abdominal, or
peripheral vascular,
and neck)

re-intubation of the
trachea
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Table 15.1 (continued)
Scoring Study design and Quality of
instrument | patient population Explanatory variables | Clinical prediction prediction
Johnson Prospective Patient-related factors | Mechanical AUC:
etal. [3] | multicenter Age > 65 years ventilation for longer | 0.863
observational cohort ASA physical status | than 48 h, or
using data from History of severe unplanned
NSQIP (N =130,359) COPD re-intubation of the
Patients having Sepsis trachea
general or vascular Ascites
procedures performed | Albumin < 3.5 g/dL
under general or Procedure-related
neuraxial anesthesia | factors
Emergency surgery
Type of surgery
(highest risk: mouth,
palate vs. hernia)
Gupta Prospective Patient-related factors | Mechanical AUC:
et al. [6] multicenter Functional status ventilation for longer | 0.897
observational cohort History of severe than 48 h, or
using data from COPD unplanned

NSQIP (Index
development sample:
N=281,719;
validation sample:
N =99,390)

Patients having
cardiac, vascular,
orthopedic and
general procedures
performed under
general or neuraxial
anesthesia in
academic and
community hospitals

Sepsis

Ascites

Albumin <3.5 g/dL
Procedure-related
factors

Emergency surgery

Type of surgery

(highest risk: aortic

and hepatobiliary)

re-intubation of the
trachea within
30 days of surgery

ARISCAT Assess Respiratory RlIsk in Surgical patients in CATalonia, ASA American Society of
Anesthesiologists, AUC Area under the receiver operating characteristic curve, BUN Blood urea
nitrogen, COPD Chronic Obstructive Pulmonary Disease, Hb Hemoglobin, NSQIP American
College of Surgeons National Surgical Quality Improvement Project, PERISCOPE Prospective
Evaluation of a RlIsk Score for postoperative pulmonary COmPlications in Europe, PRF
Postoperative respiratory failure, SpO, Oxyhemoglobin saturation by pulse oximetry, VASQIP

Veterans Administration Surgical Quality Improvement Project

On the World Wide Web (WWW):
ARISCAT: https://www.mdcalc.com/ariscat-score-postoperative-pulmonary-complications
Gupta Score: https://qxmd.com/calculate/calculator_261/postoperative-respiratory-failure-risk-

calculator


https://www.mdcalc.com/ariscat-score-postoperative-pulmonary-complications
https://qxmd.com/calculate/calculator_261/postoperative-respiratory-failure-risk-calculator
https://qxmd.com/calculate/calculator_261/postoperative-respiratory-failure-risk-calculator
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Obstructive Sleep Apnea and Postoperative Respiratory Failure

Approximately 30% of the general and surgical population suffer from obstructive
sleep apnea (OSA) with most of them lacking a formal diagnosis. Large retrospec-
tive cohorts support a strong association between a preoperative diagnosis of OSA
and postoperative pulmonary complications, including respiratory failure, re-intu-
bation of the trachea within 6 h of surgery, and mechanical ventilation requiring
admission to intensive care settings [8].

Opioid-induced ventilatory compromise has been suggested as a likely mecha-
nism for these adverse outcomes, while both OSA and obesity, two highly comorbid
conditions, are common among sufferers of postoperative life-threatening opioid-
related ventilatory depression. It is noteworthy however that the increased somno-
lence preceding such critical events, rather than an inherent sensitivity to the
respiratory effects of opioids in OSA, might be primarily responsible for the
observed ventilatory compromise [9].

Both OSA and obesity have been identified as risk factors for postoperative pul-
monary complications [10]. However, due to the high rate of co-occurrence of obe-
sity with OSA, their independent contribution to the development of PRF is difficult
to be elucidated.

Regarding the effect of continuous positive airway pressure (CPAP) on postop-
erative pulmonary outcomes, evidence is inconclusive. A recent meta-analysis of
studies evaluating the effect of perioperative CPAP on postoperative outcomes did
not find any effect of CPAP on pulmonary complications [11], while the postopera-
tive use of noninvasive ventilation in bariatric patients with OSA did not alter pul-
monary outcomes [12]. On the other hand, a large retrospective cohort supports a
role for preoperative CPAP treatment on decreasing unplanned re-intubations of the
trachea after surgery [13]. Furthermore, prospective evidence supports the postop-
erative application of CPAP to mitigate opioid-induced ventilatory depression in
bariatric patients with OSA [14] and to improve lung mechanics up to 24 h postop-
eratively [15].

Perioperative Management to Mitigate Postoperative
Respiratory Failure

Several studies have examined various intraoperative and postoperative interven-
tions that can range from supplemental oxygen therapy to noninvasive and invasive
ventilatory support with the scope of preventing or treating PRF.
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Intraoperative Ventilation Management to Prevent Postoperative
Respiratory Failure

The reduction in mortality in acute respiratory distress syndrome (i.e., ARDS) with
protective ventilation strategies in the intensive care unit has shifted attention to the
way anesthesiologist manage ventilation in the operating room. Driven by clinical
and experimental studies, tidal volumes during mechanical ventilation have been
reduced to limit lung overdistension and ventilator-induced lung injury (i.e., VILI).
Several randomized controlled trials have compared conventional ventilation with
different protective ventilation strategies, including lower tidal volume [16], higher
PEEP [17, 18], and use of recruitment maneuvers, as well as bundles of interven-
tions [16].

In 2013, the IMPROVE trial (Intraoperative PROtective VEntilation) [16] com-
pared a bundled of lung-protective interventions consisting of low tidal volumes
(6-8 mL/kg of predicted body weight), PEEP (6-8 cm H,0), and recruitment
maneuvers, versus a conventional approach defined by no-PEEP and tidal volumes
of 10-12 mL/kg of predicted body weight. Lung-protective management signifi-
cantly reduced the occurrence of primary composite outcome that included pulmo-
nary complications (relative risk, 0.40; 95% confidence interval [CI], 0.24-0.68;
P =0.001), as well as the need for ventilatory support within the first 7 days after
surgery (relative risk, 0.29; 95% CI, 0.14-0.61; P = 0.001). However, a significant
criticism of the study has been that the conventional management arm (no PEEP and
excessive tidal volume) did not mimic standard clinical practice [19]. Furthermore,
due to a bundled intervention, it is not uncertain which intervention had the highest
contribution to the improved outcome.

A follow up to IMPROVE was the PROVHILO (PROtective Ventilation using
HIgh versus LOw PEEP) [17], which randomized non-obese patients to high PEEP
(12 cm H,0) and recruitment maneuvers versus low PEEP (2 cm H,0) without
recruitment maneuvers while keeping tidal volume the same (8 mL/kg of predicted
body weight) in both groups. The trial did not show that the use of PEEP was pro-
tective against pulmonary complications. These results would suggest that low tidal
volumes rather than PEEP combined with lung recruitment maneuvers are respon-
sible for lung protection in the intraoperative period.

Of note, the PROVHILO trial excluded morbidly obese patients (body mass
index >40 kg/m?) and patients undergoing laparoscopic surgery, two groups that
could potentially benefit from the use of PEEP. However, a recent trial (PROtective
intraoperative ventilation with higher versus lower levels of positive end-expiratory
pressure in oBESE patients, PROBESE) [18], using a similar design, randomized
morbidly obese patients to receive higher level of PEEP (12 cm H,0) with recruit-
ment maneuvers versus a lower PEEP (4 cm H,0), while keeping tidal volume the
same (7 mL/kg of predicted body weight), was not able to demonstrate a difference
in the postoperative pulmonary complications, between the two groups.
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Residual Neuromuscular Blockade

Residual neuromuscular blockade is a highly prevalent, yet substantially under-
recognized complication that has been implicated in the majority of critical respira-
tory events in the PACU. A recent large retrospective data analysis has demonstrated
that the adoption of a qualitative initiative for the perioperative management of neu-
romuscular blockade significantly decreased the incidence of pulmonary complica-
tions (odds ratio 0.73; 95% CI, 0.61-0.88, P = 0.001) [20].

The consensus statement for the perioperative use of neuromuscular monitoring
[21] advises that clinical signs such as sustained head lift and the time since the last
administration of a neuromuscular blocking drug should never dictate the need for
reversal and fervently recommends the use of quantitative monitoring of neuromus-
cular function.

To mitigate the risk of weakness, upper airway obstruction, and/or hypoxemia, a
full reversal either with an acetylcholinesterase inhibitor (e.g., neostigmine) or
sugammadex, a new selective muscle relaxant binding agent, is recommended
whenever neuromuscular blocking drugs are used.

Postoperative Management and Rescue Modalities

The efficacy or noninvasive positive pressure ventilation (NIPPV) in the treatment
of PRF has been established [22]. Continuous positive airway pressure and bi-level
NIPPV can reduce the work of breathing, improve gas exchange, and recruit atelec-
tatic areas of the lung, while their perioperative use can reduce the rate of tracheal
re-intubation, hospital stay, nosocomial infections, and mortality [22]. Postoperative
patients should be placed on NIPPV in the early stages of respiratory insufficiency
or as a standard practice in high-risk patients. Once respiratory failure impairs sen-
sorium and progresses to cardiac arrest, or if there is emesis or aspiration, NIPPV
should be retired for an invasive airway.

A concerning complication from the use of NIPPV after abdominal surgery asso-
ciated with a proximal gastrointestinal anastomosis is the disruption of the suture
line due to gastric/esophageal distention. Jaber and colleagues [23] randomized 300
patients who developed hypoxemic respiratory failure after laparoscopic and open
abdominal procedures, to either standard oxygen therapy or NIPPV. The use of
NIPPV titrated between 5 and 15 cmH,O reduced the rate of tracheal re-intubation
within 7 days of surgery, from 45.5% in the control group to 33.1% in the treatment
group (absolute difference [NIPPV — Standard oxygen therapy], —12.41%; 95% CI,
—23.51% to —1.31%, P = 0.03). Of note, patients randomized to the NIPPV group
included patients who had undergone esophagectomy, gastrectomy, and Whipple
procedures, and no adverse events or suture disruption was reported.

High-flow nasal cannula (HFNC) is a relatively new technique with a continu-
ously expanding role in perioperative medicine. These systems deliver warm
humidified oxygen via a single-limb circuit with gas flow that can reach up to 60 L/
min. Because of high flow rates that can be set to match the peak inspiratory flow of
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most patients in respiratory failure, entrainment of room air is limited. In addition,
HFNC can generate some flow-dependent continuous positive airway pressure and
a reduction in dead space because of upper airway washout, whereby the high-flow
oxygen continually displaces carbon dioxide.

The clinical efficacy of HFNC, compared to conventional oxygen therapy and
NIPPYV, to improve outcomes and reduce the rate tracheal re-intubation has been
demonstrated in critical care patients suffering from hypoxemic respiratory failure
[24, 25]. However, the role of HFNC in treating PRF and preventing tracheal re-
intubation after surgery, compared to other therapeutic modalities, like supplemen-
tal oxygen therapy or NIPPV, remains unclear [25]. Stephane and colleagues showed
in a large randomized trial of 830 patients that HFNC was not inferior to NIPPV in
the treatment of hypoxemic respiratory failure in post-cardiac surgery patients [26].
Of note, the average PaCO, levels were normal at 39 mmHg at baseline in both
groups, so the utility of HFNC in rescuing PRF with hypercapnia is not as clear.

Conclusion

Besides respiratory failure, postoperative pulmonary complications include pneu-
monia, atelectasis, bronchospasm, pneumothorax, pleural effusions, aspiration
pneumonia/pneumonitis, and prolonged mechanical ventilation. Postoperative
respiratory failure remains a devastating complication that occurs in the general
surgical population with an incidence between 0.2% and 3.4% and a mortality rate
as high as 25%. It results from several interacting factors, including patient health
status, surgical insult, and intraoperative events. With careful screening, using avail-
able predictive instruments, the adequate resource utilization can improve out-
comes. Attention to careful implementation of evidence-based measures to reduce
PRF should guide local practice. As it stands, PRF is a quality and patient safety
indicator that must be reported to several agencies such as the Agency for Healthcare
Research and Quality (AHRQ).

Clinical Pearls

» Postoperative respiratory failure (PRF) has a high mortality. The incidence
of PRF in the general surgical population ranges from 0.2% to 3.4%, with
a mortality rate that in certain cases can exceed 25%.

e Individual risk for PRF can be estimated with clinical predictive scores.
Factors associated with the patient’s health status, surgical conditions, and
type of anesthetic (e.g., regional vs. general) determine a baseline risk
for PRE.

* Intraoperative protective ventilation with low tidal volume and driving
pressure have been found to reduce the incidence of postoperative pulmo-
nary complications.
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* Noninvasive ventilation has an important role in the treatment of postop-
erative pulmonary complications, including respiratory failure. Continuous
positive airway pressure and bi-level NIPPV can reduce the work of breath-
ing, improve gas exchange, and recruit atelectatic areas of the lung, while
their perioperative use can reduce the rate of tracheal re-intubation, hospi-
tal stay, nosocomial infections, and mortality. Postoperative patients should
be placed on NIPPV in the early stages of respiratory insufficiency, or as a
standard practice in high-risk patients.
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Chapter 16 )
Sleep Disordered Breathing at High
Altitude

Check for
updates

Gabriel Anders and Bernardo J. Selim

Clinical Presentation

R. P. is a 64-year-old morbidly obese male (BMI of 30 kg/m?) with a previous
history of hypertension, type 2 diabetes mellitus, and depression who presents
to a sleep medicine clinic in Flagstaff, Arizona (6910 feet / 2106 m), where he
was vacationing in his timeshare. He was previously diagnosed with non-posi-
tional obstructive sleep apnea in Washington D.C. (410 feet / 125 m) 3 years
previously. At that time, his split night in-lab polysomnography showed an over-
all apnea-hypopnea index (AHI) of 27 events/h consisting of only obstructive
apneas and hypopneas during a total sleep time of 123 min in the diagnostic
portion. Optimal continuous positive airway pressure (CPAP) titration was
reached at 12 cmH,O.

He presents to the sleep medicine clinic in Flagstaff, Arizona, complaining of
excessive daytime sleepiness, frequent awakenings with feelings of suffocation at
night, and witnessed apneas while wearing his CPAP device. These symptoms are
only present during his vacation time in Flagstaff, resolving every time upon return-
ing home (Washington D.C.).

Download of his CPAP device shows that prior to going on vacation, his residual
AHI was 2.7 events per hour (only hypopneas) with an average usage of 8 h and
34 min. Over the past 4 days, he has been at Flagstaff, his download shows a
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residual AHI of 23 events/h, with predominately central apneas. He maintained
minimal mask leak throughout utilizing a nasal mask interface; however the amount
of periodic breathing during the night significantly increased (Fig. 16.1). Overnight
oximetry is performed, and results are shown in Fig. 16.2. He is asking what addi-
tional treatments can be done to help his symptoms.

PAP Download Information

% Night in Periodic Breathing
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(410 feet — 125 meters) (6910 feet — 2106 meters)

Fig. 16.1 Change in percentage of nocturnal periodic breathing from Washington D.C. to
Flagstaff, Arizona, on PAP download
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Fig. 16.2 Overnight oximetry obtained after traveling to Flagstaff, AZ, showing frequent oscilla-
tory desaturations
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Discussion

High-altitude periodic breathing is characterized by alternating periods of absent
respiratory efforts (i.e., central sleep apnea (CSA)) with periods of hyperventilation
(hyperpnea) in the absence of other etiologies of periodic breathing (e.g., congestive
heart failure with Cheyne-Stokes breathing or intake of narcotics) [1]. High-altitude
periodic breathing is a common response to altitude — becoming more common with
higher elevations and almost ubiquitous at altitudes >4000 m. There is no level of
central AHI that is considered an “abnormal” response. It is the presence of associ-
ated symptoms that make the findings of central apneas at altitude considered a
disorder. Patients may complain of excessive daytime sleepiness, sleep fragmenta-
tion (insomnia), gasping awake, morning headaches, and dyspnea.

The elevation, speed of the ascent, and individual predisposition may play an
important role in the pathogenesis of high-altitude periodic breathing. The more
rapid the ascent and the higher the altitude, the greater the risk of developing peri-
odic breathing. Descending to a lower altitude will often relieve central apneas [2].
Periodic breathing may develop during ascension, immediately after or during the
acclimatization period. Few individuals exhibit periodic breathing at altitudes as
low as 1500 m (4900 feet), while up to 25% will develop it at 2500 m (8202 feet),
and as mentioned, virtually everyone at 4000 m (13,000 feet) will develop some
degree of high-altitude periodic breathing [3]. Periodic breathing can also be
observed in those individuals chronically living and acclimatized to high altitude
(i.e., highlanders). In comparison to individuals living at sea level, highlanders liv-
ing at an altitude of 3825 m have a greater prevalence of sleep apnea (77% vs 54%,
p <0.001), as well as a twofold increase in sleep apnea severity, largely explained
by increased frequency of central rather than obstructive events [4].

Pathophysiologic effects of high altitude relate to changes in barometric pressure
and subsequent changes in the ambient pressure of oxygen. Since the fraction of
inspired oxygen remains constant at approximately 21% during ascension, the most
important determinant of arterial oxygen tension (Pa0,) at any altitude is the baro-
metric pressure. For example, at an altitude of 3000 m, the barometric pressure and
inspired atmospheric partial pressure of oxygen is only about 70% of that at sea
level. As PaO, falls due to a low atmospheric pressure (hypobaric hypoxia) upon
ascension, ventilation will be stimulated resulting in hypocapnia and respiratory
alkalosis. The magnitude of the ventilatory response increases with increasing alti-
tude and progresses over days after ascension. It is this hyperventilation triggered
by hypoxia, with subsequent fall in arterial carbon dioxide (PaCO,) below the
apneic threshold, that results in central apneas [5]. With breathing cessation,
increased PaCO, will trigger a subsequent hyperventilation period with high tidal
volumes, in which the PaO, rises and PaCO, falls to near wakefulness level, per-
petuating the respiratory oscillation (periodic breathing). Even though acclimatiza-
tion to high altitude results in an overall increase in saturation of oxygen (Sp0O,),
periodic breathing may still increase in duration and persist in time as a result of the
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progressive increase in the respiratory control system response to hypoxia and
hypercapnia (i.e., a high loop gain) [1, 6, 7].

Sex differences in the propensity for high-altitude periodic breathing have been
noted. Women stabilize their respiration at high altitude more quickly than do men
and demonstrate less proclivity for central apneas [17]. It is thought that women
may be protected due to the effect of estrogen and/or progesterone; however, the
exact mechanism remains unclear. Women may have a blunted hypoxic ventilatory
response that protects them against hyperventilation and subsequent hypocapnia-
induced central apneas (i.e., lower loop gain). In addition, heritable genetic vari-
ability in ventilatory chemo-responsiveness has been shown, though whether the
propensity for developing high-altitude periodic breathing is also inherited is
unknown [4]. Persons who have developed high-altitude periodic breathing in the
past are more likely to have recurrence upon re-ascension, and therefore these
patients deserve prophylactic therapies and closer follow-up.

On polysomnography, central apneas occur during non-rapid eye movement
(NREM) sleep while being largely absent during rapid eye movement (REM) sleep.
This is thought to be due to the fact that the primary driver of ventilation during
NREM sleep is chemo-responsiveness, while hypoxic and hypercapnic responsive-
ness is blunted during REM sleep. Central apneas are generally short (cycles lengths
<40 s) in high-altitude periodic breathing, unlike that seen with Cheyne-Stokes res-
piration related to heart failure. Sleep is often disrupted, though overall total sleep
time and REM time may be preserved.

Among patients with known obstructive sleep apnea (OSA), exposure to high
altitude may cause worsening of sleep disordered breathing by worsening obstruc-
tive events or by inducing central events [8, 9]. Independent of sex, patients with
cardiovascular disease are at increased risk for obstructive sleep apnea and central
sleep apnea at high altitude [10]. In lifelong altitude residents with severe pulmo-
nary hypertension associated with excessive erythrocytosis (i.e., chronic mountain
sickness), central and obstructive apneas, as well as nocturnal hypoxemia, have
shown to be more severe compared with healthy high-altitude dwellers [2]. In
patients with OSA who travel to high altitude (e.g., 2750 m), their home positive
airway pressure (PAP) settings may be inadequate to treat their obstructive sleep
apnea. Although application of positive airway pressure is associated with decreased
central sleep apnea and hypoxemia that occurs with altitude, baseline PAP settings
may be suboptimal to completely eliminate OSA, resulting in higher sleep apnea
severity and sleep fragmentation [11]. The fan speeds in CPAP machines need to
adjust for barometric pressure change in order to keep the delivered CPAP pressure
consistent at different altitudes. Newer machines are able to automatically adjust to
altitude, while older machines need to be manually adjusted.

In the above clinical case, it appears the patient’s sleep-related symptoms emerge
in Flagstaff, Arizona. The altitude of Flagstaff, Arizona, is 2106 m in comparison to
the altitude of Washington D.C at 125 m. By physiologic adaptation of oxygen con-
tent and oxygen carrying capacity to high altitude, slow ascent can decrease respira-
tory drive triggered by hypoxia. Therefore, slow ascension and subsequent
acclimatization are among several interventions to ameliorate the development of
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sleep related breathing disorders. Unfortunately, at elevations above 35004000 m,
acclimatization alone does not restore normal sleep or prevent the development of
CSA. There are a few evidence-based options to treat this patient. If descending
from high altitude is not an option, adjunctive treatment with acetazolamide and/or
oxygen has been proven to be effective measures; however, availability, side effects,
and limitations of the intervention should be cautiously considered.

Acetazolamide improves sleep apnea at high altitude by inducing a metabolic
acidosis and behaving as a respiratory stimulant. Acetazolamide has shown to
decrease AHI, decrease percentage of periodic breathing time, and increase noctur-
nal oxygenation in patients with high-altitude periodic breathing [12]. In the current
literature, acetazolamide dosing has ranged anywhere from a daily dose of
250-750 mg; however, prophylactic dose of 125-250 mg by mouth twice daily is
currently recommended to be started anywhere from 1 to 3 days prior to ascent [13,
14]. If the patient has a previously diagnosed sleep disorder, it is highly encouraged
to continue PAP therapy while at high altitude [13]. Data has shown that patients
with OSA who spend 3 days at moderately elevated altitude, a combination of both
acetazolamide and auto-CPAP, compared with auto-CPAP alone, was superior at
improving nocturnal SpO, and AHI [15]. Alternatively, because hypoxia is the main
mechanism driving periodic CSA at high altitude, supplementing oxygen (1-2 L/
min, or at a rate that results in SpO, > 90%) to CPAP may suppress high-altitude
periodic CSA in patients with obstructive sleep apnea [3]. In a small study of previ-
ously healthy individuals, supplemental oxygen alone was shown to be superior to
adaptive servo-ventilation (ASV) in periodic breathing at high altitude [16]. When
feasible, however, descending from altitude is always the treatment of choice.

As in our patient, it may be beneficial to obtain download data in patients who
are not acclimatized to taking short trips at high altitudes [14]. A brief download of
the patient’s PAP device at high altitude can delineate what types of events are hap-
pening (e.g., uncontrolled OSA vs emergent CSA). If there is underlying lung dis-
ease present, a high-altitude simulation test can be performed to determine if the
patient needs supplemental oxygen. At the current time, there is no mechanism to
perform a simulated high-altitude polysomnogram unless the sleep center is at the
desired altitude where the patient will be traveling. For patients who live at altitude
and are getting sleep studies at sea level, a false-negative study may result since AHI
decreases significantly with descent [17]. Although there are no guidelines or con-
sensus regarding adjustment of PAP therapy during ascension, it is important to
recommend PAP adherence to individuals with OSA who travel to and sleep at
higher altitudes. Current data support that baseline PAP settings may be inadequate
to eliminate hypopneas at high altitude. Although we may speculate that variable
pressure or auto-PAP devices might adequately treat OSA at high altitude, decisions
regarding escalation of PAP therapy for such patients may need to be made on a
case-by-case basis based on suspected predominant type of breathing disorder. The
addition of low flow oxygen entrained into the PAP device may also be considered
based on feasibility and availability of location.

In addition to periodic breathing at high altitude, there is also a growing body of
literature on acute mountain sickness (AMS) and the benefit of CPAP therapy. AMS
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happens typically when a fall of barometric pressure upon ascension results in
hypoxia-driven symptoms such as high-altitude cerebral edema with altered mental
status, headache, ataxia, fatigue, nausea, vomiting, and high-altitude pulmonary
edema (HAPE). It should be noted that high-altitude periodic breathing is not the
same as nor a form of acute or chronic mountain sickness (Table 16.1). Periodic
breathing is a common response to altitude that affects virtually all persons at
>4000 m [18]. Whether proclivity or severity of periodic breathing predicts or pre-
disposes to AMS has been evaluated. The AHI that results from high-altitude peri-
odic breathing does not differ between those who do and do not develop AMS at
>4000 m. However, those who develop AMS tend to have markedly worse nocturnal
and wake SpQO,. It is unclear whether high-altitude sleep-breathing disorder contrib-
utes to the development of AMS in some individuals, or whether periodic breathing
and hypoxemia develop because of the development of HAPE. The current data
suggest the latter. It has been suggested that high-altitude periodic breathing may
even be protective from AMS and HAPE, since those who readily develop high-
altitude periodic breathing have greater hypoxic ventilatory response [8]. This
robust hypoxic ventilatory response prevents exaggerated or prolonged oxygen
desaturations that would be seen with acute or chronic mountain sickness. In any
case, individuals who have a history of periodic breathing or AMS/HAPE are at risk

Table 16.1 Notable differences in acute and chronic mountain sickness

Acute mountain sickness Chronic mountain sickness
Timing Onset within hours and lasts Months to years

days
Altitude >2400 m >2500 m (long-term residents)
Symptoms Headache, dizziness, Cyanosis, malaise, fatigue, exercise

palpitations, insomnia, loss of | intolerance, vein dilation, headache, tinnitus,
appetite, nausea, altered mental | paresthesia, sleep disturbances
status, lightheaded,

hallucinations

Mechanism Relative hypoventilation, Maladaptive ventilator response to high
impaired gas exchange, fluid altitude (impaired hypoxemic ventilatory
retention and redistribution, and | response), abnormal baroreceptor-mediated
increased sympathetic drive control of vascular resistance and hypoxemia
[20, 21] driven erythropoiesis [22-24]

Complications | High-altitude pulmonary Pulmonary hypertension, polycythemia, right
edema, High-altitude cerebral | ventricular hypertrophy, right heart failure,
edema, death neuropsychiatric symptoms, peripheral arterial

pressure falls, death

Treatment Descend from altitude, Descend from altitude, mild exercise,
acetazolamide acetazolamide, almitrine, enalapril,

medroxyprogesterone

Prevention Acetazolamide, None studied
dexamethasone, ibuprofen,
acclimatization,

benzodiazepines, avoid
smoking and alcohol
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for recurrence upon re-ascension and will benefit from prophylactic treatment. As
mentioned, acetazolamide and supplemental oxygen may help with periodic breath-
ing and can also help prevent high-altitude pulmonary edema. Likewise, dexameth-
asone prior to ascension decreases the likelihood of AMS and HAPE. Dexamethasone
may alter sleep architecture but has not shown to change overall periodic breathing
AHI [18]. Finally, CPAP therapy is used for high-altitude periodic breathing and
may also provide benefit for AMS, likely via improving oxygenation. CPAP use
intermittently during wake and during sleep at altitude improved symptoms of AMS
and decreased occurrence of HAPE [19].

Clinical Pearls

* Periodic breathing and central sleep apnea develop commonly upon
ascending to high altitude due to low barometric pressure resulting in
hypobaric hypoxemia due to decreased partial pressure of oxygen.

» Patients with obstructive sleep apnea who were previously asymptomatic
may develop daytime sleepiness, sleep fragmentation (insomnia), and
sense of dyspnea secondary to worsening OSA, or emergence of high-
altitude related periodic breathing.

* If descending from high altitude is not feasible, treatment of symptomatic
periodic breathing that develops at altitude includes acetazolamide, con-
tinuation of PAP therapy for previously diagnosed sleep disordered breath-
ing, and oxygen supplementation at 1-2 L/min.

* ASV therapy has not been shown to be superior to oxygen supplementa-
tion in central sleep apnea due to high-altitude periodic breathing.

* Despite limited published data, acetazolamide therapy is recommended
prophylactically for those susceptible to periodic breathing at high altitude
at a dose of 125-250 mg by mouth twice daily to be started about 1-3 days
prior to ascension.
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Chapter 17 )
Congenital Central Hypoventilation b
Syndrome (CCHS)

Susan M. Slattery, Stephanie M. Marshall, Ilya Khaytin,
and Debra E. Weese-Mayer

Case

This case is a former late preterm male infant born at 36 weeks and 5 days gesta-
tional age to a 36-year-old mother via in vitro fertilization. Pregnancy was compli-
cated by maternal cholestasis of pregnancy, advanced maternal age, and fetal renal
pelviectasis. At delivery, infant had presumed secondary apnea after crying vigor-
ously and becoming apneic at 1 minute of life. After 30 seconds of bag-mask venti-
lation and suctioning, he was vigorous, but remained dusky requiring supplemental
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oxygen. He was admitted into the Neonatal Intensive Care Unit for presumed respi-
ratory distress syndrome related to prematurity. The infant required high-flow nasal
cannula support with low oxygen supplementation (up to 30% F,0,). At day two of
life, he had one prolonged apnea event (at least 30 seconds duration) with a periph-
eral pulse oximetry-measured oxygen saturation (SpO,) nadir of 40%, then subse-
quent bradycardia (heart rate (HR) less than 60 bpm) that necessitated chest
compressions for 30 seconds and positive pressure bag-mask ventilation for 2 min-
utes, with “prompt” recovery. Infant was also given a loading dose of caffeine and
had video electroencephalogram (with no documented seizure activity).

Besides his cardiorespiratory history, the infant’s course was notable for lack of
stool output within the first 48 hours of life and feeding intolerance. With the initia-
tion of enteral feeding, he developed emesis and abdominal distension; moderate
dilation of bowel loops were reported on radiographic evaluation. The infant under-
went abdominal decompression with a Replogle tube and had a lower gastrointesti-
nal tract contrast enema study to evaluate for stool retention or obstruction. The
contrast study revealed a normal caliber rectosigmoid colon, no mucous plug, and
the passage of a moderate amount of stool during the study. Rectal irrigations were
initiated with minimal stool output and the infant was transferred to a pediatric hos-
pital for the evaluation of possible Hirschsprung disease.

The infant remained on low-flow nasal cannula upon hospital transfer at one
week of age. Upon arrival, his exam was notable for small but reactive pupils, com-
fortable breathing with intermittent mild desaturations (SpO, nadir 90%), mild
abdominal distention with bowel sounds present, and low-normal central tone. His
vital signs showed a broad range of HR, often higher than normal for age, with
limited HR variability by beat-to-beat measure. His blood pressures were normal
for age and he maintained normal core temperatures without supplemental heat.

Central venous access was obtained upon arrival at the quaternary care center,
with the aim to provide nutrition while establishing enteral feeds. Two days after
initiating enteral feeds, the patient developed abdominal distension that escalated
with feeding advancement over the next 48 hours. A suction rectal biopsy confirmed
the absence of ganglion cells, and the diagnosis of Hirschsprung disease. A laparo-
scopic leveling colostomy with mucous fistula was performed at the level of the
descending colon/sigmoid colon junction. A gastrostomy tube was also placed, and
postoperative rectal irrigations were resumed with enteral feedings. Attempts at oral
feeding led to desaturation events (SpO, nadir 75%), likely due to poor coordination
of suck/swallow and breathing patterns. A swallow study confirmed esophageal
dysmotility. A genetic microarray was ordered to evaluate for genetic aberrations
that might account for the infant’s unique constellation of symptoms.

Serial evaluations of the infant’s respiratory status throughout the admission
indicated cardiorespiratory instability. Specifically, after initial hospital transfer on
1 LPM nasal cannula, the low level of support was removed and the infant exhibited
frequent self-resolving desaturation events (SpO, nadir 75%) awake and asleep. The
nasal cannula was resumed, and a polysomnography evaluation at term (40 weeks
6 days gestational age) was obtained due to the persistent nature of desaturations.
The study was notable for 77 central hypopnea events per hour (Apnea-Hypopnea
Index 79/h; normal for age is 15/h) and periodic breathing occupying approximately
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50% of total sleep time (normal for age is 5%). The average desaturation index was
34/h and the lowest SpO, was 81%, though results were confounded by supplemen-
tal oxygen titration throughout the entirety of the study, helping to artificially main-
tain saturations greater than 90%. With the severity of the polysomnography results
during 7.5 hours of overnight sleep, the infant was swiftly intubated and mechani-
cally ventilated (SIMV pressure control, pressure support mode) as additional phys-
iologic testing in keeping with the American Thoracic Society Statement on
Congenital Central Hypoventilation Syndrome (CCHS) was completed.

At the onset of this evaluation and in discussions with the Molecular Diagnostics
Laboratory about the patient’s phenotype, preliminary analysis of the suggested
microarray detected a heterozygous 369 kilobyte deletion on Chromosome 4p13
that included the full PHOX2B gene (4p12) and one neighboring gene on one allele.
Consequently, the infant was evaluated for congenital neural crest tumors by chest
radiograph evaluating along the sympathetic chain and abdominal/pelvis ultraso-
nography to evaluate for adrenal tumors, as well as urine catecholamines (to iden-
tify a neuroblastoma). Furthermore, 72-hour Holter recording to identify prolonged
cardiac sinoatrial pauses was performed but with longest R-R interval 1.0 seconds.
Because of the nature of the infant’s PHOX2B mutation and recognition of an auto-
somal dominant inheritance pattern to CCHS and PHOX2B mutations, the pro-
band’s parents were tested with the Multiplex Ligation-dependent Probe
Amplification (MLPA) dependent Probe Amplification (MLPA) PHOX2B test. It
was determined the whole gene PHOX2B deletion was paternally inherited; linearly
related relatives of the father and the proband are undergoing genetic testing to
identify the generation source of the unique PHOX2B mutation with overt variable
phenotype penetrance.

Discussion
Diagnostics

The paired-like homeobox gene 2B (PHOX2B), located on chromosome 4p, at
4pl12, is the disease-defining gene for CCHS [1, 2]. CCHS-related PHOX2B muta-
tions are heterozygous and diagnosis is confirmed by stepwise (also termed sequen-
tial) PHOX2B genetic testing (initially, the screening test, then if negative,
sequencing test, and lastly if the prior tests are negative, deletion/duplication MLPA
test). The PHOX2B allele has 20 alanines in exon 3 (normal genotype 20/20 indicat-
ing the number of alanines on each allele). This PHOX2B homeobox gene encodes
a highly conserved transcription factor that determines neuron cell fate among sym-
pathetic, parasympathetic, and enteric neurons of the autonomic nervous system.
Additionally, PHOX2B has a key role in control of breathing by contributing to the
formation of the retrotrapezoid nucleus which lies on the rostral surface of the
medulla and contributes to central chemosensitivity [3].

A PHOX2B mutation is inherited in an autosomal-dominant fashion through ger-
minal mutation or germline mosaicism (collectively 5-35% of infants) or as a de
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novo mutation. Genetic testing for the most common PHOX2B genotypes is clini-
cally available as a screening test and detects all polyalanine repeat expansion muta-
tions (PARMs) (genotypes 20/24-20/33) (accounting for 90-92% of the CCHS
cases) and large non-PARM (NPARM) deletions (primarily 35 and 38 base pair
deletions), affecting the 20 alanine repeat regions of exon 3. Additionally, the
screening test is the only clinically available test that will identify low level somatic
mosaicism in the subset of parents who are affected. If the PHOX2B screening test
is negative but the phenotype is convincing for CCHS, PHOX2B sequencing analy-
sis is performed to identify smaller NPARMSs (missense, nonsense, frameshift, or
stop codon mutations); NPARMs will collectively account for 8-10% of CCHS
cases. If the PHOX2B screening and sequencing tests are negative, deletion/duplica-
tion testing with MLPA is the next step to identify loss of the PHOX2B gene as well
as potentially neighboring genes [4]. This was the case for the infant described
above, he is heterozygous for a mutation involving the entire PHOX2B gene and a
neighboring gene on one allele.

With clinical suspicion for the CCHS phenotype, genetic testing is used to con-
firm PHOX2B-CCHS-specific mutations. Since 1970, over 100 CCHS-causing
PHOX2B mutations have been identified with ~2,000 cases confirmed and an esti-
mated incidence of 1/200,000 live births; thus, CCHS is grossly underdiagnosed
[3]. With established pediatric diagnoses, parental testing of children with CCHS is
recommended to determine if mosaicism exists in either parent. Identification is
essential for family planning and to address potential health risks of mosaic parents.
In the presented case, the sibling and extended family members were then tested
with the PHOX2B deletion/duplication MLPA test. Preimplantation genetics is a
consideration for CCHS probands as well as mosaic parents. For pregnancies in
which the fetus is known to have a PHOX2B mutation, and termination of the preg-
nancy is not a consideration, the infant can be delivered in a quaternary care medical
center to ensure a smooth perinatal transition.

Phenotype

CCHS-related facial features include a boxy-shaped face, with a flattened profile
and an overturned lateral one-third of the upper lip vermillion border such that it is
flesh colored instead of pink, with the facies most easily identifiable among the
more common heterozygous PHOX2B PARMs (Fig. 17.1) [4]. Children with the
NPARMs additionally may have epicanthal folds and reduced movement of the
lower one-third of the face. Strabismus, anisocoria, and altered pupillary responses
to light stimulus are relatively common in CCHS.

Clinically, the hallmark feature of CCHS is central hypoventilation with mark-
edly attenuated peripheral and central chemoreceptor responsiveness awake and
asleep. Patients often have inappropriately elevated respiratory rates through infancy
and persistently monotonous respiratory rates with diminutive tidal volumes and
occasionally apnea. Children with severe CCHS phenotypes will demonstrate pro-
found hypoventilation during quiet and exertional activity awake as well as during
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Fig. 17.1 Photographs of children with CCHS (a (20/25 genotype) and ¢ (20/27)) and control
subjects (b,d) matched for age, gender, and ethnicity. Children with CCHS have characteristic
facial features including a boxy-shaped face that is shorter and flatter than matched controls, and
the “lip trait” consisting of inflection of the lateral 1/3 of the upper vermillion border so it is flesh-
colored instead of pink. (Reproduced with permission, Todd et al. 2006)
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Fig. 17.2 Polysomnogram of patient with CCHS (20/27 genotype) during non-REM sleep and
transiently without respiratory support to perform an intra-sleep spontaneous breathing trial. The
montage in descending order consists of EEG and EOG tracings (A), respiratory inductance pleth-
ysmography bands (RIP; thoracic, abdominal, summation) (B1,B2,B3), end-tidal carbon dioxide
waveforms and values (mmHg) (C1,C2), peripheral pulse oximeter value (%) and waveform
(D1,D2), electrocardiogram (E1,E2), and finger probe blood pressure (systolic F1, diastolic F2)
with the beat-to-beat waveform. Each epoch consists of 30 seconds denoted by the thickened verti-
cal lines. The child demonstrated a central hypopnea without overt change in depth or rate of
breathing despite the related hypercarbia and subsequent desaturations. Note the thoracic RIP band
amplitude is diminished, while the continuous end-tidal carbon dioxide waveform shows regular
breaths, without overt paradoxical inward movement of the chest on inspiration

sleep, though minute ventilation during rapid eye movement (REM) sleep tends to
be “more normal” than in non-REM sleep primarily due to added spontaneous
breaths. As in this infant, patients with CCHS typically have severely diminished
chemoreceptor sensitivity and lack corrective efforts for normal gas exchange such
as maintaining a regular respiratory rate and adjusting tidal volumes in the event of
hypercarbia and hypoxemia (Fig. 17.2). Patients with CCHS consistently lack overt
behavioral and perceived responses to hypercarbia and hypoxia such as dyspnea,
complaint of headache, or sense of anxiety despite the physiologic challenges dur-
ing awake activities of daily living. Additionally, children with CCHS do not awaken
in response to hypercarbia and hypoxemia [5].

Further comorbidities of CCHS include Hirschsprung disease, esophageal and
gastrointestinal dysmotility, and in the first year of life feeding intolerance as exem-
plified in the presented case. Patients with CCHS often demonstrate reduced HR
variability, possibly due to a decrease in baroreflex sensitivity and sympathetic
input, and prolonged cardiac sinoatrial pauses can occur. Children with CCHS are
also at risk for neural crest tumors, most commonly neuroblastomas, ganglioneuro-
mas, and ganglioneuroblastomas, although prevalence and type of tumor varies by
PHOX2B genotype (neuroblastoma occurs in ~50% of children with NPARMs and
ganglioneuroma and ganglioneuroblastoma occur in less than 5% of children with
the longer PARMs (reports in 20/29, 20/30 and 20/33 genotypes). Patients with
CCHS have reduced core and peripheral temperatures with attenuated circadian
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variation, dampened temperature response to infection with rare febrile response,
and elevated pain threshold [1]. Autopsy of two neonates with CCHS (one with a
PHOX2B PARM (20/27) and one with an NPARM mutation (8 base pair deletion/
frameshift)) revealed loss of noradrenergic nerve fibers in the cerebral nucleus locus
coeruleus, thought to be associated with sympathetic activation. A murine model
reproduced this finding in early onset PHOX2B NPARM mutations (8 base pair
deletion; at less than 10.5 days embryologically) revealing a loss of functional locus
coeruleus, abnormal adrenergic neurons, and absence of the retrotrapezoid nucleus,
associated with chemoreceptor insensitivity [6].

Treatment and Surveillance

CCHS disease severity and morbidity varies by genetic mutation among the most
common PHOX2B mutations. PARMs and NPARMs are well-described, while
whole PHOX2B deletions resulting in potential haploinsufficiency (such as the case
study above) and mosaicism have less defined phenotypes due in large part to their
reduced incidence. In general, the longer PARM expansions, especially 20/27 and
longer, and NPARMS have more severe phenotypes [7].

CCHS is typically diagnosed in the newborn period except for a subset of cases
diagnosed after one month of age and sometimes not until adulthood (later-onset
CCHS, LO-CCHS). Since the PHOX2B genetic mutation informs regarding the
CCHS phenotype, it is essential to identify the specific mutation to allow for antici-
patory management. CCHS is a life-long condition without expectation to “wean” a
child from life support. After diagnosis and at hospital discharge to home, infants
should have a portable mechanical ventilator and a back-up portable ventilator, a
tracheostomy to provide a secure airway ideally with a tight-to-the-shaft cuffed tra-
cheostomy tube (to minimize air leak asleep but allow for voice awake), a pulse
oximeter that shows waveform and saturation value, a capnography monitor that
shows the exhaled carbon dioxide waveform and actual value, and an experienced
registered nurse with expertise in caring for an infant/child who is ventilator-
dependent with a control of breathing deficit (as the child with CCHS will not show
typical indicators of illness). The ATS Statement on CCHS advocates for diligent
at-home monitoring with pulse oximeter and end tidal. Ideally, nursing should pro-
vide continuous one-on-one care when the infant or child is awake and asleep,
attending to the continuously used monitors, making ventilator changes as needed
accordingly, and providing immediate intervention in acute situations to sustain life
support [8]. Use of custom ventilator management with clear guidelines for the
parents and home care providers to adjust respiratory support according to monitor
values at home (called the custom “ventilator ladder”) has reduced need for hospi-
talization. For example, patients on mechanical ventilation via tracheostomy have
varied gas exchange between different levels of activity and while awake or during
sleep. Nursing or family members can respond to elevated carbon dioxide levels by
following a prescribed “ladder” ventilator plan and increasing the respiratory rate.
The case’s respiratory plan and ventilator ladder are displayed in Fig. 17.3.
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Goal values for ExCO; 35-50 mmHg and Sp0O; 92% or higher.
[E-CO: below 29 mmHg Tmmediately decrease rate by 2 bpm
[ ExCO: between 30-34 mmHg Wait T hour and then decrease rate by 2 bpm
E:CO; between 57-55 mmHg Wait T hour and then increase rate by 2 bpm
E+CU: above 56 mmHg Tmmediately increase rate by Z bpm
Waiting T hour belween each change until the minimunvmaximum rate is reached on the Breath Rate "Ladder.”
Breath Rate "Ladder”
54
52
50 * Denotes starting point for awake/asleep
48
46
44
42
40
38
36

Fig. 17.3 Example of custom mechanical “ventilator ladder” prescription for patient with CCHS
described in case. The ladder provides guidance for parents, home nursing, and care providers to
adjust ventilator settings in varied conditions (asleep, awake in varied levels of exertion) according
to the child’s continuously monitored end-tidal capnography values. E-CO, end-tidal carbon diox-
ide, mmHg millimeters of mercury, bpm breaths per minute

Independent of genotype, the ATS recommends positive pressure ventilation
through a tracheostomy for the first several years of life to ensure optimal gas
exchange for well-being, growth, and development [8]. Neurocognitive outcome in
patients with CCHS is variable, with mean full scale 1Q scores one standard devia-
tion below the norm (mean score is 100 and standard deviation is 15 points) [9]. It
is not clear if this variation and reduced mean scores are intrinsic to CCHS, due to
alteration in cerebrovascular autoregulation, or due to recurrent physiologic com-
promise, even with conservative management [10]. Therefore, in infancy and early
childhood, physiologic evaluation awake and asleep should be performed at a mini-
mum every six months in varied activities of daily living, in a controlled testing
environment. This is particularly important with advancing age, growth, milestone
achievements, and changes in activity levels and metabolic demands with varying
gas exchange. Furthermore, these comprehensive in-laboratory/in-hospital evalua-
tions are paramount as children with CCHS do not demonstrate behavioral changes
to being under-supported with resultant hypoxemia or hypercarbia. Hence, compre-
hensive evaluations monitoring patient’s autonomic functions and gas exchange
with various activities awake and asleep are necessary to provide guidance with aim
to offer the highest quality of life within the patient’s physiologic capacity.

For the child with CCHS who is ventilator-dependent awake and asleep, phrenic
nerve-diaphragm pacers are a consideration to allow for awake time mobility and
improved quality of life [11]. For the child who requires respiratory support during
sleep only, nasal or full face mask non-invasive ventilation might be a consideration,
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although not until the child can take responsibility for replacing the mask such as
after using the bathroom during the night and not until the child’s facial features are
adequately developed to prevent further facial flattening beyond the innate configu-
ration of the CCHS face. Method of daytime and nighttime support varies by geno-
type and disease severity, patient age, airway structural maturity and integrity, the
availability and quality of home health care, insurance coverage, the patient and
family goals of care, and other factors. Most patients with short PARM mutations
(20/24 and 20/25) have milder hypoventilation and require only nighttime support.
With rare exceptions, patients with longer PARM and NPARM mutations require
24-h per day artificial respiratory support.

The aforementioned morbidities will need to be monitored as well. Semi-
annually under 3 years of age and annually thereafter, a 72-h Holter monitoring to
screen for cardiac sinoatrial pauses is recommended as the prevalence of 3 s or
longer pauses is above 80% of patients with the 20/27 PHOX2B genotype. For
patients with cardiac pauses >3 s, a bipolar cardiac pacemaker is typically recom-
mended. Evaluation for neural crest tumors in patients with longer PARM mutations
(20/28-20/33) is recommended every 6 months until age 3 years, then annually
thereafter, including chest anteroposterior and lateral radiographs and abdominal/
pelvic ultrasound to identify neural crest tumors (primarily ganglioneuroma and
ganglioneuroblastoma). For patients with NPARMs, a chest X-ray and abdominal
and pelvic ultrasound, potentially with urine catecholamines, should be performed
initially every 3 months until age 3 years, and then every 6 months until at least age
7 (primarily evaluating for a neuroblastoma). Lastly, if the newborn has abdominal
distension and failure to pass stool, consider biopsy for rectal ganglion nerve cells
to evaluate for Hirschsprung disease with the risk of 20-30% occurrence in PARMs
(20/26-20/33) and 50% or higher occurrence in patients with NPARMs [8].

Clinical Pearls

* Congenital central hypoventilation syndrome (CCHS) is caused by a muta-
tion in the highly conserved PHOX2B gene, a gene essential to the embry-
ologic development of the autonomic nervous system and intact control of
breathing.

e CCHS-related PHOX2B mutations are heterozygous and include polyala-
nine repeat expansion mutations (PARMs) (90-92% of cases), non-PARMs
(NPARMs) (8-10% of cases), and whole gene deletions (less than 1%
of cases).

e The PHOX2B gene mutation and genotype allows for anticipatory man-
agement relative to disease severity and prevalence of morbidities.

* A principal feature of CCHS is diminished to absent central and peripheral
chemoreceptor responsiveness awake and asleep, even in the children who
seem to have adequate awake spontaneous breathing.
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* On polysomnography, the patient with CCHS will demonstrate diminutive
tidal volumes, monotonous respiratory rates (mildly elevated to normal for
age), hypercarbia and hypoxemia without a physiologic or arousal
response, and heart rate that is often elevated for age and with limited
variability.

e Additional features of CCHS include cardiac sinoatrial pauses,
Hirschsprung disease, esophageal and gastrointestinal dysmotility, and
altered pupillary response to light. Although occurrence is rare overall,
screening for neural crest tumors is imperative in children with longer
PARMs and essential in patients with NPARMS in whom the tumor risk is
close to 50%.

 For the first several years of life, the standard of care is continuous mechan-
ical ventilation for 24 h a day via tracheostomy, except for the most mildly
affected that will only require support asleep. Phrenic nerve diaphragm
pacing for use during wakefulness in children who require continuous
mechanical ventilation via tracheostomy is an effective means to improve
quality of life.

» Patients are followed every 6 months until age 3 years and then annually
thereafter with comprehensive in-hospital physiologic testing to ensure
adequate oxygenation and ventilation during awake activities of daily liv-
ing and sleep with adjustment of respiratory support as needed and to
screen for anticipated comorbidities, with the ultimate goal of optimizing
neurodevelopmental outcomes and quality of life.
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Chapter 18
Sleep Disordered Breathing and Prader-
Willi Syndrome

Check for
updates

Caroline U. A. Okorie and David G. Ingram

Case Presentation

A 12-year-old male child presents to a sleep clinic for concern for sleep apnea. The
parents report a several-years history of habitual loud snoring, witnessed apneas,
daytime sleepiness, and restless sleep. Prenatal history is significant for polyhy-
dramnios and breech position. As an infant, the child was noted to have low tone,
poor suck, and feeding difficulties. As a toddler and young child, parents noticed
that his appetite increased substantially, and he became obese but with short stature.
He is currently in the 7th grade but is developmentally delayed and has an individu-
alized education plan. Overnight polysomnography (PSG) demonstrated an obstruc-
tive apnea-hypopnea index (AHI) of 12/h, normal oxygen saturation and carbon
dioxide gas exchange, and sleep architecture remarkable for rapid eye movement
(REM) sleep onset latency of 10 min and overall generally fragmented sleep. The
tonsils were minimal so the child was treated with continuous positive airway pres-
sure (CPAP). CPAP download after 3 months of use demonstrated excellent compli-
ance (30/30 days, average use of 8.5 h per night) and efficacy (residual AHI 0.4/h
and parent report resolution of snoring with CPAP use). However, the patient con-
tinued to fall asleep frequently during the day. Subsequent PSG (on CPAP) followed
by Multiple Sleep Latency Test (MSLT) the next day demonstrated a mean sleep
latency of 5 min and three out of five sleep onset REM episodes (SOREMs). The
child was diagnosed with type 2 narcolepsy and responded well to modafinil.
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Discussion

Prader-Willi syndrome (PWS) is a complex genetic disorder that results from a loss
of function of paternally expressed genes from the chromosome 15q11.2—q13. It
occurs secondary to paternal chromosomal deletion in 70-75% of cases or with
maternal disomy in 20-25% of cases and abnormal methylation of the chromosome
in 2-5% of cases. PWS occurs in 1 in 10,000-25,000 live births [1, 2].

The diagnostic criteria for PWS, first published in 1993, included an extensive
list of major and minor criteria. They include a list of clinical symptoms (e.g., hypo-
tonia, feeding difficulties that evolve into hyperphagia, hypogonadism, develop-
mental delay) and examination findings (e.g., characteristic facial features:
dolichocephaly, narrow face, almond-shaped eyes, small mouth, thin upper lip,
down-turning corners of mouth) [3]. Patients with PWS have a characteristic age-
dependent clinical presentation, starting with hypotonia and poor feeding from birth
to 2 years of age. As the child becomes older, global developmental delay becomes
more apparent, and school-aged children exhibit a characteristic hyperphagia and
preoccupation with food. Hypothalamic hypogonadism and behavior problems
(e.g., compulsive behaviors, temper tantrums) are more pronounced by the early
teenage years. Despite characteristic clinical features, a retrospective review of
patients with PWS demonstrated that 16.7% of patients with a molecular diagnosis
of PWS did not meet the extensive clinical criteria laid out in 1993, suggesting the
published criteria was too exclusive [4]. In the age of readily available genetic test-
ing, a new approach to the diagnosis of PWS has been recommended wherein the
focus is on determining clinical features sufficient to prompt DNA testing [4]. This
lower threshold for genetic testing has allowed earlier detection and treatment of
PWS. Gunay-Aygun et al. suggested the following children undergo DNA testing
for PWS: (A) children younger than 2 years old with hypotonia and poor suck; (B)
children ages 2—6 years with current or past hypotonia, history of poor suck, and
global developmental delay; (C) children ages 6—12 years with current or past hypo-
tonia, global developmental delay, and hyperphagia or obsession with food; and (D)
children 13 years or older with current or past hypotonia, cognitive impairment,
hyperphagia, hypothalamic hypogonadism, and/or behavioral problems (e.g., tan-
trums, compulsive tendencies) [4].

Ventilatory Control

The ventilatory responses to hypoxemia and hypoventilation are altered in patients
with PWS [5, 6]. Normally, in response to hypoxia, peripheral chemoreceptors (in
the carotid bodies) send a signal to increase the tidal volume or respiratory rate.
Some PWS individuals demonstrate an absent or blunted hypoxic ventilatory
response (HPVR), and a portion of patients have a paradoxical reaction to hyperoxia
(showing increased minute ventilation) or a paradoxical reaction to hypoxia
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(decreased minute ventilation). In addition, an absent or blunted hypercapnic venti-
latory response (HCVR) is seen in patients with PWS. Again, in normal individuals,
the peripheral chemoreceptors detect a rise in arterial pressure of carbon dioxide
(PaCO,) and will stimulate increased minute ventilation in an effort to increase
oxygen levels and to decrease carbon dioxide (CO,) levels.

Abnormal chemo-responsiveness is also evident in PWS during non-rapid eye
movement (NREM) sleep. For example, respiratory rate during sleep does not
increase in response to hypoxia or hypercapnia. Likewise, arousal and cardiac
responses to hypoxia are abnormal. When subjects were exposed experimentally to
hypoxic challenge, PWS subjects were less likely than age- and BMI-matched con-
trols to have an arousal or mount a tachycardia response [7]. It is unclear whether
the injury lies in dysfunctional peripheral chemoreceptors, defective afferent neuro-
nal pathways, or defective central or efferent mechanisms.

Obstructive Sleep Apnea

The prevalence of obstructive sleep apnea (OSA) in patients with PWS is very high,
estimated to be around 80%, compared to 2-3% of the general pediatric population
[2]. About half of cases are mild (AHI 1-5 events/h), while about a quarter have
moderate OSA (AHI 5-10/h), and the remaining quarter have severe OSA
(AHI > 10/h). In this population, OSA appears to affect girls and boys equally. OSA
is caused by a combination of factors, including craniofacial anatomy (such as a
narrow upper airway and micrognathia), low tone of the upper airway, and weak
respiratory muscles due to generalized hypotonia. The high prevalence of obesity
among the PWS population also adds to the increased risk for OSA in this popula-
tion [8—10]. Adenotonsillectomy can be an effective first-line option for treatment in
PWS children with enlarged adenoids and tonsils. However, many will also have
residual OSA despite adenotonsillectomy due to other contributing factors such as
upper airway hypotonia. For this reason, a post-surgery study is generally recom-
mended in this population. Residual OSA will require further management includ-
ing with continuous positive airway pressure or non-invasive ventilation therapy.

Growth Hormone

Growth hormone (GH) was approved by the FDA for treatment of patients with
PWS in 2000. The exact mechanism of growth hormone benefit is unclear; however,
it is known to increase linear growth, increase lean body mass, and decrease total
body fat [11]. Growth hormone treatment in children with PWS is associated with
improved cognitive performance and daily living skills [12]. It is even associated
with an improved ventilatory response to hypercapnia [13].
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Exogenous growth hormone may increase serum insulin-like growth factor 1, or
IGF-1, which in turn may stimulate growth of lymphoid tissues. Increased lym-
phoid tissue may lead to increased adenoid/tonsillar hypertrophy and increased
upper airway resistance, leading to potential worsening of OSA and, in the most
severe cases, respiratory distress or death. This potential risk was highlighted by a
review of death reports of 64 children with PWS, the majority of whom died within
9 months of starting GH treatment, with the most common cause of death being
respiratory insufficiency [14]. Furthermore, some children with PWS and known
sleep disordered breathing at baseline have been shown to experience a worsening
of OSA severity necessitating discontinuation of GH; that said, the majority of
children did not develop OSA, even when followed for 2 years [15]. On the other
hand, as discussed above, GH treatment improves respiratory muscle strength and
ventilatory response to hypercapnia. Therefore, whether or not GH truly increases
risk of worsening OSA in children with PWS remains an unresolved issue, and
many advocate for evaluation for sleep disordered breathing prior to starting GH
therapy until more definitive evidence is available [16]. Currently, the Consensus
Guidelines for Recombinant Human Growth Hormone Therapy in Prader-Willi
Syndrome suggest patient and parent counseling about the potential association
between GH and death prior to initiating therapy. They also recommend a sleep
study and treatment of any underlying sleep disordered breathing prior to GH initia-
tion. It is recommended that GH be started at a low dose while monitoring IGF-1
levels. The American Academy of Pediatrics recommends polysomnography
6-10 weeks after starting GH in children with PWS [17]. The Growth Hormone
Research Society recommends a sleep study within the first 3—6 months, while oth-
ers recommend annual testing [18].

Central Sleep Apnea

Central sleep apnea (CSA) is also seen in patients with PWS, mainly in patients less
than 2 years of age, and predominantly during REM sleep. This is thought to be
related to immature ventilatory control centers and a higher arousal threshold to
hypercapnia and the blunted HCVR and HPVR, as discussed above. In other words,
the central apneas that develop during REM in PWS are of the hypoventilatory,
hypercapnic phenotype (as opposed to the normo-/hypocapnic, high loop gain,
NREM-predominant phenotype). Central apneas are very commonly seen in infants
with PWS. Interestingly, supplemental oxygen has shown to be effective in reducing
central apneas [19, 20]. Supplemental oxygen is thought to generally worsen hyper-
capnic CSA by further blunting respiratory responses to hypercapnia. However, in
PWS, despite being largely a hypoventilatory, hypercapnic CSA phenotype due to
blunted HCVR and HPVR, supplemental oxygen in the few studies performed has
shown decrease in central AHI. As infants grow and respiratory centers mature,
central apneas may eventually decrease in severity or completely resolve.
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Sleep-Related Hypoventilation

Sleep-related hypoventilation may also occur in PWS due to a high propensity for
obesity, hypotonia, respiratory muscle weakness, and kyphoscoliosis. The level of
hypotonia is generally not severe enough to cause chronic respiratory failure in
these patients. However, when comorbid with severe obesity and kyphoscoliosis,
for example, significant sleep-related hypoventilation may result, particularly dur-
ing REM sleep. Sleep-related hypoventilation in PWS may be associated with dra-
matic oxygen desaturations due to a low arousal threshold and low HCVR and
HPVR. These patients may do best with non-invasive or invasive home ventilators.

Hypersomnia

The majority of patients with PWS have excessive daytime sleepiness [21]. At first
glance, this may be attributed to sleep disordered breathing. However, there are
many patients with PWS who continue to have excessive daytime sleepiness despite
adequate treatment of OSA and assurance of adequate quantity and quality of sleep
[1, 22]. The etiology of persistent excessive daytime sleepiness is thought to be
multifactorial with general hypothalamic dysfunction (including adrenal hypothy-
roidism and defects in adrenal response). Patients with PWS also have poor adrenal
response in times of stress [23].

Excessive daytime sleepiness may also be related to narcolepsy-like phenotype
in which hypersomnia persists despite good quality and quantity of sleep. A subset
of these patients even have cataplexy and show decreased levels of hypocretin-1/
orexin-A in the cerebral spinal fluid [1, 24]. Central nervous system stimulants, like
modafinil, have shown to benefit PWS patients suffering persistent hypersomnia
despite treatment of sleep disordered breathing [25].

Clinical Pearls

* There should be a low threshold for genetic testing in patients with clinical
symptoms suggestive of PWS.

» Patients with PWS have a high risk of sleep disordered breathing and
should undergo polysomnography to objectively assess for obstructive
sleep apnea, central sleep apnea, and/or hypoventilation. These sleep-
related breathing disorders are related to patient’s hypotonia, small upper
airways, obesity, impaired pulmonary function, and impaired hypercapnic/
hypoxemic ventilatory responses.
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* Growth hormone is an effective treatment for young children with PWS
and can increase muscle tone, increase lean body mass, reduce body fat,
and improve lung function. Of note, there are concerns regarding inci-
dences of sudden death shortly after starting growth hormone therapy. The
Food and Drug Administration (FDA) issued a warning in 2003 about a
potential association between growth hormone therapy and death particu-
larly in PWS children with severe obesity, history of respiratory impair-
ment or sleep apnea, or an unidentified respiratory infection.

e The Consensus Guidelines for Recombinant Human Growth Hormone
Therapy in Prader-Willi syndrome suggest counseling and polysomnogra-
phy pre- and post-treatment with growth hormone.

* Hypersomnia can be seen out of proportion to sleep disordered breathing
and may be related to hypocretin/orexin deficiency in PWS. The patients
may also exhibit cataplectic symptoms. Stimulants may be highly effective
for treating central hypersomnia.
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Chapter 19
Rapid-Onset Obesity with Hypothalamic

Dysfunction, Hypoventilation,
and Autonomic Dysregulation (ROHHAD)

Check for
updates

Ilya Khaytin, Susan M. Slattery, and Debra E. Weese-Mayer

Case Presentation

A 4-year-old girl presented to her pediatrician due to new onset of urinary inconti-
nence that occurred twice in a single day, more than 2 years after successful toilet
training. In retrospect, her parents reported increased urinary frequency over the prior
3 months, sometimes urinating more than once per hour. They also offered that their
daughter had gained 12 pounds over the prior 2 months with development of a more
protuberant abdomen and need for larger shoes because her shoes seemed “tighter.”
Despite these changes, the girl was not particularly bothered, and, notably, she did not
complain of any pain or discomfort on urination. Curiously, she reported that her skin
was “itchy.” The child was less cheerful than her usual upbeat affect. The parents
specifically denied any changes in environmental exposures, family dynamics, behav-
ior, or sleep pattern (no snoring or pauses) and no introduction of new stressors.
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Physical exam revealed a chatty, visibly overweight 4-year-old girl in no appar-
ent distress. Her respiratory rate seemed mildly elevated as did her heart rate, but
her blood pressure was normal. Her tympanic temperature was mildly reduced at
35.5 °C. Head exam revealed facial fullness, a flattened profile, a boxy shaped con-
figuration, the “lip trait” (lateral one-third of the upper vermilion border is flesh-
colored instead of pink), large pupils at rest that seemed sluggish in response to
light, adequate dentition, and slightly enlarged tonsils. Ear exam was unremarkable.
Chest exam revealed symmetric chest excursion with tidal breathing and excellent
aeration in all lung fields on auscultation. Cardiac exam revealed normal heart
sounds without murmur and without radial-pedal delay. The hands and feet were
cold to the touch. On abdominal exam, protuberance across the level of the umbili-
cus was apparent, but without overt organ enlargement by palpation and percussion
and without a fluid wave. Bowel sounds were active on auscultation. Her neurologi-
cal exam revealed intact cranial nerves II-XII (except for slow pupillary response to
light) and normal tone, strength, and reflexes of the upper and lower extremities.
Her musculoskeletal exam revealed mild puffiness of the hands and feet bilaterally.
On skin exam, she had protuberance of the upper back suggestive of a subtle buffalo
hump but no striae or acanthosis nigricans. Urinalysis and urine culture were nega-
tive. An abdominal ultrasound did not reveal any bladder or kidney abnormalities
that might account for the recent onset enuresis.

Due to puffy and ice-cold extremities, she was referred to cardiology.
Electrocardiogram and echocardiogram were unremarkable, except for an inciden-
tal finding of a small patent foramen ovale. She was admitted for further evaluation.
Bloodwork including electrolyte and lipid profile was abnormal, including sodium
152 (normal 132—-145) mmol/L, chloride 113 (normal 96—108) mmol/L, cholesterol
234 (normal 90-199) mg/dL, triglycerides 512 (normal 32-99) mg/dL, lactate dehy-
drogenase 325 (normal 50-242) U/L, and morning cortisol 28.3 (normal 6.2-19.4)
ug/dL. A magnetic resonance imaging (MRI) of the brain (the hypothalamic
sequence) was completed to rule out the possibility of a pituitary tumor causing pos-
sible diabetes insipidus and described mood change; no abnormalities were identi-
fied, and the normal pituitary “bright spot” was noted. Endocrinology was consulted
and ordered a dexamethasone suppression test which was interpreted as indicative
of “adequate suppression.” Additionally, they noted unremarkable growth hormone
and thyroid assessments, but elevated prolactin level of 50 (normal 2—14) ng/mL.

At this point, MRI of the abdomen and pelvis was performed and revealed a
1.5 cm right adrenal mass. On laparoscopy for a right adrenalectomy, the tumor was
identified, and on pathologic analysis it was described as a maturing ganglioneu-
roma and intermixed ganglioneuroblastoma. With sedation and anesthesia, the child
demonstrated mild hypoxemia (nadir pulse oximetry (SpO,) 89%) and moderate
hypercarbia (peak end-tidal carbon dioxide (E;CO,) 54 mmHg), without any docu-
mented change in breathing (no increase in rate or depth despite the physiologic
compromise). Repeat labs on postoperative day two included morning cortisol of
9.6 (normal 2.3-19.4) ug/dL and sodium 148 (normal 132—-145) mmol/L. However,
bloodwork one month later revealed elevated sodium of 159 mmol/L, prolactin of
75 ng/mL, insulin-like growth factor-3 (IGF-3) 4.9 (normal 1-5.2) ng/mL, IGF-1
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153 (normal 74-202) ng/mL, and thyroxine (T4) 0.98 (normal 0.8-1.5) ng/
mL. Weight gain continued despite the restriction of caloric intake and efforts at
increasing daily exercise, such that the child was already 20 pounds above her
weight at the initial presentation.

Due to growing suspicion for a condition previously described as central hypoven-
tilation with hypothalamic dysfunction, a polysomnography study was performed.
The study revealed transient periods when her oxygen saturation decreased to 91%
with an accompanying increase in E;CO, to 49 mmHg, though she did not meet the
criteria for hypoventilation, nor did she have any central, obstructive, or mixed
apneas. Despite the mild desaturation and hypercarbia, there were no changes in her
respiratory effort or her already mildly elevated respiratory rate and heart rate. While
asleep the child’s heart rate decreased to 45 beats/min intermittently, and her tym-
panic temperature was consistently 35 °C. During varied age-appropriate activities
of daily living awake, SpO, values were consistently 93-95%, but E;CO, values rose
above 50 mmHg with significant exertion. Because of the nocturnal bradycardia, a
72-h Holter monitoring was performed and was without any abnormalities. Because
of concern that the child might have congenital central hypoventilation syndrome
(CCHS), stepwise PHOX2B testing was performed (Screening Test, then Sequencing
Test, then Deletion/Duplication Multiplex Ligation-Dependent Probe Amplification
(MLPA) testing) but did not reveal any mutations in the PHOX2B gene. Before dis-
charge, urine osmolarity was 821 (normal 50-1200) mOsm/kg and serum osmolarity
was 343 (normal 285-295) mOsm/kg, suggesting partial diabetes insipidus.
Consequently, desmopressin was initiated as well as a restricted-calorie diet, with a
moderate daily activity recommendation to burn calories. The patient was discharged
home with close endocrinology follow-up and weekly sodium level checks.

Three months after the initial presentation, the patient’s mother noticed that the
child was snoring during sleep. A second polysomnography study revealed moder-
ate obstructive sleep apnea with an obstructive apnea-hypopnea index (AHI) of 7.2
events/h and an oxygen saturation nadir of 81%. The central AHI was 2 events/h.
The child spent 26% of total sleep time with E;CO, above 50 mmHg. In the absence
of adenotonsillar enlargement, non-invasive full-face mask ventilation was initiated
and successfully improved oxygenation and ventilation with settings of inspiratory
positive airway pressure (IPAP) 8 cmH,0O and expiratory positive airway pressure
(EPAP) of 4 cmH,0O. However, despite best efforts, the child continued to gain
weight, now reaching 30 pounds more than her weight preceding the initial presen-
tation. On a third sleep study, done one month after the second polysomnography,
the child demonstrated central apnea predominance with central AHI of 22 events/h.
Consequently, her bi-level mask ventilation via Trilogy ventilator was changed to
12/6 cmH,0O with a rate of 18 breaths/min (bpm). Exogenous ventilatory challenge
testing was performed during wakefulness to ascertain the child’s peripheral and
central chemo-responsiveness. The patient did not increase her rate or depth of
breathing, nor did she have any consistent changes in heart rate or blood pressure
during 3-min exposures to 100% oxygen, 14% oxygen/7% carbon dioxide, and 5
breaths of 100% nitrogen (Fig. 19.1). This test demonstrated attenuated responses
to central and peripheral chemoreflex stimulation. Cerebral near-infrared
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Fig. 19.1 Exogenous ventilatory challenge testing [10] in a 5-year-old child with
ROHHAD. Exogenous ventilatory challenge testing evaluates a child’s physiologic response to
four different inhaled gas mixtures (hyperoxia, hyperoxia/hypercapnia, hypoxia/hypercapnia, and
hypoxia). (a) During hyperoxia, the child breathes 100% O,. This test should silence peripheral
chemoreceptors. (b) During hyperoxia/hypercapnia test, the child breathes 95% fraction of inspired
0, (Fi0,)/5% fraction of inspired CO, (FiCO,). This test should stimulate central chemoreceptors
and silence peripheral chemoreceptors. (¢) During hypoxia/hypercapnia test, the child breathes
14% FiO,/7% FiCO,. This test should stimulate central and peripheral chemoreceptors. (d) During
hypoxia/hypercapnia test, the child breathes 100% N,. This test should stimulate peripheral che-
moreceptors. Each challenge is preceded by a 3-min baseline period. The first three challenges
(a—c) are each 3 min in duration. The last challenge (d) is 5 breaths long. All challenges are fol-
lowed by a 3-min recovery period. For all four challenges, the child breathes using a full-face mask
and is given modest mechanical ventilator support (LTV 1200 ventilator settings: synchronized
intermittent mechanical ventilation/CPAP, respiratory rate (RR) O breaths/min (bpm), pressure
control (PC) 0 cm water pressure (cmH,0), pressure support (PS) 10 cmH,0O, and positive end
expiratory pressure (PEEP) 0 cmH,0) to maintain normal SpO, and normal E{CO, levels prior to
each challenge. E;CO, end-tidal CO, (mmHg), Resp. Rate respiratory rate (bpm), Flow ventilatory
flow (L/min), SpO, peripheral oxygen saturation (%), Vol tidal volume (mL)

spectroscopy (cNIRS) waveform decreased during the 14% oxygen/7% carbon
dioxide challenge (rather than the expected increase), and only at the third minute
of exposure did the cNIRS signal increase, with the increase sustained into the first
minute of recovery, collectively indicating aberrant cerebral oxygenation/regional
blood flow. Three and one-half months after the initial presentation, the child dem-
onstrated overt hypoventilation throughout all sleep time, with saturation nadir of
85%, with values below 92% during 50% of the sleep time, and peak E{CO, of
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58 mmHg with values above 50 mmHg during 100% of the sleep time, while asleep
breathing spontaneously. Efforts to improve oxygenation and ventilation with a bi-
level face mask and with nose mask ventilation and a Trilogy ventilator were unsuc-
cessful, so a tracheostomy was placed, and mechanical ventilation during sleep was
instituted using pressure ventilation.

Based on the characteristic weight gain of 20-30 pounds over a 3—-6 month
period, the laboratory test results supportive of evolving hypothalamic dysfunction,
the hypoventilation, and the symptoms compatible with autonomic dysregulation
(dilated pupils, ice-cold hands and feet, reduced core temperature, altered control of
breathing), this child was diagnosed with ROHHAD (rapid-onset obesity with
hypothalamic dysfunction, hypoventilation, and autonomic dysregulation) with a
benign neural crest tumor.

Discussion

History of ROHHAD

ROHHAD was first described in 1965 by Fishman et al. [1] but with the literary
misnomer “primary alveolar hypoventilation syndrome (Ondine’s curse).” Few
cases were reported between 1965 and 2000 when Katz et al. introduced the term
“late-onset central hypoventilation syndrome with hypothalamic dysfunction
(LO-CHS/HD)” [2], described the 11th case ever reported in the literature, and sug-
gested it was likely distinct from CCHS. And in 2007, Ize-Ludlow et al. introduced
the acronym that refers to the characteristic order of phenotype presentation: rapid-
onset obesity with hypothalamic dysfunction, hypoventilation and autonomic dys-
regulation (ROHHAD) [3]. That paper reported on 23 children with ROHHAD,
including 15 that had detailed reporting and the absence of a CCHS-related PHOX2B
mutation and including 5 with a benign tumor of neural crest origin. Bougneres
et al. later suggested adding the suffix “NET” to the ROHHAD acronym [4], though
this term is rarely applied. ROHHAD is a rare neurocristopathy with fewer than 200
cases reported in the literature or in our practice. As the name implies, it affects
multiple organ systems and, if unrecognized or untreated with conservative man-
agement and anticipation of the phenotypic features as they unfold with advancing
age, can lead to severe morbidity and mortality.

Etiology

Despite extensive investigation, no genetic signature of ROHHAD has been identi-
fied to date [5—-8]. The similarities in respiratory and autonomic features between
ROHHAD and CCHS are striking. However, to date, no child with ROHHAD had
an identified CCHS-related PHOX2B gene mutation on fragment analysis, sequence
analysis, or duplication/deletion analysis. Variants in several genes have been
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interrogated, including BDNF [3], TRKB [3], ACSL1 [7], NECDIN [7], HTR1A
[9], OTP [9], PACAP [9], and HCRT [6], but none were identified as disease-defin-
ing for ROHHAD.

Presentation

As defined in 2007 by Ize-Ludlow et al., patients with ROHHAD are previously
seemingly normal until between the ages of 2 and 7 years when they develop a
unique constellation of symptoms heralded typically by rapid weight gain of 20-30
pounds over a 4—6-month period. Subsequently, the child will develop features of
hypothalamic dysfunction then hypoventilation and altered autonomic function. A
subset of the patients will have a respiratory arrest and/or a tumor of neural crest
origin. Importantly, the presence of a CCHS-related PHOX2B mutation excludes
the diagnosis of ROHHAD. With each of the key phenotypic features, there is a
range to the severity of the symptoms. Usually, the first symptom is rapid weight
gain. Because this happens in children who have recently acquired independent
mobility with increased appetite, often this rapid weight gain is either attributed to
change in diet or overlooked altogether until other symptoms emerge. However, the
rate at which children gain weight is often dramatic and atypical for other causes of
early obesity. Other early symptoms occasionally include behavioral problems such
as irritability and aggression or hyperactivity. Again, these problems are common in
the general pediatric population at this age and often do not lead to consideration of
a ROHHAD diagnosis.

Weight gain and behavioral problems may be the only abnormalities for months,
though the behavioral issues often resolve after the hypoventilation is properly
treated. More typically, just like in the case discussed in this chapter, the initial
weight gain is followed by endocrine abnormalities that gradually unfold with
advancing age—at initial visits all of the endocrine abnormalities are not yet mani-
fest. Rarely, polydipsia and polyuria develop. Some children may develop second-
ary enuresis after a period of being toilet trained. Hypernatremia is not infrequently
reported, and partial diabetes insipidus is often diagnosed. The workup usually
leads to the discovery of hypernatremia and occasionally hypothyroidism. On sub-
sequent evaluations, IGF-1 and IGF-3 levels may be reduced, and the growth hor-
mone stimulation test may be abnormal with a decreased response (<10 ng/mL).
Prolactin levels are elevated in nearly all patients with ROHHAD, with identifica-
tion very early in the course of illness. Children may also demonstrate precocious
puberty and premature adrenarche.

In addition to weight gain and endocrine abnormalities, children with ROHHAD
develop features of autonomic nervous system dysregulation (ANSD), with symp-
toms gradually unfolding over months to years, sometimes delaying definitive diag-
nosis. Ophthalmologic manifestation with strabismus, light sensitivity, and delayed
pupillary response compared to normal-weight controls but not obese controls are
most common. Less frequent are an inability to produce tears, ptosis, and oculomo-
tor apraxia. Parents are often alarmed by the ice-cold and puffy hands and feet. Over
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time, they also may notice decreased or excessive sweating. Constipation is com-
mon, though occasionally diarrhea and vomiting may be observed. Children with
ROHHAD rarely report pain in response to accidental trauma or phlebotomy, sug-
gesting an increased pain threshold (Table 19.1).

Table 19.1 Clinical presentation of children with ROHHAD

% of % of
Clinical findings patients | Clinical findings patients
Hypothalamic dysfunction Autonomic dysregulation (cont)
Rapid-onset obesity 100% Altered sweating 53%
Failed growth hormone 60% Cold hand and feet 40%
stimulation test
Hyperphagia 53% Bradycardia 33%
Polydipsia 53% Tumors of neural crest origin 33%
Hypernatremia 47% Syncopal episodes 7%
Hyperprolactinemia 47% Other findings
Diabetes insipidus 33% Altered perception of pain 53%
Hypothyroidism 33% Seizure 33%
Adrenal insufficiency 27% Enuresis 27%
Hypodipsia 27% Hypotonia 27%
Polyuria 27% Hypercholesterolemia 20%
Short stature 20% Scoliosis 20%
Delayed puberty 13% Hypersomnolence 13%
Hyponatremia 13% Recurrent pneumonia 13%
Low IGF-1 and IGFBP-3 levels 13% Impaired glucose tolerance 6%
Precocious puberty 13% Type 2 diabetes mellitus 6%
Premature adrenarche 13% Developmental disorder
Transient SIADH 13% Developmental delay 20%
Amenorrhea 7% Developmental regression 20%
Hypogonadotropic hypogonadism | 7% Behavioral disorders
Irregular menses 7% Depression 13%
Transient diabetes insipidus 7% Flat affect 13%
Respiratory manifestations Psychosis 13%
Alveolar hypoventilation 100% Behavioral outbursts 7%
Cardiorespiratory arrest 60% Bipolar disorder 7%
Reduced CO, ventilatory response | 60% Emotional lability 7%
Obstructive sleep apnea 53% Obsessive-compulsive disorder | 7%
Cyanotic episodes 27% Oppositional-defiant disorder 7%
Autonomic dysregulation Tourette’s syndrome 7%
Ophthalmologic manifestations 87% Hallucinations 7%
Thermal dysregulation 73%
Gastrointestinal dysmotility 67%

Modified from Ize-Ludlow et al. [3]
SIADH syndrome of inappropriate antidiuretic hormone secretion, /GF insulin-like growth factor,
IGFB insulin-like growth factor-binding protein, ADHD attention-deficit/hyperactivity disorder
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Endocrine abnormalities are usually temporally followed by respiratory abnor-
malities (in the absence of primary lung disease) and ANSD. Obstructive sleep
apnea is a relatively common presentation. Polysomnography studies demonstrate
mild to severe obstructive sleep apnea, but often the initial sleep study does not
show significant hypoventilation. However, all children with ROHHAD will develop
hypoventilation over the next months to years. The exogenous ventilatory challenge
[10] at the time of presentation often does not demonstrate significant abnormali-
ties, but over time attenuated peripheral and central chemoreceptor responses
emerge [10]. The central hypoventilation becomes a major risk factor for cardiore-
spiratory arrest and requires anticipation, prompt identification, and artificial venti-
lation as life support. It is important to note that as the ROHHAD phenotype unfolds,
the child may develop awake hypoventilation as well, which may be missed in chil-
dren who only undergo nighttime physiologic evaluations. A parental report that the
child is a “great swimmer” who can hold her breath for a long time should alert a
physician to the possibility of abnormal control of breathing. Exogenous ventilatory
challenge testing demonstrates a decreased response to hypercarbia and hypoxemia;
however, it is not as severe as in children with CCHS [10]. In the known children
with ROHHAD, earlier onset of symptoms often correlates with more severe
hypoventilation, requiring more aggressive management [3]. Unfortunately, a car-
diorespiratory arrest occurs in half of the diagnosed patients. Often the cardiorespi-
ratory arrest is preceded by unrecognized sleep-hypoxemia and obstructive or
hypopnea events.

Additionally, as in this patient, tumors of neuroendocrine origin are seen in
approximately 40% of children [3, 8]. Ganglioneuromas and ganglioneuroblasto-
mas are most common, though neuroblastoma has been occasionally reported, all
potentially occurring anywhere along the sympathetic chain or in either adre-
nal gland.

Differential Diagnosis

It is important to distinguish ROHHAD from other disorders with overlapping clini-
cal features. As noted above, ROHHAD shares some features with CCHS; however,
most children with CCHS present during the first few days to weeks of life, are not
obese and have a more severe control of breathing deficit, with markedly attenuated
peripheral and central chemoreceptor responsiveness (compared to patients with
ROHHAD). Later-onset CCHS (LO-CCHS) is diagnosed after 1 month of age and
often later into childhood and adulthood, but these patients are not obese, either.
Patients with CCHS and LO-CCHS have a PHOX2B gene mutation that is implicit
to the diagnosis. Another disorder with autonomic features and excessive weight
gain is Prader-Willi syndrome. However, children with Prader-Willi will present in
the neonatal period with hypotonia and severe developmental delay occurring in the
first year of life, while children with ROHHAD have average full-scale 1Q except
for the subset of patients who have experienced respiratory arrest with delayed
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resuscitation [11]. Unlike ROHHAD [12], Prader-Willi syndrome has a genetic
marker on chromosome 15 (15q11.2—-q13). Also, children with Prader-Willi syn-
drome usually have growth hormone insufficiency but not hyperprolactinemia [12].
ROHHAD-related hypoventilation does not usually respond to weight loss, distin-
guishing it from obesity hypoventilation. ROHHAD is distinct from obesity
hypoventilation [13, 14] in terms of the weight gain trajectory, age of presentation,
presence of obstructive sleep apnea then alveolar hypoventilation after intervention
for the OSA, unfolding of the phenotype such that the findings evolve with advanc-
ing age, varied severity of hypothalamic dysfunction, and association of a (typi-
cally) benign neural crest tumor.

Management

A timely diagnosis of ROHHAD is essential to optimize the outcome for these espe-
cially vulnerable children. Management of children with ROHHAD depends on
early diagnosis. Any young child with rapid-onset obesity with hypothalamic abnor-
malities must be suspected of having ROHHAD. Once ROHHAD is diagnosed,
children require very close monitoring and anticipatory management. Day and night
time evaluations of cardiorespiratory function and autonomic regulation should be
performed and initially repeated every 6 months to determine the appropriate level
of ventilatory support. All children with ROHHAD require support at least during
sleep, and most need continuous artificial ventilatory support awake and asleep.
Many children with ROHHAD benefit from tracheostomy with mechanical ventila-
tion to implement a safe airway and provide life support. Patients who only require
nocturnal support may benefit from non-invasive ventilation with a home ventilator,
though stability of the airway may be limited. Phrenic nerve-diaphragm pacing is
not likely to be effective in children with ROHHAD because of the extreme amount
of adipose tissue between the surgically implanted receiver and the external radio-
frequency board/antennae and the need to move excessive weight with each paced
excursion of the diaphragm. If pacing is considered in a patient with ROHHAD, it
would demand a patent tracheostomy and should never be used during sleep or with
a capped tracheostomy tube due to a risk of very severe obstructive sleep apnea not
amendable to tonsillectomy and/or nasopharyngeal surgical procedures [15].
However, no matter which mode of artificial ventilation is most appropriate for a
given child, continuous oxygen saturation and end-tidal CO, monitoring must be
provided, as well as an awake highly trained registered nurse during all of patient’s
sleep time at a minimum. Since children with ROHHAD do not have intact respira-
tory control, they are at risk of both hypoxemia and hypocarbia, impacting among
other things cerebral regional blood flow and oxygenation. The goal should be
maintaining SpO, > 92% and E{CO, in the 30-50 mmHg range. Parents and care-
givers should be educated on how to administer cardiopulmonary resuscitation, tra-
cheostomy care, and ventilator management. Aggressive attention to the respiratory
needs of ROHHAD patients allows maintaining normal neurocognitive development.
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Additionally, all children suspected of ROHHAD should have serial laboratory
screening including the following: complete blood count with differential, reticulo-
cyte count, complete metabolic panel, serum and urine osmolality, prolactin and
macroprolactin levels, leptin, free thyroxine, thyroid-stimulating hormone, Insulin-
like Growth Factor-binding Protein and Insulin-like Growth Factor I levels, lipid
screen, and cortisol levels. MRI of the brain to exclude hypothalamic-pituitary
abnormalities is also recommended. An endocrinologist familiar with ROHHAD
can be an invaluable asset in helping these children.

Considering the frequency of cardiorespiratory arrest, electrocardiogram and
72-h Holter monitoring are necessary. Echocardiogram is essential to evaluate for
cor pulmonale and/or right ventricular hypertrophy due to anticipated intermittent
hypoxia. Because of the extreme bradycardia during sleep, a very small subset of
patients has received implanted cardiac pacemakers.

All children with suspected ROHHAD should have abdominal and chest imag-
ing done to survey for neural crest tumors, initially including chest X-ray and
abdominal/pelvic ultrasound. Found early, these tumors are amenable to surgical
treatment. Though recurrence has not been reported in the literature, it is reasonable
to continue surveillance with advancing age. Notably, tumor removal does not
resolve the symptoms of ROHHAD.

Considering reported behavioral problems, the innate control of breathing defi-
cit, and the risk of recurrent hypoxemia and hypercarbia, it is prudent to perform
annual neurocognitive testing. With an enriched educational environment and con-
servative ventilatory management, children with ROHHAD can have normal devel-
opment. Children who are managed aggressively appear to do better neurocognitively
and have a better quality of life. Early involvement of a pediatric psychologist
familiar with the management of children with chronic disease and ventilatory sup-
port is an important member of the healthcare team to help the patients and their
families to cope with the ROHHAD phenotype.

To date, there are only a few case reports describing use of pharmacotherapy in
ROHHAD. Cyclophosphamide [16] and rituximab [16] were used in a few cases,
but their success was limited. There is a report of improved metabolic rate and respi-
ratory function with caffeine [17]. Steroids [18] and growth hormone replacement
[19] have been described.

Ultimately, a high index of suspicion for ROHHAD in children with rapid-onset
obesity and hypothalamic problems can result in earlier diagnosis and ideally a bet-
ter outcome. At present, there is no cure for ROHHAD, but limited reports show that
it often stabilizes and sometimes even improves over time with optimal management.

Clinical Pearls

* Rapid-onset obesity with hypothalamic dysfunction, hypoventilation, and
autonomic dysregulation (ROHHAD) is a rare disorder, which can result in
cardiorespiratory arrest if not diagnosed and managed in a timely manner.

* There is no genetic test for ROHHAD at present. Stepwise testing for a
CCHS-related PHOX2B mutation excludes the diagnosis of CCHS.
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* Any previously healthy and non-obese child who rapidly gains 20-30
pounds between ages 2 and 7 years, followed by evidence of endocrine
abnormalities, should be evaluated for evidence of ROHHAD. As the
whole phenotype of the disorder may not be evident at the onset, a high
index of suspicion must be maintained.

e It is important to evaluate the child for any evidence of hypoventilation
during wakefulness and sleep. If present, the child will need ventilatory
support to prevent cardiorespiratory arrest. Both oxygen saturation and
end-tidal CO, must be monitored and the ventilatory settings adjusted to
maintain optimal gas exchange.

* Echocardiography and electrocardiogram should be performed every
6 months to evaluate for cor pulmonale and/or right ventricular hypertro-
phy due to anticipated intermittent hypoxia.

e 72-h Holter monitoring should be performed every 6 months to evaluate
for severe bradycardia.

* Since neural crest tumors occur in approximately half of the children with
ROHHAD, they should have serial chest and abdomen/pelvis imaging
(chest X-ray and abdominal/pelvic ultrasound) every 6 months. Found
early, these tumors are amenable to surgical treatment.

e The patient with ROHHAD will need to be closely followed in terms of
ventilatory status and endocrine abnormalities, initially every 3 months
then as the rate of change diminishes every 6 months and eventually every
year. The patient will need to have aggressive management of weight to
prevent further worsening of obesity.

e There is currently no cure for ROHHAD; however, with optimal manage-
ment, disease burden can be reduced for children with ROHHAD. There is
anecdotal evidence that the severity of the ROHHAD phenotype may
decrease as the child grows older.
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Chapter 20
Chiari Malformations

Mustafa Bseikri and Shannon S. Sullivan

Case

A 12-year-old boy with medical history notable for allergic rhinitis presents to his
pediatrician with parental complaints of headaches, snoring, and non-restorative
sleep. He reports some intermittent headaches, most commonly frontal in location.
His headaches were further elucidated as also having a posterior component, which
could be aggravated by coughing or sneezing. He experienced headaches most days.
He denied difficulty swallowing or gait disturbance.

Family has noticed him waking up gasping at times during sleep. There is a mater-
nal history of obstructive sleep apnea. On examination, his BMI is at the 69th percen-
tile for age. He is noted to have 2+ tonsils with minimal inferior turbinate hypertrophy.
Physical examination demonstrated normal cranial nerve exam, symmetric upper and
lower extremity strength, and normal gait. Patellar reflexes were normal.

Given concerns for possible obstructive sleep apnea, an attended polysomnogra-
phy (PSG) was obtained. Nocturnal PSG (Fig. 20.1) was notable for apnea-hypopnea
index (AHI) of 9.3/h with a predominance of central apneas (central apnea index of
7.4/h). Some intermittent snoring was observed. The SpO, nadir was 85%, with an
3% oxygen desaturation index (ODI) 10.9/h, and time with pulse oximetry oxygen
saturation (SpO,) <90% of 0.7 min. Relative bradypnea was noted, with a baseline
respiratory rate of 7-8 breaths/min. There was no evidence of sleep-related hypoven-
tilation by surrogate measure, with baseline transcutaneous carbon dioxide (TcCO,)
levels of 37-38 mmHg and maximum TcCO, of 46 mmHg.
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Central apnea

Fig. 20.1 Polysomnography (EOG, EEG, chin EMG, and ECG at 30 s, remainder of signals at
60 s) demonstrating bradypnea and central apneas with associated desaturation during N2 sleep.
EOG electrooculography, EEG electroencephalography, EMG electromyography, ECG electrocar-
diography, N2 non-rapid eye movement sleep stage 2, nasal pressure nasal flow measured by a
nasal pressure transducer, Airflow flow measured by thermistor, Chest chest movement measured
by plethysmography, Abdomen abdominal movement measured by plethysmography, TcCO,
transcutaneous carbon dioxide

Fig. 20.2 MRI of the
brain, demonstrating
protrusion of the cerebellar
tonsils below the foramen
magnum (red arrow)

Given the predominance of central apneas, concern for central nervous system
pathology was raised, and magnetic resonance imaging (MRI) of the brain was
ordered (Fig. 20.2). This was notable for pointed cerebellar tonsils extending 17 mm
below the foramen magnum. MRI of the cervical, thoracic, and lumbar spine was
suggestive of a possible small developing syrinx versus dilated central canal in the
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upper cervical cord. The patient was subsequently referred for neurosurgical con-
sultation. Given the presence of headaches and central sleep apnea resulting in
symptomatic sleep disturbance, the patient was scheduled for surgical decompres-
sion with suboccipital craniectomy, laminectomy, and expansile duraplasty.

Following surgery, the patient had an uneventful post-operative course and was
discharged home on post-operative day two. On follow-up visit 1 month after sur-
gery, family noticed a decrease in snoring and more refreshing sleep. Headaches,
including the post-tussive component, had also improved.

Follow-up MRI of the brain after 4 months demonstrated improved crowding of
the foramen magnum, with resolution of the possible small developing syrinx.
Repeat diagnostic polysomnography demonstrated improvement in both central and
obstructive apnea indices, with an overall AHI of 1.9/h and central apnea index of
1.2/h, and saturation nadir of 92%. No significant snoring was noted.

Discussion

Chiari malformations (CM) are a heterogeneous group of hindbrain disorders at the
craniocervical junction, characterized by caudal displacement of the portions of the
cerebellum beyond the foramen magnum [1]. Several subtypes have been described
based on the associated findings, with most cases classified as either Chiari I (CM1)
or Chiari I (CM2) malformations. CM 1 malformations involve cerebellar tonsillar
protrusion >5 mm below the foramen magnum [2], whereas CM2 (also termed
Arnold-Chiari) malformations are associated with more pronounced displacement
of the cerebellar vermis, as well as herniation of the medulla and fourth ventricle
through the foramen magnum into the cervical spinal canal [3], and often associated
with the presence of a myelomeningocele [4]. Tonsillar herniation itself may be due
to a variety of underlying pathologies which must be considered during work-up,
including insufficient posterior fossa volume, cerebral spinal fluid outflow obstruc-
tion, increased intracranial pressure from supratentorial sources, or instability at the
craniocervical junction, for example, due to connective tissue disease [5].

CMI often presents during the second decade of life, but may not be diagnosed
until adulthood [5, 6]. Signs and symptoms prompting a work-up and eventual diag-
nosis of CM1 may include headache (often exacerbated by cough or sneezing),
syncope (associated with Valsalva maneuver), vocal cord paralysis, ataxia, scolio-
sis, neck pain, and sleep disordered breathing (SDB) [6]. Some individuals with
CM1 may be asymptomatic, with a normal neurologic exam, and the defect may be
only identified incidentally on neuroimaging. For example, at a single center report-
ing 1073 pediatric patients identified with CM over two decades, 620 were identi-
fied incidentally on radiography [5]. When present, abnormal physical exam
findings may include downbeat nystagmus, poor oromotor function, and voice
change associated with vocal cord dysfunction, as well as abnormal gag and tendon
reflexes [3].

Conversely, CM2 is often identified perinatally due to the frequent presence of
myelomeningocele and resultant paralysis below the level of the lesion [7].



220 M. Bseikri and S. S. Sullivan

Hydrocephalus is also frequently identified due to cerebral spinal fluid obstruction.
Diagnosis is based on neuroimaging, with MRI of the brain as the most common
diagnostic modality [8].

Sleep disordered breathing is a common finding in individuals with CM and can
present with obstructive sleep apnea (OSA), central sleep apnea (CSA), and/or
mixed apneas. While the exact prevalence of SDB in CM is unclear, an analysis of
multiple small studies of SDB in CMs estimates a prevalence of 63—70% [9]. The
development of CSA may be due to dysfunction of brainstem respiratory centers,
thought to be due to compression of brainstem respiratory centers in the medulla
oblongata and areas important for tone of the upper airway [10] or possibly com-
pression of the vasculature and subsequent ischemia in the medulla [11]. Other
potential mechanisms include compression of the brainstem leading to negative
impacts upon the reticular activating system and compression or stretching of the
glossopharyngeal nerve with subsequent impairment of afferent input from the
carotid bodies, impairing chemoreflexes or decreasing responsiveness to arterial
carbon dioxide [9]. Additionally, individuals with CM have been demonstrated to
have a reduction in several cephalometric parameters, including length and thick-
ness of the soft palate, as well as an overall reduction in oral cavity area that may
also predispose to the increased prevalence of OSA [12].

While CSA (as opposed to OSA) may have traditionally been associated with
CM, more recent studies demonstrate a more varied presentation regarding the prev-
alence of OSA and CSA in individuals with CM. Among children with CM in one
case series, 62% had evidence of SDB, with only 25% of those demonstrating CSA
[13]. A prospective study of 46 individuals with CM reviewed the incidence of CSA
and OSA among children and adults [11]. Overall, this study demonstrated that 67%
of individuals with CM had evidence of SDB on PSG. Among children, 58% of
those with SDB had OSA. Similarly, a majority of adults (78%) with CM and SDB
also demonstrated primarily OSA on evaluation by PSG. Interestingly, the presence
of vocal cord paralysis was associated with an increased likelihood of central sleep
apnea. While many studies have suggested that a minority of individuals with CM
and SDB demonstrate CSA, a few have demonstrated the prevalence of CSA as high
as 94% [14]. It has been suggested that OSA might be a sign of increased intracra-
nial pressure in those with CMs, though others have argued that in fact OSA may
worsen intracranial pressure, which could feed back to worsen the degree of tonsil-
lar herniation or lead to syrinx [15, 16]. Mixed apnea is also reported to be encoun-
tered in those with CMs, and it has also been reported that individuals can transition
from one variety of apnea to another and improve or transition after therapy [17, 18].

In terms of work-up, certainly the presence of focal neurologic deficits or cardi-
nal symptoms in parallel with the presence of SDB warrants an evaluation for sec-
ondary etiologies including CM. Given that both OSA and CSA can be associated
with CM, this can pose a diagnostic challenge regarding when to consider neuroim-
aging based on SDB findings alone.

A retrospective review of 59 children with SDB referred for MRI (due to persis-
tent OSA despite adenotonsillectomy, moderate-severe OSA without adenotonsillar
hypertrophy, significant CSA, or nocturnal hypoventilation) demonstrated that 32%
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of all children had an abnormal MRI [19]. Among children who were non-syndromic
with abnormal MRI, 89% had CM. Abnormal MRI was identified in children with
only OSA, only CSA, and mixed sleep apnea, as well as nocturnal hypoventilation.
As a result, consideration of neuroimaging may also be warranted in children with
SDB, whether CSA or OSA is predominant, and without clear underlying etiology
based on history and physical examination. A related interesting question is whether
individuals with incidentally discovered CMs should undergo polysomnography;
on this there is no consensus. In one prospective study of 53 pediatric and adolescent
patients with CM1 [20], 24% had SDB on PSG, though none of the CSA patients
and only three of the OSA patients reported symptoms, suggesting that the better
part of valor may be to objectively evaluate all patients.

Treatment, too, is an area without clear consensus, and there are no randomized
controlled trials to assess treatments for patients with CM1 nor clear therapeutic
guidelines [5]. It has been argued that while CMI is primarily thought of in the con-
text of tonsillar herniation, it is the possibility of associated syringomyelia, seen in
areported 30-70% of pediatric patients, which may drive treatment decisions, since
a delay in diagnosis may lead to irreversible neurological impacts. The mainstay of
treatment for symptomatic CM is posterior fossa decompression (PFD), which has
been associated with improvements in SDB on post-operative PSG [5]. PFD may
consist of suboccipital craniectomy, possibly also with laminectomy, shunts, or
duraplasty [21]. Among the key questions are patient selection for PFD; generally,
this series of procedures are reserved for symptomatic patients. Some insight can be
gained from a retrospective study [22] of 147 pediatric CM1 patients not undergo-
ing surgery, followed for a mean of 3.8 years by imaging and 4.6 years clinically,
which indicated that generally the course is benign with some cases of spontaneous
improvement and other cases of worsening. In fact the degree of SDB is highly vari-
able in the CM population, increasing uncertainty about who requires treatment.
Furthermore, the results of PFD are also variable. While clear improvements in
SDB have been demonstrated, resolution may be incomplete, possibly related to
permanent damage of compressed brainstem centers [23].

Beyond PFD, other therapies have been reported in CM patients. Continuous
positive airway pressure (CPAP), bilevel positive airway pressure (BPAP), and
BPAP with backup rate in timed mode (i.e., BPAP-ST) have all been reported to
offer some improvement [18, 24]. If adenotonsillar hypertrophy is present, adeno-
tonsillectomy can be considered in those with demonstrated OSA, though post-
operative PSG is recommended in all children with CMs undergoing surgery due to
variable response to treatment. Interestingly, while some reports indicate gradual
improvement of SDB after surgeries, some case reports also indicate that recurrence
after PFD surgery is possible [25]. Because of reported increased risk of recurrence
or worsening of SDB over time, long-term follow-up of CM patients has been rec-
ommended [16].

Ultimately, due to the heterogeneity of radiographic and clinical findings, timing
of diagnosis, and variable success of treatments, each case of Chiari malformation
must be considered with a multidisciplinary team, which may include pediatric neu-
rology, neurosurgery, pulmonary, and sleep physicians.
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Take-Home Points

 Chiari malformations (CM) are a heterogeneous group of hindbrain disor-
ders at the craniocervical junction, characterized by caudal displacement
of the portions of the cerebellum beyond the foramen magnum.

» Sleep disordered breathing is common in CM and can take the form of
obstructive, central, or mixed sleep apnea, as well as nocturnal
hypoventilation.

* Central sleep apnea may develop due to compression of the brainstem or
compression of the vasculature to the respiratory centers in the medulla
oblongata. There may also be compression of the glossopharyngeal nerve
with subsequent impairment of afferent input from the carotid bodies,
leading to impaired chemoreflexes and decreased responsiveness to arterial
carbon dioxide. Obstructive sleep apnea may occur due to compression of
brainstem areas important for upper airway tone.

» Posterior fossa decompression is considered the mainstay therapy for
symptomatic CMs, though PAP therapies and adenotonsillectomy have
been reported in select cases.

References

10.

11.

. Cesmebasi A, Loukas M, Hogan E, Kralovic S, Tubbs RS, Cohen-gadol AA. The Chiari mal-

formations: a review with emphasis on anatomical traits. Clin Anat. 2015;28(2):184-94.

. Barkovich AJ, Wippold FJ, Sherman JL, Citrin CM. Significance of cerebellar tonsillar posi-

tion on MR. AJNR Am J Neuroradiol. 1986;7(5):795-9.

. Chiapparini L, Saletti V, Solero CL, Bruzzone MG, Valentini LG. Neuroradiological diagnosis

of Chiari malformations. Neurol Sci. 2011;32(suppl 3):S283-6.

. Stevenson KL. Chiari type II malformation: past, present, and future. Neurosurg Focus.

2004;16(2):1-7.

. Alexander H, Tsering D, Myseros JS, Magge SN, Oluigbo C, Sanchez CE, Keating

RE. Management of Chiari I malformations: a paradigm in evolution. Childs Nerv Syst.
2019;35:1809-26.

. Milhorat TH, Chou MW, Trinidad EM, Kula RW, Mandell M, Wolpert C, Speer MC. Chiari

I malformation redefined: clinical and radiographic findings for 364 symptomatic patients.
Neurosurgery. 1999;44(5):1005-17.

. McLone DG, Dias MS. The Chiari II malformation: cause and impact. Childs Nerv Syst.

2003;19(7-8):540-50.

. Piper RJ, Pike M, Harrington R, Magdum SA. Chiari malformations: principles of diagnosis

and management. BMJ. 2019;365:11159.

.Leu RM. Sleep-related breathing disorders and the Chiari 1 malformation. Chest.

2015;148(5):1346-52. https://doi.org/10.1378/chest.14-3090.

Ely EW, McCall WV, Haponik EF. Multifactorial obstructive sleep apnea in a patient with
Chiari malformation. J Neurol Sci. 1994;126(2):232-6.

Dauvilliers Y, Stal V, Abril B, Coubes P, Bobin S, Touchon J, Escourrou P, Parker F, Bourgin
P. Chiari malformation and sleep related breathing disorders. J Neurol Neurosurg Psychiatry.
2007;78(12):1344-8.


https://doi.org/10.1378/chest.14-3090

20

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Chiari Malformations 223

Urbizu A, Ferré A, Poca MA, Rovira A, Sahuquillo J, Martin BA, Macaya A. Cephalometric
oropharynx and oral cavity analysis in Chiari malformation type I: a retrospective case-control
study. J Neurosurg. 2017;126(2):626-33.

El-Kersh K, Cavallazzi R, Fernandez A, Moeller K, Senthilvel E. Sleep disordered breathing
and magnetic resonance imaging findings in children with Chiari malformation type I. Pediatr
Neurol. 2017;76:95-6.

Henriques-Filho PS, Pratesi R. Sleep apnea and REM sleep behavior disorder in patients with
Chiari malformations. Arq Neuropsiquiatr. 2008;66(2B):344-9.

.Jennum P, Bgrgesen SE. Intracranial pressure and obstructive sleep apnea. Chest.

1989;95(2):279-83.

Luigetti M, Losurdo A, Dittoni S, et al. Improvement of obstructive sleep apneas caused by
hydrocephalus associated with Chiari malformation type II following surgery. J Neurosurg
Pediatr. 2010;6(4):336-9.

Tran K, Hukins CA. Obstructive and central sleep apnoea in Arnold-Chiari malformation:
resolution following surgical decompression. Sleep Breath. 2011;15(3):611-3.

Levitt P, Cohn MA. Sleep apnea and the Chiari I malformation: case report. Neurosurgery.
1988;23(4):508-10.

Selvadurai S, Al-Saleh S, Amin R, Zweerink A, Drake J, Propst EJ, Narang I. Utility of brain
MRI in children with sleep-disordered breathing. Laryngoscope. 2017;127(2):513-9.
Losurdo A, Dittoni S, Testani E, et al. Sleep disordered breathing in children and adolescents
with Chiari malformation type I. J Clin Sleep Med. 2013;9(4):371-7.

Mottolese C, Szathmari A, Simon E, Rousselle C, Ricci-Franchi AC, Hermier M. Treatment
of Chiari type I malformation in children: the experience of Lyon. Neurol Sci. 2011;32(suppl
3):S325-30.

Strahle J, Muraszko KM, Kapurch J, Bapuraj JR, Garton HJ, Maher CO. Natural history of
Chiari malformation type I following decision for conservative treatment. J Neurosurg Pediatr.
2011;8(2):214-21.

Gagnadoux F, Meslier N, Svab I, Menei P, Racineux JL. Sleep disordered breathing in patients
with Chiari malformation: improvement after surgery. Neurology. 2006;66(1):136-8.

Spence J, Pasterkamp H, McDonald PJ. Isolated central sleep apnea in type I Chiari malforma-
tion: improvement after surgery. Pediatr Pulmonol. 2010;45(11):1141-4.

Zolty P, Sanders MH, Pollack IF. Chiari malformation and sleep disordered breathing: a review
of diagnostic and management issues. Sleep. 2000;23(5):637-43.



®

Check for
updates

Chapter 21
Sleep Breathing Disorders in Duchenne
Muscular Dystrophy

Pnina Weiss

Case

An 18-year-old male with Duchenne muscular dystrophy (DMD) was admitted
because of shortness of breath, cough, and a 20-1b weight loss over 4 months. He
was diagnosed at age 5 years and became non-ambulatory at 10 years. At 13 years
old, he developed cardiomyopathy and was put on enalapril and carvedilol; an
implantable cardioverter defibrillator was placed. At 14 years of age, he underwent
polysomnography (Figs. 21.1, 21.2, and Table 21.1) which documented obstructive
sleep apnea (OSA); titration with bilevel positive airway pressure with spontaneous
and timed mode (BPAP S/T) demonstrated optimal treatment with 12/4 cmH,O and
backup rate 20 breaths/min, which he used with variable adherence. His pulmonary
function testing is shown in Table 21.2.

Two months prior to admission, he developed cough. He was diagnosed with
bronchitis and given an antibiotic. He restarted airway clearance. He had nausea,
decreased appetite, and abdominal pain. He stopped using his BPAP because of
chest congestion and his oral medications because of nausea. He was seen in
clinic; on exam he was uncomfortable, respiratory rate 28 breaths/min, heart rate
98 beats/min, blood pressure 72/45 mmHg, pulse oximetry (SpO,) 92% on room
air, and weight 62 kg. His exam was remarkable for coarse breath sounds. A chest
radiograph is shown in Fig. 21.3. Arterial blood gas on room air showed pH 7.34,
PCO, 48 mmHg, PO, 58 mmHg, and bicarbonate 28 meq/L. Cardiac echo dem-
onstrated moderate dilation of the left ventricle with ejection fraction 18%
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Fig. 21.1 Hypnogram of patient’s PSG at age 14 years demonstrating OSA with hypoxemia dur-
ing REM sleep. PSG polysomnography; OSA obstructive sleep apnea; REM rapid eye movement;
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Fig. 21.2 Hypopneas with oxyhemoglobin desaturations and paradoxical respiratory effort during
REM (4 min epoch) at age 14 years. EOG electrooculogram, EEG electroencephalogram, EMG
eletromyogram, EKG electrocardiogram, SpO, pulse oximetry oxygen saturation, EtCO, end-
tidal CO,
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Table 21.1 . Pol){somnographic TST (h) 6.2

report of this patient at age Sleep efficiency (%) 76

14 years
Stage N1 (% TST) 4
Stage N2 (% TST) 55
Stage N3 (% TST) 23
Stage REM (% TST) 18
Obstructive Al (N/h) 0.2
REM obstructive Al (N/h) 0.9
AHI (N/h) 9.4
REM AHI (N/h) 39
Average SpO, awake (%) 96
Average SpO, asleep (%) 92
Nadir SpO, asleep (%) 84
Percentage time spent SpO, < 90% (% 12
TST)
EtCO, awake (mmHg) 44
EtCO, asleep average (mmHg) 44
EtCO, asleep max (mmHg) 50
EtCO, > 50 mmHg (% TST) 0

TST total sleep time; N/, N2, N3 Non-rapid eye move-
ment sleep stages 1, 2, 3, respectively; REM rapid eye
movement sleep; A/ apnea index; SpO, pulse oximetry
oxygen saturation; AHI apnea-hypopnea index; N
number; EtCO, end-tidal carbon dioxide; mmHg mil-
limeters of mercury

Table 21.2 Serial spirometric measurements on this patient

3 years prior 3 months prior This visit
FEV1 (% predicted) 29 16 15
FVC (L) 1.15 0.80 0.77
FVC (% predicted) 31 16 16
Peak cough flow (L/min) 130 120 80
MIP (cmH,0) =55 —45 =35
MIP (% predicted) 55 37 29
MEP (cmH,0) 44 32 21
MEP (% predicted) 36 19 13

FEVI forced expiration volume at 1 s, FVC forced vital capacity, L liters, MIP maximal inspiratory
pressure, MEP maximal expiratory pressure

(decreased from his previous of 25% 3 months prior). He received intravenous
fluid and was placed on supplemental oxygen. He became somnolent. His follow-
up arterial blood gas on supplemental oxygen showed pH 7.13, PCO, 78 mmHg,
PO, 120 mmHg, and bicarbonate 30 meq/L. He was put on BPAP S/T 12/4 cmH,0
with rate 20 breaths/min and 40% fraction of inspired oxygen (FiO,). An arterial
line was placed; follow-up arterial blood gas showed pH 7.40, PCO, 41 mmHg,



228 P. Weiss

Fig. 21.3 Chest
radiograph of the patient in
the vignette

and PO, 140 mmHg. He did well on BPAP S/T until he fell asleep, when he devel-
oped hypoxemia. Tidal volumes ranged 225-350 mL. Arterial blood gases
showed worsening hypercapnia, which improved with increase in inspiratory
positive airway pressure (IPAP) to 16 cmH,0. Two nights later, he underwent
polysomnography (PSG) which demonstrated optimal titration with average vol-
ume-assured pressure support IPAP 14-18 ¢cmH,0O, expiratory positive airway
pressure (EPAP) 4-6 cm H,O, backup respiratory rate 22 breaths/min, and tidal
volume 500 mL. He was discharged home after further stabilization of his cardiac
medication regimen.

Discussion

This young adult has Duchenne muscular dystrophy with nocturnal hypoventilation
and cardiomyopathy with congestive heart failure. DMD is an X-linked recessive
disease affecting between 5600 and 7700 males in the United States, associated
with mutations in the dystrophin gene [1, 2]. Dystrophin plays an important role in
the stabilization of muscle fibers, and its loss results in degeneration of muscle
fibers and muscle weakness. The onset of muscle weakness usually occurs between
2 and 3 years of age, first affecting proximal limb muscles and lower extremities.
Children usually become non-ambulatory by age 12 years, as in the child in the
vignette. Progressive respiratory muscle weakness resulting in respiratory failure
and cardiomyopathy are the major causes of morbidity and mortality in these
patients [1]. Mean survival was traditionally in late teenage years. However,
mechanical ventilation, aggressive airway clearance, and glucocorticoid therapy
have increased survival into the third decade [3].
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Respiratory muscle weakness involving the chest wall and diaphragm results in
restrictive lung disease with respiratory muscle fatigue, difficulty with airway clear-
ance, mucus plugging, atelectasis, pneumonia, and respiratory failure. Management
includes frequent monitoring of pulmonary function, lung volume recruitment,
manual and mechanically assisted coughing, and nocturnal noninvasive ventilation
(NIV), when indicated, with potential progression to daytime ventilation. These
therapies decrease respiratory complications and improve quality of life and sur-
vival [4].

Sleep disordered breathing (SDB) is common in patients with DMD, usually
progressing through four stages [5]:

* OSA without hypercapnia

» Hypoventilation, obstructive and/or central sleep apnea with hypoxemia, and/or
hypercapnia during rapid eye movement (REM) sleep

» Hypoventilation, obstructive and/or central sleep apnea with hypoxemia, and/or
hypercapnia during REM and non-rapid eye movement (NREM) sleep

* Daytime chronic respiratory failure

Polysomnographic evaluation with carbon dioxide (CO,) level monitoring in
children with DMD is necessary for early identification of SDB. OSA is the most
common type of SDB, occurring in approximately 64% of patients and is correlated
with increased body mass index (BMI) and corticosteroid use [5]. Children with
DMD have increased upper airway resistance because of hypotonia of the upper
airway, macroglossia, and a lower pulmonary functional residual capacity.
Respiratory impairment is worse during REM sleep because during this stage of
sleep, accessory respiratory muscles are paralyzed and the diaphragm becomes the
primary functioning respiratory muscle. Meanwhile, the cephalad displacement of
the diaphragm while recumbent reduces tidal volumes and ventilation. Children
with DMD eventually develop diaphragmatic weakness associated with REM-
related hypoxemia, which often worsens as pulmonary function deteriorates. REM
latency has been noted to be longer in children with DMD and SDB, which may be
due to sleep fragmentation from underlying SDB, or a compensatory mechanism to
avoid REM sleep [6].

Hypoventilation can occur either with OSA or in isolation in children with DMD,
particularly as the disease progresses. Hypoventilation in children is defined on
PSG as >25% of the total sleep time with CO, > 50 mmHg. Nocturnal hypoventila-
tion may result from an increased arousal threshold or a decrease in alveolar ventila-
tion, respiratory muscle activity, ventilatory drive, pulmonary function, or a
combination.

Central sleep apnea in association with OSA has also been reported, occurring
primarily in older children with worse pulmonary function and more severe OSA
[5]. Potential causes of central sleep apnea include hypoventilation, reduced hypoxic
or hypercapnic ventilatory response, or increased loop gain and sleep stage instabil-
ity. Cheyne-Stokes respiration has been described in patients with DMD and con-
gestive cardiomyopathy [7]. Of note, chronic hypercapnia may actually attenuate
the instability in breathing associated with cardiomyopathy by reducing the
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controller gain and increasing the difference between the apneic threshold and the
PCO,. It is important to differentiate hypo- or normocapnic central events from
hypercapnic central apneas that result from neuromuscular disease and respiratory
muscle weakness [8]. Hypercapnic central apneas often occur during phasic REM,
especially in the presence of diaphragm muscle weakness, with loss of excursion of
both chest and abdominal signals.

Pulmonary function should be measured serially, starting at age 5—6 years. The
best established measurements include forced vital capacity (FVC), forced expira-
tion volume at 1 second (FEV1), peak expiratory flow rate (PEFR), and maximal
inspiratory and expiratory pressures (MIP and MEP, respectively) [9]. In children
with DMD, there is a maturational increase in FVC that reaches a peak (at the point
at which their neuromuscular disease renders them non-ambulatory), plateaus, and
then historically declines at a rate that was inversely proportional to the peak. Long-
term corticosteroid therapy preserves pulmonary function, delaying the age at which
the plateau in FVC occurs [10]. PSG with capnography should be considered in
children with symptoms of SDB, especially because weight gain associated with
glucocorticoid therapy may be a risk factor. In children who are unable to cooperate
with spirometry, PSG may be considered to assess lung function.

An increase in respiratory support usually is necessary when children become
non-ambulatory. Seated FVC, MIP, MEP, peak cough flow, and oxygen saturation
should be measured at least every 6 months. Lung volume recruitment maneuvers
are recommended when FVC decreases to 60% predicted or less, which can be
performed with a self-inflated manual ventilation bag or mechanical insufflation-
exsufflation device. Progressive scoliosis may require surgical intervention; guide-
lines addressing perioperative management have been published [11]. Preoperative
PSG may be considered as an assessment of pulmonary function, if patients cannot
cooperate with spirometry testing.

Further progression of disease is associated with weak cough, increasing the risk
of complications such as atelectasis, aspiration, pneumonia, ventilation-perfusion
mismatch, and respiratory failure, particularly during lower respiratory tract infec-
tions. Manual and mechanically assisted coughing should be initiated [4] when:

* FVC < 50% predicted
e Peak cough flow < 270 L/min
¢ MEP < 60 cm H,O

For those who require assisted coughing, a home pulse oximeter is
recommended.

Nocturnal assisted ventilation, preferably noninvasive, should be initiated as
soon as there are symptoms of hypoventilation or SDB (e.g., fatigue, dyspnea, head-
aches, nocturnal awakenings, excessive daytime sleepiness, difficulty concentrat-
ing, frequent nightmares), regardless of pulmonary function. Because many children
with DMD do not demonstrate symptoms of SDB, additional indications for noctur-
nal NIV include:
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* FVC < 50% predicted

e MIP <60 cm H,O

e Awake SpO, < 95%

e Awake PCO, > 45 mmHg
e Abnormal sleep study

Nocturnal ventilation is also recommended for patients with abnormal sleep
studies, which may include overnight oximetry, oximetry-capnography, or PSG
with capnography. Sleep studies should be performed annually in those with symp-
toms of sleep disordered breathing since disease is progressive. Indications for noc-
turnal NIV based on PSG include:

e End-tidal CO, (EtCO,) or transcutaneous CO, (TcCO,) > 50 mmHg for >2% of
the total sleep time

e Sleep-related increase in EtCO, or TcCO, > 10 mmHg over the awake baseline
for >2% of total sleep time

* SpO, < 88% for >2% of total sleep time or for >5 min continuously

* Apnea-hypopnea index (AHI) > 5/h

Noninvasive ventilation with a backup respiratory rate, rather than continuous
positive airway pressure, is preferred. A backup rate is often important as patients
with DMD may have difficulty triggering breaths, particularly during REM sleep
and/or as the disease worsens. Other strategies to assist with comfort and synchrony
in neuromuscular disease include increasing the trigger and the cycle sensitivities,
in order to allow the patient with weak respiratory effort to trigger and terminate
assisted breaths appropriately. A prolonged inspiratory phase time with pressure
support may be beneficial since these patients have issues with atelectasis and
hypoxemia (in contrast to COPD patients on NIV, for example, who require long
expiratory time to avoid air trapping). In the same manner, ventilator settings with
higher peak flow and longer inspiratory time (Ti) may help optimize lung mechan-
ics and provide a more comfortable ventilator experience for DMD patients.

The patient in the vignette met multiple criteria for initiation of NIV including
decreased FVC, MEP, and peak cough along with abnormal PSG indices (SpO, and
AHI); he was appropriately started on BPAP S/T. Serial PSG studies are recom-
mended to follow respiratory support as overnight oximetry is not adequate to deter-
mine the adequacy of ventilation [12]. Unfortunately, the child in this vignette did
not undergo subsequent PSGs until his admission. While he acutely required an
increase in his ventilatory support because of pulmonary exacerbation with increas-
ing atelectasis and congestive heart failure, he most likely needed a chronic increase
in his IPAP and EPAP in order to treat his progressive restrictive disease.

Daytime NIV is indicated when, despite nocturnal NIV, a patient with DMD
demonstrates:

*  Awake SpO, < 95%
* Awake PCO, > 45 mmHg
* Dyspnea while awake
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Noninvasive ventilation may be required during acute pulmonary exacerbations
in patients with DMD. Hypoxemia is often due to hypoventilation or atelectasis;
therefore, supplemental oxygen alone (as was used in this patient) often does not
suffice and in some instances may worsen respiratory failure by blunting hypoxemic
ventilatory response. BPAP S/T is often initially used in chronic hypercapnic respi-
ratory failure. When disease is progressive, the best NIV modality may be volume-
assured pressure support ventilation via a respiratory assist device (e.g., AVAPS™,
iVAPS™) or via home ventilator (e.g., Trilogy™, LTV®). When patients lose the
ability to use their upper extremities to self-apply or remove the mask interface, a
ventilator (over a respiratory assist device) is recommended for its alarm and backup
battery features.

Noninvasive ventilation in patients with DMD is associated with improved sur-
vival, gas exchange and sleep, and a reduction in hospitalizations, including to
intensive care units [13, 14]. However, NIV does present some challenges. In chil-
dren, chronic use can cause facial and nasal bridge flattening. If not carefully
adjusted, patients may become dyssynchronous with their device (e.g., ineffective
triggering, auto-triggering, and glottic closure) which can increase arousals, impair
sleep quality, and result in decreased adherence. It is important in patients with
neuromuscular disease, to ensure that the patient can effectively trigger ventilation.
As previously mentioned, trigger/cycle sensitivities, peak flow, and inspiratory time
should be carefully adjusted for patient comfort.

The potential adverse effects of using NIV in the context of cardiomyopathy with
decreased ejection fraction merit consideration. Cardiomyopathy, with ensuing
heart failure and arrhythmias, has emerged as a major determinant of survival in
patients with DMD [15]. Early and consistent cardiac evaluation is recommended,
especially in the late, non-ambulatory stage. Symptoms of heart failure may be dif-
ficult to detect in non-ambulatory patients with DMD. Fatigue, weight loss, vomit-
ing, and abdominal pain may indicate worsening cardiac function, as was the case
in the patient in the vignette. First-line therapy includes angiotensin-converting
enzyme inhibitors or angiotensin receptor blockers, which are often initiated even in
asymptomatic patients with DMD as early as age 10 years [4]. Beta-adrenergic
blockers are usually second-line therapy [16]. In an early randomized study of
patients with DMD, NIV was instituted when FVC decreased below 50%; when
compared to controls, there was quadruple the mortality rate in the treated group
[17]. However, the study was later criticized as there was a higher prevalence of left
ventricular dysfunction in those on NIV. So, while there is a potential for NIV to
decrease cardiac output in patients with left ventricular dysfunction (by increasing
intrathoracic pressure and decreasing left ventricular preload), at present, its use is
not contraindicated in those who require it for respiratory support, especially if they
are given cardioprotective medications. The argument for using NIV in patients
with cardiomyopathy is that it has been shown to improve survival. It may be that
with the potential adverse effects of respiratory insufficiency on cardiac function,
earlier institution of NIV could have a cardioprotective effect [16].

It should also be noted that cardiomyopathy and heart failure in DMD has been
associated with central sleep apnea with Cheyne-Stokes respiration. NIV
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(especially without a backup rate) may exacerbate Cheyne-Stokes breathing by
over-ventilating the patient and worsening loop gain. CSA related to Cheyne-Stokes
breathing is often a hypocapnic phenomenon and occurs almost exclusively during
NREM sleep, due to the dependence on PCO, and PO, on ventilatory control during
this sleep stage. In contrast, CSA associated with neuromuscular disease has a very
different pattern and mechanism from that seen with heart failure. Neuromuscular
disease results in a hypercapnic central sleep apnea phenotype. In this case, central
hypopneas and apneas emerge typically during REM sleep when respiratory muscle
strength is at its weakest. For this type of central sleep apnea, NIV is the treatment
of choice. Therefore, in a DMD patient with cardiomyopathy and CSA, careful
attention has to be made at phenotyping the SDB (i.e., determine if it is hypocapnic
CSA (driven by the cardiomyopathy) or hypercapnic CSA (driven by respiratory
muscle weakness)). Treatment will differ depending on the CSA type, and the
wrong therapy may actually worsen the sleep breathing disorder. Adaptive servo-
ventilation (ASV) would be contraindicated in DMD patients because of both car-
diomyopathy and neuromuscular disease.

Clinical Pearls

* Progressive respiratory muscle weakness resulting in respiratory failure
and cardiomyopathy are major causes of morbidity and mortality in
patients with Duchenne muscular dystrophy (DMD).

* Sleep disordered breathing in the form of OSA, hypoventilation, and CSA
with and without Cheyne-Stokes respiration can be seen.

* OSA is the most common SDB, occurring in 64% of children treated with
corticosteroids. Risk factors for OSA in patients with DMD include upper
airway hypotonia, macroglossia, restrictive pulmonary disease, diaphragm
muscle weakness, and obesity.

» Hypoventilation occurs due to respiratory muscle weakness. Patients may
require noninvasive ventilation during sleep and, if severe, during the day-
time. Special attention to features such as inspiratory time, flow rate, trig-
ger, and cycle sensitivity should be made to optimize positive airway
pressure or ventilator synchrony in DMD patients who may otherwise have
difficulty triggering breaths or become dyssynchronous with the machine.
In addition, a backup respiratory rate is always recommended due to this
concern of poor breath triggering.

* Central sleep apnea with and without Cheyne-Stokes respiration can be
seen in patients with DMD with cardiomyopathy. It is important to distin-
guish whether CSA is related to hypoventilation or high loop gain and
heart failure, since each may be treated differently.

* Noninvasive ventilation in patients with DMD is associated with improved
survival, gas exchange and sleep, and a reduction in hospitalizations,
including to intensive care units. NIV is recommended in patients with
DMD who require ventilatory support even in the presence of cardiomy-
opathy with low ejection fraction.
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